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Introduction 

Breast cancer is the leading cause of death among women in the world. The 

principal effective endocrine therapy for advanced treatment on this type of cancer 

is anti-estrogens, but therapeutic choices are limited for estrogen receptor ER-

negative tumors, which are often aggressive. 

The development of cancer cells that are resistant to chemotherapeutic agents is a 

major clinical obstacle to the successful treatment of breast cancer, providing a 

strong stimulus for exploring new approaches in vitro. Using ligands of nuclear 

hormone receptors to inhibit tumor growth and progression is a novel strategy for 

cancer therapy. 

Peroxisome Proliferator-Activated Receptor gamma (PPARγ), a prototypical 

member of the nuclear receptor superfamily, plays key roles in energy 

homeostasis by modulating glucose and lipid metabolism and transport. 

Moreover, PPARγ can regulate cell proliferation, differentiation and survival 

(Lemberger T. et al. 1996; Lefebvre P. et al. 2006), immune and inflammatory 

responses, involved in several diseases including obesity, diabetes, cardiovascular 

disease and cancer (Lehrke M. and Lazar MA.  2005).  

Particularly, heterodimerization of PPARγ with the retinoic acid receptor RXR by 

their ligands greatly enhances DNA binding to the direct-repeated consensus 

sequence AGGTCA, which leads to transcriptional activation. (Heyman RA.et al. 

1992) (Figure 1). 

 

 

 

Figure 1. General mechanisms of gene transcription modulation by PPARs 
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Previous data show that PPARγ, poorly expressed in normal breast epithelial cells 

(Elstner E.et al. 1998), is present at higher levels in breast cancer cells (Tontonoz 

P. et al. 1994) and its synthetic ligands, such as thiazolidinediones, induce growth 

arrest and differentiation in breast carcinoma cells in vitro and in animal models 

(Mueller E. et al. 1998; Suh N.et al. 1999). Recently, studies in human cultured 

breast cancer cells show the synthetic PPARγ ligand Rosiglitazone (BRL) 

promotes antiproliferative effects and activates different molecular pathways 

leading to distinct apoptotic processes (Bonofiglio D. et al. 2005; Bonofiglio D. et 

al. 2006; Bonofiglio D. et al. 2009). 

Apoptosis, genetically controlled and programmed death leading to cellular self-

elimination, can be initiated by two major routes: the intrinsic and extrinsic 

pathways (Figure 2). The intrinsic pathway is triggered in response to a variety of 

apoptotic stimuli that produce damage within the cell, including anticancer agents, 

oxidative damage, UV irradiation, and is mediated through the mitochondria. The 

extrinsic pathway is activated by extracellular ligands able to induce 

oligomerization of death receptors, such as Fas, followed by the formation of the 

death inducing signaling complex, after which the caspases cascade can be 

activated. 

 

Figure 2. Intrinsic and extrinsic death pathways 

 

Previous data show that the combination of PPARγ ligand Troglitazone with 

either all-trans retinoic acid or 9-cis-retinoic acid (9RA) can induce apoptosis in 
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some breast cancer cells (Elstner E. et al. 2002). Furthermore, Elstner et al. 

demonstrated that the combination of these drugs at micromolar concentrations 

reduced tumor mass without any toxic effects in mice (Elstner E. et al. 1998). 

However, in humans PPARγ agonists at high doses exert many side effects 

including weight gain due to increased adiposity, edema, hemodilution, and 

plasma-volume expansion, which preclude their clinical application in patients 

with heart failure (Arakawa K. et al. 2004; Rangwala SM and Lazar MA. 2004; 

Staels B. 2005). The undesirable effects of RXR-specific ligands on 

hypertriglyceridemia and suppression of the thyroid hormone axis have been also 

reported (Pinaire JA. et al. 2007). 

In the first part of my work we have elucidated the molecular mechanism by 

which combined treatment with BRL and 9RA at nanomolar doses triggers p53-

dependent apoptotis in different human breast cancer cells, suggesting potential 

therapeutic uses for these compounds BRL and 9RA in combination strongly 

inhibit cell viability in MCF-7, MCF-7TR1, SKBR-3, and T-47D breast cancer 

cells, whereas MCF-10A normal breast epithelial cells are unaffected.  

In MCF-7 cells, combined treatment with BRL and 9RA up-regulated mRNA and 

protein levels of both the tumor suppressor p53 and its effector p21WAF1/Cip1. 

Functional experiments indicated that the Nuclear Factor-kB site in the p53 

promoter is required for the transcriptional response to BRL plus 9RA. We 

observed that the intrinsic apoptotic pathway in MCF-7 cells displays an ordinated 

sequence of events, including disruption of mitochondrial membrane potential, 

release of cytochrome C, strong caspase 9 activation, and, finally, DNA 

fragmentation. An expression vector for p53 antisense abrogated the biological 

effect of both ligands, which implicates involvement of p53 in PPARγ/RXR-

dependent activity in all of the human breast malignant cell lines tested. 

Taken together, our results suggest that multidrug regimens including a 

combination of PPARγ and RXR ligands may provide a therapeutic advantage in 

breast cancer treatment.  

Since MCF-7 cells express a wild type p53 protein, while SKBR-3 and T-47D 

cells harbor endogenous mutant p53, in the second part of our work we elucidated 
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the mechanism through which PPARγ and RXR ligands triggered apoptotic 

processes independently of p53 transcriptional activity. 

The p53 mutation is found in more than half of all human cancer patients. Cancers 

with loss of p53 function are often resistant to chemotherapeutic agents mainly 

because of the absence of p53-dependent apoptosis (Clarke AR. et al 1993; Lowe 

SW. et al.1993; Lowe SW. et al.1994). The p53-dependent apoptosis largely relies 

on the capability of p53 to act as a transcription factor, although recent reports 

show that the transcription-independent function of p53 plays a role in this 

process as well. For instance, apoptosis can still occur in the presence of inhibitors 

of protein synthesis, or when p53 mutants unable of acting as transcription factors 

are ectopically expressed. Part of the transcription-independent mechanism may 

also involve a direct interaction between p53 and multiple targets in the 

mitochondria, such as the apoptotic member Bcl-xL, leading to the release of both 

Bax and Bid from Bcl-xL sequestration. Following a death signal, these pro-

apoptotic members undergo a conformational change that enables them to target 

and integrate into membranes, especially the outer mitochondrial membrane 

leading to an increased permeabilization (Wei MC. et al. 2000; Wei MC et al. 

2001). As noted Bid might serve as a „death ligand‟ which translocates as 

truncated p15Bid (tBid) to mitochondria where it inserts into the outer membrane 

to activate other resident mitochondrial „receptor‟ proteins to release cytochrome 

C. Alternatively, it is also conceivable that Bid would itself function as a 

downstream effector participating in an intramembranous pore which releases 

cytochrome c. To date, Bid is the one molecule absolutely required for the release 

of cytochrome c in loss-of-function approaches including immunodepletion and 

gene knockout (Korsmeyer SJ.et al. 2000). 

We showed an upregulation of Bid expression enhancing the association between 

Bid/p53 in both cytosol and mitochondria after the ligands treatment. Particularly, 

in the mitochondria the complex involves the truncated Bid that plays a key role 

in the apoptotic process induced by BRL and 9RA since the disruption of 

mitochondrial membrane potential, the induction of PARP cleavage and the 

percentage of TUNEL-positive cells were reversed after knocking down Bid. 

Moreover, PPARγ and RXR ligands were able to reduce mitochondrial GST 
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activity which was no longer noticeable silencing Bid expression, suggesting the 

potential of Bid in the regulation of mitochondrial intracellular reactive oxygen 

species scavenger activity.  

Our data, providing new insight into the role of p53/Bid complex at the 

mitochondria in promoting breast cancer cell apoptosis upon low doses of PPARγ 

and RXR ligands, address Bid as a potential target in the novel therapeutical 

strategies for breast cancer. Results showed that BRL and 9RA induce the 

intrinsic apoptotic pathway through an upregulation of Bid expression and a 

formation of p53/tBid/Bak multicomplex localized on mitochondria of breast 

carcinoma cells. 

In the last part of my work we have also evaluated the ability of PPARγ ligands to 

counteract leptin stimulatory effects on breast cancer growth in either in vivo or in 

vitro models. 

Leptin, a peptide hormone mainly secreted by adipocytes, is a pleiotropic 

molecule that regulates food intake, hematopoiesis, inflammation, immunity, cell 

differentiation and proliferation (Ahima RS. et al. 2006) (Figure 3).  

More recently, leptin has been found to be involved in neoplastic processes, 

particularly in mammary tumorigenesis (Garofalo C. et al. 2006; Vona-Davis L. et 

al. 2007) Specifically, in vitro and in vivo studies have shown that leptin 

stimulates tumor growth, cell survival, and transformation (Catalano S. et al. 

2003; Garofalo C. et al. 2006, Mauro L. et al. 2007), and amplifies estrogen 

signaling, contributing to hormone-dependent breast cancer growth and 

progression (Catalano S. et al. 2003; Catalano S. et al. 2004). 

It has been reported that the antidiabetic thiazolidinediones inhibit leptin gene 

expression through ligand activation of PPARγ and exert antiproliferative and 

apoptotic effects on breast carcinoma (De Vos P. et al. 1996; Rieusset J. et al. 

1999; Goetze S. et al. 2002; Lee JI. et al. 2007). 
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Figure 3. Leptin signaling 

 

Our results have shown that activation of PPARγ prevented the development of 

leptin-induced MCF-7 tumor xenografts and inhibited the increased cell-cell 

aggregation and proliferation observed on leptin exposure. PPARγ ligands 

abrogated the leptin-induced up-regulation of leptin gene expression and its 

receptors in breast cancer. PPARγ-mediated repression of leptin gene involved the 

recruitment of nuclear receptor corepressor protein and silencing mediator of 

retinoid and thyroid hormone receptors corepressors on the glucocorticoid 

responsive element site in the leptin gene expression regulatory region in the 

presence of glucocorticoid receptor and PPARγ. In addition, PPARγ ligands 

inhibited leptin signaling mediated by MAPK/STAT3/Akt phosphorylation and 

counteracted leptin stimulatory effect on estrogen signaling.  

Altogether these findings suggest that PPARγ ligands may have potential 

therapeutic benefits in the treatment of breast cancer, particulary in obese women. 
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Materials and Methods 

Reagents 

BRL 49653 (BRL) was purchased from Alexis (San Diego, CA USA) and 

solubilised in DMSO.  

9-cis retinoic acid (9RA) was obtained from Sigma-Aldrich (Milan, Italy). 9RA 

was prepared just before use (Sigma-Aldrich) and diluted into medium at the 

indicated concentration. All experiments involving 9RA were performed under 

yellow light, and the tubes andculture plates containing 9RA were covered with 

aluminium foils.  

The irreversible PPARγ-antagonist GW9662 (GW) and Cycloheximide (CX) were 

obtained from Sigma-Aldrich. 

Human leptin was obtained from Invitrogen (Milan, Italy). 

 

Plasmids 

The p53 promoter-luciferase plasmids, kindly provided by Dr. Stephen H. Safe 

(Texas A&M University, College Station, TX), were generated from the human 

p53 gene promoter as follows: p53-1 (containing the - 1800 to  + 12 region), p53-

6 (containing the - 106 to + 12 region), p53-13 (containing the - 106 to + 40 

region), and p53-14 (containing the - 106 to + 49 region) (Qin C. et al. 2002). 

The pGL3 vector containing three copies of a peroxisome proliferator response 

element sequence upstream of the minimal thymidine kinase promoter ligated to a 

luciferase reporter gene (3XPPRE-TK-pGL3) was a gift from Dr. R. Evans (The 

Salk Institute, San Diego, CA). 

The p53 antisense plasmid (AS/p53) was kindly provided from Dr. Moshe Oren 

(Weizmann Institute of Science, Rehovot, Israel). 

The human wild-type p21WAF1/Cip1 promoter-luciferase (luc) reporter was a 

kind gift from Dr. T. Sakai (Kyoto Prefectural University of Medicine, Kyoto, 

Japan). 

The pHEGO plasmid, encoding the full length of estrogen receptor α (ERα) 

cDNA, and the reporter plasmid XETL, a construct containing an estrogen-

responsive element, were gifts from Dr. Didier Picard (University of Geneva, 

Geneva, Switzerland). 
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The plasmids containing the full-length human leptin promoter or its deletions 

were gifts from Dr. Marc Reitman (NIH, Bethesda, MD). 

As internal transfection control, we cotransfected the plasmid pRLCMV (Promega 

Corp., Milan, Italy) that expresses Renilla luciferase enzymatically 

distinguishable from firefly luciferase by the strong cytomegalovirus enhancer 

promoter. 

 

Cell Cultures 

Wild-type human breast cancer MCF-7 cells were grown in Dulbecco‟s modified 

Eagle‟s medium-F12 plus glutamax containing 5% newborn calf serum 

(Invitrogen) and 1 mg/ml penicillin-streptomycin. 

MCF-7 tamoxifen resistant (MCF-7TR1) breast cancer cells were generated in Dr. 

Fuqua‟s laboratory similar to that described by Herman maintaining cells in 

modified Eagle‟s medium with 10% fetal bovine serum (Invitrogen), 6 ng/ml 

insulin, penicillin (100 units/ml), streptomycin (100 µg/ml), and adding 4-

hydroxytamoxifen in ten-fold increasing concentrations every weeks (from 10
-9

 to 

10
-6

 final). Cells were thereafter routinely maintained with 1µmol/L 4-

hydroxytamoxifen. 

SKBR-3 breast cancer cells were grown in Dulbecco‟s modified Eagle‟s medium 

without red phenol, plus glutamax containing 10% fetal bovine serum and 1 

mg/ml penicillin-streptomycin.  

T-47D breast cancer cells were grown in RPMI 1640 medium with glutamax 

containing 10% fetal bovine serum, 1 mmol/L sodium pyruvate, 10 mmol/L 

HEPES, 2.5g/L glucose, 0.2 U/ml insulin, and 1 mg/ml penicillin-streptomycin.  

MCF-10A normal breast epithelial cells were grown in Dulbecco‟s modified 

Eagle‟s medium-F12 plus glutamax containing 5% horse serum (Sigma), 1 mg/ml 

penicillin/streptomycin, 0.5 µg/ml hydrocortisone and 10 µg/ml insulin. 

BT-20 and CHO cells were obtained from the American Type Culture Collection 

(Manassas, VA), were maintained in Dulbecco‟s modified Eagle‟s medium/ 

Ham‟s F-12 containing 5% fetal bovine serum (Sigma) supplemented with 1% L-

glutamine and 1% penicillin/streptomycin (Sigma). 
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Cell Viability Assay 

Cell viability was determined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium (MTT) assay (Mosmann T. 1983).  

Cells (2x10
5
 cells/ml) were grown in 6 well plates and exposed to 100 nmol/L 

BRL, 50 nmol/L 9RA alone or in combination in serum free medium (SFM) and 

in 5% charcoal treated (CT)-fetal bovine serum; 100 µl of MTT (5 mg/ml) were 

added to each well, and the plates were incubated for 4 hours at 37°C. Then, 1 ml 

0.04 N HCl in isopropanol was added to solubilize the cells. The absorbance was 

measured with the Ultrospec 2100 Pro-spectrophotometer (Amersham-

Biosciences, Milan, Italy) at a test wavelength of 570 nm. 

 

Immunoblotting 

Cells were grown in to 70% to 80% confluence and exposed to treatments in SFM 

or in 1% charcoal treated (CT)-FBS as indicated. 

To obtain cytosolic fraction of proteins cells were then harvested in cold PBS and 

resuspended in lysis buffer containing 20 mmol/L HEPES (pH 8), 0.1 mmol/L 

EGTA, 5 mmol/L MgCl2, 0.5 M/L NaCl, 20% glycerol, 1% Triton, and inhibitors 

(0.1 mmol/L sodium orthovanadate, 1% phenylmethylsulfonylfluoride, and 20 

mg/ml aprotinin). 

For total lysis cells were harvested in cold phosphate-buffered saline (PBS) and 

resuspended in total RIPA buffer containing 1% NP40, 0.5% Na-deoxycholate, 

0.1% SDS plus inhibitors.  

To obtain cytosolic and total mitochondrial fraction of proteins, cells were 

exposed to treatments as for 48 h and harvested by centrifugation at 2,500 rpm for 

10 min at 4°C. The pellets were suspended in 250 μl of RIPA buffer plus 10 μg/ml 

aprotinin, 50 mM PMSF and 50 mM sodium orthovanadate and then 0.1% 

digitonine (final concentration) was added. Cells were incubated for 15 min at 

4°C and centrifuged at 3,000 rpm for 10 min at 4°C, supernatants were collected 

and further centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant, 

containing cytosolic fraction of proteins, was collected, while the resulting 

mitochondrial pellet was resuspended in 3% Triton X-100, 20 mM Na2SO4, 10 

mM PIPES and 1 mM EDTA, pH 7.2, incubated for 15 min at 4°C and 
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centrifuged at 12,000 rpm for 10 min at 4°C. Alternatively, to provide matrix 

mitochondrial fraction of proteins, mitochondrial pellet was further solubilised in 

6% of digitonine in RIPA buffer, for 10 min at 4°C then centrifuged at 14,000 

rpm, 4°C, 10 min. The pellets (mitoplasts) were then lysed osmotically and 

centrifuged at 14,000 rpm 4°C 10 min to discard the membrane residues and 

recover the soluble matrix content. 

Different proteins fractions were determined by Bio-Rad Protein Assay (Bio-Rad 

Laboratories). Equal amounts of cytosolic, total and mitochondrial proteins (40 

μg) were resolved by 11% SDS-PAGE, electrotransferred to nitrocellulose 

membranes and probed with antibodies directed against p53, p21WAF1/Cip1, 

PARP, Bid, PPARγ, RXRα, Bad, Bcl-xL, pAKT, total AKT, pSTAT3, total AKT, 

total STAT, pGR, total GR (Santa Cruz Biotechnology), pERK (Cell Signaling 

Technology, Milan, Italy), total ERK (Cell Signaling Technology).  

As internal control, all membranes were subsequently stripped (0.2 M glycine, pH 

2.6, for 30 min at room temperature) of the first antibody and reprobed with anti-

GAPDH antibody (Santa Cruz Biotechnology). The antigen-antibody complex 

was detected by incubation of the membranes for 1 h at room temperature with 

peroxidase-coupled goat anti-mouse or anti-rabbit IgG and revealed using the 

enhanced chemiluminescence system (Amersham Pharmacia, Buckinghamshire 

UK). Blots were then exposed to film (Kodak film, Sigma). 

The intensity of bands representing relevant proteins was measured by Scion 

Image laser densitometry scanning program. 

 

Reverse Transcription-PCR Assay 

Cells were grown in 10 cm dishes to 70% to 80% confluence and exposed to 

treatments in SFM or in 1% CT-FBS as indicated. 

Total cellular RNA was extracted using TRIZOL reagent (Invitrogen) as 

suggested by the manufacturer. The purity and integrity were checked 

spectroscopically and by gel electrophoresis before carrying out the analytical 

procedures. 
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Two micrograms of total RNA were reverse transcribed in a final volume of 20 µl 

using a RETROscript kit as suggested by the manufacturer (Promega). The 

cDNAs obtained were amplified by PCR using the following primers: 

5‟-CCAGTGTGATGATGGTGAGG-3‟ (p53 forward),  

5‟-GCTTCATGCCAGCTACTTCC-3‟ (p53 reverse),  

5‟-CTGTGCTCACTTCAGGGTCA-3‟ (p21 forward),  

5‟-CTCAACATCTCCCCCTTC–3‟ (p21 reverse),  

5‟-CGAGAAACGTTTCAGCATCT-3‟(ObR Long isoform forward),  

5‟-CAAAAGCACACCACTCTCTC-3‟ (ObR Long isoform reverse),  

5‟- GAAGGAGTCGGAAAACCAAAG-3‟ (ObR Short isoform forward), 

5‟-CCACCATATGTTAACTCTCAG-3‟ (ObR Short isoform reverse),  

5‟-AGAGCCTTTGGATGACCAGAACAAGGTTCCCT-3‟ (Ob gene forward), 

5‟-TTACGAGAGAACTAACTGGAGAGCGACCTTT-3‟ (Ob gene reverse),  

5‟-AACAACAGGGTGGGCTTC-3‟ (cathepsin D forward),  

5‟-ATGCACGAAACAGATCTGTGCT-3‟(cathepsin D reverse),  

5‟-TTCTATCCTAATACCATCGACG-3‟ (pS2 forward),  

5‟-TTTGAGTAGTCAAAGTCAGAGC-3‟(pS2 reverse), 

5‟-TCTAAGATGAAGGAGACCATC-3‟ (cyclin D1 forward),   

5‟-GCGGTAGTAGGACAGGAAGTTGTT-3‟(cyclin D1 reverse),  

5‟-CAAGGTTATTTTGATGCATGG-3‟ (P450arom forward),   

5‟-TTCTAAGGTTTGCGCATGA-3‟ (P450arom reverse),  

5‟-CTCAACATCTCCCCCTTCTC-3‟ (36B4 forward),  

5‟- CAAATCCCATATCCTCGTCC-3‟ (36B4 reverse). 

The PCR was performed for 18 cycles for p53, 18 cycles for p21, 30 cycles for 

cathepsin D and cyclin D1; 35 cycles for ObRL, ObRS, Ob and P450arom; and 

for 15 cycles to amplify pS2 and 36B4 in the presence of 1 µl of first-strand 

cDNA, 1 µmol/L each primer, 0.5 mmol/L dNTPs, and TaqDNA polymerase (2 U 

per tube) (Promega. Corp) in a final volume of 25 µl. To check for the presence of 

DNA contamination, reverse transcription (RT)-PCR was performed on 2 µg of 

total RNA without Monoley murine leukemia virus reverse transcriptase (the 

negative control). The results obtained as optical density arbitrary values were 
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transformed to percentage of the control taking the samples from untreated cells 

as 100%. 

Analysis of p53 and Bid gene expression was performed using Real-time reverse 

transcription PCR. cDNA was diluted 1:3 in nuclease-free water and 5 μl were 

analyzed in triplicates by real-time PCR in an iCycler iQ Detection System (Bio-

Rad, USA) using SYBR Green Universal PCR Master Mix with 0.1 mmol/l of 

each primer in a total volume of 30 μl reaction mixture following the 

manufacturer‟s recommendations. Each sample was normalized on its GAPDH 

mRNA content. Relative gene expression levels were normalized to the basal, 

untreated sample chosen as calibrator. 

Final results are expressed as folds of difference in gene expression relative to 

GAPDH mRNA and calibrator, calculated following the ΔCt method, as follows: 

Relative expression (folds) = 2-(ΔCtsample - ΔCtcalibrator) where ΔCt values of 

the sample and calibrator were determined by subtracting the average Ct value of 

the GAPDH mRNA reference gene from the average Ct value of the analyzed 

gene. For p53, Bid and GAPDH the primers were: 5'-GCTGCTCAGATAGCG 

ATGGTC-3' (p53 forward) and 5-CTCCCAGGACAGGCACAAACA-3‟ (p53 

reverse), 5'-CCATGGACTGTGAGGTCAAC-3' (Bid forward) and 5'-CTTTGG 

AGGAAGCCAAACAC-3' (Bid reverse), 5'-CCCACTCCTCCACCTTTGAC-3' 

(GAPDH forward), 5'-TGTTGCTGTAGCCAAATTCGT-3' (GAPDH reverse). 

Negative controls contained water instead of first strand cDNA. 

 

Transfection Assay 

MCF-7 cells were transferred into 24-well plates with 500 µl of regular growth 

medium/well the day before transfection. The medium was replaced with 1% CT-

FBS or SFM on the day of transfection, which was performed using Fugene 6 

reagent as recommended by the manufacturer (Roche Diagnostics, Mannheim, 

Germany) with a mixture containing 0.5 µg of p53, p21 and leptin promoter-luc 

constructs or PPRE, XETL and HEGO reporter-luc plasmid plus 5 ng of pRL-

CMV. After transfection for 24 h for promoter-luc plasmids and 6 h for reporter-

luc plasmids, treatments were added as indicated. Firefly and Renilla luciferase 

activities were measured using the Dual Luciferase Kit (Promega). The firefly 
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luciferase values of each sample were normalized by Renilla luciferase activity 

and data were reported as relative light units. 

MCF-7 cells plated into 10 cm dishes were transfected with 5 µg of AS/p53 using 

Fugene 6 reagent as recommended by the manufacturer (Roche Diagnostics). The 

activity of AS/p53 was verified using western blot to detect changes in p53 

protein levels. Empty vector was used to ensure that DNA concentrations were 

constant in each transfection. 

 

Electrophoretic Mobility Shift Assay 

Nuclear extracts from MCF-7 cells were prepared as previously described 

(Andrews NC. et al. 1991). Briefly, MCF-7 cells plated into 10-cm dishes were 

grown to 70% to 80% confluence, shifted to SFM for 24 h, and then treated as 

indicated for 6 h. Thereafter, cells were scraped into 1.5 ml of cold PBS, pelleted 

for 10 sec, and resuspended in 400 µl cold buffer A (10 mmol/L HEPES-KOH 

[pH 7.9] at 4°C, 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithiothreitol, 

0.2 mmol/L phenylmethylsulfonyl fluoride, and 1 mmol/L leupeptin) by flicking 

the tube. Cells were allowed to swell on ice for 10 min and were then vortexed for 

10 sec. Samples were then centrifuged for 10 sec and the supernatant fraction was 

discarded. The pellet was resuspended in 50 µl of cold Buffer B (20 mmol/L 

HEPES-KOH [pH 7.9],  25% glycerol, 1.5 mmol/L MgCl2, 420 mmol/L NaCl, 

0.2 mmol/L EDTA, 0.5 mmol/L dithiothreitol, 0.2 mmol/L phenylmethylsulfonyl 

fluoride, and 1 mmol/L leupeptin) and incubated in ice for 20 min for high-salt 

extraction. Cellular debris was removed by centrifugation for 2 min at 4°C, and 

the supernatant fraction (containing DNA-binding proteins) was stored at -80°C. 

The probe was generated by annealing single-stranded oligonucleotides and 

labeled with [32P]ATP (Amersham Pharmacia) and T4 polynucleotide kinase 

(Promega) and then purified using Sephadex G50 spin columns (Amersham 

Pharmacia). The DNA sequence of the nuclear factor (NFkB) located within p53 

promoter as probe is 5‟-AGTTGAGGGGACTTTCCCAGGC-3‟. 

The DNA sequences, located in leptin promoter, used as probe or as cold 

competitors were as follows:  

GRE: 5‟-ATGGTCTGATCTTGGCTCAC- 3‟ and  
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5‟-GTGAGCCAAGATCAGACCAT-3‟; 

CRE: 5‟-CACCGACGTCATTTGCAGTTCC-3‟ and  

5‟-CACCGACAGCTTTTGCAGTTCC-3‟;  

Sp1: 5‟-GAAAAACTCCGCCCTGGTAAAT-3‟ and  

5‟-ATTTACCAGGCGCGGAGTTTTTC-3‟ (Sigma Genosys, Cambridge, UK). 

The protein-binding reactions were performed in 20 µl of buffer [20 mmol/L 

HEPES (pH 8), 1 mmol/L EDTA, 50 mmol/L KCl, 10 mmol/L dithiothreitol, 10% 

glycerol, 1 mg/ml bovine serum albumin, 50 µg/ml polydeoxyinosinic 

deoxycytidylic acid] with 50,000 cpm of labeled probe, 20 µg of MCF-7 nuclear 

protein, and 5 µg of polydeoxyinosinic deoxycytidylic acid. The mixtures were 

incubated at room temperature for 20 min in the presence or absence of unlabeled 

competitor oligonucleotides. 

The specificity of the binding was tested by adding to the mixture the reaction-

specific antibodies anti-PPARγ, anti-RXR, anti-GR, anti Sp1 and anti CREB 

(Santa Cruz Biotechnology). The reaction mixture was incubated with these 

antibodies at 4°C for 30 min before addition of labeled probe. The entire reaction 

mixture was electrophoresed through a 6% polyacrylamide gel in 0.25x Tris 

borate-EDTA for 3 h at 150 V. Gel was dried and subjected to autoradiography at 

-80°C.  

 

Chromatin Immunoprecipitation Assay 

MCF-7 cells were grown in 10 cm dishes to 50% to 60% confluence, shifted to 

SFM for 24 h, and then treated for 1 h as indicated. Thereafter, cells were washed 

twice with PBS and cross-linked with 1% formaldehyde at 37°C for 10 min. Next, 

cells were washed twice with PBS at 4°C, collected and resuspended in 200 µl of 

lysis buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl, pH 8.1), and left 

on ice for 10 min. Then, cells were sonicated four times for 10 sec at 30% of 

maximal power (Vibra Cell 500 W; Sonics and Materials, Inc., Newtown, CT) 

and collected by centrifugation at 4°C for 10 min at 14,000 rpm. The supernatants 

were diluted in 1.3 ml of immunoprecipitation buffer (0.01% SDS, 1.1% Triton 

X-100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCl [pH 8.1], 16.7 mmol/L NaCl) 

followed by immunoclearing with 60 µl of sonicated salmon sperm DNA/protein 
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A agarose (DBA Srl, Milan, Italy) for 1 h at 4°C. The precleared choromatin was 

immunoprecipitated with anti-PPARγ, anti-RXR, anti-GR  or anti-RNA Pol II 

antibodies (Santa Cruz Biotechnology). At this point, 60 µl salmon sperm 

DNA/protein A agarose was added, and precipitation was further continued for 2 

h at 4°C. After pelleting, precipitates were washed sequentially for 5 min with the 

following buffers: Wash A [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 

mmol/L Tris-HCl (pH 8.1), 150 mmol/L NaCl]; Wash B [0.1% SDS, 1% Triton 

X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl (pH 8.1), 500 mmol/L NaCl]; and 

Wash C [0.25 M/L LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mmol/L EDTA, 

10 mmol/L Tris-HCl (pH 8.1)], and then twice with 10 mmol/L Tris, 1 mmol/L 

EDTA. The immunocomplexes were eluted with elution buffer (1% SDS, 0.1 M/L 

NaHCO3) or with re-chip buffer and were re-immunoprecipitated with anti-

PPARγ, anti-NCoR, or anti-SMRT antibodies. Normal mouse serum IgG was 

used as negative control.  

The eluates were reverse cross-linked by heating at 65°C and digested with 

proteinase K (0.5 mg/ml) at 45°C for 1 h. DNA was obtained by 

phenolchloroform-isoamyl alcohol extraction. Two microliters of 10 mg/ml yeast 

tRNA (Sigma) were added to each sample, and DNA was precipitated with 95% 

ethanol for 24 h at -20°C and then washed with 70% ethanol and resuspended in 

20 µl of 10 mmol/L Tris, 1 mmol/L EDTA buffer. A 5 µl volume of each sample 

was used for PCR with primers flanking a sequence present in the p53 promoter: 

5‟-CTGAGAGCAAACGCAAAAG-3‟ (forward) and 5-

CAGCCCGAACGCAAAGTGTC- 3 (reverse) containing the NFkB site while the 

primers flanking GRE sequence present in the leptin promoter region:were 5‟-

GCCCAGGCTGTAGTGCAAT-3‟ and 5‟-TAGCCAGGTGTGGTGG-3‟. 

The PCR conditions for the p53 promoter fragments were 45 sec at 94°C, 40 sec 

at 57°C, and 90 sec at 72°C. The amplification products obtained in 30 cycles 

were analyzed in a 2% agarose gel and visualized by ethidium bromide staining. 

The negative control was provided by PCR amplification without a DNA sample. 

The specificity of reactions was ensured using normal mouse and rabbit IgG 

(Santa Cruz Biotechnology). 
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JC-1 Mitochondrial Membrane Potential 

The loss of mitochondrial membrane potential was monitored with the dye 5, 5‟,6 

, 6‟ tetra-chloro-1, 1‟, 3, 3‟- tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) 

(Biotium, Hayward). In healthy cells, the dye stains the mitochondria bright red. 

The negative charge established by the intact mitochondrial membrane potential 

allows the lipophilic dye, bearing a delocalized positive charge, to enter the 

mitochondrial matrix where it aggregates and gives red fluorescence. In apoptotic 

cells, the mitochondrial membrane potential collapses, and the JC-1 cannot 

accumulate within the mitochondria, it remains in the cytoplasm in a green 

fluorescent monomeric form (Cossarizza A. et al. 1993). MCF-7, SKBR-3 and T-

47D cells were grown in 10 cm dishes, transfected with control RNAi or Bid 

RNAi and then treated with 100 nmol/L BRL and/or 50 nmol/L 9RA as indicated, 

then cells were washed in ice-cold PBS, and incubated with 10 mmol/L JC-1 at 

37°C in a 5% CO2 incubator for 20 minutes in darkness. Subsequently, cells were 

washed twice with PBS and analyzed by fluorescence microscopy. 

The red form has absorption/emission maxima of 585/590 nm. The green 

monomeric form has absorption/emission maxima of 510/527 nm. Both healthy 

and apoptotic cells can be visualized by fluorescence microscopy using a wide 

band-pass filter suitable for detection of fluorescein and rhodamine emission 

spectra.  

 

Cytochrome C Detection 

Cytochrome C was detected by western blotting in mitochondrial and 

cytoplasmatic fractions. Cells were harvested by centrifugation at 2,500 rpm for 

10 minutes at 4°C. The pellets were suspended in 36 µl RIPA buffer plus 10 

µg/ml aprotinin, 50 mmol/L PMSF and 50 mmol/L sodium orthovanadate and 

then 4 µl of 0.1% digitonine were added. Cells were incubated for 15 minutes at 

4°C and centrifuged at 12,000 rpm for 30 minutes at 4°C. The resulting 

mitochondrial pellet was resuspended in 3% Triton X-100, 20 mmol/L Na2SO4, 

10 mmol/L PIPES, 1 mmol/L EDTA (pH 7.2) and centrifuged at 12,000 rpm for 

10 minutes at 4°C. Proteins of the mitochondrial and cytosolic fractions were 

determined by Bio-Rad Protein Assay (Bio-Rad Laboratories). 
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Equal amounts of protein (40 µg) were resolved by 15% SDS-polyacrylamide gel 

electrophoresis, electrotransferred to nitrocellulose membranes, and probed with 

an antibody directed against the cytochrome C (Santa Cruz Biotechnology). Then, 

membranes were subjected to the same procedures described for immunoblotting. 

 

DNA Fragmentation 

DNA fragmentation was determined by gel electrophoresis. MCF-7 cells were 

grown in 10 cm dishes to 70% confluence and exposed to treatments. After 56 h 

cells were collected, washed with PBS and pelleted at 1,800 rpm for 5 min. The 

samples were resuspended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCl, 

pH 8; 10 mmol/L EDTA, 0.5% SDS) for 20 min in rotation at 4°C. DNA was 

extracted three times with phenol- chloroform and one time with chloroform. The 

aqueous phase was used to precipitate nucleic acids with 0.1 volumes of 3M 

sodium acetate and 2.5 volumes cold ethanol overnight at 20°C. The DNA pellet 

was resuspended in 15 µl of H2O treated with RNase A for 30 min at 37°C. The 

absorbance of the DNA solution at 260 and 280 nm was determined by 

spectrophotometry. The extracted DNA (40 µg/lane) was subjected to 

electrophoresis on 1.5% agarose gels. The gels were stained with ethidium 

bromide and then photographed. 

 

RNA interference (RNAi). 

Cells were plated in 10 cm dishes with regular growth medium the day before 

transfection to 60–70% confluence. On the second day the medium was changed 

with 1% CT-FBS or SFM without P/S and cells were transfected with stealth 

RNAi targeted human Bid mRNA sequence -5'-

UGCGGUUGCCAUCAGUCUGCA GCUC-3' (Invitrogen), with a stealth RNAi 

targeted human PPARγ mRNA sequence  

5'-AGAAUAAUAAGGUGGAGAUGCAGGC-3' (Invitrogen), a stealth RNAi 

targeted human RXRα mRNA sequence 5'-UCGUCCUCUUUAACCCUG 

ACUCCAA-3' or with a stealth RNAi-negative control (Invitrogen) to a final 

concentration of 100 nM using Lipofectamine 2000 (Invitrogen) as recommended 

by the manufacturer. After 5 h the transfection medium was changed with 
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complete 1% CT-FBS or SFM with P/S in order to avoid Lipofectamine 2000 

toxicity, cells were exposed to treatments and subjected to different experiments. 

 

Flow Cytometry Assay 

MCF-7 cells (1 x 10
6
 cells/well) were grown in 6 well plates and shifted to SFM 

for 24 h before adding treatments for 48 h. Thereafter, cells were trypsinized, 

centrifuged at 3,000 rpm for 3 min and washed with PBS. Addition of 0.5 µl of 

fluorescein isothiocyanate-conjugated antibodies, anti-caspase 9 and anti-caspase 

8 (Calbiochem, Milan, Italy), in all samples was performed and then incubated for 

45 min in at 37°C. Cells were centrifuged at 3,000 rpm for 5 min, the pellets were 

washed with 300 µl of wash buffer and centrifuged. The last passage was repeated 

twice, the supernatant removed, and cells dissolved in 300 µl of wash buffer. 

Finally, cells were analyzed with the FACScan (Becton Dickinson and Co., 

Franklin Lakes, NJ). 

 

GST antioxidant enzyme activity and lipid peroxidation. 

To measure mitochondrial glutathione S-transferase (GST) activity the 

mitochondrial suspension was used. Enzyme activity was detected according to 

the method provided by the manufacturer (Sigma Aldrich). To evaluate lipid 

peroxidation cells were sonicated in PBS and the crude homogenate was used. 

The level of lipid peroxidation in control as well as treated cell samples was 

assayed through the formation of thiobarbituric acid reactive species (TBARS) 

during an acid-heating reaction as previously described in reference 33. Briefly, 

the samples were mixed with 1 ml of 10% trichloroacetic acid (TCA) and 1 ml of 

0.67% thiobarbituric acid (TBA), then heated in a boiling water bath for 15 min. 

TBARS were determined by the absorbance at 535 nm and were expressed as 

malondialdehyde equivalents (MDA) (nmol/mg protein) respect to cellular and 

mitochondrial. 
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Site-Directed Mutagenesis 

The leptin promoter plasmid-bearing glucocorticoid responsive element–mutated 

site (p1775 GRE mut) was created by site-directed mutagenesis using a Quik 

Change kit (Stratagene, La Jolla, CA) and as template the human leptin promoter 

p1775. The mutagenic primers were  

5‟-CCAGGCTGTAGTGCAATGGTCTtgcCTTGGCTCACTGCAACC-3‟ and 

5‟-GGTTGCAGTGAGCCAAGgcaAGACCATTGCACTACAGCCTGG-3‟. 

Mutations are shown as italic and lower case letters. The constructed reporter 

vector was confirmed by DNA sequencing. 

 

In Vivo Experiments 

Female 45-day-old athymic nude mice (nu/nu Swiss; Charles River Laboratories, 

Milan, Italy) were maintained in a sterile environment. At day 0, estradiol pellets 

(1.7 mg per pellet, 90-day release; Innovative Research of America, Sarasota, FL) 

were subcutaneously implanted into the intrascapular region of the mice. The next 

day, MCF-7 cells (5.0 x 10
6
 cells per mouse) were inoculated subcutaneously in 

0.1 mL of Matrigel (BD Biosciences, Bedford, MA). 

Leptin treatment was performed as previously described (Mauro L. et al. 2007). 

When the tumors reached 0.2 cm
3
 (ie, in 4 weeks), the animals received 

rosiglitazone (10 mg/kg/day) in drinking tap water (Avandia, GlaxoSmith Kline, 

Middlesex, UK) for 8 weeks. MCF-7 xenograft tumor growth was monitored 

twice a week by caliper measurements, and tumor volumes (in cubic centimeters) 

were estimated by the following formula: TV = a (b2)/2, where a and b are tumor 

length and width, respectively, in centimeters. At week 12, blood samples were 

collected from the mice, and the animals were sacrificed following standard 

protocols; the tumors were dissected from the neighboring connective tissue, 

frozen in nitrogen, and stored at -80°C for further analyses. After blood 

centrifugation, plasma was collected and kept at -80°C for analyses. Plasma leptin 

concentration was measured using a commercially available mouse and rat leptin 

enzyme-linked immunosorbent assay kit (BioVendor, Heidelberg, Germany). All 

the procedures involving animals and their care were conducted in accordance 
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with the institutional guidelines and regulations at the Laboratory of Molecular 

Oncogenesis, Regina Elena Cancer Institute, Rome, Italy. 

 

Histologic Analysis 

Tumors, livers, lungs, spleens, and kidneys were fixed in 4% formalin, sectioned 

at 5 µm, and stained with hematoxylin and eosin Y (Bio-Optica, Milan, Italy). The 

epithelial nature of the tumors was verified by immunostaining with mouse 

monoclonal antibody directed against human cytokeratin 18 (Santa Cruz 

Biotechnology, Milan, Italy), and nuclei were counter stained with hematoxylin. 

For negative controls, non immune serum replaced the primary antibody. 

 

Three-Dimensional Spheroid Culture and Cell Growth Assays 

For three-dimensional cultures, MCF-7 and BT-20 cells plated on 2% agar–coated 

plates were treated with 1000 ng/mL of leptin (Invitrogen, Carlsbad, CA) and/or 

10 µmol/L BRL (Alexis) and 10 µmol/L 15-deoxy-12,14-prostaglandin J2 (PGJ2) 

(Sigma). After 48 h, three-dimensional cultures were photographed using a phase-

contrast microscope (Olympus, Milan, Italy). The extent of aggregation and cell 

numbers were evaluated as previously reported. (Mauro L. et al. 2007). 

 

[3H]Thymidine Incorporation Assays 

MCF-7 and BT-20 cells were treated with leptin (1000 ng/mL) and/or BRL (10 

µmol/L) and PGJ2 (10 µmol/L) for 48 h and were pretreated for 2 h with GW9662 

(10 µmol/L; Sigma) or transfected with RNA interference (RNAi) for PPARγ 

where necessary. The assay was performed as previously reported. (Catalano S. et 

al. 2003). 

 

Statistical Analysis 

Statistical analysis was performed using analysis of variance followed by 

Newman-Keuls testing to determine differences in means. P< 0.05 was considered 

as statistically significant. 
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Results 

Nanomolar concentrations of the combined BRL and 9RA treatment affect 

cell viability in breast cancer cells 

Previous studies demonstrated that micromolar doses of PPARγ ligand BRL and 

RXR ligand 9RA exert antiproliferative effects on breast cancer cells (Mehta RG. 

et al. 2000; Elstner E. et al. 2002; Crowe DL. et al. 2004; Bonofiglio D. et al. 

2005). First, we tested the effects of increasing concentrations of both ligands on 

breast cancer cell proliferation at different times in the presence or absence of 

serum media (data not shown). 

Thus, to investigate whether low doses of combined agents are able to inhibit cell 

growth, we assessed the capability of 100 nmol/L BRL and 50 nmol/L 9RA to 

affect normal and malignant breast cell lines. We observed that treatment with 

BRL alone does not elicit any significant effect on cell viability in all breast cell 

lines tested, while 9RA alone reduces cell vitality only in T47-D cells (Figure 

4A). In the presence of both ligands, cell viability is strongly reduced in all breast 

cancer cells: MCF-7, its variant MCF-7TR1, SKBR-3, and T-47D; while MCF-

10A normal breast epithelial cells are completely unaffected (Figure 4A). In 

MCF-7 cells the effectiveness of both ligands in reducing tumor cell viability still 

persists in SFM, as well as in 5% CT-FBS (Figure 4B). 
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BRL and 9RA up-regulate p53 and p21WAF1/Cip1 expression in MCF-7 

cells 

Our recent work demonstrated that micromolar doses of BRL activate PPARγ, 

which in turn triggers apoptotic events through an up-regulation of p53 expression 

(Bonofiglio D. et al. 2006). On the basis of these results, we evaluated the ability 

of nanomolar doses of BRL and 9RA alone or in combination to modulate p53 

expression along with its natural target gene p21WAF1/Cip1 in MCF-7 cells. A 

significant increase in p53 and p21WAF1/Cip1 content was observed by western 

blot only on combined treatment after 24 and 36 h (Figure 5A). Furthermore, we 

showed an upregulation of p53 and p21WAF1/Cip1 mRNA levels induced by 

BRL plus 9RA after 12 and 24 h (Figure 5B).  

Figure 4. Cell vitality in breast 

cell lines. (A): Breast cells were 

treated for 48 h in SFM in the 

presence of 100 nmol/L BRL 

or/and 50 nmol/L. 9RA. Cell 

vitality was measured by MTT 

assay. Data are presented as mean 

± SD of three independent 

experiments done in triplicate. (B): 

MCF-7 cells were treated for 24, 

48, and 72 h with 100 nmol/L BRL 

and 50 nmol/L 9RA in the presence 

of SFM and 5% CT-FBS. *P < 

0.05 and **P < 0.01 treated versus 

untreated cells 

A 

B 
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Low Doses of PPARγ and RXRα ligands transactivate p53 gene promoter  

To investigate whether low doses of BRL and 9RA are able to transactivate the 

p53 promoter gene, we transiently transfected MCF-7 cells with a luciferase 

reporter construct (named p53-1) containing the upstream region of the p53 gene 

spanning from -1800 to + 12 (Figure 6A). Treatment for 24 h with 100 nmol/L 

BRL or 50 nmol/L 9RA did not induce luciferase expression, whereas the 

presence of both ligands increased in the transactivation of p53-1 promoter 

(Figure 6B). To identify the region within the p53 promoter responsible for its 

transactivation, we used constructs with deletions to different binding sites such as 

CTF-1, nuclear factor-Y, NFkB, and GC sites (Figure 6A). In transfection 

experiments performed using the mutants p53-6 and p53-13encoding the regions 

from - 106 to + 12 and from - 106 to + 40, respectively, the responsiveness to 

BRL plus 9RA was still observed (Figure 6B). In contrast, a construct with a 

deletion in the NFkB domain (p53-14) encoding the sequence from - 106 to + 49, 

the transactivation of p53 by both ligands was absent (Figure 6B), suggesting that 

NFkB site is required for p53 transcriptional activity. 

A Figure 5. Upregulation of p53 and 

p21WAF1/Cip1 expression induced by 

BRL plus 9RA in MCF-7 cells. (A): 
Immunoblots of p53 and p21WAF1/Cip1 

from extracts of MCF-7 cell treated with 100 

nmol/L BRL and 50 nmol/L 9RA alone or in 

combination for 24 and 36 h. GAPDH was 

used as loading control. The side panels 

show the quantitative representation of data 

(mean ± SD) of three independent 

experiments after densitometry. (B): p53 and 

p21WAF1/Cip1 mRNA expression in MCF-

7 cells treated as in A for 12 and 24 h. The 

side panels show the quantitative 

representation of data (mean ± SD) of three 

independent experiments after densitometry 

and correction for 36B4 expression. *P < 

0.05 and **P < 0.01 combined-treated 

versus untreated cells. N: RNA sample 

without the addition of reverse transcriptase 

(negative control). 

B B 
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Heterodimer PPARγ/RXRα binds to NFkB sequence in Electrophoretic 

Mobility Shift Assay and in Chromatin Immunoprecipitation Assay 

To gain further insight into the involvement of NFkB site in the p53 

transcriptional response to BRL plus 9RA, we performed electrophoretic mobility 

shift assay experiments using synthetic oligodeoxyribonucleotides corresponding 

to the NFkB sequence within p53 promoter. We observed the formation of a 

specific DNA binding complex in nuclear extracts from MCF-7 cells (Figure 7A, 

lane 1), where specificity is supported by the abrogation of the complex by 100-

fold molar excess of unlabeled probe (Figure 7A, lane 2). BRL treatment induced 

a slight increase in the specific band (Figure 7A, lane 3), while no changes were 

observed on 9RA exposure (Figure 7A, lane 4). The combined treatment 

increased the DNA binding complex (Figure 7A, lane 5), which was 

 

Figure 6. BRL and 9RA 

transactivate p53 promoter gene in 

MCF-7 cells. (A): Schematic map of 

the p53 promoter fragments used in 

this study. (B): MCF-7 cells were 

transiently transfected with p53 gene 

promoter-luc reporter constructs (p53-

1, p53-6, p53-13, p53-14) and treated 

for 24 h with 100 nmol/L BRL and 50 

nmol/L 9RA alone or in combination. 

The luciferase activities were 

normalized to the Renilla luciferase as 

internal transfection control and data 

were reported as RLU values. 

Columns are mean ± SD of three 

independent experiments performed in 

triplicate. *P < 0.05 combined-treated 

versus untreated cells. pGL2: basal 

activity measured in cells transfected 

with pGL2 basal vector; RLU, relative 

light units; CTF-1, CCAAT-binding 

transcription factor-1; NF-Y, nuclear 

factor-Y; NFkB, nuclear factor kB. 

A 

B 
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immunodepleted and supershifted using anti-PPARγ (Figure 7A, lane 6) or anti-

RXRα (Figure 7A, lane 7) antibodies. These data indicate that heterodimer 

PPARγ/RXRα binds to NFkB site located in the promoter of p53 in vitro. 

The interaction of both nuclear receptors with the p53 promoter was further 

elucidated by chromatin immunoprecipitation assays. Using anti-PPARγ and anti-

RXRα antibodies, protein-chromatin complexes were immunoprecipitated from 

MCF-7 cells treated with 100 nmol/L BRL and 50 nmol/L 9RA. PCR was used to 

determine the recruitment of PPARγ and RXRα to the p53 region containing the 

NFkB site. The results indicated that either PPARγ or RXRα was constitutively 

bound to the p53 promoter in untreated cells and this recruitment was increased 

on BRL plus 9RA exposure (Figure 7B). Similarly, an augmented RNA-Pol II 

recruitment was obtained by immunoprecipitating cells with an anti-RNA-Pol II 

antibody, indicating that a positive regulation of p53 transcription activity was 

induced by combined treatment (Figure 7B). 

 

 

 

Figure 7. PPARγ/RXRα binds to NFkB sequence in electrophoretic mobility shift 

assay and in chromatin immunoprecipitation assay. (A): Nuclear extracts from MCF-

7 cells (lane 1) were incubated with a double-stranded NFkB consensus sequence probe 

labeled with [32P] and subjected to electrophoresis in a 6% polyacrylamide gel. 

Competition experiments were done, adding as competitor a 100-fold molar excess of 

unlabeled probe (lane 2). Nuclear extracts from MCF-7 were treated with 100 nmol/L 

BRL (lane 3), 50 nmol/L 9RA (lane 4), and in combination (lane5). Anti-PPARγ (lane 6), 

anti-RXRα (lane 7), and IgG (lane 8) antibodies were incubated. Lane 9 contains probe 

alone. (B): MCF-7 cells were treated for 1 h with 100 nmol/L BRL and/or 50 nmol/L 

A 

B 
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9RA as indicated, and then cross-linked with formaldehyde and lysed. The soluble 

chromatin was immunoprecipitated with anti-PPARγ, anti-RXRα, and anti-RNA Pol II 

antibodies. The immunocomplexes were reverse cross-linked, and DNA was recovered 

by phenol/chloroform extraction and ethanol precipitation. The p53 promoter sequence 

containing NFkB was detected by PCR with specific primers. To control input DNA, p53 

promoter was amplified from 3µl of initial preparations of soluble chromatin (before 

immunoprecipitation). N: negative control provided by PCR amplification without DNA 

sample. 
 

 

BRL and 9RA induce mitochondrial membrane potential disruption and 

release of cytochrome C from mitochondria into the cytosol in MCF-7 cells 

The role of p53 signaling in the intrinsic apoptotic cascades involves a 

mitochondria-dependent process, which results in cytochrome C release and 

activation of caspase-9. Because disruption of mitochondrial integrity is one of the 

early events leading to apoptosis, we assessed whether BRL plus 9RA could 

affect the function of mitochondria by analyzing membrane potential with a 

mitochondria fluorescent dye JC-1 (Smiley ST. et al. 1991, Crowe DL. et al. 

2004). In non-apoptotic cells (control) the intact mitochondrial membrane 

potential allows the accumulation of lipophilic dye in aggregated form in 

mitochondria, which display red fluorescence (Figure 8A).  

MCF-7 cells treated with 100 nmol/L BRL or 50 nmol/L 9RA exhibit red 

fluorescence indicating intact mitochondrial membrane potential (data not 

shown). Cells treated with both ligands exhibit green fluorescence, indicating 

disrupted mitochondrial membrane potential, where JC-1 cannot accumulate 

within the mitochondria, but instead remains as a monomer in the cytoplasm 

(Figure 8A). Concomitantly, cytochrome C release from mitochondria into the 

cytosol, a critical step in the apoptotic cascade, was demonstrated after combined 

treatment (Figure 8B). 
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Caspase-9 cleavage and DNA fragmentation induced by BRL plus 9RA in 

MCF-7 cells 

BRL and 9RA at nanomolar concentration did not induce any effects on caspase-9 

separately, but activation was observed in the presence of both compounds  

(Table 1). No effects were elicited by either the combined or the separate 

treatment on caspase-8 activation, a marker of extrinsic apoptotic pathway  

(Table 1). 

 

 

 

 

Figure 8. Mitochondrial membrane 

potential disruption and release of 

cytochrome C induced by BRL and 

9RA in MCF-7 cells. (A): MCF-7 cells 

were treated with 100 nmol/L BRL plus 

50 nmol/L 9RA for 48 h and then used 

fluorescent microscopy to analyze the 

results of JC-1 (5,5‟,6,6‟- tetrachloro-

1,1‟,3,3‟tetraethylbenzimidazolylcarbocy

anine iodide) kit. In control non apoptotic 

cells, the dye stains the mitochondria red. 

In treated apoptotic cells, JC-1 remains in 

the cytoplasm in a green fluorescent 

form. (B): MCF-7 cells were treated for 

48 h with 100 nmol/L BRL and/or 50 

nmol/L 9RA. GAPDH was used as 

loading control. 
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Table 1. Activation of caspase 9 in MCF-7 cells 

 

  % Activation SD 

Caspase 9   

Control 14,16 ±5,65 

BRL 100nM 17,23 ±1,678 

9RA 50nM 18,4 ±0,986 

BRL+9RA    33,8 * ±5,216 

Caspase 8   

Control 9,20 ±1,430 

BRL 100nM 8,12 ±1,583 

9RA 50nM 7,90 ±0,886 

BRL+9RA 10,56 ±2,160 

 

Since internucleosomal DNA degradation is considered a diagnostic hallmark of 

cells undergoing apoptosis, we studied DNA fragmentation under BRL plus 9RA 

treatment in MCF-7 cells, observing that the induced apoptosis was prevented by 

either the PPARγ-specific antagonist GW or by AS/p53, which is able to abolish 

p53 expression (Figure 9A). 

To test the ability of low doses of both BRL and 9RA to induce transcriptional 

activity of PPARγ, we transiently transfected a peroxisome proliferator response 

element reporter gene in MCF-7 cells and observed an enhanced luciferase 

activity, which was reversed by GW treatment (data not shown). These data are in 

agreement with previous observations demonstrating that PPARγ/RXRα 

heterodimerization enhances DNA binding and transcriptional activation (Kliewer 

SA. et al. 1992; Zhang XK. et al. 1992). 

Finally, we examined in three additional human breast malignant cell lines: MCF-

7TR1, SKBR-3, and T-47D the capability of low doses of a PPARγ and an RXRα 

ligand to trigger apoptosis. DNA fragmentation assay showed that only in the 

presence of combined treatment did cells undergo apoptosis in a p53-mediated 

manner (Figure 9B), implicating a general mechanism in breast carcinoma. 
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Figure 9. Combined treatment of BRL and 9RA trigger apoptosis in breast cancer 

cells. (A): DNA laddering was performed in MCF-7 cells transfected and treated as 

indicated for 56 h. One of three similar experiments is presented. The side panel shows 

the immunoblot of p53 from MCF-7 cells transfected with an expression plasmid 

encoding for p53 antisense (AS/p53) or empty vector (v) and treated with 100 nmol/L 

BRL plus 50 nmol/L 9RA for 56 h. GAPDH was used as loading control. (B): DNA 

laddering was performed in MCF-7TR1, SKBR-3, and T47-D cells transfected with 

AS/p53 or empty vector (v) and treated as indicated. One of three similar experiments is 

presented. 

 
 

 

 

p53 and p21 expression upon combined low doses of BRL plus 9RA in breast 

cancer cells.  

On the basis of the above-mentioned results, we aimed to examine the potential 

ability of nanomolar concentrations of BRL and 9RA to modulate p53 and its 

natural target gene p21WAF1/Cip1 in MCF-7, SKBR-3 and T-47D breast cancer 

cells. We revealed that only the combination of both ligands enhanced p53 

expression in all breast cancer cells tested in terms of mRNA and protein content, 

while the increased expression of p21WAF1/Cip1 was highlighted only in MCF-7 

cells (Fig. 10A–E), suggesting that p53 mutated form in the other two cell lines 

tested does not exhibit any transactivation properties. Moreover, as expected we 

did not observe in SKBR-3 and T-47D cells any modulation of the human wild-

A 
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type p21WAF1/Cip1 promoter luciferase activity upon nanomolar concentrations 

of BRL and 9RA alone or in combination (data not shown), even though PPARγ 

can mediate the upregulation of p21WAF1/Cip1 independently of p53 (Chung 

SH. et al. 2002; Hong J. et al. 2004; Bonofiglio D. et al. 2008). 

 

Figure 10. Combined low doses of BRL and 9RA upregulate p53 expression in 

MCF-7, SKBR-3 and T-47D breast cancer cells.  
(A–C) Immunoblots of p53 and p21 from extracts of MCF-7, SKBR-3 and T-47D cells 

untreated (-) or treated with 100 nM BRL and/or 50 nM 9RA for 24 h. GAPDH was used 

as loading control. The histograms show the quantitative representation of data (mean ± 

SD) of three independent experiments in which band intensities were evaluated in terms 

of optical density arbitrary units and expressed as percentages of the control which was 

assumed to be 100%. (D) p53 and p21 mRNA expression in MCF-7, SKBR-3 and T-47D 

cells untreated (-) or treated with 100 nM BRL plus 50 nM 9RA for 12 h. The histograms 

show the quantitative representation of data (mean ± SD) of three independent 

experiments after densitometry and correction for 36B4 expression and expressed as 

percentages of the control which was assumed to be 100%. (E) Quantitative real-time 

A B C 

D E 
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PCR analysis of p53 mRNA expression in MCF-7, SKBR-3 and T-47D cells treated as in 

(D). The histograms show the quantitative representation of data (mean ± SD) of three 

independent experiments after correction for GAPDH expression. NC: RNA samples 

without the addition of reverse transcriptase (negative control). *p < 0.05 combined-

treated vs. untreated cells. 

 

BRL plus 9RA treatment improves the association between p53 and bid in 

breast cancer cells.  

p53 participates in apoptosis, even by acting directly on multiple mitochondrial 

targets (Murphy ME. et al. 2004). Therefore, we evaluated the involvement of 

Bcl-2 proteins family in regulating apoptosis. After 48 h BRL plus 9RA treatment, 

we determined the protein levels of Bid, Bad, Bcl-xL in both cytosolic and 

mitochondrial fractions of breast cancer cells. The separate treatment with low 

doses of either BRL or 9RA did not elicit any noticeable effect on Bid expression 

(data not shown), in contrast an upregulation of Bid protein content upon the 

combined treatment was observed in both cytosolic and mitochondrial extracts, 

while unchanged levels of Bad and Bcl-xL were detected in all the fractions tested 

(Fig. 11A). The protein synthesis inhibitor cycloheximide (CX) prevented the 

enhancement of Bid expression, suggesting that Bid is ex novo synthesized (Fig. 

11B). The transcriptional activity of Bid was confirmed by using qtPCR, which 

clearly showed a significant upregulation of Bid mRNA in all breast cancer cells 

(Fig. 11C). The enhancement of Bid transcript levels upon treatments was 

reversed after silencing PPARγ, addressing that the effect is PPARγ-mediated 

(Fig. 11D and E). To examine whether wt and/or mutant p53 protein could 

associate with Bid in the cytoplasm and colocalize to the mitochondria, we 

performed co-immunoprecipitation experiments using cytosolic and either whole 

mitochondria or mitochondrial matrix extracts from breast cancer cells treated for 

48 h with BRL plus 9RA. Equal amounts of protein extracts were 

immunoprecipitated with an anti-p53 antibody and then subjected to immunoblot 

with anti-Bid antibody. As seen in Figure 9A, in cytosolic immunoprecipitates we 

detected under physiological conditions the association between p53 and Bid that 

slightly increased upon BRL plus 9RA treatment, while in whole mitochondria we 

revealed that p53 was able to interact with the more active truncated Bid, tBid 

particularly in the presence of the combined treatment (Fig. 12B). In the matrix of 
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mitochondria no association between the two proteins was observed, suggesting 

that this physical interaction occurs in mitochondrial membrane likely initiating 

this organelle dysfunction (Fig. 12C). Since it has been reported the interaction of 

tBid with other pro-apoptotic proteins resulting in a more global permeabilization 

of the outer mitochondrial membrane (Korsmeyer SJ. et al. 2000), we also 

explored the involvement of Bak and Bax. We detected the presence of Bak (Fig. 

6A and B), but not of Bax (data not shown) as component of this multiprotein 

complex. Stemming from our previous findings demonstrating that p53 binds to 

PPARγ in breast cancer cells (Bonofiglio D. et al. 2006), we investigated in our 

cellular context a possible association of PPARγ to this protein complex together 

with its heterodimer RXRα. We observed the presence of both receptors in this 

complex in cytosol as well as in whole mitochondria, but not in mitochondrial 

matrix (Fig. 12A–C). The p53/Bid association still occured after knocking down 

PPARγ and RXRα. To better define the mitochondrial colocalization of p53 and 

Bid, we used a red-fluorescent dye that passively diffuses across the plasma 

membrane and accumulates in active mitochondria. In MCF-7 cells the co-

expression of both proteins gave rise to a merged image which appears further 

enhanced in cells treated with BRL plus 9RA (Fig. 12D). 
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(E) Immunoblots of PPARγ from extracts of MCF-7 cells transfected with control RNAi  

 

 

 

Figure 11. Upregulation of BID expression by BRL and 9RA in breast cancer cells. 

(A) Cytosolic and mitochondrial expression of Bid, Bad and Bcl-xL proteins in MCF-7, 

SKBR-3 and T-47D breast cancer cells untreated (-) or treated for 48 h with 100 nM 

BRL plus 50 nM 9RA. GAPDH was used as loading control. One of three similar 

experiments is presented. (B) Immunoblots of BID from total extracts of MCF-7, 

SKBR-3 and T-47D cells treated as in (A) and/or with 50 μM protein synthesis 

inhibitor cycloheximide (CX). GAPDH was used as loading control. One of three 

similar experiments is presented. (C) Quantitative real-time PCR analysis of BID 

mRNA expression in MCF-7, SKBR-3 and T-47D cells treated for 24 h as indicated. 

(D) Quantitative realtime PCR analysis of BID mRNA expression in MCF-7 cells 

transfected with control RNAi or with PPARγ RNAi and treated for 24 h as indicated. 

The histograms show the quantitative representation of data (mean ± SD) of three 

independent experiments after correction for GAPDH expression. (E) Immunoblots of 

PPARγ from extracts of MCF-7 cells transfected with control RNAi or with PPARγ 

RNAi. GAPDH was used as loading control. *p < 0,05 combined-treated vs. untreated 

cells. **p < 0,05 combined-treated cells transfected with PPARγ RNAi vs. combined-

treated cells transfected with control RNAi. 
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Figure 12. (A–C) Physical association between p53 and BID in breast cancer cells. 
MCF-7, SKBR-3 and T-47D cells were untreated (-) or treated for 48 h with BRL plus 

9RA. Cytosolic (A), whole mitochondrial (B) and mitochondrial matrix (C) extracts 

were immunoprecipitated with an anti-serum against p53 (IP:p53) and then the 

immunocomplexes were resolved in SDS-PAGE. The membrane was probed with 

anti-BID, anti-BAK, anti-PPARγ and anti-RXRα antibodies. To verify equal loading, 

the membrane was probed with an antibody against p53. One of three similar 

experiments is presented. MCF-7 lysates were used as positive control. (D) MCF-7 

cells untreated (-) or treated with BRL plus 9RA for 48 hours were incubated in 

MitoTracker Red dye. Cells were immunostained with p53 and BID and then 

examined by fluorescent microscopy. Blue, p53; green, BID; red, MitoTracker; merge 

of blue, green and red as expression of colocalization in mitochondria. 
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Bid is involved in apoptotic events triggered by BRL plus 9RA treatment in 

breast cancer cells. 

In order to validate the key role of Bid in the apoptotic process we used different 

experimental approaches after silencing Bid expression. We analyzed 

mitochondrial membrane potential using a fluorescent dye JC-1 in all cell lines 

tested after BRL plus 9RA treatment. Cells transfected with control RNAi allowed 

the accumulation of lipophilic dye in aggregated form in mitochondria, displaying 

red fluorescence as shown in Figure 13A, demonstrating the integrity of the 

mitochondrial membrane potential. Cells treated with both ligands exhibited green 

fluorescence, indicating the disruption of mitochondrial integrity, because JC-1 

cannot accumulate within the mitochondria, but instead remained as a monomer in 

the cytoplasm. After silencing Bid expression, red fluorescence was evident in 

treated cells (Fig. 13A), suggesting that the integrity of the mitochondrial 

membrane potential is maintained in MCF-7, SKBR-3 and T-47D cells. This 

result well fits with a significant decrease of PARP cleavage in cells transfected 

with Bid RNAi and treated with ligands respect to treated cells transfected with 

control RNAi (Fig. 13B). Indeed in transfected cells with Bid-RNAi TUNEL 

assay showed after 72 h treatment a strong reduction of the percentage of 

apoptotic cells respect to treated cells trasfected with control RNAi (Fig. 13C). All 

these data indicate that Bid plays an important role in the death pathway induced 

by low doses of PPARγ and RXR ligands in breast cancer cells. 
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Figure 13. Knocking down BID abrogates apoptotic events in breast cancer 

cells. (A) MCF-7, SKBR-3 and T-47D cells were transfected with control RNAi or 

with BID RNAi and treated for 48 h as indicated. The results of JC-1 kit were 

examined by fluorescent microscopy. (B) Immunoblots of PARP and BID from total 

extracts of MCF-7, SKBR-3 and T47-D cells transfected and treated as in (A). 

GAPDH was used as loading control. One of three similar experiments is presented. 

(C) Cells were transfected as in (A) and treated for 72 h as indicated. The histograms 

show the quantitative representation of data (mean ± SD) of three independent 

experiments performed in triplicates. *p < 0.05 combined-treated vs. untreated cells. 
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BRL plus 9RA reduce glutathione S-transferase antioxidative enzyme 

activity and induce lipid peroxidation in breast cancer cells.  

Since, an isoform of the antioxidant defense glutathione S-transferase (GST) is 

located at mitochondrial membranes, we measured its enzimatic activity in 

mitochondrial extracts of MCF-7, SKBR-3 and T-47D cells after BRL plus 9RA 

treatment. Interestingly, GST activity was reduced respect to untreated cells, 

while in the presence of Bid RNAi this effect was no longer noticeable (Fig. 14A), 

addressing that BRL plus 9RA treatment negatively regulate mitochondrial 

scavenger activity via Bid. Moreover, we estimated the presence of 

malondialdehyde (MDA), a common end products of lipid peroxidation, as index 

of oxidative stress induced by both ligands. As shown in Figure 14B, the lipid 

peroxidation was considerably increased by the treatment in both total cellular and 

mitochondrial extracts of all breast cancer cells. 
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Figure 14. BRL and 9RA reduce glutathione S-transferase (GST) antioxidative 

enzyme activity and induce lipid peroxidation in breast cancer cells. (A) Glutathione 

S-transferase activity from mitochondrial extracts (mGST) of MCF-7, SKBR-3 and T-

47D cells transfected with control RNAi or with BID RNAi and treated for 24 hours as 

indicated. (B) Lipid peroxidation from total and (C) mitochondrial cell extracts of all 

breast cancer cells treated for 48 h as indicated. *p < 0.05 combined-treated vs. untreated 

cells. MDA: Malondialdehyde. 
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PPARγ ligands reverse leptin-induced tumor cell growth in vivo and in vitro 

In the last part of the present work we aimed to investigate the ability of PPARγ 

ligands to conteract the stimulatory effect exerted  by leptin on tumor cell growth. 

First we explored the ability of PPARγ ligand BRL to inhibit leptin-induced breast 

tumor growth in vivo. To this aim, female nude mice, bearing into the 

intrascapular region of MCF-7 cell tumor xenografts, were treated with leptin 

and/or BRL. This administration was well tolerated because no change in body 

weight or in food and water consumption was observed together with no evidence 

of reduced motor function. In addition, no significant difference in the mean 

weights or histologic features of the major organs (liver, lung, spleen, and kidney) 

after sacrifice was observed between vehicle-treated mice and those that received 

treatment, indicating a lack of toxic effects at the dose given. Histologic 

examination of MCF-7 xenografts revealed that tumors were primarily composed 

of tumor epithelial cells. Our results showed that leptin treatment induced tumor 

growth in mice, as we previously demonstrated (Mauro L. et al. 2007), whereas a 

significant reduction in tumor volume was observed in the animal group receiving 

leptin plus BRL (Figure 15A). At week 12, tumor sizes were markedly smaller in 

animals treated with leptin plus BRL than with leptin alone (Figure 15B). Mean 

SE plasma leptin levels measured at week 12 were significantly higher in leptin-

treated mice (2.050.087 ng/mL, P0.01) than in vehicle-treated mice (1.50 ± 0.05 

ng/mL); in contrast, in BRL (1.13 ± 0.06 ng/mL, P < 0.01) and BRL + leptin (1.36 

± 0.078 ng/mL, P < 0.01) treated mice, leptin concentrations were decreased 

compared with those in the control and leptin groups. We then performed three-

dimensional MCF-7 cell cultures, which closely mimic some in vivo biologic 

features of tumors (Mauro L. et al. 2004). We showed that BRL treatment (10 

µmol/L) inhibited the enhanced cell-cell adhesion induced by leptin (1000 ng/mL) 

exposure as evidenced by the extent of aggregation scored by measuring the 

spheroid diameters (Figure 15C). In three-dimensional cultures, BRL decreased 

cell growth compared with untreated cells and reversed the enhanced leptin cell 

numbers. Moreover, the effects of leptin and/or BRL on cell proliferation were 

assessed by [3H]-thymidine DNA incorporation assay. Leptin stimulated the 

growth of MCF-7 cells; this effect was completely inhibited by BRL treatment 
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(Figure 15D). Similar results were also obtained using the natural PPARγ ligand 

PGJ2. The inhibitory effects exerted by PPARγ ligands were no longer noticeable 

in the presence of the specific PPARγ antagonist GW9662 as well as PPARγ 

RNAi, demonstrating direct involvement of this nuclear receptor in antagonizing 

leptin-induced tumor growth (Figure 15D). In ERα-negative breast cancer cells 

BT-20, BRL also reversed leptin-induced cell aggregation and cell proliferation 

(data not shown), suggesting that BRL effects are estrogen independent.  

 

 

 

 

Figure 15. BRL reverses leptin-induced tumor cell growth. (A): Tumor volume from 

MCF-7 xenografts implanted with estradiol pellets in female nude mice at weeks 4 and 

12. The animals were treated with 230 µg/kg/day leptin (Lep) (n = 8), 10 mg/kg/day BRL 

(n = 8), Lep and BRL (n = 8), or vehicle as control (n = 8). *P < 0.05, leptin-treated group 

versus control group; **P < 0.05, leptin plus BRL–treated group versus leptin-treated 

group. (B): Representative images of experimental tumors at week 12 (arrows). (C): 

MCF-7 three-dimensional cultures were untreated or treated as indicated for 48 h (top). 

Scale bar 50 µm. The extent of aggregation was scored by measuring the spheroid 

diameters. The values represent the sum of spheroids in 10 optical fields under 10 

magnification (bottom). (D): Cell numbers obtained from three-dimensional spheroids 

and proliferation determined by [3H]thymidine incorporation in MCF-7 cells transfected 

and treated as indicated for 48 h. The results are mean ± SE of three experiments. *P < 

0.05 versus untreated cells; **P < 0.05 versus leptin. 
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BRL represses activation of leptin signal transduction pathways in MCF-7 

cells 

Leptin exerts its biologic function through binding to its receptors, which mediate 

a downstream signal by activating multiple signaling pathways (Sweeney G.  

2002; Ahima RS. et al. 2004). We examined the effects of BRL on ObRs and its 

transduction pathways. Stimulation of MCF-7 cells with leptin resulted in an 

increase in ObRL and ObRS, which was reversed by treatment with BRL (Figure 

16A). Similar results were also obtained in MCF-7 xenografts (Figure 16B). In 

addition, as expected, leptin significantly induced phosphorylation of 

MAPK/STAT3/Akt in in vivo and in vitro models, whereas treatment with BRL 

completely abrogated the leptin activation of these signaling pathways (Figure 16, 

C and D). 

All these data suggest that the inhibitory action of BRL on leptin-induced tumor 

growth, cell adhesion, and proliferation involves, at least in part, the ability of 

PPARγ ligand to modulate ObR expression and antagonize its signaling pathways. 
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Figure 16. BRL represses leptin (Lep) signaling in MCF-7 cells and xenografts. RT-

PCR of ObRL and ObRS mRNA from MCF-7 cells stimulated for 48 h (A) and from 

xenografts (B). 36B4 mRNA levels were determined as control. NC indicates RNA 

sample without the addition of reverse transcriptase (negative control). Representative 

western blot analysis on protein extracts from MCF-7 cells stimulated for 15 min (C) and 

xenografts excised from control and treated mice (D) showing MAPK/STAT3/Akt 

activation. The immunoblots were stripped and reprobed with total MAPK/STAT3/Akt as 

loading control. The results are mean ± SE of three separate experiments in which the 

band intensities were evaluated in terms of optical density arbitrary units and expressed as 

the percentage of the control assumed to be 100%. *P < 0.05 versus untreated cells; **P < 

0.05 versus leptin. 

 

 

Modulation of Ob expression and its transcriptional activity by BRL 

To assess whether BRL can also affect Ob, we performed RT-PCR in MCF-7 

cells. We showed in vitro and in vivo models that leptin increased Ob mRNA, 

whereas BRL reversed this effect (Figure 17A). This latter result led us to 

ascertain whether PPARγ activation can modulate leptin transcriptional activity. 

To this aim, we transiently transfected MCF-7 cells with a plasmid containing 

leptin regulatory sequences p1774 (- 2922 / + 30) and found that leptin induced 

luciferase activity, which was inhibited by treatment with BRL (Figure 17B). The 

Ob promoter contains multiple transcription factor binding motifs, including CRE 

and Sp1 sites and one GRE site (Figure 17B). To determine which cis-acting 

elements in the Ob promoter can mediate the previously mentioned effects, Ob 

promoter–deleted constructs – 1975 / + 30 (p1775), - 1546 / + 30 (p1776), and – 

805 / +30 (p1778) were tested. In transfection experiments performed using p1775 

and p1776 constructs, the responsiveness to leptin was still observed, and BRL 

still inhibited the increase induced by leptin. In contrast, in the presence of the 

construct p1778, no up-regulatory effects were noticeable on leptin exposure 

(Figure 17B). Thus, we performed site-directed mutagenesis assays to evaluate 

which site was responsible for leptin-induced Ob promoter activation. 

We found that only the mutation of the GRE site was involved in mediating the 

stimulatory effect of leptin (Figure 17C), addressing that the up-regulatory effect 

of leptin requires the GRE motif. To explore whether leptin affects the activity of 

GR, we tested its nuclear translocation and phosphorylation at S211. Leptin 

induced GR nuclear localization with a concomitant increase in S211 

phosphorylated GR levels, which were significantly reduced by pre-treatment 
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with the MAPK inhibitor PD98059 and the JAK/STAT inhibitor AG490. In 

contrast, the PI3K inhibitor LY294002 did not affect GR phosphorylation status 

(Figure 18). 
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Figure 17. BRL negatively regulates leptin (Lep)-induced Ob expression and its 

transcriptional activity. (A): RT-PCR of Ob was performed in MCF-7 cells stimulated 

for 48 h (left panel) and in xenografts (right panel). 36B4 mRNA levels were determined 

as control. NC, negative control. MCF-7 cells were transiently transfected with luciferase 

plasmids containing the human leptin promoter (p1774) or its deletions (p1775, p1776, 

and p1778) (B) or p1775 mutated in the GRE site (p1775 GRE mut) (C). Schematic maps 

of the human leptin promoter constructs are included. Cells were untreated or treated with 

leptin (1000 ng/mL) and/or 10 µmol/L BRL for 24 h. RLU indicates relative light units. 

The results are mean ± SE of three separate experiments. *P < 0.05 versus untreated cells; 

**P < 0.05 versus leptin. 

 
 

 

 

 
 

Figure 18. Leptin (Lep) induces nuclear translocation of GR and its phosphorylation 

(pGR). MCF-7 cells were untreated or treated with 1000 ng/mL of leptin for 15 min or 

pre-treated with 10 µmol/L PD98059 (PD), AG490 (AG), or LY294002 (LY). (A): 

Immunostaining of pGR and GR. No immunodetection was observed replacing the 

antibodies with horse serum [negative control (NC)]. (B): Representative western blotting 

for pGR on S211 and GR. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

used as loading control. The results are mean ± SE of three separate experiments for pGR 
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in which the band intensities were evaluated in terms of optical density arbitrary units and 

expressed as the percentage of the control assumed to be 100%. *P < 0.05 versus 

untreated cells; **P < 0.05 versus leptin. 
 

 

 

PPARγ reverses leptin-induced effects on Ob promoter at the GRE site 

through corepressor recruitment 

To provide insight into the molecular mechanism by which the GRE motif 

modulates Ob promoter activity, we performed electrophoretic mobility shift 

assay experiments using as probe the GRE sequence present in the Ob regulatory 

region. We observed the formation of a complex in nuclear extracts from MCF-7 

cells (Figure 19A, lane 1), which was abrogated by 100-fold molar excess of 

unlabeled probe (Figure 19A, lane 2), demonstrating the specificity of the DNA 

binding complex. This inhibition was no longer observed using a mutated 

oligodeoxyribonucleotide as competitor (Figure 19A, lane 3). Leptin and BRL 

induced a slight increase in the specific band (Figure 19A, lanes 4 and 5), whereas 

an enhanced DNA binding complex was observed on combined treatments 

(Figure 19A, lane 6). The inclusion of anti-GR and anti-PPARγ antibodies in the 

reactions attenuated the specific bands, suggesting the presence of both proteins in 

the complex (Figure 19A, lanes 7 and 8). Note that the leptin-induced increase in 

the DNA binding complex was no longer noticeable when a synthetic 

oligodeoxyribonucleotide corresponding to the CRE or Sp1 motif was used as 

probe (data not shown). The interaction of GR and PPARγ receptors with the Ob 

promoter was further elucidated by chromatin immunoprecipitation (ChIP) assays. 

Using anti-GR or anti-PPARγ antibodies, protein-chromatin complexes were 

immunoprecipitated from MCF-7 cells treated for 1 h with leptin and/or BRL. 

Real-time PCR was used to determine the recruitment of GR and PPARγ to the 

Ob region containing the GRE site. The results indicate that GR was 

constitutively bound to the Ob promoter in untreated cells and that this 

recruitment was increased on leptin or BRL exposure and to a higher extent after 

combined treatments. Immunoprecipitation with anti-PPARγ antibody showed 

enhanced recruitment of this nuclear receptor to the Ob promoter in the presence 

of BRL and BRL plus leptin treatments. Similar results were also obtained by 
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GR/PPARγ Re-ChIP assay. We revealed after leptin treatment an enhanced 

association of RNA Pol II that was drastically reduced by leptin plus BRL 

exposure (Figure 19B). To assess whether the decrease in Ob promoter 

transcriptional activity might be caused by the cooperative interaction between 

GR/PPARγ and negative transcriptional regulators, we investigated the 

involvement of NCoR and SMRT, which interact with and function as negative 

coregulators of GR and PPARγ (Cohen RN. et al. 2006; Ricote M. et al. 2007; van 

der Laan S. et al. 2008; Ronacher K. et al. 2009) A co-immunoprecipitation assay 

was performed on nuclear protein fractions from MCF-7 cells treated with leptin 

and/or BRL. The formation of GR and PPARγ complex was clearly detected in all 

the conditions tested. Moreover, GR/NCoR and GR/SMRT complexes were 

slightly revealed in untreated cells, but this association was enhanced by 

combined treatments. No interaction of the orphan nuclear receptor DAX-1, a 

corepressor for GR, was observed under the same experimental conditions (Figure 

19D). Similar results were obtained in MCF-7 cells immmunoprecipitated with 

anti-PPARγ antibody (Figure 19D). Re-ChIP assays demonstrated increased 

NCoR and SMRT occupancy of the GRE-containing region of the Ob promoter 

after BRL exposure and particularly on combined treatments (Figure 19C). In the 

presence of a MAPK inhibitor able to interfere with GR phosphorylation, the 

recruitment of corepressors to the Ob promoter was markedly reduced (data not 

shown). 
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Figure 19. PPARγ binds and recruits corepressors to the GRE site in the Ob 

promoter. (A): Nuclear extracts from MCF-7 cells were incubated with GRE probe (lane 

1),100-fold molar excess of unlabeled (lane 2) and mutated (Mut) (lane 3) probe was 

added. MCF-7 nuclear extracts treated with 1000 ng/mL of leptin and/or 10 µmol/L BRL 

for 6 h (lanes 4, 5, and 6). Anti-GR (lane 7), anti-PPARγ (lane 8) antibodies (Abs) or IgG 

(lane 9) were added to the mixture. Lane 10 shows probe alone. (B): ChIP with the anti-

GR, anti-PPARγ, and anti-Pol II antibodies. ChIP with the anti-GR antibody was re-ChIP 

with anti-PPARγ antibody. (C): ChIP with the anti-GR or anti-PPARγ antibodies was re-

ChIP with either anti-NCoR or anti-SMRT antibodies. The leptin (Lep) promoter 

sequence including the GRE site was detected by real-time-PCR with specific primers 

(see Materials and Methods). The results are mean ± SE of three separate experiments 

expressed as the percentage of control. *P < 0.05 versus untreated cells; **P < 0.05 

versus leptin. (D): MCF-7 cells were treated with 1000 ng/mL of leptin and/or 10 µmol/L 

BRL for 48 h. Immunoprecipitation was performed using anti-GR (left panel) or anti-

PPARγ (right panel) antibodies and then blotted with anti-PPAR, GR, NCoR, SMRT, or 

DAX-1 antibodies. 

 

BRL abrogates leptin-activated estrogen signaling in MCF-7 cells 

We previously demonstrated that leptin can transactivate ERα and enhance 

aromatase gene expression in breast cancer cells (Catalano S. et al. 2003; Catalano 

S. et al. 2004). Thus, because PPARγ ligands interfere with leptin signaling, we 

investigated the ability of BRL to reverse the leptin effects on estrogen signaling. 

In MCF-7 cells transiently transfected with XETL construct, we observed that 

BRL significantly inhibited ERE-dependent transactivation induced by leptin 

(Figure 20A), and this effect was reversed by pre-treatment with GW9662 (data 

not shown). Similar results were reproduced in ER-negative CHO cells in which 

ERα was ectopically expressed (Figure 20A). These data correlated well with the 

ability of BRL to abrogate in vivo and in vitro models the up-regulatory effects of 

leptin on mRNA expression levels of the classic estrogen genes cathepsin, pS2, 

and cyclin D1 (Figure 20B). Besides, in MCF-7 cell cultures and in xenografts, 

BRL reversed the increase in aromatase expression induced by leptin (Figure 

20C). These results indicate that treatment with BRL counteracting leptin action 

on estrogen signaling may contribute to reduce breast cancer cell growth and 

progression. 
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Figure 20. BRL antagonizes estrogen signaling induced by leptin (Lep). (A): MCF-7 

cells were transfected with XETL plasmid. CHO cells were cotransfected with XETL and 

HEGO plasmids (CHO/ER). RLU, relative light unit. The results are mean SE of three 

independent experiments performed in triplicate. *P < 0.05 versus untreated cells; **P < 

0.05 versus leptin. Cathepsin D, pS2, and cyclin D1 (B) and aromatase (C) mRNA 

expression in MCF-7 cells treated for 48 h as indicated (left panel) and in xenografts 

(right panel). 36B4 mRNA levels were determined as control. NC indicates negative 

control. The results are mean ± SE of three separate experiments in which the band 

intensities were evaluated in terms of optical density arbitrary units and expressed as the 

percentage of the control assumed to be 100%. *P < 0.05 versus untreated cells; **P < 

0.05 versus leptin. 
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Molecular mechanism through which PPARγ counteracts leptin expression 

and function in breast cancer 

An hypothetical model of the possible mechanism through which PPARγ 

activation may modulate leptin expression and function in reducing breast cancer 

growth is shown in Figure 21. Leptin, through JAK/STAT/MAPK activation, may 

phosphorylate GR and induce its transactivation, resulting in an increase in leptin 

promoter activity. This up-regulatory effect on Ob is counteracted by PPARγ 

through the recruitment of corepressors NCoR and SMRT on the GRE site of the 

Ob regulatory region in the presence of GR and PPARγ. 

 

 

 

 
 

 

 

 

Figure 21. Hypothetical model through which PPARγ counteracts leptin expression 

and function in breast cancer. Leptin, through JAK/STAT/MAPK activation, increases 

GR phosphorylation (pGR) and its nuclear translocation. pGR transactivates leptin 

promoter by binding to GRE motif. In the presence of BRL, PPARγ binds to GRE and, 

through the formation of GR/PPARγ complex, allows the recruitment of NCoR and 

SMRT corepressors, thus inhibiting Ob transcription and reducing breast tumor growth. 
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Discussion 
 

In the present study we have showed the molecular mechanisms by which low 

doses of PPARγ-ligand BRL and RXR-ligand 9RA trigger apoptotic effects in 

different breast cancer cell lines and by which BRL reverses leptin-induced tumor 

cell growth in vitro and in vivo.  

The nuclear receptor PPARγ forms heterodimers with retinoid X receptors alpha 

(RXRα), which regulate the transcription of various genes implicated in the 

control of lipid metabolism, insulin synthesis, carcinogenesis, and inflammation 

(Rangwala SM. et al.2004; Staels B. 2005). The ability of PPARγ ligands to 

induce differentiation and apoptosis in a variety of cancer cell types, such as 

human lung (Tsubouchi Y. et al. 2000), colon (Kitamura S. et al. 1999), and breast 

(Mueller E. et al. 1998), has been exploited in experimental cancer therapies 

(Roberts-Thomson SJ. 2000), PPARγ agonist administration in liposarcoma 

patients resulted in histological and biochemical differentiation markers in vivo 

(Demetri GD. et al. 1999). However, a pilot study of short-term therapy with the 

PPARγ ligand BRL in early-stage breast cancer patients did not elicit significant 

effects on tumor cell proliferation, although the changes observed in PPARγ 

expression may be relevant to breast cancer progression (Yee LD. et al. 2007). On 

the other hand, the natural ligand for RXR, 9RA has been effective in vitro against 

many types of cancer, including breast tumor (Wan H. et al 2001; Simeone AM. et 

al. 2004; Gee MF. et al. 2005, Mizuguchi Y. et al. 2006; Wu K. et al. 2006; ). 

Recently, RXR-selective ligands were discovered to inhibit proliferation of breast 

cancer cells in vitro and caused regression of the disease in animal models 

(Bischoff ED. et al. 1998). The additive antitumoral effects of PPARγ and RXRα 

agonists, both at elevated doses, have been shown in human breast cancer cells 

(Elstner E. et al.2002; Grommes C. et al. 2004;). 

However, high doses of both ligands have remarkable side effects in humans, such 

as weight gain and plasma volume expansion for PPARγ ligands (Arakawa K. et 

al. 2004; Rangwala SM and Lazar MA. 2004; Staels B. et al. 2005), 

hypertriglyceridemia and suppression of the thyroid hormone axis for RXRα 

ligands (Pinaire JA. et al. 2007). In the present study, we demonstrated that 



Discussion 
 

 54 
 

nanomolar concentrations of BRL and 9RA in combination exert significant 

antiproliferative effects on breast cancer cells, whereas they do not induce 

noticeable influences on normal breast epithelial MCF-10A cells. However, the 

induced overexpression of PPARγ in MCF-10A cells makes these cells responsive 

to the low combined concentration of BRL and 9RA (data not shown). Although 

PPARγ is known to mediate differentiation in most tissues, its role in either tumor 

progression or suppression is not yet clearly elucidated. It has been demonstrated 

in animals studies that an overexpression of PPARγ increases the risk of breast 

cancer already in mice susceptible to the disease (Saez E. et al. 2004). However, it 

remains still questionable if the enhanced PPARγ expression does correspond to 

an enhanced content of functional protein, which according to previous suggestion 

should be carefully controlled in a dose-response study (Sporn MB. et al. 2001). 

For instance, the expression of PPARγ is under complex regulatory mechanisms, 

sustained by cell-specific distinct promoters mediating the changes in expression 

of PPARγ (Wang X. et al. 2004). Here we demonstrated for the first time the 

molecular mechanism underlying antitumoral effects induced by combined low 

doses of both ligands in MCF-7 cells, where an up-regulation of tumor suppressor 

gene p53 was concomitantly observed. Functional assays with deletion constructs 

of the p53 promoter showed that the NFkB site is required for the transcriptional 

response to BRL plus 9RA treatment. NFkB was shown to physically interact 

with PPARγ (Chung SW. et al. 2000), which in some circumstances binds to 

DNA cooperatively with NFkB (Couturier C. et al. 1999; Ikawa H. et al. 2001; 

Sun YX. et al. 2002). It has been previously reported that micromolar doses of 

both PPARγ and RXR agonists synergize to generate an increased level of NFkB-

DNA binding able to trigger apoptosis in Pre-B cells (Schlezinger JJ. et al. 2002). 

Our electrophoretic mobility shift assay and chromatin immunoprecipitation assay 

demonstrated that PPARγ/RXRα complex is present on p53 promoter in the 

absence of exogenous ligand. Only BRL and 9RA in combination increased the 

binding and the recruitment of either PPARγ or RXR on the NFkB site located in 

the p53 promoter sequence. BRL plus 9RA at the doses tested also increased the 

recruitment of RNA-Pol II to p53 promoter gene illustrating a positive 

transcriptional regulation able to produce a consecutive series of events in the 
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apoptotic pathway. Changes in mitochondrial membrane permeability, an 

important step in the induction of cellular apoptosis, is concomitant with collapse 

of the electrochemical gradient across the mitochondrial membrane, through the 

formation of pores in the mitochondria leading to the release of cytochrome C into 

the cytoplasm, and subsequently with cleavage of procaspase-9. This cascade of 

events, featuring the mitochondria-mediated death pathway, was detected in BRL 

plus 9RA-treated MCF-7 cells. The activation of caspase 9, in the presence of no 

changes in the biological activity of caspase 8, support that in our experimental 

model only the intrinsic apoptotic pathway is the effector of the combined 

treatment with the two ligands. 

The crucial role of p53 gene in mediating apoptosis is raised by the evidence that 

the effects on the apoptotic cascade were abrogated in the presence of AS/p53 in 

all breast cancer cell lines tested, including tamoxifen resistant breast cancer cells. 

In tamoxifen-resistant breast cancer cells, other authors have observed that 

epidermal growth factor receptor, insulin-like growth factor-1R, and c-Src 

signaling are constitutively activated and responsible for a more aggressive 

phenotype consistent with an increased motility and invasiveness (Knowlden JM. 

et al. 2003; Jones HE. et al. 2004; Hiscox S. et al. 2005).  

It‟s well know that the p53 pathway is inactivated in the majority of human 

cancers, most likely because the pro-apoptotic function of p53 is critical to the 

inhibition of tumor development and progression. Although it is clearly 

established the role of p53 as a nuclear transcription factor able to activate or 

repress a number of p53 transcriptional targets with the potential to promote or 

inhibit apoptosis, many evidences support a transcriptional-independent function 

of p53 in apoptosis. Indeed, an unexpected turn in the p53-mediated pathway to 

programmed cell death has emerged with accumulating data that p53 has a direct 

cytoplasmic role at mitochondria in activating the apoptotic machinery (Murphy 

ME. et al. 2004). Thus, a major question is to define the apoptotic function of 

mitochondrial p53. Increased evidences suggest that mitochondrial p53 

localization is sufficient for initiating p53-dependent apoptosis (Marchenko ND. 

et al. 2000; Katsumoto T. et al. 1995). Furthermore, some studies reported that 

p53 may induce apoptosis by forming complexes with mitochondrial apoptotic 
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proteins such as Bcl-2/Bcl-xL (Mihara M. et al. 2003), Bad (Jiang P. et al. 2006) 

or Bid (Song G. et al. 2009), which are located in the outer membrane of 

mitochondria. We hypothesize that mechanistic insight into this process could be 

obtained from the identification of mitochondrial p53-interacting protein in 

SKBR-3 and T-47D cells that expressed a p53 mutation in the DBD (DNA 

binding domain). The novelty of the present study raises by the evidence that in 

response to the combined BRL and 9RA treatment in breast cancer cells we 

observed a PPARγ-dependent upregulation of Bid expression. Although it has 

been reported that Bid is transcriptionally regulated by p53 (Sax JK. et al. 2002), 

our results address an independent-p53 transcriptional regulation of Bid gene 

since we found increased Bid transcript levels also in SKBR-3 and T-47D breast 

cancer cells harboring p53 mutated. Having demonstrated that PPARγ activation 

increased both p53 and Bid expression we moved to study their enhanced 

association in different cellular compartments in response to BRL plus 9RA. Here 

we showed that p53 interacts with Bid in cytosol and exclusively with the 

truncated more active tBid in mitochondria, showing a slight increase upon BRL 

and 9RA treatment. 

Bid is a member of the „BH3 domain only‟subgroup of Bcl-2 family members 

proposed to connect proximal death and survival signals to the core apoptotic 

pathway at the level of the classic family members which bear multiple BH 

domains.(Adams JM. et al. 1998; Gross A. et al. 1999). It has been reported that 

Bid is able to bind mitochondrial proteins and promote cell death, suggesting a 

model in which Bid served as a „death ligand‟ which moved from the cytosol to 

the mitochondrial membrane to inactivate Bcl-2 or activate Bax and Bak and to 

result in cytochrome c release (Rieusset J. et al. 1999). 

The release of cytochrome c from mitochondria has been shown to promote the 

oligomerization of a cytochrome c/Apaf-1/Caspase-9 complex that activates 

caspase-9 to result in the cleavage of downstream effector caspases (Rieusset J. et 

al. 1999). 

We showed the involvement of Bak protein as a component of a p53/Bid protein-

protein interaction in breast cancer cells hypothesizing that it contributes to form a 

large pore responsible for triggering apoptotic events. 
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Given the discovery that nanomolar concentrations of BRL and 9RA upregulate 

Bid expression in mitochondria, we sought to elucidate the role of Bid in 

mitochondrial function of breast cancer cells. Mitochondria, as central point of 

oxidative metabolism, are a major source of intracellular reactive oxygen species 

(ROS), which cause, sequentially, cellular injury to DNA, protein and lipid 

peroxidation, followed by loss of cell membrane integrity leading to cell death 

(Cohen RN. 2006). ROS, however, have also been implicated as second 

messengers in apoptotic processes (Ricote M. et al. 2007). Under normal 

physiological conditions, cellular ROS generation is controlled by antioxidant 

enzymes and other small-molecule antioxidants (van der Laan S. et al. 2008). We 

observed upon the combined treatment with PPARγ and RXRα ligands a 

significant reduction of GST enzymatic activity in mitochondrial extracts which 

was no longer noticeable after knocking down Bid. These results highlighting the 

crucial role played by Bid might provide a correlation between the mitochondrial 

dysfunction and the enhanced apoptotic response of different breast cancer cells to 

PPARγ and RXRα ligands. 

In the last part of our study, we demonstrated, for the first time, that activation of 

PPARγ reverses leptin-mediated promotion of breast tumor growth either in vivo 

in MCF-7 xenografts implanted in female nude mice or in vitro in MCF-7 three-

dimensional and monolayer cultured breast cancer cells. Elevated leptin levels 

strongly correlate with obesity, hyperinsulinemia, and insulin resistance, 

conditions found in most patients with diabetes mellitus (Zimmet P. et al. 1999). 

PPARγ ligands, thiazolidinediones, able to reduce hyperglycemia and 

hyperinsulinemia in insulin-resistant states, also down-regulate gene expression of 

pluripotent hormone leptin in vivo and in vitro (De Vos P. et al. 1996; Rieusset G. 

et al. 1999). Besides, previous observations have reported that PPARγ agonists 

inhibited leptin induced proliferation in hepatic stellate cells by suppression of 

MAPK activation (Lee JI. et al. 2007) and abolished leptin-directed migration of 

endothelial cells through Akt (Goetze S. et al. 2002). Thus, regulation and 

function of leptin and PPARγ are possibly interrelated and relevant in obese 

patients in whom metabolic changes are major contributors to the development of 

breast carcinoma. The present results show that the PPARγ ligand BRL prevents 
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the development of leptin-induced MCF-7 tumor xenografts in the presence of 

significantly lower plasma leptin levels and inhibits the increased cell-cell 

aggregation and proliferation observed on leptin exposure. The in vitro results 

were also reproduced in ERα-negative breast cancer cells BT20, addressing how 

the mechanism by which PPARγ activation affects breast tumor cell growth is not 

tightly related to estrogen dependency. Moreover BRL down-regulates the 

enhanced expression of ObRs induced by leptin and inhibits MAPK/Akt/STAT3 

leptin downstream signaling pathways. These results are in agreement with data 

obtained in other cell models showing that PPARγ ligands suppress ObR mRNA 

and its promoter activity and block leptin signaling (Goetze S. et al. 2002; Lee JI. 

et al. 2007; Tang Y. et al. 2009). It emerges from recent studies that leptin and 

estrogen systems are involved in a functional cross talk. For example, leptin has 

been shown to directly transactivate ERα (Catalano S. et al. 2004) and positively 

modulate aromatase activity (Catalano S. et al. 2003). We demonstrated in MCF-7 

cells that BRL, interfering with leptin signaling, could reverse the effects of leptin 

on estrogen signal specifically, counteracting ERα activation and its classic target 

genes in either in vitro or in vivo models. 

Furthermore, the leptin-enhanced aromatase expression was completely abrogated 

by BRL treatment as we observed in xenografts and in monolayer cultures of 

MCF-7 cells, underlying the ability of this new class of oral antidiabetic drugs to 

inhibit local estrogen production, which represents an important factor of tumor 

microenvironment able to maintain tumor growth and progression. 

Activated PPARγ is also known to inhibit the expression of Ob in adipose tissue 

(Callen CB. et al. 1996; Rieusset J. et al. 1999). Herein, we demonstrated in MCF-

7 cells the ability of BRL to reverse the leptin-induced Ob mRNA expression and 

its transcriptional activity, showing how PPARγ negatively interferes in the short 

autocrine loop maintained by leptin on Ob gene in breast cancer cells. The human 

Ob promoter contains multiple transcription regulatory elements, including 

several CRE, Sp1, and NFkB sites and one GRE site (Gong DW. et al.1996). 

Functional experiments using Ob promoter–deleted constructs and site-directed 

mutagenesis studies have shown that the up-regulatory effects induced by leptin 

on Ob promoter activity completely reversed by BRL occurred through the GRE 
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site. These latter results fit well with the evidence that leptin induced GR 

translocation and phosphorylation at S211, which was inhibited by MAPK and 

JAK/STAT inhibitors. It was reported that the S211 phosphorylated GR strongly 

correlates with GR transcriptional activation; indeed, inhibition of this 

phosphorylation is associated with decreased nuclear retention of GR and 

inhibited gene transcription (Chen W. et al. 2008). 

The important role of GRE in regulating Ob promoter activity was also shown by 

electrophoretic mobility shift assays. We found in nuclear extracts from MCF-7 

cells treated with leptin plus BRL a strong increase in the GRE-DNA binding that 

was immunodepleted by anti-GR and anti-PPARγ antibodies, suggesting the 

presence of the two proteins in the complex. The physiologic relevance of GRE in 

the Ob promoter in vivo is pointed out by ChIP analysis showing that the 

GR/PPARγ occupancy of the GRE-containing promoter region, induced by leptin 

plus BRL treatment, is concomitant with a decrease in RNA Pol II recruitment 

and a reduction in Ob transcriptional activity. It is known that members of the 

nuclear hormone receptor superfamily, including GR and PPARγ, once activated, 

can interact physically and modulate target gene transcription (Ialenti A. et al. 

2005; Nie M. et al. 2005). We have shown a strong association of PPARγ with 

GR in the nuclear fraction of untreated MCF-7 cells that was further potentiated 

by leptin plus BRL treatments. 

PPARγ and GR can regulate transcription by several distinct mechanisms, and 

their functions, as shown for other corticosteroid receptors, seem to depend not 

only on ligand binding, which is known to regulate receptor conformation, but 

also on the context of the gene and associated promoter factors that contribute to 

create a gene-specific topography, achieving specific profiles of gene expression 

(Hall JM. et al. 2001; Katzenellenbogen BS. et al. 2002). Our proposed model for 

PPARγ-mediated repression of the Ob gene involves its interaction with GR and 

recruitment of the corepressors NCoR and SMRT, which share the same 

molecular architecture, interact with many of the same transcription factors, and 

assemble into similar corepressor complexes (Ghisletti S. et al. 2009). NCoR and 

SMRT are recruited by PPARγ and GR to regulate the transcription of different 

genes (Gurnell M. et al. 2000; Wang Q. et al. 2004). Overexpression of NCoR and 
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SMRT represses PPARγ-mediated gene transcription in certain cell types 

(Krogsdam et al. 2002), and recently, increasing evidence suggests that these two 

corepressors modulate adipogenesis most likely via their ability to repress PPARγ 

action (Powell E. et al. 2007; Samarasinghe et al. 2009). The present results 

suggest that in MCF-7 cells on BRL and to a higher extent leptin plus BRL 

stimulation, NCoR and SMRT are recruited on the GRE site of the Ob promoter 

together with GR and PPARγ. In addition, activation of PPARγ also decreases 

ObRs, inhibits its transductional pathways, and negatively interferes with estrogen 

signaling through the down-regulation of aromatase gene expression and the 

inhibition of ERα transactivation. 

Taken together the present data: 1) suggest the potential use of the combined 

therapy with low doses of both BRL and 9RA as therapeutic tool also for breast 

cancer patients who develop resistance to anti-estrogen therapy; 2) address Bid as 

a potential target in the novel therapeutical strategies for breast cancer treatments; 

3) further support the use of  PPARγ ligands since rather than ameliorate 

metabolic parameters may represent pharmacologic tools exploited in breast 

cancer treatment, particularly for obese women. 
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Combined Low Doses of PPAR� and RXR Ligands
Trigger an Intrinsic Apoptotic Pathway in Human
Breast Cancer Cells

Daniela Bonofiglio,* Erika Cione,* Hongyan Qi,*
Attilio Pingitore,* Mariarita Perri,*
Stefania Catalano,* Donatella Vizza,*
Maria Luisa Panno,† Giuseppe Genchi,*
Suzanne A.W. Fuqua,‡ and Sebastiano Andò†§¶

From the Departments of Pharmaco-Biology,* and Cellular

Biology,† the Centro Sanitario,§ and the Faculty of Pharmacy
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Arcavacata di Rende (Cosenza), Italy; and the Lester and Sue
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Ligand activation of peroxisome proliferator-acti-
vated receptor (PPAR)� and retinoid X receptor (RXR)
induces antitumor effects in cancer. We evaluated the
ability of combined treatment with nanomolar levels
of the PPAR� ligand rosiglitazone (BRL) and the RXR
ligand 9-cis-retinoic acid (9RA) to promote antiprolif-
erative effects in breast cancer cells. BRL and 9RA in
combination strongly inhibit of cell viability in
MCF-7, MCF-7TR1, SKBR-3, and T-47D breast cancer
cells, whereas MCF-10 normal breast epithelial cells
are unaffected. In MCF-7 cells, combined treatment
with BRL and 9RA up-regulated mRNA and protein
levels of both the tumor suppressor p53 and its effec-
tor p21WAF1/Cip1. Functional experiments indicate
that the nuclear factor-�B site in the p53 promoter is
required for the transcriptional response to BRL plus
9RA. We observed that the intrinsic apoptotic path-
way in MCF-7 cells displays an ordinated sequence of
events, including disruption of mitochondrial mem-
brane potential, release of cytochrome c , strong
caspase 9 activation, and, finally, DNA fragmentation.
An expression vector for p53 antisense abrogated the
biological effect of both ligands, which implicates
involvement of p53 in PPAR�/RXR-dependent activity
in all of the human breast malignant cell lines tested.
Taken together, our results suggest that multidrug
regimens including a combination of PPAR� and RXR
ligands may provide a therapeutic advantage in breast

cancer treatment. (Am J Pathol 2009, 175:1270–1280; DOI:
10.2353/ajpath.2009.081078)

Breast cancer is the leading cause of death among
women in the world. The principal effective endocrine
therapy for advanced treatment on this type of cancer is
anti-estrogens, but therapeutic choices are limited for
estrogen receptor (ER)�-negative tumors, which are of-
ten aggressive. The development of cancer cells that are
resistant to chemotherapeutic agents is a major clinical
obstacle to the successful treatment of breast cancer,
providing a strong stimulus for exploring new ap-
proaches in vitro. Using ligands of nuclear hormone re-
ceptors to inhibit tumor growth and progression is a novel
strategy for cancer therapy. An example of this is the
treatment of acute promyelocytic leukemia using all-trans
retinoic acid, the specific ligand for retinoic acid recep-
tors.1–3 A further paradigm for the use of retinoids in
cancer therapy is for early lesions of head and neck
cancer4 and squamous cell carcinoma of the cervix.5

The retinoic acid receptor, retinoid X receptor (RXR),
and peroxisome proliferator receptor (PPAR)�, ligand-
activated transcription factors belonging to the nuclear
hormone receptor superfamily, are able to modulate
gene networks involved in controlling growth and cellular
differentiation.6 Particularly, heterodimerization of PPAR�
with RXR by their own ligands greatly enhances DNA
binding to the direct-repeated consensus sequence
AGGTCA, which leads to transcriptional activation.7 Pre-
vious data show that PPAR�, poorly expressed in normal
breast epithelial cells,8 is present at higher levels in
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breast cancer cells,9 and its synthetic ligands, such as
thiazolidinediones, induce growth arrest and differen-
tiation in breast carcinoma cells in vitro and in animal
models.10 –11 Recently, studies in human cultured
breast cancer cells show the thiazolidinedione rosigli-
tazone (BRL), promotes antiproliferative effects and
activates different molecular pathways leading to dis-
tinct apoptotic processes.12–14

Apoptosis, genetically controlled and programmed
death leading to cellular self-elimination, can be initiated
by two major routes: the intrinsic and extrinsic pathways.
The intrinsic pathway is triggered in response to a variety
of apoptotic stimuli that produce damage within the cell,
including anticancer agents, oxidative damage, and UV
irradiation, and is mediated through the mitochondria.
The extrinsic pathway is activated by extracellular li-
gands able to induce oligomerization of death receptors,
such as Fas, followed by the formation of the death-
inducing signaling complex, after which the caspases
cascade can be activated.

Previous data show that the combination of PPAR�
ligand with either all-trans retinoic acid or 9-cis-retinoic
acid (9RA) can induce apoptosis in some breast cancer
cells.15 Furthermore, Elstner et al demonstrated that the
combination of these drugs at micromolar concentrations
reduced tumor mass without any toxic effects in mice.8

However, in humans PPAR� agonists at high doses exert
many side effects including weight gain due to increased
adiposity, edema, hemodilution, and plasma-volume ex-
pansion, which preclude their clinical application in pa-
tients with heart failure.16–18 The undesirable effects of
RXR-specific ligands on hypertriglyceridemia and sup-
pression of the thyroid hormone axis have been also
reported.19 Thus, in the present study we have eluci-
dated the molecular mechanism by which combined
treatment with BRL and 9RA at nanomolar doses triggers
apoptotic events in breast cancer cells, suggesting po-
tential therapeutic uses for these compounds.

Materials and Methods

Reagents

BRL49653 (BRL) was from Alexis (San Diego, CA), the
irreversible PPAR�-antagonist GW9662 (GW), and 9RA
were purchased from Sigma (Milan, Italy).

Plasmids

The p53 promoter-luciferase plasmids, kindly provided
by Dr. Stephen H. Safe (Texas A&M University, College
Station, TX), were generated from the human p53 gene
promoter as follows: p53-1 (containing the �1800 to � 12
region), p53-6 (containing the �106 to � 12 region),
p53-13 (containing the �106 to �40 region), and p53-14
(containing the �106 to �49 region).20 As an internal
transfection control, we cotransfected the plasmid pRL-
CMV (Promega Corp., Milan, Italy) that expresses Renilla
luciferase enzymatically distinguishable from firefly lucif-
erase by the strong cytomegalovirus enhancer promoter.
The pGL3 vector containing three copies of a peroxisome

proliferator response element sequence upstream of the
minimal thymidine kinase promoter ligated to a luciferase
reporter gene (3XPPRE-TK-pGL3) was a gift from Dr. R.
Evans (The Salk Institute, San Diego, CA). The p53 anti-
sense plasmid (AS/p53) was kindly provided from Dr.
Moshe Oren (Weizmann Institute of Science, Rehovot,
Israel).

Cell Cultures

Wild-type human breast cancer MCF-7 cells were grown
in Dulbecco’s modified Eagle’s medium-F12 plus glu-
tamax containing 5% newborn calf serum (Invitrogen,
Milan, Italy) and 1 mg/ml penicillin-streptomycin. MCF-7
tamoxifen resistant (MCF-7TR1) breast cancer cells were
generated in Dr. Fuqua’s laboratory similar to that de-
scribed by Herman21 maintaining cells in modified Ea-
gle’s medium with 10% fetal bovine serum (Invitrogen), 6
ng/ml insulin, penicillin (100 units/ml), streptomycin (100
�g/ml), and adding 4-hydroxytamoxifen in tenfold in-
creasing concentrations every weeks (from 10�9 to 10�6

final). Cells were thereafter routinely maintained with 1
�mol/L 4-hydroxytamoxifen. SKBR-3 breast cancer cells
were grown in Dulbecco’s modified Eagle’s medium with-
out red phenol, plus glutamax containing 10% fetal bo-
vine serum and 1 mg/ml penicillin-streptomycin. T-47D
breast cancer cells were grown in RPMI 1640 medium
with glutamax containing 10% fetal bovine serum, 1
mmol/L sodium pyruvate, 10 mmol/L HEPES, 2.5g/L glu-
cose, 0.2 U/ml insulin, and 1 mg/ml penicillin-streptomy-
cin. MCF-10 normal breast epithelial cells were grown in
Dulbecco’s modified Eagle’s medium-F12 plus glutamax
containing 5% horse serum (Sigma), 1 mg/ml penicillin-
streptomycin, 0.5 �g/ml hydrocortisone, and 10 �g/ml
insulin.

Cell Viability Assay

Cell viability was determined with the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium (MTT) assay.22 Cells
(2 � 105 cells/ml) were grown in 6 well plates and ex-
posed to 100 nmol/L BRL, 50 nmol/L 9RA alone or in
combination in serum free medium (SFM) and in 5%
charcoal treated (CT)-fetal bovine serum; 100 �l of MTT
(5 mg/ml) were added to each well, and the plates were
incubated for 4 hours at 37°C. Then, 1 ml 0.04 N HCl in
isopropanol was added to solubilize the cells. The absor-
bance was measured with the Ultrospec 2100 Pro-spec-
trophotometer (Amersham-Biosciences, Milan, Italy) at a
test wavelength of 570 nm.

Immunoblotting

Cells were grown in 10-cm dishes to 70% to 80% conflu-
ence and exposed to treatments in SFM as indicated.
Cells were then harvested in cold PBS and resuspended
in lysis buffer containing 20 mmol/L HEPES (pH 8), 0.1
mmol/L EGTA, 5 mmol/L MgCl2, 0.5 M/L NaCl, 20% glyc-
erol, 1% Triton, and inhibitors (0.1 mmol/L sodium or-
thovanadate, 1% phenylmethylsulfonylfluoride, and 20
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mg/ml aprotinin). Protein concentration was determined
by Bio-Rad Protein Assay (Bio-Rad Laboratories, Her-
cules, CA). A 40 �g portion of protein lysates was used
for Western blotting, resolved on a 10% SDS-polyacryl-
amide gel, transferred to a nitrocellulose membrane, and
probed with an antibody directed against the p53,
p21WAF1/Cip1 (Santa Cruz Biotechnology, CA). As internal
control, all membranes were subsequently stripped (0.2
M/L glycine, pH 2.6, for 30 minutes at room temperature)
of the first antibody and reprobed with anti-glyceralde-
hyde-3-phosphate dehydrogenase antibody (Santa Cruz
Biotechnology). The antigen–antibody complex was de-
tected by incubation of the membranes for 1 hour at room
temperature with peroxidase-coupled goat anti-mouse or
anti-rabbit IgG and revealed using the enhanced chemi-
luminescence system (Amersham Pharmacia, Bucking-
hamshire UK). Blots were then exposed to film (Kodak
film, Sigma). The intensity of bands representing relevant
proteins was measured by Scion Image laser densitom-
etry scanning program.

Reverse Transcription-PCR Assay

MCF-7 cells were grown in 10 cm dishes to 70% to 80%
confluence and exposed to treatments in SFM as indicated.
Total cellular RNA was extracted using TRIZOL reagent
(Invitrogen) as suggested by the manufacturer. The purity
and integrity were checked spectroscopically and by gel
electrophoresis before carrying out the analytical proce-
dures. Two micrograms of total RNA were reverse tran-
scribed in a final volume of 20 �l using a RETROscript kit as
suggested by the manufacturer (Promega). The cDNAs
obtained were amplified by PCR using the following prim-
ers: 5�-GTGGAAGGAAATTTGCGTGT-3� (p53 forward) and
5�-CCAGTGTGATGATGGTGAGG-3� (p53 reverse),
5�-GCTTCATGCCAGCTACTTCC-3� (p21 forward) and 5�-
CTGTGCTCACTTCAGGGTCA-3� (p21 reverse), 5�-CTCAA-
CATCTCCCCCTTCTC-3� (36B4 forward) and 5�-CAAA-
TCCCATATCCTCGTCC-3� (36B4 reverse) to yield,
respectively, products of 190 bp with 18 cycles, 270 bp
with 18 cycles, and 408 bp with 12 cycles. To check for
the presence of DNA contamination, reverse transcription
(RT)-PCR was performed on 2 �g of total RNA without
Monoley murine leukemia virus reverse transcriptase (the
negative control). The results obtained as optical density
arbitrary values were transformed to percentage of the
control taking the samples from untreated cells as 100%.

Transfection Assay

MCF-7 cells were transferred into 24-well plates with 500
�l of regular growth medium/well the day before trans-
fection. The medium was replaced with SFM on the day of
transfection, which was performed using Fugene 6 re-
agent as recommended by the manufacturer (Roche Di-
agnostics, Mannheim, Germany) with a mixture contain-
ing 0.5 �g of promoter-luc or reporter-luc plasmid and 5
ng of pRL-CMV. After transfection for 24 hours, treat-
ments were added in SFM as indicated, and cells were
incubated for an additional 24 hours. Firefly and Renilla

luciferase activities were measured using the Dual Lucif-
erase Kit (Promega). The firefly luciferase values of each
sample were normalized by Renilla luciferase activity,
and data were reported as relative light units.

MCF-7 cells plated into 10 cm dishes were transfected
with 5 �g of AS/p53 using Fugene 6 reagent as recom-
mended by the manufacturer (Roche Diagnostics). The
activity of AS/p53 was verified using Western blot to
detect changes in p53 protein levels. Empty vector was
used to ensure that DNA concentrations were constant in
each transfection.

Electrophoretic Mobility Shift Assay

Nuclear extracts from MCF-7 cells were prepared as
previously described.23 Briefly, MCF-7 cells plated into
10-cm dishes were grown to 70% to 80% confluence,
shifted to SFM for 24 hours, and then treated with 100
nmol/L BRL, 50 nmol/L 9RA alone and in combination for
6 hours. Thereafter, cells were scraped into 1.5 ml of cold
PBS, pelleted for 10 seconds, and resuspended in 400 �l
cold buffer A (10 mmol/L HEPES-KOH [pH 7.9] at 4°C,
1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithiothre-
itol, 0.2 mmol/L phenylmethylsulfonyl fluoride, and 1
mmol/L leupeptin) by flicking the tube. Cells were allowed
to swell on ice for 10 minutes and were then vortexed for
10 seconds. Samples were then centrifuged for 10 sec-
onds and the supernatant fraction was discarded. The
pellet was resuspended in 50 �l of cold Buffer B (20
mmol/L HEPES-KOH [pH 7.9], 25% glycerol, 1.5 mmol/L
MgCl2, 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L
dithiothreitol, 0.2 mmol/L phenylmethylsulfonyl fluoride,
and 1 mmol/L leupeptin) and incubated in ice for 20
minutes for high-salt extraction. Cellular debris was re-
moved by centrifugation for 2 minutes at 4°C, and the
supernatant fraction (containing DNA-binding proteins)
was stored at �70°C. The probe was generated by an-
nealing single-stranded oligonucleotides and labeled
with [32P]ATP (Amersham Pharmacia) and T4 polynucle-
otide kinase (Promega) and then purified using Seph-
adex G50 spin columns (Amersham Pharmacia). The
DNA sequence of the nuclear factor (NF)�B located
within p53 promoter as probe is 5�-AGTTGAGGGGACTT-
TCCCAGGC-3� (Sigma Genosys, Cambridge, UK). The
protein-binding reactions were performed in 20 �l of
buffer [20 mmol/L HEPES (pH 8), 1 mmol/L EDTA, 50
mmol/L KCl, 10 mmol/L dithiothreitol, 10% glycerol, 1
mg/ml bovine serum albumin, 50 �g/ml polydeoxyi-
nosinic deoxycytidylic acid] with 50,000 cpm of labeled
probe, 20 �g of MCF7 nuclear protein, and 5 �g of
polydeoxyinosinic deoxycytidylic acid. The mixtures were
incubated at room temperature for 20 minutes in the
presence or absence of unlabeled competitor oligonu-
cleotides. For the experiments involving anti-PPAR� and
anti-RXR� antibodies (Santa Cruz Biotechnology), the
reaction mixture was incubated with these antibodies at
4°C for 30 minutes before addition of labeled probe. The
entire reaction mixture was electrophoresed through a
6% polyacrylamide gel in 0.25� Tris borate-EDTA for 3
hours at 150 V. Gel was dried and subjected to autora-
diography at �70°C.
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Chromatin Immunoprecipitation Assay

MCF-7 cells were grown in 10 cm dishes to 50% to 60%
confluence, shifted to SFM for 24 hours, and then treated
for 1 hour as indicated. Thereafter, cells were washed
twice with PBS and cross-linked with 1% formaldehyde at
37°C for 10 minutes. Next, cells were washed twice with
PBS at 4°C, collected and resuspended in 200 �l of lysis
buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl,
pH 8.1), and left on ice for 10 minutes. Then, cells were
sonicated four times for 10 seconds at 30% of maximal
power (Vibra Cell 500 W; Sonics and Materials, Inc.,
Newtown, CT) and collected by centrifugation at 4°C for
10 minutes at 14,000 rpm. The supernatants were diluted
in 1.3 ml of immunoprecipitation buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCl [pH
8.1], 16.7 mmol/L NaCl) followed by immunoclearing with
60 �l of sonicated salmon sperm DNA/protein A agarose
(DBA Srl, Milan, Italy) for 1 hour at 4°C. The precleared
chromatin was immunoprecipitated with anti-PPAR�, anti-
RXR�, or anti-RNA Pol II antibodies (Santa Cruz Biotech-
nology). At this point, 60 �l salmon sperm DNA/protein A
agarose was added, and precipitation was further con-
tinued for 2 hours at 4°C. After pelleting, precipitates
were washed sequentially for 5 minutes with the following
buffers: Wash A [0.1% SDS, 1% Triton X-100, 2 mmol/L
EDTA, 20 mmol/L Tris-HCl (pH 8.1), 150 mmol/L NaCl];
Wash B [0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20
mmol/L Tris-HCl (pH 8.1), 500 mmol/L NaCl]; and Wash C
[0.25 M/L LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mmol/L EDTA, 10 mmol/L Tris-HCl (pH 8.1)], and then
twice with 10 mmol/L Tris, 1 mmol/L EDTA. The immuno-
complexes were eluted with elution buffer (1% SDS, 0.1
M/L NaHCO3). The eluates were reverse cross-linked by
heating at 65°C and digested with proteinase K (0.5
mg/ml) at 45°C for 1 hour. DNA was obtained by phenol-
chloroform-isoamyl alcohol extraction. Two microliters of
10 mg/ml yeast tRNA (Sigma) were added to each sam-
ple, and DNA was precipitated with 95% ethanol for 24
hours at �20°C and then washed with 70% ethanol and
resuspended in 20 �l of 10 mmol/L Tris, 1 mmol/L EDTA
buffer. A 5 �l volume of each sample was used for PCR
with primers flanking a sequence present in the p53
promoter: 5�-CTGAGAGCAAACGCAAAAG-3� (forward)
and 5�-CAGCCCGAACGCAAAGTGTC- 3� (reverse) con-
taining the �B site from �254 to �42 region. The PCR
conditions for the p53 promoter fragments were 45 sec-
onds at 94°C, 40 seconds at 57°C, and 90 seconds at
72°C. The amplification products obtained in 30 cycles
were analyzed in a 2% agarose gel and visualized by
ethidium bromide staining. The negative control was pro-
vided by PCR amplification without a DNA sample. The
specificity of reactions was ensured using normal mouse
and rabbit IgG (Santa Cruz Biotechnology).

JC-1 Mitochondrial Membrane Potential
Detection Assay

The loss of mitochondrial membrane potential was mon-
itored with the dye 5,5�,6,6�tetra-chloro-1,1�,3,3�-tetraeth-

ylbenzimidazolyl-carbocyanine iodide (JC-1) (Biotium,
Hayward). In healthy cells, the dye stains the mitochon-
dria bright red. The negative charge established by the
intact mitochondrial membrane potential allows the li-
pophilic dye, bearing a delocalized positive charge, to
enter the mitochondrial matrix where it aggregates and
gives red fluorescence. In apoptotic cells, the mitochon-
drial membrane potential collapses, and the JC-1 cannot
accumulate within the mitochondria, it remains in the
cytoplasm in a green fluorescent monomeric form.24

MCF-7 cells were grown in 10 cm dishes and treated with
100 nmol/L BRL and/or 50 nmol/L 9RA for 48 hours, then
cells were washed in ice-cold PBS, and incubated with
10 mmol/L JC-1 at 37°C in a 5% CO2 incubator for 20
minutes in darkness. Subsequently, cells were washed
twice with PBS and analyzed by fluorescence micros-
copy. The red form has absorption/emission maxima of
585/590 nm. The green monomeric form has absorption/
emission maxima of 510/527 nm. Both healthy and apo-
ptotic cells can be visualized by fluorescence micros-
copy using a wide band-pass filter suitable for detection
of fluorescein and rhodamine emission spectra.

Cytochrome C Detection

Cytochrome C was detected by western blotting in mito-
chondrial and cytoplasmatic fractions. Cells were har-
vested by centrifugation at 2500 rpm for 10 minutes at
4°C. The pellets were suspended in 36 �l RIPA buffer
plus 10 �g/ml aprotinin, 50 mmol/L PMSF and 50 mmol/L
sodium orthovanadate and then 4 �l of 0.1% digitonine
were added. Cells were incubated for 15 minutes at 4°C
and centrifuged at 12,000 rpm for 30 minutes at 4°C. The
resulting mitochondrial pellet was resuspended in 3%
Triton X-100, 20 mmol/L Na2SO4, 10 mmol/L PIPES, and
1 mmol/L EDTA (pH 7.2) and centrifuged at 12,000 rpm
for 10 minutes at 4°C. Proteins of the mitochondrial and
cytosolic fractions were determined by Bio-Rad Protein
Assay (Bio-Rad Laboratories). Equal amounts of protein
(40 �g) were resolved by 15% SDS-polyacrylamide gel
electrophoresis, electrotransferred to nitrocellulose mem-
branes, and probed with an antibody directed against the
cytochrome C (Santa Cruz Biotechnology). Then, mem-
branes were subjected to the same procedures de-
scribed for immunoblotting.

Flow Cytometry Assay

MCF-7 cells (1 � 106 cells/well) were grown in 6 well
plates and shifted to SFM for 24 hours before adding
treatments for 48 hours. Thereafter, cells were trypsinized,
centrifuged at 3000 rpm for 3 minutes, washed with PBS.
Addition of 0.5 �l of fluorescein isothiocyanate-conju-
gated antibodies, anti-caspase 9 and anti-caspase 8
(Calbiochem, Milan, Italy), in all samples was performed
and then incubated for 45 minutes in at 37°C. Cells were
centrifuged at 3000 rpm for 5 minutes, the pellets were
washed with 300 �l of wash buffer and centrifuged. The
last passage was repeated twice, the supernatant re-
moved, and cells dissolved in 300 �l of wash buffer.
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Finally, cells were analyzed with the FACScan (Becton
Dickinson and Co., Franklin Lakes, NJ).

DNA Fragmentation

DNA fragmentation was determined by gel electrophore-
sis. MCF-7 cells were grown in 10 cm dishes to 70%
confluence and exposed to treatments. After 56 hours
cells were collected and washed with PBS and pelleted
at 1800 rpm for 5 minutes. The samples were resus-
pended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCl,
pH 8; 10 mmol/L EDTA, 0.5% SDS) for 20 minutes in
rotation at 4°C. DNA was extracted three times with phe-
nol-chloroform and one time with chloroform. The aque-
ous phase was used to precipitate nucleic acids with 0.1
volumes of 3M sodium acetate and 2.5 volumes cold
ethanol overnight at �20°C. The DNA pellet was resus-
pended in 15 �l of H2O treated with RNase A for 30
minutes at 37°C. The absorbance of the DNA solution at
260 and 280 nm was determined by spectrophotometry.
The extracted DNA (40 �g/lane) was subjected to elec-
trophoresis on 1.5% agarose gels. The gels were stained
with ethidium bromide and then photographed.

Statistical Analysis

Statistical analysis was performed using analysis of vari-
ance followed by Newman-Keuls testing to determine
differences in means. P � 0.05 was considered as sta-
tistically significant.

Results

Nanomolar Concentrations of the Combined
BRL and 9RA Treatment Affect Cell Viability in
Breast Cancer Cells

Previous studies demonstrated that micromolar doses of
PPAR� ligand BRL and RXR ligand 9RA exert antiprolif-
erative effects on breast cancer cells.13,15,25–26 First, we
tested the effects of increasing concentrations of both
ligands on breast cancer cell proliferation at different
times in the presence or absence of serum media (see
Supplemental Figure 1 at http://ajp.amjpathol.org). Thus,
to investigate whether low doses of combined agents are
able to inhibit cell growth, we assessed the capability of
100 nmol/L BRL and 50 nmol/L 9RA to affect normal and
malignant breast cell lines. We observed that treatment
with BRL alone does not elicit any significant effect on cell
viability in all breast cell lines tested, while 9RA alone
reduces cell vitality only in T47-D cells (Figure 1A). In the
presence of both ligands, cell viability is strongly reduced
in all breast cancer cells: MCF-7, its variant MCF-7TR1,
SKBR-3, and T-47D; while MCF-10 normal breast epithe-
lial cells are completely unaffected (Figure 1A). In MCF-7
cells the effectiveness of both ligands in reducing tumor
cell viability still persists in SFM, as well as in 5% CT-FBS
(Figure 1B).

BRL and 9RA Up-Regulate p53 and p21
WAF1/Cip1

Expression in MCF-7 Cells

Our recent work demonstrated that micromolar doses of
BRL activate PPAR�, which in turn triggers apoptotic
events through an up-regulation of p53 expression.12 On
the basis of these results, we evaluated the ability of
nanomolar doses of BRL and 9RA alone or in combina-
tion to modulate p53 expression along with its natural
target gene p21WAF1/Cip1 in MCF-7 cells. A significant
increase in p53 and p21WAF1/Cip1 content was observed
by Western blot only on combined treatment after 24 and
36 hours (Figure 2A). Furthermore, we showed an up-
regulation of p53 and p21WAF1/Cip1 mRNA levels induced
by BRL plus 9RA after 12 and 24 hours (Figure 2B).

Low Doses of PPAR� and RXR Ligands
Transactivate p53 Gene Promoter

To investigate whether low doses of BRL and 9RA are
able to transactivate the p53 promoter gene, we tran-
siently transfected MCF-7 cells with a luciferase reporter
construct (named p53-1) containing the upstream region
of the p53 gene spanning from �1800 to � 12 (Figure

Figure 1. Cell vitality in breast cell lines. A: Breast cells were treated for 48
hours in SFM in the presence of 100 nmol/L BRL or/and 50 nmol/L. 9RA Cell
vitality was measured by MTT assay. Data are presented as mean � SD of
three independent experiments done in triplicate. B: MCF-7 cells were
treated for 24, 48, and 72 hours with 100 nmol/L BRL and 50 nmol/L 9RA in
the presence of SFM and 5% CT-FBS. *P � 0.05 and **P � 0.01 treated versus
untreated cells.
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3A). Treatment for 24 hours with 100 nmol/L BRL or 50
nmol/L 9RA did not induce luciferase expression,
whereas the presence of both ligands increased in the
transactivation of p53-1 promoter (Figure 3B). To identify
the region within the p53 promoter responsible for its
transactivation, we used constructs with deletions to dif-
ferent binding sites such as CTF-1, nuclear factor-Y,
NF�B, and GC sites (Figure 3A). In transfection experi-
ments performed using the mutants p53-6 and p53-13
encoding the regions from �106 to � 12 and from �106
to �40, respectively, the responsiveness to BRL plus
9RA was still observed (Figure 3B). In contrast, a con-
struct with a deletion in the NF�B domain (p53-14) en-
coding the sequence from �106 to �49, the transactiva-

tion of p53 by both ligands was absent (Figure 3B),
suggesting that NF�B site is required for p53 transcrip-
tional activity.

Heterodimer PPAR�/RXR� binds to NF�B
Sequence in Electrophoretic Mobility Shift Assay
and in Chromatin Immunoprecipitation Assay

To gain further insight into the involvement of NF�B site in
the p53 transcriptional response to BRL plus 9RA, we
performed electrophoretic mobility shift assay experi-
ments using synthetic oligodeoxyribonucleotides corre-
sponding to the NF�B sequence within p53 promoter. We
observed the formation of a specific DNA binding com-
plex in nuclear extracts from MCF-7 cells (Figure 4A, lane
1), where specificity is supported by the abrogation of the
complex by 100-fold molar excess of unlabeled probe
(Figure 4A, lane 2). BRL treatment induced a slight in-
crease in the specific band (Figure 4A, lane 3), while no
changes were observed on 9RA exposure (Figure 4A,
lane 4). The combined treatment increased the DNA
binding complex (Figure 4A, lane 5), which was immu-
nodepleted and supershifted using anti-PPAR� (Figure
4A, lane 6) or anti-RXR� (Figure 4A, lane 7) antibodies.
These data indicate that heterodimer PPAR�/RXR� binds
to NF�B site located in the promoter of p53 in vitro.

Figure 2. Upregulation of p53 and p21WAF1/Cip1 expression induced by BRL
plus 9RA in MCF-7 cells. A: Immunoblots of p53 and p21WAF1/Cip1 from
extracts of MCF-7 cell treated with 100 nmol/L BRL and 50 nmol/L 9RA alone
or in combination for 24 and 36 hours. GAPDH was used as loading control.
The side panels show the quantitative representation of data (mean � SD) of
three independent experiments after densitometry. B: p53 and p21WAF1/Cip1

mRNA expression in MCF-7 cells treated as in A for 12 and 24 hours. The side
panels show the quantitative representation of data (mean � SD) of three
independent experiments after densitometry and correction for 36B4 expres-
sion. *P � 0.05 and **P � 0.01 combined-treated versus untreated cells. N:
RNA sample without the addition of reverse transcriptase (negative control).

Figure 3. BRL and 9RA transactivate p53 promoter gene in MCF-7 cells. A:
Schematic map of the p53 promoter fragments used in this study. B: MCF-7
cells were transiently transfected with p53 gene promoter-luc reporter con-
structs (p53-1, p53-6, p53-13, p53-14) and treated for 24 hours with 100
nmol/L BRL and 50 nmol/L 9RA alone or in combination. The luciferase
activities were normalized to the Renilla luciferase as internal transfection
control and data were reported as RLU values. Columns are mean � SD of
three independent experiments performed in triplicate. *P � 0.05 com-
bined-treated versus untreated cells. pGL2: basal activity measured in
cells transfected with pGL2 basal vector; RLU, relative light units; CTF-1,
CCAAT-binding transcription factor-1; NF-Y, nuclear factor-Y; NF�B, nu-
clear factor �B.
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The interaction of both nuclear receptors with the p53
promoter was further elucidated by chromatin immuno-
precipitation assays. Using anti-PPAR� and anti-RXR�
antibodies, protein-chromatin complexes were immuno-
precipitated from MCF-7 cells treated with 100 nmol/L
BRL and 50 nmol/L 9RA. PCR was used to determine the
recruitment of PPAR� and RXR� to the p53 region con-
taining the NF�B site. The results indicated that either
PPAR� or RXR� was constitutively bound to the p53
promoter in untreated cells and this recruitment was in-
creased on BRL plus 9RA exposure (Figure 4B). Simi-
larly, an augmented RNA-Pol II recruitment was obtained
by immunoprecipitating cells with an anti-RNA-Pol II an-
tibody, indicating that a positive regulation of p53 tran-
scription activity was induced by combined treatment
(Figure 4B).

BRL and 9RA Induce Mitochondrial Membrane
Potential Disruption and Release of Cytochrome
C from Mitochondria into the Cytosol in MCF-7
Cells

The role of p53 signaling in the intrinsic apoptotic cas-
cades involves a mitochondria-dependent process,
which results in cytochrome C release and activation of
caspase-9. Because disruption of mitochondrial integrity
is one of the early events leading to apoptosis, we as-
sessed whether BRL plus 9RA could affect the function of
mitochondria by analyzing membrane potential with a
mitochondria fluorescent dye JC-1.24,27 In non-apoptotic
cells (control) the intact mitochondrial membrane poten-
tial allows the accumulation of lipophilic dye in aggre-
gated form in mitochondria, which display red fluores-
cence (Figure 5A). MCF-7 cells treated with 100 nmol/L
BRL or 50 nmol/L 9RA exhibit red fluorescence indicating

Figure 4. PPAR�/RXR� binds to NF�B sequence in electrophoretic mobility
shift assay and in chromatin immunoprecipitation assay. A: Nuclear extracts
from MCF-7 cells (lane 1) were incubated with a double-stranded NF�B
consensus sequence probe labeled with [32P] and subjected to electrophore-
sis in a 6% polyacrylamide gel. Competition experiments were done, adding
as competitor a 100-fold molar excess of unlabeled probe (lane 2). Nuclear
extracts from MCF-7 were treated with 100 nmol/L BRL (lane 3), 50 nmol/L
9RA (lane 4), and in combination (lane5). Anti-PPAR� (lane 6), anti-RXR�
(lane 7), and IgG (lane 8) antibodies were incubated. Lane 9 contains probe
alone. B: MCF-7 cells were treated for 1 hour with 100 nmol/L BRL and/or 50
nmol/L 9RA as indicated, and then cross-linked with formaldehyde and
lysed. The soluble chromatin was immunoprecipitated with anti-PPAR�,
anti-RXR�, and anti-RNA Pol II antibodies. The immunocomplexes were
reverse cross-linked, and DNA was recovered by phenol/chloroform extrac-
tion and ethanol precipitation. The p53 promoter sequence containing NF�B
was detected by PCR with specific primers. To control input DNA, p53
promoter was amplified from 30 �l of initial preparations of soluble chro-
matin (before immunoprecipitation). N: negative control provided by PCR
amplification without DNA sample.

Figure 5. Mitochondrial membrane potential disruption and release of cyto-
chrome C induced by BRL and 9RA in MCF-7 cells. A: MCF-7 cells were
treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 48 hours and then used
fluorescent microscopy to analyze the results of JC-1 (5,5�,6,6�-tetrachloro-
1,1�,3,3�- tetraethylbenzimidazolylcarbocyanine iodide) kit. In control non-
apoptotic cells, the dye stains the mitochondria red. In treated apoptotic cells,
JC-1 remains in the cytoplasm in a green fluorescent form. B: MCF-7 cells
were treated for 48 hours with 100 nmol/L BRL and/or 50 nmol/L 9RA.
GAPDH was used as loading control.
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intact mitochondrial membrane potential (data not shown).
Cells treated with both ligands exhibit green fluores-
cence, indicating disrupted mitochondrial membrane po-
tential, where JC-1 cannot accumulate within the mito-
chondria, but instead remains as a monomer in the
cytoplasm (Figure 5A). Concomitantly, cytochrome C re-
lease from mitochondria into the cytosol, a critical step in
the apoptotic cascade, was demonstrated after com-
bined treatment (Figure 5B).

Caspase-9 Cleavage and DNA Fragmentation
Induced by BRL Plus 9RA in MCF-7 Cells

BRL and 9RA at nanomolar concentration did not induce
any effects on caspase-9 separately, but activation was
observed in the presence of both compounds (Table 1).
No effects were elicited by either the combined or the

separate treatment on caspase-8 activation, a marker of
extrinsic apoptotic pathway (Table 1). Since internucleo-
somal DNA degradation is considered a diagnostic
hallmark of cells undergoing apoptosis, we studied
DNA fragmentation under BRL plus 9RA treatment in
MCF-7 cells, observing that the induced apoptosis was
prevented by either the PPAR�-specific antagonist GW
or by AS/p53, which is able to abolish p53 expression
(Figure 6A).

To test the ability of low doses of both BRL and 9RA to
induce transcriptional activity of PPAR�, we transiently
transfected a peroxisome proliferator response element
reporter gene in MCF-7 cells and observed an enhanced
luciferase activity, which was reversed by GW treatment
(see Supplemental Figure 2 at http://ajp.amjpathol.org).
These data are in agreement with previous observations
demonstrating that PPAR�/RXR heterodimerization en-
hances DNA binding and transcriptional activation.28–29

Finally, we examined in three additional human breast
malignant cell lines: MCF-7 TR1, SKBR-3, and T-47D
the capability of low doses of a PPAR� and an RXR
ligand to trigger apoptosis. DNA fragmentation assay
showed that only in the presence of combined treat-
ment did cells undergo apoptosis in a p53-mediated
manner (Figure 6B), implicating a general mechanism
in breast carcinoma.

Discussion

The key finding of this study is that the combined treat-
ment with low doses of a PPAR� and an RXR ligand can
selectively affect breast cancer cells through cell growth
inhibition and apoptosis.

Table 1. Activation of caspases in MCF-7 cells

% of Activation SD

Caspase 9
Control 14.16 � 2.565
BRL 100 nmol/L 17.23 � 1.678
9RA 50 nmol/L 18.14 � 0.986
BRL � 9RA 33.88* � 5.216
Caspase 8
Control 9.20 � 1.430
BRL 100 nmol/L 8.12 � 1.583
9RA 50 nmol/L 7.90 � 0.886
BRL � 9RA 10.56 � 2.160

Cells were stimulated for 48 hours in presence of 100 nmol/L BRL
and 50 nmol/L 9RA, alone or in combination. The activation of caspase
9 and caspase 8 was analyzed by flow cytometry. Data are presented
as mean � SD of triplicate experiments. *P � 0.05 combined-treated
versus untreated cells.

Figure 6. Combined treatment of BRL and 9RA trigger apoptosis in breast cancer cells. A: DNA laddering was performed in MCF-7 cells transfected and treated
as indicated for 56 hours. One of three similar experiments is presented. The side panel shows the immunoblot of p53 from MCF-7 cells transfected with an
expression plasmid encoding for p53 antisense (AS/p53) or empty vector (v) and treated with 100 nmol/L BRL plus 50 nmol/L 9RA for 56 hours. GAPDH was used
as loading control. B: DNA laddering was performed in MCF-7 TR1, SKBR-3, and T47-D cells transfected with AS/p53 or empty vector (v) and treated as indicated.
One of three similar experiments is presented.
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The ability of PPAR� ligands to induce differentiation
and apoptosis in a variety of cancer cell types, such as
human lung,30 colon,31 and breast,10 has been exploited
in experimental cancer therapies.32 PPAR� agonist ad-
ministration in liposarcoma patients resulted in histologi-
cal and biochemical differentiation markers in vivo.33

However, a pilot study of short-term therapy with the
PPAR� ligand rosiglitazone in early-stage breast cancer
patients did not elicit significant effects on tumor cell
proliferation, although the changes observed in PPAR�
expression may be relevant to breast cancer progres-
sion.34 On the other hand, the natural ligand for RXR,
9RA,35 has been effective in vitro against many types of
cancer, including breast tumor.36–40 Recently, RXR-se-
lective ligands were discovered to inhibit proliferation of
all-trans retinoic acid–resistant breast cancer cells in vitro
and caused regression of the disease in animal mod-
els.41 The additive antitumoral effects of PPAR� and RXR
agonists, both at elevated doses, have been shown in
human breast cancer cells (15,42 and references therein).
However, high doses of both ligands have remarkable
side effects in humans, such as weight gain and plasma
volume expansion for PPAR� ligands,16–18 and hypertri-
glyceridemia and suppression of the thyroid hormone
axis for RXR ligands.19

In the present study, we demonstrated that nanomolar
concentrations of BRL and 9RA in combination exert
significant antiproliferative effects on breast cancer cells,
whereas they do not induce noticeable influences on
normal breast epithelial MCF10 cells. However, the in-
duced overexpression of PPAR� in MCF10 cells makes
these cells responsive to the low combined concentration
of BRL and 9RA (data not shown). Although PPAR� is
known to mediate differentiation in most tissues, its role in
either tumor progression or suppression is not yet clearly
elucidated. It has been demonstrated in animals studies
that an overexpression of PPAR� increases the risk of
breast cancer already in mice susceptible to the dis-
ease.43 However, it remains still questionable if the en-
hanced PPAR� expression does correspond to an en-
hanced content of functional protein, which according to
previous suggestion should be carefully controlled in a
dose-response study.44 For instance, the expression of
PPAR� is under complex regulatory mechanisms, sus-
tained by cell-specific distinct promoters mediating the
changes in expression of PPAR�.45

Here we demonstrated for the first time the molecular
mechanism underlying antitumoral effects induced by
combined low doses of both ligands in MCF-7 cells,
where an up-regulation of tumor suppressor gene p53
was concomitantly observed. Functional assays with de-
letion constructs of the p53 promoter showed that the
NF�B site is required for the transcriptional response to
BRL plus 9RA treatment. NF�B was shown to physically
interact with PPAR�,46 which in some circumstances
binds to DNA cooperatively with NF�B.47–49 It has been
previously reported that micromolar doses of both PPAR�
and RXR agonists synergize to generate an increased
level of NF�B-DNA binding able to trigger apoptosis in
Pre-B cells.50 Our electrophoretic mobility shift assay and
chromatin immunoprecipitation assay demonstrated that

PPAR�/RXR� complex is present on p53 promoter in the
absence of exogenous ligand. Only BRL and 9RA in
combination increased the binding and the recruitment of
either PPAR� or RXR� on the NF�B site located in the p53
promoter sequence. BRL plus 9RA at the doses tested
also increased the recruitment of RNA-Pol II to p53 pro-
moter gene illustrating a positive transcriptional regula-
tion able to produce a consecutive series of events in the
apoptotic pathway.

Changes in mitochondrial membrane permeability, an
important step in the induction of cellular apoptosis, is
concomitant with collapse of the electrochemical gradi-
ent across the mitochondrial membrane, through the for-
mation of pores in the mitochondria leading to the release
of cytochrome C into the cytoplasm, and subsequently
with cleavage of procaspase-9. This cascade of events,
featuring the mitochondria-mediated death pathway, was
detected in BRL plus 9RA-treated MCF-7 cells. The acti-
vation of caspase 9, in the presence of no changes in the
biological activity of caspase 8, support that in our ex-
perimental model only the intrinsic apoptotic pathway
is the effector of the combined treatment with the two
ligands.

The crucial role of p53 gene in mediating apoptosis is
raised by the evidence that the effects on the apoptotic
cascade were abrogated in the presence of AS/p53 in all
breast cancer cell lines tested, including tamoxifen resis-
tant breast cancer cells. In tamoxifen-resistant breast
cancer cells, other authors have observed that epidermal
growth factor receptor, insulin-like growth factor-1R, and
c-Src signaling are constitutively activated and responsi-
ble for a more aggressive phenotype consistent with an
increased motility and invasiveness.51–53 Although more
relevance of our findings should derive from in vivo stud-
ies, these results give emphasis to the potential use of the
combined therapy with low doses of both BRL and 9RA
as novel therapeutic tool particularly for breast cancer
patients who develop resistance to anti-estrogen therapy.
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Introduction

The p53 mutation is found in more than half of all human can-
cer patients. Cancers with loss of p53 function are often resistant 
to chemotherapeutic agents mainly because of the absence of 
p53-dependent apoptosis.1-3 The p53-dependent apoptosis largely 
relies on the capability of p53 to act as a transcription factor, 
although recent reports show that the transcription-independent 
function of p53 plays a role in this process as well. For instance, 
apoptosis can still occur in the presence of inhibitors of protein 
synthesis, or when p53 mutants unable of acting as transcription 
factors are ectopically expressed. The mechanism through which 
p53 mediates apoptosis in various cancer cells includes the activa-
tion of two major execution programs downstream of the death 
signal: the caspase pathway and organelle dysfunction, of which 
mitochondrial dysfunction is best characterized.4-9 Part of the 
transcription-independent mechanism may also involve a direct 
interaction between p53 and multiple targets in the mitochondria, 
such as the apoptotic member Bcl-x

L
, leading to the release of both 

Bax and Bid from Bcl-x
L
 sequestration. Following a death signal, 

these pro-apoptotic members undergo a conformational change 

The combined treatment with nanomolar doses of the PPARγ ligand Rosiglitazone (BRL) and the RXR ligand 9-cis-
retinoic acid (9RA) induces a p53-dependent apoptosis in MCF7, SKBR3 and T47D human breast cancer cells. Since MCF7 
cells express a wild type p53 protein, while SKBR3 and T47D cells harbor endogenous mutant p53, we elucidated the 
mechanism through which PPARγ and RXR ligands triggered apoptotic processes independently of p53 transcriptional 
activity. We showed an upregulation of Bid expression enhancing the association between Bid/p53 in both cytosol 
and mitochondria after the ligands treatment. Particularly, in the mitochondria the complex involves the truncated Bid 
that plays a key role in the apoptotic process induced by BRL and 9RA since the disruption of mitochondrial membrane 
potential, the induction of PARP cleavage and the percentage of TUNEL-positive cells were reversed after knocking down 
Bid. Moreover, PPARγ and RXR ligands were able to reduce mitochondrial GST activity which was no longer noticeable 
silencing Bid expression, suggesting the potential of Bid in the regulation of mitochondrial intracellular reactive oxygen 
species scavenger activity. Our data, providing new insight into the role of p53/Bid complex at the mitochondria in 
promoting breast cancer cell apoptosis upon low doses of PPARγ and RXR ligands, address Bid as a potential target in the 
novel therapeutical strategies for breast cancer.
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that enables them to target and integrate into membranes, espe-
cially the outer mitochondrial membrane leading to an increased 
permeabilization.10,11 As noted Bid might serve as a ‘death ligand’ 
which translocates as truncated p15Bid (tBid) to mitochondria 
where it inserts into the outer membrane to activate other resi-
dent mitochondrial ‘receptor’ proteins to release cytochrome c. 
Alternatively, it is also conceivable that Bid would itself function 
as a downstream effector participating in an intramembranous 
pore which releases cytochrome c. To date, Bid is the one molecule 
absolutely required for the release of cytochrome c in loss-of-func-
tion approaches including immunodepletion and gene knockout.12

In a recent work, we demonstrated that combined treat-
ment with nanomolar levels of the PPARγ ligand Rosiglitazone 
(BRL) and the RXR ligand 9-cis-retinoic acid (9RA) induce a 
p53-dependent intrinsic apoptosis in MCF7, SKBR3 and T47D 
breast cancer cells.13 Of note, MCF7 cells express the wild type 
p53 protein able to induce growth arrest and apoptosis, mainly 
through the activation of a growing plethora of p53-responsive tar-
get genes,14-16 while SKBR3 and T47D human breast carcinoma 
cell lines carry endogenous mutant p53His175 and p53Phe194, 
respectively, which affect p53 transcriptional activity.
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the association between p53 and Bid that slightly increased 
upon BRL plus 9RA treatment, while in whole mitochondria 
we revealed that p53 was able to interact with the more active 
truncated Bid, tBid particularly in the presence of the combined 
treatment (Fig. 3B). In the matrix of mitochondria no associa-
tion between the two proteins was observed, suggesting that this 
physical interaction occurs in mitochondrial membrane likely 
initiating this organelle dysfunction (Fig. 3C). Since it has been 
reported the interaction of tBid with other proapoptotic proteins 
resulting in a more global permeabilization of the outer mito-
chondrial membrane,12 we also explored the involvement of Bak 
and Bax. We detected the presence of Bak (Fig. 3A and B), but 
not of Bax (data not shown) as component of this multiprotein 
complex. Stemming from our previous findings demonstrating 
that p53 binds to PPARγ in breast cancer cells,21 we investi-
gated in our cellular context a possible association of PPARγ to 
this protein complex together with its heterodimer RXRα. We 
observed the presence of both receptors in this complex in cyto-
sol as well as in whole mitochondria, but not in mitochondrial 
matrix (Fig. 3A–C). The p53/Bid association still occured after 
knocking down PPARγ and RXRα as shown in Supplemental 
Figure 2. To better define the mitochondrial colocalization of 
p53 and Bid, we used a red-fluorescent dye that passively diffuses 
across the plasma membrane and accumulates in active mito-
chondria. In MCF7 cells the coexpression of both proteins gave 
rise to a merged image which appears further enhanced in cells 
treated with BRL plus 9RA (Fig. 3D).

Bid is involved in apoptotic events triggered by BRL plus 
9RA treatment in breast cancer cells. In order to validate the 
key role of Bid in the apoptotic process we used different experi-
mental approaches after silencing Bid expression. We analyzed 
mitochondrial membrane potential using a fluorescent dye JC-1 
in all cell lines tested after BRL plus 9RA treatment. Cells trans-
fected with control RNAi allowed the accumulation of lipophilic 
dye in aggregated form in mitochondria, displaying red fluores-
cence as shown in Figure 4A, demonstrating the integrity of 
the mitochondrial membrane potential. Cells treated with both 
ligands exhibited green fluorescence, indicating the disruption 
of mitochondrial integrity, because JC-1 cannot accumulate 
within the mitochondria, but instead remained as a monomer in 
the cytoplasm. After silencing Bid expression, red fluorescence 
was evident in treated cells (Fig. 4A), suggesting that the integ-
rity of the mitochondrial membrane potential is maintained 
in MCF7, SKBR3 and T47D cells. This result well fits with a 
significant decrease of PARP cleavage in cells transfected with 
Bid RNAi and treated with ligands respect to treated cells trans-
fected with control RNAi (Fig. 4B). Indeed in transfected cells 
with Bid-RNAi TUNEL assay showed after 72 h treatment a 
strong reduction of the percentage of apoptotic cells respect to 
treated cells trasfected with control RNAi (Fig. 4C). All these 
data indicate that Bid plays an important role in the death path-
way induced by low doses of PPARγ and RXR ligands in breast 
cancer cells.

BRL plus 9RA reduce glutathione S-transferase antioxida-
tive enzyme activity and induce lipid peroxidation in breast 
cancer cells. Since, an isoform of the antioxidant defense 

In this report we extend our previous study on p53-mediated 
apoptosis induced by low doses of BRL and 9RA in MCF7, 
SKBR3 and T47D breast cancer cells to elucidate the mecha-
nism through which PPARγ and RXR ligands can trigger apop-
totic processes independently of p53 transcriptional activity. Our 
results showed that BRL and 9RA induce the intrinsic apoptotic 
pathway through an upregulation of Bid expression and a forma-
tion of p53/tBid/Bak multicomplex localized on mitochondria of 
breast carcinoma cells.

Results

p53 and p21 expression upon combined low doses of BRL plus 
9RA in breast cancer cells. We aimed to examine the potential 
ability of nanomolar concentrations of BRL and 9RA to modu-
late p53 and its natural target gene p21WAF1/Cip1. We revealed that 
only the combination of both ligands enhanced p53 expression 
in all breast cancer cells tested in terms of mRNA and protein 
content, while the increased expression of p21WAF1/Cip1 was high-
lighted only in MCF7 cells (Fig. 1A–E), suggesting that p53 
mutated form in the other two cell lines tested does not exhibit 
any transactivation properties. Moreover, as expected we did not 
observe in SKBR3 and T47D cells any modulation of the human 
wild-type p21WAF1/Cip1 promoter luciferase activity upon nano-
molar concentrations of BRL and 9RA alone or in combination 
(data not shown), even though PPARγ can mediate the upregula-
tion of p21WAF1/Cip1 independently of p53.17-19

BRL plus 9RA treatment improves the association between 
p53 and bid in breast cancer cells. p53 participates in apopto-
sis, even by acting directly on multiple mitochondrial targets.20 
Therefore, we evaluated the involvement of Bcl-2 proteins family 
in regulating apoptosis. After 48 h BRL plus 9RA treatment, we 
determined the protein levels of Bid, Bad, Bcl-x

L
 in both cytosolic 

and mitochondrial fractions of breast cancer cells. The separate 
treatment with low doses of either BRL or 9RA did not elicit any 
noticeable effect on Bid expression (Sup. Fig. 1), in contrast an 
upregulation of Bid protein content upon the combined treat-
ment was observed in both cytosolic and mitochondrial extracts, 
while unchanged levels of Bad and Bcl-x

L
 were detected in all 

the fractions tested (Fig. 2A). The protein synthesis inhibitor 
cycloheximide (CX) prevented the enhancement of Bid expres-
sion, suggesting that Bid is ex novo synthesized (Fig. 2B). The 
transcriptional activity of Bid was confirmed by using qtPCR, 
which clearly showed a significant upregulation of Bid mRNA in 
all breast cancer cells (Fig. 2C). The enhancement of Bid tran-
script levels upon treatments was reversed after silencing PPARγ, 
addressing that the effect is PPARγ-mediated (Fig. 2D and E).

To examine whether wt and/or mutant p53 protein could 
associate with Bid in the cytoplasm and colocalize to the mito-
chondria, we performed co-immunoprecipitation experiments 
using cytosolic and either whole mitochondria or mitochondrial 
matrix extracts from breast cancer cells treated for 48 h with BRL 
plus 9RA. Equal amounts of protein extracts were immunopre-
cipitated with an anti-p53 antibody and then subjected to immu-
noblot with anti-Bid antibody. As seen in Figure 3A, in cytosolic 
immunoprecipitates we detected under physiological conditions 
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Figure 1. Combined low doses of BRL and 9RA upregulate p53 expression in MCF7, SKBR3 and T47D breast cancer cells. (A–C) Immunoblots of p53 and 
p21 from extracts of MCF7, SKBR3 and T47D cells untreated (-) or treated with 100 nM BRL and/or 50 nM 9RA for 24 hours. GAPDH was used as loading 
control. The histograms show the quantitative representation of data (mean ± SD) of three independent experiments in which band intensities were 
evaluated in terms of optical density arbitrary units and expressed as percentages of the control which was assumed to be 100%. (D) p53 and p21 
mRNA expression in MCF7, SKBR3 and T47D cells untreated (-) or treated with 100 nM BRL plus 50 nM 9RA for 12 hours. The histograms show the quan-
titative representation of data (mean ± SD) of three independent experiments after densitometry and correction for 36B4 expression and expressed as 
percentages of the control which was assumed to be 100%. (E) Quantitative real-time PCR analysis of p53 mRNA expression in MCF7, SKBR3 and T47D 
cells treated as in (D). The histograms show the quantitative representation of data (mean ± SD) of three independent experiments after correction for 
GAPDH expression. NC: RNA samples without the addition of reverse transcriptase (negative control). *p < 0.05 combined-treated vs. untreated cells.
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Discussion

In the present study we provided the first evidence that low doses 
of PPARγ and RXR ligands through PPARγ increasing Bid 
expression and its association with p53 in mitochondria induces 
apoptosis in different breast carcinoma cells.

The p53 pathway is inactivated in the majority of human 
cancers, most likely because the pro-apoptotic function of p53 
is critical to the inhibition of tumor development and progres-
sion. Although it is clearly established the role of p53 as a nuclear 
transcription factor able to activate or repress a number of p53 
transcriptional targets with the potential to promote or inhibit 
apoptosis, many evidences support a transcriptional-independent 

glutathione S-transferase (GST) is located at mitochondrial 
membranes, we measured its enzimatic activity in mitochondrial 
extracts of MCF7, SKBR3 and T47D cells after BRL plus 9RA 
treatment. Interestingly, GST activity was reduced respect to 
untreated cells, while in the presence of Bid RNAi this effect was 
no longer noticeable (Fig. 5A), addressing that BRL plus 9RA 
treatment negatively regulate mitochondrial scavenger activity 
via Bid. Moreover, we estimated the presence of malondialde-
hyde (MDA), a common end products of lipid peroxidation, as 
index of oxidative stress induced by both ligands. As shown in 
Figure 5B, the lipid peroxidation was considerably increased by 
the treatment in both total cellular and mitochondrial extracts of 
all breast cancer cells.

Figure 2. Upregulation of BID expression by BRL and 9RA in breast cancer cells. (A) Cytosolic and mitochondrial expression of BID, BAD and BCL-XL 
proteins in MCF7, SKBR3 and T47D breast cancer cells untreated (-) or treated for 48 hours with 100 nM BRL plus 50 nM 9RA. GAPDH was used as load-
ing control. One of three similar experiments is presented. (B) Immunoblots of BID from total extracts of MCF7, SKBR3 and T47D cells treated as in (A) 
and/or with 50 μM protein synthesis inhibitor cycloheximide (CX). GAPDH was used as loading control. One of three similar experiments is presented. 
(C) Quantitative real-time PCR analysis of BID mRNA expression in MCF7, SKBR3 and T47D cells treated for 24 hours as indicated. (D) Quantitative real-
time PCR analysis of BID mRNA expression in MCF7 cells transfected with control RNAi or with PPARγ RNAi and treated for 24 hours as indicated. The 
histograms show the quantitative representation of data (mean ± SD) of three independent experiments after correction for GAPDH expression.  
(E) Immunoblots of PPARγ from extracts of MCF7 cells transfected with control RNAi or with PPARγ RNAi. GAPDH was used as loading control.  
*p < 0.05 combined-treated vs. untreated cells. **p < 0.05 combined-treated cells transfected with PPARγ RNAi vs. combined-treated cells transfected 
with control RNAi.
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function of p53 in apoptosis. Indeed, an unexpected 
turn in the p53-mediated pathway to programmed 
cell death has emerged with accumulating data 
that p53 has a direct cytoplasmic role at mitochon-
dria in activating the apoptotic machinery.20 Thus, 
a major question is to define the apoptotic func-
tion of mitochondrial p53. Increased evidences 
suggest that mitochondrial p53 localization is suf-
ficient for initiating p53-dependent apoptosis.22,23 
Furthermore, some studies reported that p53 
may induce apoptosis by forming complexes with 
mitochondrial apoptotic proteins such as Bcl-2/
Bcl-x

L
,24 Bad25 or Bid,26 which are located in the 

outer membrane of mitochondria. We hypothesize 
that mechanistic insight into this process could be 
obtained from the identification of mitochondrial 
p53-interacting protein.

The novelty of the present study raises by the 
evidence that in response to the combined BRL 
and 9RA treatment in breast cancer cells we 
observed a PPARγ-dependent upregulation of Bid 
expression. Although it has been reported that Bid 
is transcriptionally regulated by p53,27 our results 
address an independent-p53 transcriptional regu-
lation of Bid gene since we found increased Bid 
transcript levels also in SKBR3 and T47D breast 
cancer cells harboring p53 mutated. Having dem-
onstrated that PPARγ activation increased both 
p53 and Bid expression we moved to study their 
enhanced association in different cellular com-
partments in response to BRL plus 9RA. Here we 
showed that p53 interacts with Bid in cytosol and 
exclusively with the truncated more active tBid in 
mitochondria, showing a slight increase upon BRL 
and 9RA treatment.

Bid is a member of the ‘BH3 domain only’ 
subgroup of Bcl-2 family members proposed 
to connect proximal death and survival signals 
to the core apoptotic pathway at the level of the 
classic family members which bear multiple BH 
domains.28,29 It has been reported that Bid is able 
to bind mitochondrial proteins and promote cell 
death, suggesting a model in which Bid served as 
a ‘death ligand’ which moved from the cytosol to 

Figure 3A–C (For D, see following page). Physical 
association between p53 and BID in breast cancer 
cells. MCF7, SKBR3 and T47D cells were untreated (-) or 
treated for 48 hours with BRL plus 9RA. Cytosolic (A), 
whole mitochondrial (B) and mitochondrial matrix (C) 
extracts were immunoprecipitated with an antiserum 
against p53 (IP:p53) and then the immunocomplexes 
were resolved in SDS-PAGE. The membrane was probed 
with anti-BID, anti-BAK, anti-PPARγ and anti-RXRα 
antibodies. To verify equal loading, the membrane was 
probed with an antibody against p53. One of three 
similar experiments is presented. MCF7 lysates were 
used as positive control.
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the mitochondrial membrane to inac-
tivate Bcl-2 or activate Bax and Bak 
and to result in cytochrome c release.12 
The release of cytochrome c from 
mitochondria has been shown to pro-
mote the oligomerization of a cyto-
chrome c/Apaf-1/Caspase-9 complex 
that activates caspase-9 to result in the 
cleavage of downstream effector cas-
pases.12 We showed the involvement 
of Bak protein as a component of a 
p53/Bid protein-protein interaction 
in breast cancer cells hypothesizing 
that it contributes to form a large pore 
responsible for triggering apoptotic 
events.

Given the discovery that nanomo-
lar concentrations of BRL and 9RA 
upregulate Bid expression in mito-
chondria, we sought to elucidate the 
role of Bid in mitochondrial function 
of breast cancer cells.

Mitochondria, as central point of 
oxidative metabolism, are a major 
source of intracellular reactive oxygen 
species (ROS), which cause, sequen-
tially, cellular injury to DNA, protein 
and lipid peroxidation, followed by 
loss of cell membrane integrity lead-
ing to cell death.30 ROS, however, 
have also been implicated as second 
messengers in apoptotic processes.31 
Under normal physiological condi-
tions, cellular ROS generation is con-
trolled by antioxidant enzymes and 
other small-molecule antioxidants.32 
We observed upon the combined 
treatment with PPARγ and RXR 
ligands a significant reduction of 
GST enzymatic activity in mitochon-
drial extracts which was no longer 
noticeable after knocking down Bid. 
These results highlighting the crucial 
role played by Bid might provide a 
correlation between the mitochon-
drial dysfunction and the enhanced 
apoptotic response of different breast 
cancer cells to PPARγ and RXR 
ligands.

The data described above provid-
ing new insight into the role of p53/

Figure 3D (For A–C, see previous page). Physical association between p53 and BID in breast 
cancer cells. (D) MCF7 cells untreated (-) or treated with BRL plus 9RA for 48 hours were incubated in 
MitoTracker Red dye. Cells were immunostained with p53 and BID and then examined by fluorescent 
microscopy. Blue, p53; green, BID; red, MitoTracker; merge of blue, green and red as expression of co-
localization in mitochondria.

Figure 4 (See opposite page). Knocking down BID abrogates apoptotic events in breast cancer cells. (A) MCF7, SKBR3 and T47D cells were transfected 
with control RNAi or with BID RNAi and treated for 48 hours as indicated. The results of JC-1 kit were examined by fluorescent microscopy. (B) Immu-
noblots of PARP and BID from total extracts of MCF7, SKBR3 and T47D cells transfected and treated as in (A). GAPDH was used as loading control. One 
of three similar experiments is presented. (C) Cells were transfected as in (A) and treated for 72 hours as indicated. The histograms show the quantita-
tive representation of data (mean ± SD) of three independent experiments performed in triplicates. *p < 0.05 combined-treated vs. untreated cells.
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Figure 4. For figure legend, see page 6.
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measured by Scion Image laser densitometry scanning  
program.

To obtain cytosolic and total mitochondrial fraction of pro-
teins, cells were grown in 10 cm dishes to 70–80% confluence 
and exposed to treatments as for 48 h. Cells were harvested by 
centrifugation at 2,500 rpm for 10 min at 4°C. The pellets were 
suspended in 250 μl of RIPA buffer plus 10 μg/ml aprotinin, 50 
mM PMSF and 50 mM sodium orthovanadate and then 0.1% 
digitonine (final concentration) was added. Cells were incu-
bated for 15 min at 4°C and centrifuged at 3,000 rpm for 10 
min at 4°C, supernatants were collected and further centrifuged 
at 14,000 rpm for 10 min at 4°C. The supernatant, containing 
cytosolic fraction of proteins, was collected, while the resulting 
mitochondrial pellet was resuspended in 3% Triton X-100, 20 
mM Na

2
SO

4
, 10 mM PIPES and 1 mM EDTA, pH 7.2, incu-

bated for 15 min at 4°C and centrifuged at 12,000 rpm for 10 
min at 4°C. Alternatively, to provide matrix mitochondrial frac-
tion of proteins, mitochondrial pellet was further solubilised in 
6% of digitonine in RIPA buffer, for 10 min at 4°C then cen-
trifuged at 14,000 rpm, 4°C, 10 min. The pellets (mitoplasts) 
were then lysed osmotically and centrifuged at 14,000 rpm 4°C 
10 min to discard the membrane residues and recover the solu-
ble matrix content. Proteins of the mitochondrial and cytosolic 
fractions were determined by Bio-Rad Protein Assay (Bio-Rad 
Laboratories). Equal amounts of cytosolic and mitochondrial 
proteins (40 μg) were resolved by 11% SDS-PAGE, electro-
transferred to nitrocellulose membranes and probed with anti-
bodies directed against Bid, Bad (cat#sc-8044) and BCL-X

L
 

(cat#sc-7195) (Santa Cruz Biotechnology). As the internal 
loading, all membranes were stripped and reprobed with anti 
GAPDH (Santa Cruz Biotechnology) antibody.

Immunoprecipitation. 300 μg of mitochondrial and cyto-
solic proteins were incubated overnight with the anti-p53 
(cat#sc-126) or anti-Bid (cat#sc-135847) antibodies (Santa Cruz 
Biotechnology) and 500 μL of HNTG (immunoprecipitation) 
buffer [50 mmol/L HEPES (pH 7.4), 50 mmol/L NaCl, 0.1% 
Triton X-100, 10% glycerol, 1 mmol/L phenylmethylsulfonyl 
fluoride, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 2 μg/mL 
pepstatin]. Immunocomplexes were recovered by incubation 
with protein A/G-agarose. The immunoprecipitates were cen-
trifuged, washed twice with HNTG buffer and then used for 
western blotting (WB). Membranes were probed with anti-p53 
(cat#sc-6243), anti-Bid (cat#sc-11423), anti-Bak (cat#sc-832), 
anti-Bax (cat#sc-7480), anti-PPARγ (cat#sc-7196) and anti-
RXRα (cat#sc-774) antibodies (Santa Cruz Biotechnology).

RT-PCR/real-time PCR. MCF7, SKBR3 and T47D cells 
were grown in 10 cm dishes to 70–80% confluence, and exposed 
to treatments in 1% CT-FBS as indicated. Total cellular RNA 
was extracted using TRIZOL reagent (Invitrogen) as suggested 
by the manufacturer. The RNA sample was treated with DNase 
I (Ambion, Austin, TX), and purity and integrity of the RNA 
was confirmed both spectroscopically and electrophoretically. 
RNA was then reversed transcribed with High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Applera Italia, 
Monza, Milano, Italy). The evaluation of p53, p21WAF1/Cip1 and the 
internal control gene 36B4 was performed by RT-PCR method 

Bid complex at the mitochondria in promoting breast cancer cell 
apoptosis upon low doses of PPARγ and RXR ligands, address 
Bid as a potential target in the novel therapeutical strategies for 
breast cancer treatments.

Materials and Methods

Reagents. BRL 49,653 (BRL) was purchased from Alexis (San 
Diego, CA USA) and solubilised in DMSO. 9-cis retinoic acid 
(9RA) was obtained from Sigma-Aldrich (Milan, Italia). 9RA 
was prepared just before use (Sigma-Aldrich) and diluted into 
medium at the indicated concentration. All experiments involv-
ing 9RA were performed under yellow light, and the tubes and 
culture plates containing 9RA were covered with aluminium 
foils. Cycloheximide (CX) was obtained from Sigma-Aldrich.

Plasmids. The human wild-type p21WAF1/Cip1 promoter-lucif-
erase (luc) reporter was a kind gift from Dr. T. Sakai (Kyoto 
Prefectural University of Medicine, Kyoto, Japan). As an internal 
transfection control we co-transfected the plasmid pRL-CMV 
(Promega Corp., Milan, Italy), which expresses Renilla luciferase 
enzymatically distinguishable from firefly luciferase by the strong 
cytomegalovirus enhancer/promoter.

Cells. Wild-type human breast cancer MCF7 cells were 
grown in DMEM-F12 plus glutamax containing 5% new-born 
calf serum (Invitrogen, Milan, Italy) and 1 mg/ml penicillin-
streptomycin (P/S). SKBR3 breast cancer cells were grown in 
RPMI 1640 without red phenol, plus glutamax containing 10% 
fetal bovine serum (FBS) and 1 mg/ml P/S. T47D breast cancer 
cells were grown in RPMI 1640 with glutamax and red phenol 
containing 10% FBS, 1 mM sodium pyruvate, 10 mM HEPES, 
2.5 g/L glucose, 0.2 U/ml insulin and 1 mg/ml P/S.

Immunoblotting. Cells were grown in 6 cm dishes to 
70–80% confluence and exposed to treatments in 1% charcoal 
treated (CT)-FBS as indicated. Cells were harvested in cold 
phosphate-buffered saline (PBS) and resuspended in total ripa 
buffer containing 1% NP40, 0.5% Na-deoxycholate, 0.1% SDS 
and inhibitors (0.1 mM sodium orthovanadate, 1% phenyl-
methylsulfonylfluoride or PMSF, 20 mg/ml aprotinin). Protein 
concentration was determined by Bio-Rad Protein Assay (Bio-
Rad Laboratories, Hercules, CA USA). A 40 μg portion of total 
lysates was used for western blotting (WB), resolved on a 11% 
SDS-polyacrylamide gel, transferred to a nitrocellulose mem-
brane and probed with an antibody directed against the p53 
(cat#sc-126), p21WAF1/Cip1 (cat#sc-756), PARP (cat#sc-7150), 
Bid (cat#sc-11423), anti-PPARγ (cat#sc-7196) and anti-RXRα 
(cat#sc-774) antibodies (Santa Cruz Biotechnology, CA USA). 
As internal control, all membranes were subsequently stripped 
(0.2 M glycine, pH 2.6, for 30 min at room temperature) of 
the first antibody and reprobed with anti-GAPDH antibody 
(cat#sc-25778, Santa Cruz Biotechnology). The antigen-anti-
body complex was detected by incubation of the membranes for 1 
h at room temperature with peroxidase-coupled goat anti-mouse 
or anti-rabbit IgG and revealed using the enhanced chemilu-
minescence system (Amersham Pharmacia, Buckinghamshire 
UK). Blots were then exposed to film (Kodak film, Sigma). 
The intensity of bands representing relevant proteins was 
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using the following primers: 5'-CCA 
GTG TGA TGA TGG TGA GG-3' (p53 
forward) and 5-GCT TCA TGC CAG 
CTA CTT CC-3 (p53 reverse), 5'-CTG 
TGC TCA CTT CAG GGT CA-3' (p21 
forward) and 5'-CTC AAC ATC TCC 
CCC TTC-3' (p21 reverse), 5'-CTC 
AAC ATC TCC CCC TTC TC-3' 
(36B4 forward) and 5'-CAA ATC CCA 
TAT CCT CGT CC-3' (36B4 reverse) 
to yield, respectively, products of 190 
bp with 18 cycles, 270 bp with 18 cycles 
and 408 bp with 18 cycles. The results 
obtained as optical density arbitrary val-
ues were transformed to percentage of 
the control (percent control) taking the 
samples from untreated cells as 100%.

Analysis of p53 and Bid gene expres-
sion was performed using Real-time 
reverse transcription PCR. cDNA was 
diluted 1:3 in nuclease-free water and 5 
μl were analyzed in triplicates by real-
time PCR in an iCycler iQ Detection 
System (Bio-Rad, USA) using SYBR 
Green Universal PCR Master Mix with 
0.1 mmol/l of each primer in a total 
volume of 30 μl reaction mixture fol-
lowing the manufacturer’s recommenda-
tions. Each sample was normalized on its 
GAPDH mRNA content. Relative gene 
expression levels were normalized to the 
basal, untreated sample chosen as calibra-
tor. Final results are expressed as folds 
of difference in gene expression relative 
to GAPDH mRNA and calibrator, cal-
culated following the ΔCt method, as 
follows:

Relative expression (folds) = 2-(ΔCtsample 

- ΔCtcalibrator)

where ΔCt values of the sample and 
calibrator were determined by subtract-
ing the average Ct value of the GAPDH 
mRNA reference gene from the aver-
age Ct value of the analyzed gene. For 
p53, Bid and GAPDH the primers were: 
5'-GCT GCT CAG ATA GCG ATG 
GTC-3' (p53 forward) and 5-CTC CCA 
GGA CAG GCA CAA ACA-3 (p53 
reverse), 5'-CCA TGG ACT GTG AGG 
TCA AC-3' (Bid forward) and 5'-CTT 
TGG AGG AAG CCA AAC AC-3' (Bid 
reverse), 5'-CCC ACT CCT CCA CCT 
TTG AC-3' (GAPDH forward), 5'-TGT 
TGC TGT AGC CAA ATT CGT-3' 
(GAPDH reverse). Negative controls con-
tained water instead of first strand cDNA.

Figure 5. BRL and 9RA reduce glutathione S-transferase (GST) antioxidative enzyme activity and 
induce lipid peroxidation in breast cancer cells. (A) Glutathione S-transferase activity from mito-
chondrial extracts (mGST) of MCF7, SKBR3 and T47D cells transfected with control RNAi or with BID 
RNAi and treated for 24 hours as indicated. (B) Lipid peroxidation from total and (C) mitochondrial 
cell extracts of all breast cancer cells treated for 48 h as indicated. *p < 0.05 combined-treated vs. 
untreated cells. MDA: Malondialdehyde.
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The green monomeric form has absorption/emission maxima of 
510/527 nm.

TUNEL assay. Apoptosis was determined by enzymatic 
labelling of DNA strand breaks using terminal deoxynucleoti-
dyl transferase-mediated deoxyuridine triphosphate nick end-
labeling (TUNEL). TUNEL labelling was conducted using 
APO-BrdUTM TUNEL Assay Kit (Invitrogen) and performed 
according to the manufacturer’s instructions. Briefly, cells were 
trypsinized after treatments and resuspended in 0.5 ml of PBS. 
After fixation with 1% paraformaldehyde for 15 min on ice, cells 
were incubated on ice-cold 70% ethanol overnight. After wash-
ing twice with washing buffer for 5 min, the labelling reaction 
was performed using terminal deoxynucleotidyl transferase end-
labeling cocktail for each sample and incubated for 1 h at 37°C. 
After rinsing, cells were incubated with antibody staining solu-
tion prepared with Alexa Fluor 488 dye-labeled anti-BrdU for 30 
min at room temperature. Subsequently 0.5 mL of propidium 
iodide/RNase A buffer were added for each sample. Cells were 
incubated 30 min at room temperature, protected from light, 
analyzed and photographed by using a fluorescent microscope.

GST antioxidant enzyme activity and lipid peroxidation. To 
measure mitochondrial glutathione S-transferase (GST) activ-
ity the mitochondrial suspension was used. Enzyme activity was 
detected according to the method provided by the manufacturer 
(Sigma Aldrich). To evaluate lipid peroxidation cells were soni-
cated in PBS and the crude homogenate was used. The level of 
lipid peroxidation in control as well as treated cell samples was 
assayed through the formation of thiobarbituric acid reactive 
species (TBARS) during an acid-heating reaction as previously 
described in reference 33. Briefly, the samples were mixed with 1 
ml of 10% trichloroacetic acid (TCA) and 1 ml of 0.67% thio-
barbituric acid (TBA), then heated in a boiling water bath for 15 
min. TBARS were determined by the absorbance at 535 nm and 
were expressed as malondialdehyde equivalents (MDA) (nmol/
mg protein) respect to cellular and mitochondrial.

Statistical analyses. Each datum point represents the mean 
± SD of three different experiments. Statistical analysis was per-
formed using ANOVA followed by Newman-Keuls testing to 
determine differences in means. p < 0.05 was considered as sta-
tistically significant.
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Transient transfection assay. SKBR3 and T47D cells were 
transferred into 24 well plates with 500 μl of regular growth 
medium/well the day before transfection. The medium was 
replaced with 1% CT-FBS on the day of transfection, which 
was performed using Fugene 6 reagent as recommended by the 
manufacturer (Roche Diagnostics, Mannheim, Germany) with a 
mixture containing 0.5 μg of p21 promoter-luc plasmid and 10 
ng of pRL-CMV. After transfection for 24 h, treatments were 
added in 1% CT-FBS, and cells were incubated for an additional 
24 h. Firefly and Renilla luciferase activities were measured using 
the Dual Luciferase Kit (Promega).

RNA interference (RNAi). Cells were plated in 10 cm 
dishes with regular growth medium the day before transfec-
tion to 60–70% confluence. On the second day the medium 
was changed with 1% CT-FBS without P/S and cells were 
transfected with stealth RNAi targeted human Bid mRNA 
sequence -5'-UGC GGU UGC CAU CAG UCU GCA GCU 
C-3' (Invitrogen), with a stealth RNAi targeted human PPARγ 
mRNA sequence 5'-AGA AUA AUA AGG UGG AGA UGC 
AGG C-3' (Invitrogen), a stealth RNAi targeted human RXRα 
mRNA sequence 5'-UCG UCC UCU UUA ACC CUG ACU 
CCA A-3' or with a stealth RNAi-negative control (Invitrogen) 
to a final concentration of 100 nM using Lipofectamine 2000 
(Invitrogen) as recommended by the manufacturer. After 5 h the 
transfection medium was changed with complete 1% CT-FBS 
with P/S in order to avoid Lipofectamine 2000 toxicity, cells 
were exposed to combined treatment and subjected to different 
experiments.

Immunofluorescence. MCF7 cells were plated in 6 cm dishes 
in complete growth medium. On the second day, the medium 
was changed with 1% CT-FBS and cells were treated with BRL 
plus 9RA for 48 h. p53 and Bid staining was carried out using 
anti-p53 and anti-Bid primary antibodies followed by Alexa-fluo 
350 (blue) and Alexa-fluo 488 (green) (Invitrogen) as second-
ary antibodies, respectively. Mitochondria were stained with 
MitoTracker mitochondrion selective probe (cat#MP07510, 
Invitrogen) according to manufacturer’s instructions. The 
images were acquired using fluorescent microscopy (Leica 
AF6000).

JC-1 mitochondrial membrane potential detection assay. 
Alteration of mitochondrial membrane potential was detected 
using the dye 5,5',6,6'-tetra-chloro-1,1',3,3'-tetraethylbenzimid-
azolyl-carbocyanine iodide (JC-1) as recommended by manufac-
turing instruction (Biotium, Hayward, USA). MCF7, SKBR3 
and T47D cells were grown in 10 cm dishes, transfected with 
control RNAi or Bid RNAi and then treated with BRL and 9RA 
for 56 h in 1% CT-FBS. Subsequently cells were washed in ice-
cold PBS, and incubated with 10 mM JC-1 at 37°C in a 5% CO

2
 

incubator for 20 min in darkness. Subsequently, cells were exten-
sively washed with PBS and analyzed by fluorescence microscopy. 
The red form has absorption/emission maxima of 585/590 nm. 
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Obesity is a major risk factor for the development and
progression of breast cancer. Leptin, a cytokine mainly
produced by adipocytes, plays a crucial role in mam-
mary carcinogenesis and is elevated in hyperinsulin-
emia and insulin resistance. The antidiabetic thiazoli-
dinediones inhibit leptin gene expression through
ligand activation of the peroxisome proliferator-acti-
vated receptor-� (PPAR�) and exert antiproliferative
and apoptotic effects on breast carcinoma. In this study,
we investigated the ability of PPAR� ligands to counter-
act leptin stimulatory effects on breast cancer growth in
either in vivo or in vitro models. The results show that
activation of PPAR� prevented the development of lep-
tin-induced MCF-7 tumor xenografts and inhibited the
increased cell-cell aggregation and proliferation ob-
served on leptin exposure. PPAR� ligands abrogated the
leptin-induced up-regulation of leptin gene expression
and its receptors in breast cancer. PPAR�-mediated re-
pression of leptin gene involved the recruitment of nu-
clear receptor corepressor protein and silencing medi-
ator of retinoid and thyroid hormone receptors
corepressors on the glucocorticoid responsive ele-
ment site in the leptin gene expression regulatory re-
gion in the presence of glucocorticoid receptor and
PPAR�. In addition, PPAR� ligands inhibited leptin sig-
naling mediated by MAPK/STAT3/Akt phosphorylation
and counteracted leptin stimulatory effect on estrogen
signaling. These findings suggest that PPAR� ligands
may have potential therapeutic benefits in the treat-
ment of breast cancer. (Am J Pathol 2011, 179:1030–1040;

DOI: 10.1016/j.ajpath.2011.04.026)

Several epidemiologic findings have established that

obesity is a risk factor for human breast cancer.1 Indeed,
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increased body weight has been associated with shorter
disease-free and overall survival in patients with breast
cancer.2

Leptin, a peptide hormone mainly secreted by adi-
pocytes, is a pleiotropic molecule that regulates food
intake, hematopoiesis, inflammation, immunity, cell differ-
entiation, and proliferation.3 More recently, leptin has
been found to be involved in neoplastic processes, par-
ticularly in mammary tumorigenesis.4,5 Specifically, in
vitro and in vivo studies have shown that leptin stimulates
tumor growth, cell survival, and transformation4,6,7 and
amplifies estrogen signaling, contributing to hormone-
dependent breast cancer growth and progression.6,8

Peroxisome proliferator-activated receptor-� (PPAR�)
is a member of the nuclear receptor family of ligand-
dependent transcription factors, which is best known for
its differentiating effects on adipocytes and insulin-medi-
ated metabolic functions.9 Activators of PPAR� include
thiazolidinediones, a new class of antidiabetic drugs,
such as rosiglitazone (BRL), that rather than reducing
hyperglycemia and hyperinsulinemia in insulin-resistant
states10 inhibit leptin expression and its signal transduc-
tion in different cell and animal models.11–14 PPAR� is
also involved in cell-cycle control, inflammation, athero-
sclerosis, apoptosis, and carcinogenesis.15 The contro-
versial role of PPAR� ligands in carcinogenesis has been
reported, although the precise mechanisms responsible
for differential effects (ie, proapoptotic versus prolifera-
tive) remain incompletely clarified. Some studies have
demonstrated that activation of PPAR� increases tumor
cell growth.16–18 However, most published studies imply
the inhibitory effects of PPAR� ligands on the tumor
growth of several carcinomas, including breast can-
cer.19,20 In the past few years, we have investigated
different molecular mechanisms through which PPAR�
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may induce antiproliferative effects, cell-cycle arrest, and
apoptosis in human MCF-7 breast cancer cells.21–23

In this study, we evaluated the ability of PPAR� ligands
to counteract leptin stimulatory effects on breast cancer
growth in either in vivo or in vitro models. These results
have shown that PPAR� ligands reverse the enhanced
expression of leptin gene (Lep; formerly Ob) and its re-
ceptor (Lepr; formerly ObR), inhibiting the downstream
signaling pathways induced by leptin. Transcriptional re-
pression of Ob gene by PPAR� seems to be consequent
to the recruitment of nuclear receptor corepressor protein
(NCoR) and silencing mediator of retinoid and thyroid
hormone receptors (SMRT) corepressors involving the
participation of glucocorticoid receptor (GR).

Materials and Methods

Plasmids

The pHEGO plasmid, encoding the full length of estrogen
receptor � (ER�) cDNA, and the reporter plasmid XETL,
a construct containing an estrogen-responsive element,
were gifts from Dr. Didier Picard (University of Geneva,
Geneva, Switzerland). The plasmids containing the full-
length human leptin promoter or its deletions were gifts
from Dr. Marc Reitman (NIH, Bethesda, MD).

Site-Directed Mutagenesis

The leptin promoter plasmid-bearing glucocorticoid re-
sponsive element–mutated site (p1775 GRE mut) was cre-
ated by site-directed mutagenesis using a QuikChange kit
(Stratagene, La Jolla, CA) and as template the human leptin
promoter p1775. The mutagenic primers were 5=-CCAGGCT-
GTAGTGCAATGGTCTtgcCTTGGCTCACTGCAACC-3= and
5=-GGTTGCAGTGAGCCAAGgcaAGACCATTGCACTACAG-
CCTGG-3=. Mutations are shown as italic and lower case
letters. The constructed reporter vector was confirmed by
DNA sequencing.

Cell Cultures

MCF-7, BT-20, and CHO cells were obtained from the
American Type Culture Collection (Manassas, VA), were
maintained in Dulbecco’s modified Eagle’s medium/
Ham’s F-12 containing 5% fetal bovine serum (Sigma,
Milan, Italy), and were cultured in serum-free medium for
at least 24 hours before treatments. All the media were
supplemented with 1% L-glutamine and 1% penicillin/
streptomycin (Sigma).

In Vivo Experiments

Female 45-day-old athymic nude mice (nu/nu Swiss;
Charles River Laboratories, Milan, Italy) were maintained
in a sterile environment. At day 0, estradiol pellets (1.7
mg per pellet, 90-day release; Innovative Research of
America, Sarasota, FL) were subcutaneously implanted
into the intrascapular region of the mice. The next day,

MCF-7 cells (5.0 � 106 cells per mouse) were inoculated
subcutaneously in 0.1 mL of Matrigel (BD Biosciences,
Bedford, MA). Leptin treatment was performed as previ-
ously described.7 When the tumors reached �0.2 cm3

(ie, in 4 weeks), the animals received rosiglitazone (10
mg/kg/day) in drinking tap water (Avandia, GlaxoSmith
Kline, Middlesex, UK) for 8 weeks. MCF-7 xenograft tu-
mor growth was monitored twice a week by caliper mea-
surements, and tumor volumes (in cubic centimeters)
were estimated by the following formula: TV � a � (b2)/2,
where a and b are tumor length and width, respectively,
in centimeters. At week 12, blood samples were collected
from the mice, and the animals were sacrificed following
standard protocols; the tumors were dissected from the
neighboring connective tissue, frozen in nitrogen, and
stored at �80°C for further analyses. After blood centrif-
ugation, plasma was collected and kept at �80°C for
analyses. Plasma leptin concentration was measured us-
ing a commercially available mouse and rat leptin en-
zyme-linked immunosorbent assay kit (BioVendor,
Heidelberg, Germany). All the procedures involving ani-
mals and their care were conducted in accordance with
the institutional guidelines and regulations at the Labora-
tory of Molecular Oncogenesis, Regina Elena Cancer
Institute, Rome, Italy.

Histologic Analysis

Tumors, livers, lungs, spleens, and kidneys were fixed in
4% formalin, sectioned at 5 �m, and stained with hema-
toxylin and eosin Y (Bio-Optica, Milan, Italy). The epithe-
lial nature of the tumors was verified by immunostaining
with mouse monoclonal antibody directed against human
cytokeratin 18 (Santa Cruz Biotechnology, Milan, Italy),
and nuclei were counterstained with hematoxylin. For
negative controls, nonimmune serum replaced the pri-
mary antibody.

Three-Dimensional Spheroid Culture and Cell
Growth Assays

For three-dimensional cultures, MCF-7 and BT-20 cells
plated on 2% agar–coated plates were treated with 1000
ng/mL of leptin (Invitrogen, Carlsbad, CA) and/or 10
�mol/L BRL (Alexis, San Diego, CA) and 10 �mol/L 15-
deoxy-�12,14-prostaglandin J2 (PGJ2) (Sigma). After 48
hours, three-dimensional cultures were photographed
using a phase-contrast microscope (Olympus, Milan, It-
aly). The extent of aggregation and cell numbers were
evaluated as reported.7

[3H]Thymidine Incorporation Assays

MCF-7 and BT-20 cells were treated with leptin (1000
ng/mL) and/or BRL (10 �mol/L) and PGJ2 (10 �mol/L) for
48 hours and were pretreated for 2 hours with GW9662
(10 �mol/L; Sigma) or transfected with RNA interference
(RNAi) for PPAR� where necessary. The assay was per-

formed as previously reported.6
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RT-PCR Assays

Total RNA was extracted using TRIzol reagent (Invitrogen).
Reverse transcription was performed using a RETROscript
kit (Ambion, Austin, TX). The cDNAs were amplified by PCR
using the following primers: long isoform of ObR (ObRL):
5=-CGAGAAACGTTTCAGCATCT-3= and 5=-CAAAAGCA-
CACCACTCTCTC-3=; short isoform of ObR (ObRS): 5=-
GAAGGAGTCGGAAAACCAAAG-3= and 5=-CCACCATAT-
GTTAACTCTCAG-3=; Ob: 5=-AGAGCCTTTGGATGAC-
CAGAACAAGGTTCCCT-3= and 5=-TTACGAGAGAACTA-
ACTGGAGAGCGACCTTT-3=; cathepsin D: 5=-AACAA-
CAGGGTGGGCTTC-3= and 5=-ATGCACGAAACAGATCT-
GTGCT-3=; pS2 5=-TTCTATCCTAATACCATCGACG-3= and
5=-TTTGAGTAGTCAAAGTCAGAGC-3=; cyclin D1: 5=-TCT-
AAGATGAAGGAGACCATC-3= and 5=-GCGGTAGTAGGA-
CAGGAAGTTGTT-3=; P450arom: 5=-CAAGGTTATTTTGAT-
GCATGG-3= and 5=-TTCTAAGGTTTGCGCATGA-3=; and
36B4: 5=-CTCAACATCTCCCCCTTCTC-3= and 5=-CAA-
ATCCCATATCCTCGT-3=.

The PCR was performed for 30 cycles for cathepsin D
and cyclin D1; for 35 cycles for ObRL, ObRS, Ob, and
P450arom; and for 15 cycles to amplify pS2 and 36B4 in
the presence of 1 �L of first-strand cDNA, 1 �mol/L each
primer, 0.5 mmol/L dNTP, and TaqDNA polymerase (2 U
per tube) (Promega Corp, Madison, WI) in a final volume
of 25 �L.

Western Blot Analysis and Immunoprecipitation
Assays

The phosphorylated forms of MAPK, STAT3, Akt, and GR
S211 were identified by Western blot analysis in 50 �g of
whole lysate. The immunoblots were stripped and re-
probed to determine total levels of MAPK, STAT3, Akt
(Cell Signaling Technology, Milan, Italy), and GR (Santa
Cruz Biotechnology). Immunoprecipitation was per-
formed in 300 �g of nuclear extracts in the presence of
appropriate antibodies (Santa Cruz Biotechnology). Pro-
teins were resolved on 8% to 10% SDS-polyacrylamide
gels, transferred to a nitrocellulose membrane, and
probed with specific antibodies (Novus Biologicals, Mi-
lan, Italy). The antigen-antibody complex was detected
by incubation of the membrane at room temperature with
a peroxidase-coupled goat anti-mouse or anti-rabbit IgG
and revealed using the ECL system (Amersham, Buck-
inghamshire, UK).

Transfection Assays

MCF-7 cells were transfected using the FuGENE 6 re-
agent (Roche Diagnostics, Mannheim, Germany) with the
mixture containing 0.5 �g of luciferase-reporter plasmid
and 5 ng of pRL-CMV. CHO cells were transfected with
XETL (0.5 �g per well) in the presence of HEGO (0.2 �g
per well). After 24 hours of transfection, treatments were
added and cells were incubated for 24 hours. The firefly
luciferase values of each sample were normalized by
Renilla luciferase activity, and the data are reported in

relative light units.
Electrophoretic Mobility Shift Assays

Nuclear extracts were prepared from MCF-7 cells as
previously described.24 The probe was generated by
annealing single-stranded oligonucleotides labeled with
[�32P]ATP and tyrosine polynucleotide kinase and then
purified using Sephadex G-50 spin columns (Sigma). The
DNA sequences used as probe or as cold competitors
were as follows: GRE: 5=-ATGGTCTGATCTTGGCT-
CAC-3= and 5=-GTGAGCCAAGATCAGACCAT-3=; CRE:
5=-CACCGACGTCATTTGCAGTTCC-3= and 5=-CACCGA-
CAGCTTTTGCAGTTCC-3=; and Sp1: 5=GAAAAACTC-
CGCCCTGGTAAAT-3= and 5=-ATTTACCAGGCGCG-
GAGTTTTTC-3=. The protein-binding reactions were
performed as reported.7 The specificity of the binding
was tested by adding to the mixture the reaction-spe-
cific antibodies anti-GR and anti-PPAR�. The entire
reaction mixture was electrophoresed through a 6%
polyacrylamide gel in 0.25x Tris-borate-EDTA for 3
hours at 150 V.

Chromatin Immunoprecipitation and
Re–Chromatin Immunoprecipitation Assays

MCF-7 cells were cross-linked with 1% formaldehyde and
sonicated. Supernatants were immunocleared with
salmon sperm DNA/protein A agarose for 1 hour at 4°C.
The precleared chromatin was immunoprecipitated with
specific anti-GR (E-20), PPAR� (H-100), or anti-polymer-
ase II (RNA-PoII H-224) antibodies (Santa Cruz Biotech-
nology) and were reimmunoprecipitated with anti-PPAR�,
anti-NCoR (NB120-2781), or anti-SMRT (NB300-732) an-
tibodies (Novus Biologicals).

Normal mouse serum IgG was used as negative con-
trol. Pellets were washed as reported, eluted with elution
buffer (1% SDS, 0.1 mol/L NaHCO3), and digested with
proteinase K.25 DNA was obtained by phenol/chloroform/
isoamyl alcohol extractions and were precipitated with
ethanol; 5 �L of each sample and input were used for
real-time PCR with the primers flanking GRE sequence
present in the leptin promoter region: 5=-GCCCAGGCT-
GTAGTGCAAT-3= and 5=-TAGCCAGGTGTGGTGG-3=.
PCR reactions were performed as reported.26

Immunocytochemical Staining

Cells were fixed in 4% paraformaldehyde, and hydrogen
peroxide was used to inhibit endogenous peroxidase
activity. Cells were incubated with 10% normal horse
serum to block nonspecific binding sites. Immunocyto-
chemical staining was performed using specific primary
antibodies (Santa Cruz Biotechnology). A biotinylated
universal antibody made in horse was applied as sec-
ondary antibody (Vector Laboratories, Burlingame, CA).
Amplification of avidin-biotin–horseradish peroxidase
complex was performed, and 3,3=-diaminobenzidine tet-

rachloride dihydrate was used as a detection system. In
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control experiments (negative control), cells were pro-
cessed, replacing the primary antibody with nonimmune
rabbit IgG (Vector Laboratories).

RNAi

MCF-7 cells were transfected with 25-bp RNA duplex
of validated RNAi-targeted human PPAR� mRNA se-
quence 5=-AGAAUAAUAAGGUGGAGAUGCAGGC-3=
or with a stealth RNAi-negative control low GC (Invit-
rogen) to a final concentration of 100 nmol/L using
Lipofectamine 2000 (Invitrogen), as recommended by
the manufacturer. After 5 hours, the transfection me-
dium was changed with serum-free medium to avoid
Lipofectamine 2000 toxicity, and then cells were ex-
posed to treatments.

Statistical Analysis

Each data point represents the mean � SE of at least
three different experiments. Statistical analysis was per-
formed using analysis of variance followed by Newman-
Keuls testing to determine differences in means. Statisti-
cal comparisons for in vivo studies were made using the
Wilcoxon-Mann-Whitney test. P � 0.05 was considered
statistically significant.

Figure 1. BRL reverses leptin-induced tumor cell growth. A: Tumor volu
at weeks 4 and 12. The animals were treated with 230 �g/kg/day leptin (Le
(n � 8). *P � 0.05, leptin-treated group versus control group; **P � 0.0
images of experimental tumors at week 12 (arrows). C: MCF-7 three-dim
bar � 50 �m. The extent of aggregation was scored by measuring the sp
under �10 magnification (bottom). D: Cell numbers obtained from thr

poration in MCF-7 cells transfected and treated as indicated for 48 hours. The resu
**P � 0.05 versus leptin.
Results

PPAR� Ligands Reverse Leptin-Induced Tumor
Cell Growth in Vivo and in Vitro

First we explored the ability of BRL to inhibit leptin-in-
duced breast tumor growth in vivo. To this aim, female
nude mice, bearing into the intrascapular region of
MCF-7 cell tumor xenografts, were treated with leptin and/or
BRL. This administration was well tolerated because no
change in body weight (see Supplemental Table S1 at
http://ajp.amjpathol.org) or in food and water consumption
was observed together with no evidence of reduced motor
function. In addition, no significant difference in the mean
weights or histologic features of the major organs (liver,
lung, spleen, and kidney) after sacrifice was observed be-
tween vehicle-treated mice and those that received treat-
ment, indicating a lack of toxic effects at the dose given.

Histologic examination of MCF-7 xenografts revealed
that tumors were primarily composed of tumor epithelial
cells (see Supplemental Figure S1 at http://ajp.amjpathol.
org). Our results showed that leptin treatment induced tu-
mor growth in mice, as we previously demonstrated,7

whereas a significant reduction in tumor volume was ob-
served in the animal group receiving leptin plus BRL (Figure
1A). At week 12, tumor sizes were markedly smaller in

MCF-7 xenografts implanted with estradiol pellets in female nude mice
8), 10 mg/kg/day BRL (n � 8), Lep and BRL (n � 8), or vehicle as control

n plus BRL–treated group versus leptin-treated group. B: Representative
l cultures were untreated or treated as indicated for 48 hours (top). Scale
diameters. The values represent the sum of spheroids in 10 optical fields
nsional spheroids and proliferation determined by [3H]thymidine incor-
me from
p) (n �
5, lepti
ensiona
heroid
ee-dime
lts are mean � SE of three experiments. *P � 0.05 versus untreated cells;

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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animals treated with leptin plus BRL than with leptin alone
(Figure 1B). Mean � SE plasma leptin levels measured at
week 12 were significantly higher in leptin-treated mice
(2.05 � 0.087 ng/mL, P � 0.01) than in vehicle-treated mice
(1.50 � 0.05 ng/mL); in contrast, in BRL- (1.13 � 0.06
ng/mL, P � 0.01) and BRL � leptin– (1.36 � 0.078 ng/mL,
P � 0.01) treated mice, leptin concentrations were de-
creased compared with those in the control and leptin
groups.

We then performed three-dimensional MCF-7 cell cul-
tures, which closely mimic some in vivo biologic features of
tumors.27 We showed that BRL treatment (10 �mol/L) inhib-
ited the enhanced cell-cell adhesion induced by leptin
(1000 ng/mL) exposure as evidenced by the extent of ag-
gregation scored by measuring the spheroid diameters
(Figure 1C). In three-dimensional cultures, BRL decreased
cell growth compared with untreated cells and reversed the
enhanced leptin cell numbers. Moreover, the effects of lep-
tin and/or BRL on cell proliferation were assessed by [3H]-
thymidine DNA incorporation assay. Leptin stimulated the
growth of MCF-7 cells; this effect was completely inhibited
by BRL treatment (Figure 1D). Similar results were also
obtained using the natural PPAR� ligand PGJ2 (see Sup-
plemental Figure S2 at http://ajp.amjpathol.org). The inhibi-
tory effects exerted by PPAR� ligands were no longer no-
ticeable in the presence of the specific PPAR� antagonist
GW9662 as well as PPAR� RNAi, demonstrating direct in-
volvement of this nuclear receptor in antagonizing leptin-
induced tumor growth (Figure 1D).

In ER�-negative breast cancer cells BT-20, BRL also
reversed leptin-induced cell aggregation and cell pro-
liferation (see Supplemental Figure S3 at http://ajp.
amjpathol.org), suggesting that BRL effects are estro-
gen independent.

BRL Represses Activation of Leptin Signal
Transduction Pathways in MCF-7 Cells

Leptin exerts its biologic function through binding to its
receptors, which mediate a downstream signal by acti-
vating multiple signaling pathways.28,29 We examined the
effects of BRL on ObRs and its transduction pathways.
Stimulation of MCF-7 cells with leptin resulted in an in-
crease in ObRL and ObRS, which was reversed by treat-
ment with BRL (Figure 2A). Similar results were also ob-
tained in MCF-7 xenografts (Figure 2B). In addition, as
expected, leptin significantly induced phosphorylation of
MAPK/STAT3/Akt in in vivo and in vitro models, whereas
treatment with BRL completely abrogated the leptin acti-
vation of these signaling pathways (Figure 2, C and D).
All these data suggest that the inhibitory action of BRL on
leptin-induced tumor growth, cell adhesion, and prolifer-
ation involves, at least in part, the ability of PPAR� ligand
to modulate ObR expression and antagonize its signaling
pathways.

Modulation of Ob Expression and Its
Transcriptional Activity by BRL

To assess whether BRL can also affect Ob, we performed
RT-PCR in MCF-7 cells. We showed in in vitro and in vivo

Figure 2. BRL represses leptin (Lep) signaling
in MCF-7 cells and xenografts. RT-PCR of ObRL
and ObRS mRNA from MCF-7 cells stimulated for
48 hours (A) and from xenografts (B). 36B4
mRNA levels were determined as control. NC
indicates RNA sample without the addition of
reverse transcriptase (negative control). Repre-
sentative Western blot analysis on protein ex-
tracts from MCF-7 cells stimulated for 15 minutes
(C) and xenografts excised from control and
treated mice (D) showing MAPK/STAT3/Akt ac-
tivation. The immunoblots were stripped and
reprobed with total MAPK/STAT3/Akt as loading
control. The results are mean � SE of three
separate experiments in which the band inten-
sities were evaluated in terms of optical density
arbitrary units and expressed as the percentage
of the control assumed to be 100%. *P � 0.05
versus untreated cells; **P � 0.05 versus leptin.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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models that leptin increased Ob mRNA, whereas BRL re-
versed this effect (Figure 3A). This latter result led us to
ascertain whether PPAR� activation can modulate leptin
transcriptional activity. To this aim, we transiently trans-
fected MCF-7 cells with a plasmid containing leptin regula-
tory sequences p1774 (�2922/�30) and found that leptin
induced luciferase activity, which was inhibited by treat-
ment with BRL (Figure 3B). The Ob promoter contains mul-
tiple transcription factor binding motifs, including CRE and
Sp1 sites and one GRE site (Figure 3B). To determine which
cis-acting elements in the Ob promoter can mediate the
previously mentioned effects, Ob promoter–deleted con-
structs �1975/�30 (p1775), �1546/�30 (p1776), and

Figure 3. BRL negatively regulates leptin (Lep)-induced Ob expression and
its transcriptional activity. A: RT-PCR of Ob was performed in MCF-7 cells
stimulated for 48 hours (left panel) and in xenografts (right panel). 36B4
mRNA levels were determined as control. NC, negative control. MCF-7 cells
were transiently transfected with luciferase plasmids containing the human
leptin promoter (p1774) or its deletions (p1775, p1776, and p1778) (B) or
p1775 mutated in the GRE site (p1775 GRE mut) (C). Schematic maps of the
human leptin promoter constructs are included. Cells were untreated or
treated with leptin (1000 ng/mL) and/or 10 �mol/L BRL for 24 hours. RLU
indicates relative light units. The results are mean � SE of three separate
experiments. *P � 0.05 versus untreated cells; **P � 0.05 versus leptin.
�805/�30 (p1778) were tested. In transfection experiments
performed using p1775 and p1776 constructs, the respon-
siveness to leptin was still observed, and BRL still inhibited
the increase induced by leptin. In contrast, in the presence
of the construct p1778, no up-regulatory effects were no-
ticeable on leptin exposure (Figure 3B). Thus, we per-
formed site-directed mutagenesis assays to evaluate which
site was responsible for leptin-induced Ob promoter activa-
tion. We found that only the mutation of the GRE site was
involved in mediating the stimulatory effect of leptin (Figure
3C), addressing that the up-regulatory effect of leptin re-
quires the GRE motif. To explore whether leptin affects the
activity of GR, we tested its nuclear translocation and phos-
phorylation at S211. Leptin induced GR nuclear localization
with a concomitant increase in S211 phosphorylated GR
levels, which were significantly reduced by pretreatment
with the MAPK inhibitor PD98059 and the JAK/STAT inhib-
itor AG490. In contrast, the PI3K inhibitor LY294002 did not
affect GR phosphorylation status (Figure 4).

PPAR� Reverses Leptin-Induced Effects on Ob
Promoter at the GRE Site through Corepressor
Recruitment

To provide insight into the molecular mechanism by
which the GRE motif modulates Ob promoter activity, we
performed electrophoretic mobility shift assay experi-

Figure 4. Leptin (Lep) induces nuclear translocation of GR and its phos-
phorylation (pGR). MCF-7 cells were untreated or treated with 1000 ng/mL of
leptin for 15 minutes or pretreated with 10 �mol/L PD98059 (PD), AG490
(AG), or LY294002 (LY). A: Immunostaining of pGR and GR. No immuno-
detection was observed replacing the antibodies with horse serum [negative
control (NC)]. B: Representative Western blotting for pGR on S211 and GR.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading
control. The results are mean � SE of three separate experiments for pGR in
which the band intensities were evaluated in terms of optical density arbitrary

units and expressed as the percentage of the control assumed to be 100%.
*P � 0.05 versus untreated cells; **P � 0.05 versus leptin.
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ments using as a probe the GRE sequence present in the
Ob regulatory region. We observed the formation of a
complex in nuclear extracts from MCF-7 cells (Figure 5A,
lane 1), which was abrogated by 100-fold molar excess
of unlabeled probe (Figure 5A, lane 2), demonstrating the
specificity of the DNA binding complex. This inhibition
was no longer observed using a mutated oligodeoxyribo-
nucleotide as competitor (Figure 5A, lane 3). Leptin and
BRL induced a slight increase in the specific band (Fig-
ure 5A, lanes 4 and 5), whereas an enhanced DNA bind-
ing complex was observed on combined treatments (Fig-
ure 5A, lane 6). The inclusion of anti-GR and anti-PPAR�
antibodies in the reactions attenuated the specific bands,
suggesting the presence of both proteins in the complex
(Figure 5A, lanes 7 and 8). Note that the leptin-induced
increase in the DNA binding complex was no longer
noticeable when a synthetic oligodeoxyribonucleotide
corresponding to the CRE or Sp1 motif was used as
probe (data not shown).

The interaction of GR and PPAR� receptors with the
Ob promoter was further elucidated by chromatin immu-
noprecipitation (ChIP) assays. Using anti-GR or anti-
PPAR� antibodies, protein-chromatin complexes were
immunoprecipitated from MCF-7 cells treated for 1 hour
with leptin and/or BRL. Real-time PCR was used to de-
termine the recruitment of GR and PPAR� to the Ob
region containing the GRE site. The results indicate that
GR was constitutively bound to the Ob promoter in un-
treated cells and that this recruitment was increased on
leptin or BRL exposure and to a higher extent after com-
bined treatments. Immunoprecipitation with anti-PPAR�
antibody showed enhanced recruitment of this nuclear
receptor to the Ob promoter in the presence of BRL and
BRL plus leptin treatments. Similar results were also ob-
tained by GR/PPAR� Re-ChIP assay. We revealed after
leptin treatment an enhanced association of RNA Pol II
that was drastically reduced by leptin plus BRL exposure
(Figure 5B).

To assess whether the decrease in Ob promoter tran-
scriptional activity might be caused by the cooperative
interaction between GR/PPAR� and negative transcrip-
tional regulators, we investigated the involvement of
NCoR and SMRT, which interact with and function as
negative coregulators of GR and PPAR�.30–33 A coimmu-
noprecipitation assay was performed on nuclear protein
fractions from MCF-7 cells treated with leptin and/or BRL.
The formation of GR and PPAR� complex was clearly
detected in all the conditions tested. Moreover, GR/NCoR
and GR/SMRT complexes were slightly revealed in un-
treated cells, but this association was enhanced by com-
bined treatments. No interaction of the orphan nuclear
receptor DAX-1, a corepressor for GR,34 was observed
under the same experimental conditions (Figure 5D).
Similar results were obtained in MCF-7 cells immmuno-
precipitated with anti-PPAR� antibody (Figure 5D).

Re-ChIP assays demonstrated increased NCoR and
SMRT occupancy of the GRE-containing region of the Ob
promoter after BRL exposure and particularly on com-
bined treatments (Figure 5C). In the presence of a MAPK

inhibitor able to interfere with GR phosphorylation, the
Figure 5. PPAR� binds and recruits corepressors to the GRE site in the Ob
promoter. A: Nuclear extracts from MCF-7 cells were incubated with GRE probe
(lane 1). A 100-fold molar excess of unlabeled (lane 2) and mutated (Mut) (lane
3) probe was added. MCF-7 nuclear extracts treated with 1000 ng/mL of leptin
and/or 10 �mol/L BRL for 6 hours (lanes 4, 5, and 6). Anti-GR (lane 7),
anti-PPAR� (lane 8) antibodies (Abs) or IgG (lane 9) were added to the mixture.
Lane 10 shows probe alone. B: ChIP with the anti-GR, anti-PPAR�, and anti-Pol
II antibodies. ChIP with the anti-GR antibody was re-ChIP with anti-PPAR�
antibody. C: ChIP with the anti-GR or anti-PPAR� antibodies was re-ChIP with
either anti-NCoR or anti-SMRT antibodies. The leptin (Lep) promoter sequence
including the GRE site was detected by real-time-PCR with specific primers (see
Materials and Methods). The results are mean � SE of three separate experi-
ments expressed as the percentage of control. *P � 0.05 versus untreated cells;
**P � 0.05 versus leptin. D: MCF-7 cells were treated with 1000 ng/mL of leptin
and/or 10 �mol/L BRL for 48 hours. Immunoprecipitation was performed using

anti-GR (left panel) or anti-PPAR� (right panel) antibodies and then blotted
with anti-PPAR�, GR, NCoR, SMRT, or DAX-1 antibodies.
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recruitment of corepressors to the Ob promoter was
markedly reduced (data not shown).

BRL Abrogates Leptin-Activated Estrogen
Signaling in MCF-7 Cells

We previously demonstrated that leptin can transactivate
ER� and enhance aromatase gene expression in breast
cancer cells.6,8 Thus, because PPAR� ligands interfere
with leptin signaling, we investigated the ability of BRL to
reverse the leptin effects on estrogen signaling.

In MCF-7 cells transiently transfected with XETL con-
struct, we observed that BRL significantly inhibited ERE-
dependent transactivation induced by leptin (Figure 6A),
and this effect was reversed by pretreatment with
GW9662 (data not shown). Similar results were repro-
duced in ER-negative CHO cells in which ER� was ec-
topically expressed (Figure 6A).

These data correlated well with the ability of BRL to
abrogate in in vivo and in vitro models the up-regulatory
effects of leptin on mRNA expression levels of the classic
estrogen genes cathepsin, pS2, and cyclin D1 (Figure
6B). Besides, in MCF-7 cell cultures and in xenografts,
BRL reversed the increase in aromatase expression in-
duced by leptin (Figure 6C). These results indicate that
treatment with BRL counteracting leptin action on estro-
gen signaling may contribute to reduce breast cancer
cell growth and progression.

Discussion

For the first time, we demonstrate that activation of
PPAR� reverses leptin-mediated promotion of breast tu-
mor growth either in vivo in MCF-7 xenografts implanted in
female nude mice or in vitro in MCF-7 three-dimensional
and monolayer cultured breast cancer cells.

Elevated leptin levels strongly correlate with obesity,
hyperinsulinemia, and insulin resistance, conditions
found in most patients with diabetes mellitus.35 PPAR�
ligands, thiazolidinediones, able to reduce hyperglyce-
mia and hyperinsulinemia in insulin-resistant states, also
down-regulate gene expression of pluripotent hormone
leptin in vivo and in vitro.11,12 Besides, previous observa-
tions have reported that PPAR� agonists inhibited leptin-
induced proliferation in hepatic stellate cells by suppres-
sion of MAPK activation14 and abolished leptin-directed
migration of endothelial cells through Akt.13 Thus, regu-
lation and function of leptin and PPAR� are possibly
interrelated and relevant in obese patients in whom met-
abolic changes are major contributors to the develop-
ment of breast carcinoma.

The present results show that the PPAR� ligand BRL
prevents the development of leptin-induced MCF-7 tumor
xenografts in the presence of significantly lower plasma
leptin levels and inhibits the increased cell-cell aggrega-
tion and proliferation observed on leptin exposure. The
in vitro results were also reproduced in ER�-negative
breast cancer cells BT20, addressing how the mecha-

nism by which PPAR� activation affects breast tumor cell
growth is not tightly related to estrogen dependency.
Moreover BRL down-regulates the enhanced expression
of ObRs induced by leptin and inhibits MAPK/Akt/STAT3
leptin downstream signaling pathways. These results are
in agreement with data obtained in other cell models
showing that PPAR� ligands suppress ObR mRNA and
its promoter activity and block leptin signaling.13,14,36

It emerges from recent studies that leptin and estrogen
systems are involved in a functional cross talk. For exam-
ple, leptin has been shown to directly transactivate ER�8

Figure 6. BRL antagonizes estrogen signaling induced by leptin (Lep). A:
MCF-7 cells were transfected with XETL plasmid. CHO cells were cotrans-
fected with XETL and HEGO plasmids (CHO/ER�). RLU, relative light unit.
The results are mean � SE of three independent experiments performed in
triplicate. *P � 0.05 versus untreated cells; **P � 0.05 versus leptin. Cathepsin
D, pS2, and cyclin D1 (B) and aromatase (C) mRNA expression in MCF-7 cells
treated for 48 hours as indicated (left panel) and in xenografts (right
panel). 36B4 mRNA levels were determined as control. NC indicates nega-
tive control. The results are mean � SE of three separate experiments in
which the band intensities were evaluated in terms of optical density arbitrary
units and expressed as the percentage of the control assumed to be 100%.
*P � 0.05 versus untreated cells; **P � 0.05 versus leptin.
and positively modulate aromatase activity.6
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We demonstrated in MCF-7 cells that BRL, interfering
with leptin signaling, could reverse the effects of leptin on
estrogen signal specifically, counteracting ER� activation
and its classic target genes in either in vitro or in vivo
models.

Furthermore, the leptin-enhanced aromatase expres-
sion was completely abrogated by BRL treatment as we
observed in xenografts and in monolayer cultures of
MCF-7 cells, underlying the ability of this new class of oral
antidiabetic drugs to inhibit local estrogen production,
which represents an important factor of tumor microenvi-
ronment able to maintain tumor growth and progression.

Activated PPAR� is also known to inhibit the expres-
sion of Ob in adipose tissue.12,37 Herein, we demon-
strated in MCF-7 cells the ability of BRL to reverse the
leptin-induced Ob mRNA expression and its transcrip-
tional activity, showing how PPAR� negatively interferes
in the short autocrine loop maintained by leptin on Ob
gene in breast cancer cells. The human Ob promoter
contains multiple transcription regulatory elements, in-
cluding several CRE, Sp1, and NFkB sites and one GRE
site.38 Functional experiments using Ob promoter–de-
leted constructs and site-directed mutagenesis studies
have shown that the up-regulatory effects induced by
leptin on Ob promoter activity completely reversed by
BRL occurred through the GRE site. These latter results fit
well with the evidence that leptin induced GR transloca-
tion and phosphorylation at S211, which was inhibited by
MAPK and JAK/STAT inhibitors. It was reported that the
S211 phosphorylated GR strongly correlates with GR
transcriptional activation; indeed, inhibition of this phos-
phorylation is associated with decreased nuclear reten-
tion of GR and inhibited gene transcription.39

The important role of GRE in regulating Ob promoter
activity was also shown by electrophoretic mobility shift
assays. We found in nuclear extracts from MCF-7 cells
treated with leptin plus BRL a strong increase in the
GRE-DNA binding that was immunodepleted by anti-GR
and anti-PPAR� antibodies, suggesting the presence of
the two proteins in the complex.

The physiologic relevance of GRE in the Ob promoter
in vivo is pointed out by ChIP analysis showing that the
GR/PPAR� occupancy of the GRE-containing promoter
region, induced by leptin plus BRL treatment, is concom-
itant with a decrease in RNA Pol II recruitment and a
reduction in Ob transcriptional activity.

It is known that members of the nuclear hormone re-
ceptor superfamily, including GR and PPAR�, once acti-
vated, can interact physically and modulate target gene
transcription.40,41 We have shown a strong association of
PPAR� with GR in the nuclear fraction of untreated MCF-7
cells that was further potentiated by leptin plus BRL treat-
ments.

PPAR� and GR can regulate transcription by several
distinct mechanisms, and their functions, as shown for
other corticosteroid receptors, seem to depend not only
on ligand binding, which is known to regulate receptor
conformation, but also on the context of the gene and
associated promoter factors that contribute to create a
gene-specific topography, achieving specific profiles of

gene expression.42,43 Our proposed model for PPAR�-
mediated repression of the Ob gene involves its interac-
tion with GR and recruitment of the corepressors NCoR
and SMRT, which share the same molecular architecture,
interact with many of the same transcription factors, and
assemble into similar corepressor complexes.44 NCoR
and SMRT are recruited by PPAR� and GR to regulate the
transcription of different genes.45,46 Overexpression of
NCoR and SMRT represses PPAR�-mediated gene tran-
scription in certain cell types,47 and recently, increasing
evidence suggests that these two corepressors modulate
adipogenesis most likely via their ability to repress
PPAR� action.48,49 The present results suggest that in
MCF-7 cells on BRL and to a higher extent leptin plus
BRL stimulation, NCoR and SMRT are recruited on the
GRE site of the Ob promoter together with GR and
PPAR�.

A hypothetical model of the possible mechanism
through which PPAR� activation may modulate leptin ex-
pression and function in reducing breast cancer growth
is shown in Figure 7. Leptin, through JAK/STAT/MAPK
activation, may phosphorylate GR and induce its trans-
activation, resulting in an increase in leptin promoter ac-
tivity. This up-regulatory effect on Ob is counteracted by
PPAR� through the recruitment of corepressors NCoR
and SMRT on the GRE site of the Ob regulatory region in
the presence of GR and PPAR�.

Moreover, activation of PPAR� also decreases ObRs,
inhibits its transductional pathways, and negatively inter-
feres with estrogen signaling through the down-regula-
tion of aromatase gene expression and the inhibition of
ER� transactivation.

In conclusion, these data suggest that PPAR� li-
gands rather than ameliorate metabolic parameters
may represent pharmacologic tools to be exploited in
the novel therapeutic adjuvant strategies for breast
cancer treatment.

Figure 7. Molecular mechanism through which PPAR� counteracts leptin
expression and function in breast cancer. Leptin, through JAK/STAT/MAPK
activation, increases GR phosphorylation (pGR) and its nuclear translocation.
pGR transactivates leptin promoter by binding to GRE motif. In the presence
of BRL, PPAR� binds to GRE and, through the formation of GR/PPAR�

complex, allows the recruitment of NCoR and SMRT corepressors, thus
inhibiting Ob transcription and reducing breast tumor growth.
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Farnesoid X receptor inhibits tamoxifen-resistant MCF-7 breast cancer cell

growth through downregulation of HER2 expression
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Tamoxifen (Tam) treatment is a first-line endocrine
therapy for estrogen receptor-a-positive breast cancer
patients. Unfortunately, resistance frequently occurs and
is often related with overexpression of the membrane
tyrosine kinase receptor HER2. This is the rationale
behind combined treatments with endocrine therapy and
novel inhibitors that reduce HER2 expression and
signaling and thus inhibit Tam-resistant breast cancer
cell growth. In this study, we show that activation of
farnesoid X receptor (FXR), by the primary bile acid
chenodeoxycholic acid (CDCA) or the synthetic agonist
GW4064, inhibited growth of Tam-resistant breast cancer
cells (termed MCF-7 TR1), which was used as an in vitro
model of acquired Tam resistance. Our results demon-
strate that CDCA treatment significantly reduced both
anchorage-dependent and anchorage-independent epider-
mal growth factor (EGF)-induced growth in MCF-7 TR1
cells. Furthermore, results from western blot analysis and
real-time reverse transcription–PCR revealed that CDCA
treatment reduced HER2 expression and inhibited EGF-
mediated HER2 and p42/44 mitogen-activated protein
kinase (MAPK) phosphorylation in these Tam-resistant
breast cancer cells. Transient transfection experiments,
using a vector containing the human HER2 promoter
region, showed that CDCA treatment downregulated
basal HER2 promoter activity. This occurred through
an inhibition of nuclear factor-jB transcription factor
binding to its specific responsive element located in the
HER2 promoter region as revealed by mutagenesis
studies, electrophoretic mobility shift assay and chromatin
immunoprecipitation analysis. Collectively, these data
suggest that FXR ligand-dependent activity, blocking
HER2/MAPK signaling, may overcome anti-estrogen
resistance in human breast cancer cells and could
represent a new therapeutic tool to treat breast cancer
patients that develop resistance.

Oncogene advance online publication, 18 April 2011;
doi:10.1038/onc.2011.124

Keywords: FXR; breast cancer; tamoxifen resistance;
HER2; NF-jB

Introduction

Administration of the selective estrogen receptor (ER)
modulator tamoxifen (Tam), to block ERa activity, is
still a first-line endocrine therapy for the management of
all stages of ERa-positive breast cancer (Fisher et al.,
1998; Gradishar, 2004). Unfortunately, not all patients
who have ERa-positive tumors respond to Tam (de novo
resistance), and a large number of patients who do
respond will eventually develop disease progression or
recurrence while on therapy (acquired resistance), limit-
ing the efficacy of the treatment.

Multiple mechanisms are responsible for the develop-
ment of endocrine resistance. Among these are the loss
of ERa expression or function (Encarnacion et al.,
1993), alterations in the balance of regulatory cofactors,
increased oncogenic kinase signaling (Blume-Jensen and
Hunter, 2001), and altered expression of growth factor
signaling pathways (Arpino et al., 2004; Schiff et al.,
2004; Sabnis et al., 2005; Staka et al., 2005). For
instance, several preclinical and clinical studies suggest
that both de novo and acquired resistance to Tam in
breast cancers can be associated with elevated levels of
the membrane tyrosine kinase HER2 (c-ErbB2, Her2/
neu) (Chung et al., 2002; Meng et al., 2004; Shou et al.,
2004; Gutierrez et al., 2005).

The HER2 gene codes for a 185 kDa receptor, a
member of the epidermal growth factor receptor (EGFR)
family of transmembrane tyrosine kinases, which also
includes HER3 and HER4, mainly involved in signal
transduction pathways that regulate cell growth and
differentiation. This receptor has no ligand of its own,
but is activated by hetero-oligomerization with other
ligand-activated receptors (Yarden, 2001). The HER2
gene is amplified and/or overexpressed in 20–25% of
ERa-positive breast cancers (Slamon et al., 1989), and
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Correspondence: Professor S Andò, Department of Cell Biology and
Faculty of Pharmacy, Nutritional and Health Sciences, University of
Calabria, Via P. Bucci, Arcavacata di Rende (CS) 87036, Italy.
E-mail: sebastiano.ando@unical.it
5These authors contributed equally to this work.

Oncogene (2011) 1–12
& 2011 Macmillan Publishers Limited All rights reserved 0950-9232/11

www.nature.com/onc

http://dx.doi.org/10.1038/onc.2011.124
http://www.nature.com/onc


clinical observations indicate that tumors with high
levels of HER2 have poor outcome when treated with
Tam (Osborne et al., 2003; Kirkegaard et al., 2007).

The mechanisms by which HER2 overexpression
mediates Tam resistance result from an intimate cross-
talk between ERa and growth factor receptors kinase
cascades, such as Ras/mitogen-activated protein kinase
(MAPK) signaling, that in turn can promote growth and
progression in breast cancer cells, negating the inhibi-
tory effects of Tam on nuclear ERa activity (Arpino
et al., 2008). HER2 overexpression is not attributed
solely to amplification of the HER2 gene copy number,
but can also occur from a single-copy gene due to
deregulation events at the transcriptional level (Hurst,
2001).

Thus, an analysis of new mechanisms controlling
HER2/neu receptor gene expression could be important
to enhance strategies to reverse Tam resistance in breast
cancer patients.

Farnesoid X receptor (FXR), a member of the nuclear
receptor superfamily of ligand-dependent transcription
factors, is mainly expressed in the liver and the
gastrointestinal tract, where it regulates expression of
genes involved in bile acids, cholesterol and triglyceride
metabolism (Forman et al., 1995; Makishima et al.,
1999; Parks et al., 1999). Recently, this receptor was also
detected in different non-enterohepatic compartments,
including breast cancer tissue and breast cancer cell lines
(Bishop-Bailey, 2004; Swales et al., 2006; Journe et al.,
2008; Catalano et al., 2010). For instance, FXR
activation inhibits breast cancer cell proliferation and
negatively regulates aromatase activity reducing local
estrogen production (Swales et al., 2006), whereas other
authors have reported that FXR activation stimulates
MCF-7 cell proliferation but only in steroid-free
medium (Journe et al., 2008). However, the functions
of FXR in breast cancer tissue are still not completely
understood, and there are no data regarding its role in
the endocrine-resistant breast cancer phenotype. Thus,
we have investigated whether activated FXR may
modulate the growth of human MCF-7 Tam-resistant
breast cancer cells, a model that was developed to mimic
in vitro the occurrence of acquired Tam resistance.

Here, we demonstrate that a specific FXR ligand
chenodeoxycholic acid (CDCA) or its synthetic agonist
GW4064 inhibited Tam-resistant breast cancer cell
proliferation and EGF-induced growth, by reducing
expression of the HER2 receptor. This occurs through
an FXR-mediated inhibition of nuclear factor (NF)-kB
binding on the human HER2 promoter region.

Results

FXR expression in Tam-resistant breast cancer cells
Acquired resistance to Tam has been associated with
elevated levels of the membrane tyrosine kinase HER2
(Knowlden et al., 2003; Nicholson et al., 2004; Gutierrez
et al., 2005). In agreement with these reports, we found a
marked increase in the levels of total HER2 protein
content in Tam-resistant MCF-7 TR1 compared with

MCF-7 cells, whereas no differences were seen in the
expression of EGFR and ERa (Figure 1a). We therefore
evaluated anchorage-independent growth of MCF-7
and MCF-7 TR1 cells after treatment with herceptin, a
humanized monoclonal antibody directed against the
extracellular domain of HER2, in the presence or not of
EGF. Herceptin had no effect on MCF-7 growth,
whereas significantly inhibited anchorage-independent
growth of MCF-7 TR1 cells in basal conditions as well
as upon EGF treatment (Figure 1b). These data confirm
that the HER2 overexpression found in the MCF-7 TR1
cells renders them more sensitive to the inhibitory effect
of this selective HER2-targeted agent.

Next, we evaluated the expression of FXR in MCF-7
and MCF-7 TR1 cells. Our results revealed the presence
of FXR mRNA (Figure 1c, upper panel) and protein
(Figure 1c, lower panel) in both MCF-7 and MCF-7
TR1 cells. To assess the ability of FXR to be
transactivated by CDCA, we transiently transfected
cells with an FXR-responsive reporter gene (FXRE-IR1)
followed by treatment with increasing doses of CDCA.
The specificity of the system was tested by co-transfect-
ing the cells with a dominant negative FXR (FXR-DN)
plasmid. As shown in Figure 1d, CDCA treatment
induced a dose-dependent FXR activation in both cell
lines and expression of the FXR-DN completely
abrogated the CDCA-induced transactivation.

FXR activation inhibits Tam-resistant breast cancer cell
growth
We examined, by MTT growth assays, the effects of
increasing doses of CDCA and GW4064. Treatment
with both ligands reduced cell proliferation in a dose-
dependent manner in MCF-7 and MCF-7 TR1 cells,
whereas had no effects on normal breast epithelial cells
MCF-10A (Figures 2a and b). Similar results in growth
inhibition were also obtained in another Tam-resistant
breast cancer cell line termed MCF-7 TR2 (Supplemen-
tary Figures 2a and b). It is worth noting that the
inhibitory effects exerted by FXR ligands on cell
proliferation were significant at lower dose in MCF-7
TR1 cells compared with MCF-7 cells, as evidenced by
half-maximal inhibitory concentration (IC50) values
(Table 1). The antiproliferative effects exerted by CDCA
were completely reversed in the presence of a FXR-DN
plasmid, supporting the specific involvement of the FXR
(Figure 2c).

Next, we tested the effects of CDCA in the presence
of Tam on cell growth (Figure 2d). As expected, with
anti-estrogen treatment, cell viability was significantly
reduced in MCF-7 cells, whereas MCF-7 TR1 cells
growth was unaffected, confirming the Tam-resistant
phenotype. Interestingly, combined treatment with
CDCA and Tam reduced growth of MCF-7 TR1 cells
compared with treatment with Tam alone, but showed
no additive effects in MCF-7 cells (Figure 2d). The
ability of CDCA and Tam to inhibit Tam-resistant
growth was also confirmed using anchorage-indepen-
dent growth assays (Figure 2e). These results suggest
that FXR activation can interfere with the cellular
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mechanisms by which MCF-7 TR1 cells escape antihor-
monal treatments.

CDCA reduces HER2 expression and signaling in MCF-7
TR1 cells
To understand the mechanisms associated with CDCA-
mediated inhibition of Tam-resistant growth in breast
cancer cells, we evaluated the possible role of FXR lig-
ands in modulating HER2 expression. As shown in
Figure 3a, treatment with CDCA downregulated HER2
protein expression in both cell lines, but with higher
reduction seen in MCF-7 TR1 cells. Similar results were
also observed after treatment with GW4064 (data not
shown). A reduction in HER2 levels was also found
upon CDCA treatment in MCF-7 TR2 cells (Supple-
mentary Figure 2c). No differences were found in
EGFR expression upon CDCA treatment (Supplemen-
tary Figure 3), confirming that activated FXR specifi-
cally target HER2 expression in breast cancer cells. In
the presence of an FXR-DN the HER2 downregulation
was completely abrogated, confirming FXR involve-
ment in CDCA-induced effects on HER2 (Figure 3b).
Next, we questioned whether these HER2-decreased
levels could modify the responsiveness of breast cancer
cells after growth factor stimulation. Thus, we investi-
gated the effects of short-term stimulation with EGF, in
the presence of CDCA treatment, on phosphorylation

levels of HER2 and MAPK, the main downstream
effectors of the growth factor signaling. EGF treatment
increased phosphorylation of both HER2 and MAPK,
even though in higher extent in MCF-7 TR1 cells.
However, pretreatment with CDCA reduced EGF-
induced phosphorylation of HER2 in both cell lines
and drastically prevented MAPK activation in MCF-7
TR1 cells (Figure 3c). In addition, data obtained from
MTT (Figure 3d upper panel) as well as soft-agar
(Figure 3d lower panel) growth assays revealed that
CDCA treatment inhibited EGF-induced growth by
70% in anchorage-dependent and 50% in anchorage-
independent assays in MCF-7 TR1 cells. CDCA was less
effective in MCF-7 cells. These results well correlated
with the downregulatory effect of CDCA on EGF-
induced cyclin D1 expression, particularly in MCF-7
TR1 cells (Figure 3e).

Activated FXR inhibits the binding of NF-kB to HER2
promoter region
To explore whether HER2 downregulation relies on
transcriptional mechanisms, we evaluated, using real-
time reverse transcription (RT)–PCR, HER2 mRNA
levels after treatment with CDCA for different times.
Exposure to CDCA exhibited a time-dependent reduc-
tion in HER2 mRNA levels in both MCF-7 and MCF-7
TR1 cells (Figure 4a). Also, transcriptional activity of a
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reporter plasmid containing the human HER2 promoter
region (pNeuLite) was significantly reduced with CDCA
treatment in both cell lines (Figures 4c and d).

The human HER2 promoter contains multiple con-
sensus sites for several transcription factors, including
Sp1, as well as activator protein (AP)-1 and NF-kB, the
well known effectors of FXR transrepression (He et al.,
2006; Vavassori et al., 2009) (Figure 4b). To identify the
region within the HER2 promoter responsible for
CDCA inhibitory effects, HER2 promoter-deleted con-
struct (�232 pNeuLite) activity was tested (Figure 4b).
We observed that the responsiveness to CDCA was
still maintained, suggesting that the region from �232
to þ 1 containing the NF-kB motif might be involved in
transrepression mechanisms exerted by activated FXR
(Figures 4c and d). Thus, we performed site-directed
mutagenesis on the NF-kB domain (NF-kB Mut) within
the HER2 promoter (Figure 4b). Mutation of this

domain abrogated CDCA effects (Figures 4c and d).
These latter results demonstrate that the integrity of
NF-kB-binding site is necessary for FXR modulation of
HER2 promoter activity in breast cancer cells.

The specific role of the NF-kB motif in the transcrip-
tional regulation of HER2 by CDCA was investigated
using electrophoretic mobility shift assays. We observed
the formation of a complex in nuclear extracts from
MCF-7 and MCF-7 TR1 cells using synthetic oligo-
deoxyribonucleotides corresponding to the NF-kB motif
(Figure 5a, lanes 1 and 5), which was abrogated by incu-
bation with 100-fold molar excess of unlabeled probe
(Figure 5a, lanes 2 and 6), demonstrating the specificity
of the DNA-binding complex. This inhibition was no
longer observed when mutated oligodeoxyribonucleo-
tide was used as competitor (Figure 5a, lanes 3 and 7).
Interestingly, treatment with CDCA strongly decreased
the DNA-binding protein complex compared with
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Figure 2 FXR ligands effects on breast cancer cells proliferation. MTT growth assays in MCF-10A, MCF-7 and MCF-7 TR1 cells
treated with vehicle (�) or increasing doses of CDCA (12.5–25–50–100mM) (a) or GW4064 (0.3–3–6.5–10mM) (b) for 7 days. Cell
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Table 1 IC50 of CDCA and GW4064 for MCF-7 and MCF-7 TR1 cells on anchorage-dependent growth

Cell lines IC50 (mmol/l) CDCA 95% confidence interval P IC50 (mmol/l) GW4064 95% confidence interval P

MCF-7 46 42.2–50.1 6.04 5.44–6.70
MCF-7 TR1 31 28.6–33.9 0.0001 4.47 3.6–5.49 0.008

Abbreviations: CDCA, chenodeoxycholic acid; IC50, half-maximal inhibitory concentration.
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control samples (Figure 5a, lanes 4 and 8). The inclusion
of an anti-NF-kB antibody in the reaction immuno-
depleted the specific band, confirming the presence of
NF-kB in the complex (Figure 5b, lanes 3 and 9).
Nonspecific IgG did not affect NF-kB complex forma-
tion (Figure 5b, lanes 4 and 10). Recombinant NF-kB
protein revealed a complex migrating at the same level
as that of nuclear extracts from cells (Figure 5a, lane 9;
Figure 5b, lanes 5 and 11). Of note, the CDCA-induced
reduction in the DNA-binding complex was no longer
observed utilizing as probe synthetic oligodeoxyribonu-
cleotides corresponding to the AP-1 and Sp1 motifs
(Supplementary Figures 1a and b). To better define the
role of FXR in the inhibition of NF-kB binding on
HER2 promoter, a competition assay using recombi-
nant NF-kB protein and increasing amounts of in vitro-
translated FXR protein (1, 3 and 5 ml) was carried out. A
dose-dependent reduction in the NF-kB complex was
seen (Figure 5c, lanes 1–4), suggesting that physical
interaction between these two transcription factors may
inhibit the binding of NF-kB to human HER2 promoter

region. To further test this possibility, we performed
coimmunoprecipitation studies using nuclear protein
fractions from MCF-7 and MCF-7TR1 cells treated
with CDCA. As shown in Figure 6a, the formation of an
FXR and NF-kB complex was detected in untreated
cells, and this association was enhanced with FXR
ligand treatment.

Moreover, to confirm the involvement of NF-kB in
CDCA-mediated HER2-downregulation at the promo-
ter level, ChIP assays were performed. Using specific
antibodies against NF-kB and RNA-polymerase II,
protein–chromatin complexes were immunoprecipitated
from cells cultured with or without CDCA for 1 h.
The resulting precipitated DNA was then quantified
using real-time PCR with primers spanning the
NF-kB-binding element in the HER2 promoter region.
NF-kB recruitment was significantly decreased upon
CDCA treatment in both cell lines (Figure 6b). This
result was well correlated with a lower association of
RNA-polymerase II to the HER2 regulatory region
(Figure 6c).
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Figure 3 Effects of CDCA on HER2 expression and its transduction pathways in MCF-7 and MCF-7 TR1 cells. (a) MCF-7 and
MCF-7 TR1 cells were treated for 24 h with vehicle (�) or CDCA 25 and 50mM before lysis. Equal amounts of total cellular extract
were analyzed for HER2 levels by western blotting. b-Actin was used as loading control. (b) Cells were transiently transfected with
either empty vector (e.v.) or FXR-DN plasmids and then treated with vehicle (�) or CDCA 50 mM for 24 h and HER2 levels were
evaluated by western blotting. b-Actin was used as loading control. (c) Immunoblot analysis showing phosphorylated HER2 (pHER2
Tyr1248) and MAPK (pMAPK Thr202/Tyr204), total HER2, total MAPK in MCF-7 and MCF-7 TR1 cells pretreated for 24 h with
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panel) and soft-agar assay (lower panel) in cells treated with CDCA 50 mM with or without EGF 100 ng/ml for 4 days and 14 days,
respectively. The MTT assay results are expressed as fold change±s.d. relative to vehicle-treated cells and are representative of three
different experiments each performed in triplicate. The soft-agar assay values are represented as a mean of colonies number 450mm
diameter counted at the end of assay. Percentages of inhibition induced by CDCA versus EGF treatment alone are shown. (e) Cells
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were analyzed for cyclin D1 levels by western blot analysis. b-Actin was used as loading control. Numbers on top of the blots represent
the average fold change versus control of MCF-7 cells normalized for b-Actin.
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To further confirm the transcriptional repression
mediated by activated FXR, we also evaluated the
histone deacetylase 3 association on the NF-kB-respon-
sive sequence within the HER2 promoter. CDCA
stimulation enhanced the recruitment of histone deace-
tylase 3 to this NF-kB promoter site (Figure 6d).

HER2 downregulation underlies the ability of FRX
ligands to inhibit breast cancer cell growth
We evaluated the effects of CDCA on cell growth in the
ERa-negative and HER2-overexpressing breast cancer
cells SKBR3. Treatment with CDCA inhibited SKBR3
anchorage-dependent growth in a dose-dependent
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manner (Figure 7a) and reduced colony growth in
anchorage-independent assay (Figure 7b). Indeed, we
found, after 48 h of treatment with CDCA, a marked
decrease in both HER2 protein and mRNA levels
(Figures 7c and d). In these cells, HER2 promoter activity
was similarly reduced with CDCA treatment (Figure 7e).

Finally, we explored the ability of FXR ligands
to inhibit proliferation using as additional model
Tam-resistant derivative cell line engineered to stably
overexpress HER2 (MCF-7/HER2-18). As expected,
Tam-resistant growth in these cells was not affected
by both CDCA and GW4064 treatments (Figure 7f).
Altogether, these results well evidence how FXR-
mediated downregulation of HER2 at transcriptional
level is fully responsible for inhibiting breast cancer
cell proliferation.

Discussion

In this study, we show for the first time that the
activated FXR downregulates HER2 expression in
ERa-positive breast cancer cells resistant to Tam. This
occurs through the inhibition of NF-kB binding to
its responsive element located in the human HER2

promoter region and results in a significant reduction of
Tam-resistant growth.

The HER2/neu transmembrane kinase receptor is a
signaling amplifier of the HER family network, as
activation of membrane tyrosine receptors (EGFR,
HER3 and HER4) by their respective ligands determines
the formation of homodimeric and heterodimeric kinase
complexes into which this receptor is recruited as a
preferred partner (Yarden, 2001). Multiple lines of
evidences suggest a role of HER2 in the pathogenesis
of breast carcinoma (Allred et al., 1992; Glockner et al.,
2001), and clinical data suggest that breast tumors
expressing elevated levels of HER2 show a more
aggressive phenotype and worse outcome when treated
with Tam (Arpino et al., 2004; De Laurentiis et al.,
2005). Thus, inhibitory agents targeting HER2, such as
the monoclonal antibody trastuzumab (herceptin), have
been explored to improve hormonal treatment or delay
emergence of endocrine resistance in estrogen-dependent
breast tumors (Johnston, 2009). However, even though
an increased response rate is obtained when trastuzu-
mab is used in combination with chemotherapeutic
agents (Seidman et al., 2001; Slamon et al., 2001),
patients can still develop resistance (Slamon et al., 2001).
These observations highlight the importance of disco-
vering new therapeutic tools interfering with HER2-
driven signaling to overcome therapy resistance.

We have demonstrated that treatment of breast
cancer cells resistant to Tam with the FXR natural
ligand CDCA resulted in a reduction of HER2 protein
expression. Similar results were also obtained in the
ERa-negative and HER2-overexpressing SKBR3 breast
cancer cells, suggesting that it may represent a general
mechanism not related to cell specificity. Moreover, it
assumes more relevance in Tam-resistant breast cancer
cells, which are strongly dependent on HER2 activity
for their growth. The complete abrogation of FXR-
mediated HER2 downregulation with expression of an
FXR-DN vector, along with the effects exerted by the
synthetic FXR agonist GW4064, clearly demonstrated
that activated FXR is involved in the regulation of
HER2 expression. Furthermore, quantitative RT–PCR
analysis demonstrated that HER2 mRNA levels were
significantly decreased in both MCF-7 and MCF-7 TR1
cells treated with CDCA, suggesting that the FXR-
induced HER2 downregulation arises via transcriptional
mechanisms. Therefore, we focused on the molecular
mechanisms by which FXR mediates repression of
HER2 gene expression and on the biological conse-
quences of FXR activation on anti-estrogen-resistant
growth of breast cancer cells.

FXR acts mainly by regulating the expression of
target genes by binding either as a monomer or
heterodimer with the retinoid X receptor to FXR res-
ponse elements (Laffitte et al., 2000; Ananthanarayanan
et al., 2001; Claudel et al., 2002; Kalaany and
Mangelsdorf, 2006). Human HER2 promoter did not
display any FXR response elements, thus it is reasonable
to hypothesize that FXR-induced downregulation of
HER2 promoter activity may occur through its inter-
action with other transcriptional factors. For instance, it
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Figure 6 FXR inhibits NF-kB recruitment to HER2 promoter.
(a) MCF-7 and MCF-7 TR1 cells were treated with vehicle (�) or
CDCA 50 mM for 1 h before lysis. FXR protein was immunopre-
cipitated using an anti-FXR polyclonal antibody (IP:FXR) and
resolved in SDS–polyacrylamide gel electrophoresis. Immunoblot-
ting was performed using an anti-NF-kB (p65 subunit) monoclonal
antibody and anti-FXR antibody. MCF-7 and MCF-7 TR1 cells
were treated in the presence of vehicle (�) or CDCA 50 mM for 1 h,
then crosslinked with formaldehyde, and lysed. The precleared
chromatin was immunoprecipitated with anti-NF-kB (b), anti-
RNA polymerase II (c) and anti-HDCA3 (d) antibodies. A 5ml
volume of each sample and input was analyzed by real-time PCR
using specific primers to amplify HER2 promoter sequence,
including the NF-kB site. Similar results were obtained in multiple
independent experiments. *Po0.01 compared with vehicle.
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has been described the transrepression mechanisms for
FXR-mediated inhibition of endothelin-1 expression in
vascular endothelial cells (He et al., 2006). In addition, it
has also been demonstrated that FXR negatively
regulates IL-1b expression by stabilizing the nuclear
corepressor NCoR on the NF-kB sequence within the
IL-1b promoter (Vavassori et al., 2009). Several recog-
nition elements are present within the HER2 proximal
promoter (Ishii et al., 1987; Hurst, 2001) and among
these functional motifs we have identified both AP-1
and NF-kB response elements as potential targets of
FXR. We have demonstrated by functional studies and
site-specific mutagenesis analysis that the integrity of the
NF-kB sequence is a prerequisite for the downregula-
tory effects of the FXR ligand on HER2 promoter

activity. These results were supported by electrophoretic
mobility shift assays, which revealed a marked decrease
in a specific DNA-binding complex in nuclear extracts
from MCF-7 and MCF-7 TR1 cells treated with CDCA.
In vitro competition studies showed that FXR protein
was able to inhibit the binding of NF-kB to its
consensus site on the HER2 promoter. Furthermore,
we observed a reduced recruitment of both NF-kB and
RNA polymerase II in CDCA-treated cells, concomi-
tant with an enhanced recruitment of histone deacety-
lase 3 supporting a negative transcriptional role for
FXR in modulating HER2 expression.

The physiological relevance of these effects is pointed
out by proliferation studies showing that FXR activa-
tion reduced breast cancer cell growth, but did not affect
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the proliferation of the non-tumorogenic breast epithe-
lial MCF-10A cell line. MCF-7 TR1 cells exhibited
lower IC50 values for both ligands compared with
parental MCF-7 cells, suggesting a higher sensitivity of
the Tam-resistant cells to the effects of FXR ligands.
This suggestion is also well supported by the results
obtained from growth assays, showing that combined
treatment with CDCA and Tam significantly reduced
Tam-resistant growth in MCF-7 TR1 cells, compared
with Tam alone, but had no additive effects in MCF-7
parental cells. Moreover, FXR ligands failed to inhibit
Tam-resistant growth in MCF-7/HER2-18 cells, in
which HER2 expression is not driven by its own gene
promoter activity. These latter results provided evi-
dences that the downregulation of HER2 expression
at transcriptional level underlies the ability of acti-
vated FXR to inhibit Tam-resistant growth in breast
cancer cells.

Previous in vitro studies showed that enhanced
EGFR/HER2 expression together with activation of
downstream signaling pathways such as p42/44 MAPK
are involved in acquired Tam resistance (Knowlden
et al., 2003; Nicholson et al., 2004). Our studies showed
that CDCA treatment significantly reduced the ability
of EGF to activate its signal transduction cascade in
MCF-7 TR1 cells, inhibiting both HER2 and MAPK
phosphorylation. In addition, FXR activation was
associated with a marked inhibition in EGF-induced
growth, concomitant with a reduction in cyclin D1
expression in Tam-resistant breast cancer cells. All
together these data demonstrate, as represented in
Figure 8, that activated FXR, by preventing the binding
of NF-kB to its response element located in the HER2
promoter sequence, abrogates HER2 expression and

signaling, resulting in an inhibition of Tam-resistant
growth in breast cancer cells.

Deciphering the molecular mechanisms responsible
for the development of hormonal resistance is essential
for establishing the most appropriate hormone agent
according to tumor characteristics and for defining the
optimal sequence of endocrine therapies. Moreover, this
knowledge is critical for development of new therapeutic
approaches able to either overcome or prevent endo-
crine resistance in breast cancer patients. Over the last
years, significant survival benefits for breast cancer were
derived from the use of combined treatment of endo-
crine therapies with new targeted therapies in endocrine
responsive breast cancer (Johnston, 2009). In this
scenario, the sequencing or the combination of Tam
with FXR ligands may represent an important research
issue to explore as an alternative therapeutic strategy to
treat breast cancer patients whose tumors exploit HER2
signaling to escape Tam treatment.

Materials and methods

Reagents and antibodies
The following components were obtained from the given
respective companies, with their addresses in brackets.
DMEM, L-glutamine, penicillin, streptomycin, fetal bovine
serum, MTT, 4-hydroxytamoxifen, CDCA and EGF from
Sigma (Milan, Italy). TRIzol by Invitrogen (Carlsbad, CA,
USA). FuGENE 6 by Roche (Indianapolis, IN, USA).
TaqDNA polymerase, RETROscript kit, Dual Luciferase kit,
TNT master mix and NF-kB protein from Promega (Madison,
WI, USA). SYBR Green Universal PCR Master Mix by Bio-
rad (Hercules, CA, USA). Antibodies against FXR, b-actin,
Cyclin D1, p65, ERa, EGFR and Lamin B by Santa Cruz
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Figure 8 Proposed working model of the FXR-mediated regulation of HER2 expression in Tam-resistant breast cancer cells. In the
absence of CDCA, HER2 expression is regulated by several serum factors, including NF-kB, acting through a regulatory region in
HER2 promoter and enabling gene transcription. Upon CDCA treatment, FXR binds NF-kB, inhibiting its recruitment on the
response element located in the proximal HER2 promoter, causing displacement of RNA polymerase II with consequent repression of
HER2 expression.
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Biotechnology (Santa Cruz, CA, USA). MAPK, phosphory-
lated p42/44 MAPK (Thr202/Tyr204), phosphorylated HER2
(Tyr1248) from Cell Signaling Technology (Beverly, MA, USA).
HER2 from NeoMarker (Fremont, CA, USA). ECL system
and Sephadex G-50 spin columns from Amersham Bio-
sciences (Buckinghamshire, UK). [g32P]ATP from PerkinElmer
(Wellesley, MA, USA). Herceptin from Genentech (San
Francisco, CA, USA).

Plasmids
The plasmid pNeuLite containing human HER2/neu promoter
region was kindly provided by Dr Mien-Chie Hung (Uni-
versity of Texas, M.D. Anderson Cancer Center, Houston,
TX, USA) (Xing et al., 2000). The FXR-responsive reporter
gene (FXRE-IR1) and FXR-DN expression plasmids were
provided from Dr T.A. Kocarek (Institute of Environmental
Health Sciences, Wayne State University, USA) (Kocarek
et al., 2002).
The �232 pNeuLite construct was generated by PCR using

as template the pNeuLite plasmid with the following primers:
forward 50-GATAAGTGTGAGAACGGCTGCAGGC-30

and reverse 50-GGGCAGATCTGGTTTTCCGGTCCCAAT
GGA-30. The amplified DNA fragment was digested with
BglII and KpnI and ligated into pGL2-basic vector. Deletion
was confirmed by DNA sequencing.

Site-directed mutagenesis
The pNeuLite promoter plasmid-bearing NF-kB-responsive
element-mutated site (NF-kB mut) was created by site-directed
mutagenesis using Quick Change kit (Stratagene, La Jolla, CA,
USA), according to manufacturer’s method. We used as
template the pNeuLite plasmid and the following primers
(mutations are shown as lowercase letters): 50-AGAGAGGG
AGAAAGTGAAGCTaatcGTTGCCGACTCCCAGACTTC
G-30 and 50-CGAAGTCTGGGAGTCGGCAACgattAGC
TTCACTTTCTCCCTCTCT-30. Mutation was confirmed by
DNA sequencing.

Cell culture
MCF-7 cells were cultured in DMEM containing 10% fetal
bovine serum. MCF-7 TR1 and MCF-7 TR2 cells were
generated in the laboratory of Dr Fuqua as previously
described (Barone et al., 2011) and maintained with 10�6 M
(MCF-7 TR1) and 10�7 M (MCF-7 TR2) of 4-hydroxytamox-
ifen. SKBR3 cells were cultured in phenol red-free RPMI
medium containing 10% fetal bovine serum. MCF-10A
normal breast epithelial cells were grown in DMEM–F12
medium containing 5% horse serum. MCF-7/HER2-18 were
kindly provided by Dr Schiff (Baylor College of Medicine,
Houston, TX, USA) and maintained as described (Shou et al.,
2004). Before each experiment, cells were grown in phenol red-
free medium, containing 5% charcoal-stripped fetal bovine
serum for 2 days and treated as described.

Cell proliferation assays
Cell proliferation was assessed using MTT and soft-agar
anchorage-independent growth assays as described (Barone
et al., 2009; Giordano et al., 2010). The IC50 values were
calculated using GraphPad Prism 4 (GraphPad Software Inc.,
San Diego, CA) as described (Herynk et al., 2006).

Immunoprecipitation and immunoblot analysis
Cells were treated as indicated before lysis for total protein
extraction (Catalano et al., 2010). Nuclear extracts were
prepared as described (Morelli et al., 2004). For coimmuno-

precipitation experiments, we used 1mg of nuclear protein
extract and 2 mg of FXR antibody, followed by protein A/G
precipitation. Equal amounts of cell extracts and coimmuno-
precipitated protein were subjected to SDS–polyacrylamide gel
electrophoresis, as described (Catalano et al., 2010).

RT–PCR and Real-time RT–PCR assays
FXR gene expression was evaluated by the RT–PCR method
using a RETROscript kit. The cDNAs obtained were amplified
using the following primers: forward 50-CGAGCCTGAAG
AGTGGTACTGTC-30 and reverse 50-CATTCAGCCAACA
TTCCCATCTC-30 (FXR); forward 50-CTCAACATCTCCC
CCTTCTC-30 and reverse 50-CAAATCCCATATCCTCGT-30

(36B4).
The PCR was performed for 35 cycles for hFXR (94 1C

1min, 65 1C 1min, 72 1C 1min) and 18 cycles for 36B4 (94 1C
for 1min, 58 1C for 1min and 72 1C for 1min), as described
(Catalano et al., 2010).
HER2 gene expression was evaluated by real-time RT–PCR.

Total RNA was reverse transcribed with the RETROscript kit;
5ml of diluted (1:3) cDNA was analyzed in triplicates by real-
time PCR in an iCycler iQ Detection System (Bio-Rad) using
SYBR Green Universal PCR Master Mix, following the
manufacturer’s recommendations. Each sample was normal-
ized on its GAPDH mRNA content. Primers used for the
amplification were: forward 50-CACCTACAACACAGACAC
GTTTGA-30 and reverse 50-GCAGACGAGGGTGCAGGA
T-30 (HER2); forward 50-CCCACTCCTCCACCTTTGAC-30

and reverse 50-TGTTGCTGTAGCCAAATTCGTT-30

(GAPDH). The relative gene expression levels were calculated
as described (Sirianni et al., 2007).

Transient transfection assays
MCF-7 and MCF-7 TR1 cells were transiently transfected
using the FuGENE 6 reagent with FXR reporter gene (FXRE-
IR1) in the presence or absence of FXR-DN plasmid. In a set
of experiments, MCF-7, MCF-7 TR1 and SKBR3 cells were
transfected with different HER2 promoter constructs. Lucifer-
ase activity was assayed as described (Catalano et al., 2010).

Electrophoretic mobility shift assays
Nuclear extracts from cells, treated or not for 3 h with CDCA,
were prepared as described (Andrews and Faller, 1991). The
DNA sequences used as probe or as cold competitors are the
following (nucleotide motifs of interest are underlined and
mutations are shown as lowercase letters): NF-kB, 50-AA
GTGAAGCTGGGAGTTGCCGACTCCCAGA-30; mutated
NF-kB, 50-AAGTGAAGCTaatcGTTGCCGACTCCCAGA-30;
AP-1, 50-AGGGGGCAGAGTCAC CAGCCTCTG-30; muta-
ted AP-1, 50-AGGGGGCAtcaTCACCAGCCTCTG-30; Sp1
50-ATCCCGGACTCCGGGGGAGGGGGC-30; mutated Sp1,
50-ATCCCGGACCTCattG GGAGGGGGC-30. In vitro-tran-
scribed and -translated FXR protein was synthesized using the
T7 polymerase in the rabbit reticulocyte lysate system. Probe
generation and the protein-binding reactions were carried out
as described (Catalano et al., 2010). For experiments involving
anti-NF-kB (p65) antibody, the reaction mixture was incu-
bated with this antibody at 4 1C for 12 h before addition of
labeled probe.

Chromatin immunoprecipitation assays
Cells were treated with CDCA or left untreated for 1 h and
then DNA/protein complexes were extracted as described
(Catalano et al., 2010). The precleared chromatin was
immunoprecipitated with anti-NF-kB (p65), anti-histone
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deacetylase 3 or anti-polymerase II antibodies. A normal
mouse serum IgG was used as negative control. A 5 ml volume
of each sample and input DNA was used for real-time PCR
using the primers flanking NF-kB sequence in the human
HER2 promoter region: 50-TGAGAACGGCTGCAGGCA
AC-30 and 50-CCCACCAACTGCATTCCAA-30. Real-time
PCR was performed as described above. Final results were
calculated using the DDCt method, using input Ct values
instead of the GAPDH mRNA. The basal sample was used as
calibrator.

Statistical analyses
Each datum point represents the mean±s.d. of three different
experiments. Data were analyzed by Student’s t-test using the
GraphPad Prism 4 software program. Po0.05 was considered
as statistically significant.
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