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Introduction 
________________________________________________________ 

INTRODUCTION 

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 et 

al. 1996; Lefebvre et al. 2006), immune and inflammatory responses (Fig. 1), 

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

and cancer (Lehrke and Lazar 2005). 

 
Fig. 1 General mechanisms of gene transcription modulation by PPARs 
 
It is located on chromosome 3 at position 3p25, (Greene et al. 1995), ubiquitously 

expressed in different tissues and particularly in adipose tissues and enterocytes 

(Kersten et al. 2000). There are four PPARγ isoforms derived from the alternative 

promoters, PPARγ1,γ2,γ3 and γ4 (Mueller et al. 2002), with the intrinsic ability to 

stimulate adipogenesis by induction of the similar changes in the pre-adipocyte 

expression profile.  
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Such as all the nuclear receptors, PPARγ is characterized from a common 

organization of the translated region in six coding exons with the following 

distribution: one exon for the N-terminal A/B domain, two exons for the DNA-

binding domain (DBD), one for each of the two zinc-fingers, one exon for the 

hinge region, and two exons for the ligand-binding domain (LBD) (Fig. 2). 

 
Fig. 2 A schematic illustration of the domain structure of PPARγ.  
 
PPARγ functions as a transcription factor by heterodimerizing with the retinoid X 

receptor (RXR), after which this complex binds to specific DNA sequence 

elements called Peroxisome Proliferator Response Elements (PPREs). PPREs are 

direct repeats of the consensus sequence with a spacing of one nucleotide 

(AGGTCA-N-AGGTCA) (Palmer et al. 1995) The heterodimer PPAR/RXR 

activated with their ligands can bind to PPREs in promoter regions of target genes, 

coactivators or corepressors are recruited to this complex to modulate gene 

transcription (DiRenzo et al. 1997; McInerney et al. 1998; Yuan et al. 1998) (Fig. 

3). 
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γ 

Fig. 3 Mechanism  of activation by heterodimer of PPARγ and RXR. 

Synthetic and endogenous PPARγ ligands have been used to elucidate the role of 

PPARγ. Specifically, thiazolidinediones (TZDs) including pioglitazone, 

ciglitazone, troglitazone and rosiglitazone (BRL) are synthetic PPARγ ligands 

which are insulin-sensitizing agents developed to treat diabetes mellitus (Sertznig 

et al. 2007). The naturally occurring prostaglandin, 15-deoxy-Δ12,14-

prostaglandin J2(15d-PGJ2), is generally considered to be an endogenous PPARγ 

ligand (Forman et al. 1995; Kliewer et al. 1995). The promiscuous nature of 

PPARγ may lead to the binding of multiple ligands resulting in the activation of 

many cellular pathways including induction of apoptosis. 

Apoptosis or programed cell death is a highly regulated process critical for normal 

development and tissue homeostasis, induced from signals inside or outside the 

cell including radiation, viral infection, growth factors, and hormones (Steller et al. 
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1995). The induction of apoptosis can occur through two pathways: the intrinsic 

apoptotic pathway which involves signaling through the mitochondria and the 

extrinsic apoptotic pathway which is initiated through activation of cell surface 

death receptors (Debatin and Krammer 2004). Apoptotic signaling through the 

intrinsic pathway involves the activation of the proapoptotic Bcl-2 family 

members Bax and Bak, which facilitate the release of cytochome C from the 

mitochondria and subsequent caspase-9 activation. Moreover, it has been reported 

that the p53 tumor suppressor gene regulates the transcription of effectors that are 

also responsible for growth arrest and intrinsic apoptosis in certain cell types in a 

transcription-dependent manner (Caelles et al. 1994; Vousden and Lu 2002). The 

function of p53 is finely tuned through an interaction with other transduction 

pathways regulating the cell network (Appella 2001; Woods and Vousden 2002; 

Haupt 2003; O’Brate and Giannakakou 2003; Yu and Zhang 2005). For instance, 

striking evidence has recently emerged for a cross talk between p53 and relevant 

transcription factors, such as the glucocorticoid, androgen and estrogen receptors 

(Sengupta and Wasylyk 2004). It was therefore proved that these nuclear 

receptors are able to induce a cytosolic accumulation of p53, altering its stability 

and, consequently, its function (Sengupta and Wasylyk 2004). Among the p53 

target genes, the p21Cip1/WAF1 has been recognized to exert an essential role in 

mediating cell cycle arrest at both G1 and G2-M checkpoints (Harper et al. 1993; 

Liu and Lozano 2005). p21Cip1/WAF1 inhibits cyclin D1 or E/cyclin-dependent 

kinase in G1 and cyclin B/cdc2 in G2-M arrest, eliciting regulatory effects on 

DNA replication and repair (Tom et al. 2001).  
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Apoptotic signaling through the extrinsic pathway is initiated by ligands binding 

to death receptors or by induction of trimerization of these receptors (Ashkenazi 

and Dixit 1998). The death receptors belong to the tumor necrosis factor (TNF) 

receptor superfamily, which includes Fas, TNFR1, DR3, DR4 (TRAIL-R1), DR5 

(TRAIL-R2), and DR6. Upon ligand binding and trimerization of death receptors, 

the intracellular death domain of the death receptors recruits adapter proteins such 

as Fas-associated death domain (FADD), forming a death-inducing signaling 

complex (DISC) which helps recruitment of procaspase-8 to the DISC. Caspase-8 

is then activated, leading to activation of the downstream effector caspases such 

as caspase-3 and -7. It has also been suggested that FasL functions as an 

autocrine/paracrine mediator of apoptosis induced by DNA-damaging anticancer 

chemotherapeutic agents (Kasibhatla et al. 1998; Mo and Beck 1999)  (Fig. 4).  
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Fig. 4 Intrinsic and extrinsic death pathways. 
 
In the past few years, we have investigated different molecular mechanisms 

through which PPARγ ligand BRL induces antiproliferative effects and apoptosis 

in human breast and thyroid cancer cells.  

Recently, we have demonstrated the ability of combined treatment with BRL and 

specific ligand of RXR 9-cis retinoic acid (9RA), at low doses, in inducing 

apoptotic events in breast cancer cells.  

Altogether, our data suggest that PPARγ ligands represent pharmacologic tools to 

be exploited in the novel therapeutic adjuvant strategies for treatment of patients 

affected by breast and thyroid carcinoma. 
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MATERIALS AND METHODS 

Reagents  

Rosiglitazone (BRL49653, BRL) was from Alexis (San Diego, CA USA). The 

irreversible PPARγ-antagonist GW9662 (GW), specific inhibitor of GC binging, 

mithramycin (M) 9-cis-retinoic acid (9RA) were purchased from Sigma (Milan, 

Italy). All compounds were solubilized in DMSO or in ethanol (Sigma). 

Cell cultures  

Wild-type human breast cancer MCF7 cells (a gift from Ewa Surmacz, Sbarro 

Institute for Cancer Research and Molecular Medicine, Philadelphia, PA) and 

MDA-MB231 (MDA) breast cancer cells were grown in DMEM plus glutamax 

containing 10% fetal calf serum (FCS) (Invitrogen, Milan, Italy) and 1mg/ml 

penicillin-streptomycin (P/S). BT20 breast cancer cells were grown in MEM 

added as DMEM. MCF7 tamoxifen resistant (MCF7-TR1) breast cancer cells (a 

gift from Dr. Susan Fuqua, Breast Center, Baylor College of Medicine, Houston, 

TX, USA) were grown in MEM with glutamax containing 10% FBS, 1% amino 

acid essential, 1μM 4-hydroxytamoxifen and 1mg/ml penicillin-streptomycin. 

SKBR-3 breast cancer cells were grown in DMEM without red phenol, plus 

glutamax containing 10% fetal bovine serum (Invitrogen) and 1mg/ml penicillin-

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

containing 10% fetal bovine serum (FBS), 1mM sodium pyruvate, 10mM HEPES, 

2,5g/l glucose, 0,2U/ml insulin and 1mg/ml penicillin-streptomycin. Normal 

breast epithelial MCF10 cells were grown in DMEM-F12 plus glutamax 
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containing 5% horse serum (Sigma), 1mg/ml P/S, 0,5µg/ml hydrocortisone and 

10µg/ml insulin. 

Human follicular WRO and anaplastic FRO thyroid cancer cells (a gift from Dr. F. 

Arturi, University of Magna Grecia, Catanzaro, Italy) were grown in DMEM plus 

glutamax containing 10% FBS (Invitrogen) and 1mg/ml P/S.  

Plasmids 

The p53 promoter-luciferase reporters, constructed using pGL2 for cloning of 

p53-1 and -6, and TpGL2 for p53-13 and-14 were kindly provided by Dr. Stephen 

H. Safe (Texas A & M University, College Station, TX). The constructs used 

were generated by Safe (Qin et al. 2002) 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). The p53 antisense plasmid (AS/p53) were gifts from Dr. 

Moshe Oren (Weizmann Institute of Science, Rehovot, Israel). The human wild 

type p21Cip1/WAF1 promoter-luciferase (luc) reporter (p21Cip1/WAF1 wt) and its 

deletion construct which lacks the two p53-binding sites (p21Cip1/WAF1 Δp53) were 

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

Japan). As an internal transfection control, we cotransfected the plasmid pRL-

CMV (Promega Corp., Milan, Italy) that expresses Renilla luciferase 

enzymatically distinguishable from firefly luciferase by the strong 

cytomegalovirus enhancer/promoter. 
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Immunoblotting 

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

treatments in a serum-free medium (SFM) as indicated. Cells were then harvested 

in cold PBS and resuspended in lysis buffer containing 20mM HEPES (pH 8), 

0.1mM EDTA, 5mM MgCl2, 0.5M NaCl, 20% glycerol, 1% Nonidet P-40, and 

inhibitors (0.1mM Na3VO4, 1% PMSF, 20mg/ml aprotinin). Protein 

concentration was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories, 

Hercules, CA). A 50μg portion of protein lysates was used for Western blotting, 

resolved on a 10% SDS-polyacrylamide gel, transferred to a nitrocellulose 

membrane, and probed with an antibody directed against the p53, p21 Cip1/ WAF1, 

caspases 9, FasL, PPARγ and Sp1 (Santa Cruz Biotechnology, CA USA), caspase 

8 (Biomol International, Butler PikePlymouth, PA USA). As internal control, all 

membranes were subsequently stripped (0.2M glycine, pH 2.6, for 30 min at room 

temperature) of the first antibody and reprobed with anti-β actin or anti-GAPDH 

antibodies. The antigen-antibody complex was detected by incubation of the 

membranes for 1 hour at room temperature with peroxidase-coupled goat 

antimouse or antirabbit 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-Polymerase Chain Reaction (RT-PCR) assay 

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

treatments in SFM as indicated. Total cellular RNA was extracted using TRIZOL 
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reagent (Invitrogen) as suggested by the manufacturer. The purity and integrity 

were checked spectroscopically and by gel electrophoresis before carrying out the 

analytical procedures. The evaluation of gene expression was performed by a 

semiquantitative RT-PCR method as previously described (Maggiolini et al. 1999). 

For p53, p21Cip1/WAF1, FasL and the internal control gene 36B4, the primers were: 

5’-GTGGAAGGAAATTTGCGTGT-3’ (p53 forward) and 5-

CCAGTGTGATGATGGTGAGG-3 (p53 reverse), 5’-

GCTTCATGCCAGCTACTTCC-3’ (p21 forward) and 5’-

CTGTGCTCACTTCAGGGTCA-3’ (p21 reverse), 5’-GGA ATG GGA AGA 

CAC CTA TGG A-3’ (FasL forward) and 5’-

AGAGAGAGCTCAGATACGTTGAC-3’ (FasL reverse), 5’-

CTCAACATCTCCCCCTTCTC-3’ (36B4 forward) and 5’-

CAAATCCCATATCCTCGTCC-3’ (36B4 reverse) to yield, respectively, 

products of 190 bp with 18 cycles, 270 bp with 18 cycles, 299 bp with 25 cycles 

and 408 bp with 12 cycles. The results obtained as optical density arbitrary values 

were transformed to percentage of the control (percent control) taking the samples 

from untreated cells as 100%. 

Transfection assay 

Cells were transferred into 24-well plates with 500µL of regular growth 

medium/well the day before transfection. The medium was replaced with lacking 

phenol red and serum on the day of transfection, which was done using Fugene 6 

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

Germany) with a mixture containing 0.5µg of promoter-luciferase reporter 
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plasmid, and 5ng of pRL-CMV. After transfection for 24 hours, treatments were 

added in SFM as indicated and cells were incubated for an additional 24 hours, 

cells were pre-treated for 2 hours with M or GW where applicable. Firefly and 

Renilla luciferase activities were measured using the Dual Luciferase Kit 

(Promega). The firefly luciferase values of each sample were normalized by 

Renilla luciferase activity and data were reported as relative light units.  

To abrogate p53 espression MCF7 cells plated into 10cm dishes were transfected 

with 5µg of AS/p53 using Fugene 6 reagent as recommended by the manufacturer 

(Roche Diagnostics).  

RNA interference (RNAi) 

Cells were plated in 6 well dishes with regular growth medium the day before 

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

with SFM without P/S and cells were transfected with 25 bp RNA duplex of 

stealth RNAi targeted human FasL mRNA sequence 5’-GCC CAU UUA ACA 

GGC AAG UCC AAC U-3’ (Invitrogen), with 25 bp RNA duplex of validate 

RNAi targeted human PPARγ mRNA sequence 5’-GCC UGC AUC UCC ACC 

UUA UUA UUC U-3’ or with a stealth RNAi control (Invitrogen) to a final 

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

by the manufacturer. After 5 hours the transfection medium was changed with 

SFM in order to avoid Lipofectamine 2000 toxicity and cells were exposed to 

1μM BRL for the next 48 hours and then lysed as described for WB analysis or 

treated for 72 hours and then collected as described for the DNA fragmentation. 
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DNA Fragmentation  

DNA fragmentation was determined by gel electrophoresis. Cells were grown in 

10cm dishes to 70 % confluence, and then treated with BRL and/or GW for 72 

hours. In another sets of experiments, cells were treated with 100nM BRL alone 

or in combination of 50nM 9RA for 56 hours. After the treatments cells were 

collected and washed with PBS and pelletted at 1800 rpm for 5 minutes. The 

samples were resuspended in 0.5ml of extraction buffer (50mM, Tris-HCl, pH 8; 

10mM EDTA, 0.5% SDS) fo The DNA pellet was resuspended in 15µl of H2O 

treated with RNAse A for 30 minutes at 37°C. The absorbance of the DNA 

solution at 260 and 280nm was determined by spectrophotometry. The extracted 

DNA (40μg/lane) was subjected to electrophoresis on 1.5% agly significant. 

MTT assay (Mosmann 1983). Cells (2x105 cells/ml) were grown in 6 well plates 

and exposed to BRL 100nM, 9RA 50nM alone or in combination for 48 hours in 

serum free medium (SFM). 100μl of MTT (5mg/ml) were added to each well, and 

the plates were incubated for 4 hours at 37°C. Then, 1ml 0.04N HCl in 

isopropanol was added to solubilise the cells. The absorbance was measured with 

the Ultrospec 2100 Pro spectrophotometer (Amersham-Biosciences) at a test 

wavelength of 570nm with a reference wavelength of 690nm. The optical density 

(O.D.) was calculated as the difference between the two absorbencies. Percent 

viability was calculated as O.D. of drug-treated sample/control O.D.  

Electrophoretic Mobility Shift Assay (EMSA) 

Nuclear extracts from MCF7, WRO and FRO cells were prepared as previously 

described (Andrews and Faller 1991). Briefly, MCF7 cells plated into 10cm 
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dishes were grown to 70-80% confluence shifted to SFM for 24 h and then treated 

with BRL or/and 9RA for 6 hours. Thereafter, cells were scraped into 1.5ml of 

cold PBS. Cells were pelleted for 10 seconds and resuspended in 400 μl cold 

buffer A (10mM HEPES-KOH pH 7.9 at 4°C, 1.5mM MgCl2, 10mM KCl, 

0.5mM dithiothreitol, 0.2mM PMSF, 1mM leupeptin) by flicking the tube. The 

cells were allowed to swell on ice for 10 minutes and then vortexed for 10 

seconds. Samples were centrifuged for 10 seconds and the supernatant fraction 

discarded. The pellet was resuspended in 50μl of cold Buffer B (20mM HEPES-

KOH pH 7.9, 25% glycerol, 1.5mM MgCl2, 420mM NaCl, 0.2mM EDTA, 

0.5mM dithiothreitol, 0.2mM PMSF, 1mM leupeptin) and incubated in ice for 20 

minutes for high-salt extraction. Cellular debris were removed 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 annealing single 

stranded oligonucleotides and labeled with [γ32P] ATP (Amersham Pharmacia) 

and T4 polynucleotide kinase (Promega) and then purified using Sephadex G50 

spin columns (Amersham Pharmacia). 

The DNA sequence of the NFκB used as probe or as cold competitor is the 

following: NFκB, 5’-AGTTGAGGGGACTTTCCCAGGC-3’ and the sequence, 

obtained from the  p53 promoter gene. Sp1 sequence, present in the native human 

p21Cip1/WAF1 promoter gene used as probe or as cold competitor is the following: 

Sp1, 5’-GGG GGT CCC GCC TCC TTG A-3’ (Sigma). The protein binding 

reactions were carried out in 20μl of buffer [20mM Hepes pH 8, 1mM EDTA, 

50mM KCl, 10mM DTT, 10% glicerol, 1mg/ml BSA, 50μg/ml poly dI/dC] with 
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50,000 cpm of labeled probe, 5μg of MCF7 nuclear protein and 5μg of poly (dI-

dC). The mixtures were incubated at room temperature for 20 minutes in the 

presence or absence of unlabeled competitors oligonucleotides. 

For the experiments involving anti-PPARγ, anti-RXRα and anti-Sp1 antibodies 

and IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and the treatment of 

100nM M in vitro, the reaction mixture was incubated with these antibodies and 

this treatment at 4°C for 30 minutes before addition of labelled probe. The entire 

reaction mixture was electrophoresed through a 6% polyacrylamide gel in 0.25X 

Tris borate-EDTA for 3 hours at 150 V. Gel was dried and subjected to 

autoradiography at –70°C. 

Chromatin Immunoprecipitation (ChIP) assays 

For ChIP assay, MCF7, WRO and FRO cells were grown in 10cm dishes to 50-

60% confluence, shifted to SFM for 24 hours and then treated with 1μM BRL and 

100nM M for 1 hour or pre-incubated with M where required. In another sets of 

experiments, cells were treated with 100nM BRL alone or in combination of 

50nM 9RA. 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 200μl of lysis buffer (1% SDS, 10mM 

EDTA, 50mM 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 (Sonics, 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 1.3ml of IP 

buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCl pH 8.1, 
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16.7mM NaCl) followed by immunoclearing with 80μl of sonicated salmon sperm 

DNA/protein A agarose (UBI, DBA Srl, Milan - Italy) for 1 hour at 4°C. 

The precleared chromatin was immunoprecipitated with anti-PPARγ, anti-Sp1, 

anti-RXRα and anti-RNA pol II antibodies (Santa Cruz Biotechnology).  A 

agarose were added and precipitation was further continued for 2 hours at 4°C. 

After pelleting, the precipitates were washed sequentially for 5 minutes with the 

following buffers: wash A (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM 

Tris–HCl (pH 8.1), 150mM NaCl); wash B (0.1% SDS, 1% Triton X-100, 2mM 

EDTA, 20mM Tris–HCl (pH 8.1), 500mM NaCl); and wash C (0.25M LiCl, 1% 

NP-40, 1% sodium deoxycholate, 1mM EDTA, 10mM Tris–HCl (pH 8.1)), and 

then twice with TE buffer (10mM Tris, 1mM EDTA). The immunocomplexes 

were eluted with the elution buffer (1% SDS, 0.1M NaHCO3). The eluates were 

reverse cross-linked by heating at 65°C and digested with proteinase K (0.5mg/ml) 

at 45°C for overnight. DNA was obtained by phenol/chloroform/isoamyl alcohol 

extraction. To each sample, 2ml of 10mg/ml yeast tRNA (Sigma) were added and 

DNA was precipitated with 70% ethanol for 24 hours at -20°C, and then washed 

with 95% ethanol and resuspended in 20ml TE buffer.  

A 5µl 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 κB site from 

-254 to -242 region. In another set of  experiments we used for PCR the following 

sequence of p21Cip1/WAF1 promoter: 5’-GATTTGTGGCTCACTTCGTGGG-3’ 

(forward) and 5’-GCAGCTGCTCACACCTCAGCT-3’ (reverse) (Gene Bank, 
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accession number: U24170). The PCR conditions for the p53 promoter 45 sec at 

94°C,were while for the p21Cip1/WAF1 promoter fragments were, respectively, 40 

sec at 57°C, 90 sec at 72°C; 1 minute at 95°C, 1 minute at 60°C, and 1 minute at 

72°C. The amplification products obtained with 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). 

JC-1 Mitochondrial Membrane Potential Detection Assay  

The loss of mitochondrial membrane potential (ΔΨm) was monitored with the dye 

5,5’,6,6’tetra-chloro-1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1) 

(Biotium, Hayward, USA). JC-1 is capable of selectively entering mitochondria, 

where it forms monomers and emits green fluorescence when ΔΨm is relatively 

low. At a high ΔΨm, JC-1 aggregates and gives red fluorescence (Cossarizza et al 

1993). MCF7 cells were grown in 10cm dishes and treated with 100nM BRL plus 

50nM 9RA for 48 hours, then Cell were trypsinized, washed in ice-cold PBS, and 

incubated with 10mM 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 aggregate red form has absorption/emission 

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

maxima of 510/527nm. Both apoptotic and healthy cells can be visualized by 

fluorescence microscopy using a wide band-pass filter suitable for detection of 

fluorescein and rhodamine emission spectra.   
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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 36μl RIPA buffer plus 10µg/ml 

aprotinin, 50mM phenylmethylsulfonylfluoride and 50mM sodium orthovanadate 

and then 4μl 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, 20mM Na2SO4, 

10mM PIPES and 1mM 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 Lowry method (Lowry et al. 1951). Equal amounts of protein 

(40μg) were resolved by 15% SDS-PAGE and electrotransferred to nitrocellulose 

membranes. The membranes were incubated in blocking buffer over night at 4°C, 

followed by incubation with 1:1000 sheep polyclonal antihuman cytochrome C 

antibody (2 hours, room temperature) and then with HRP-conjugated (horse 

radish peroxidase-conjugated) secondary antibody (1:2000) for 2 hours at 4°C. As 

internal control, membrane was subsequently stripped (0.2 M glycine, pH 2.6, for 

30 minutes 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 hour at room temperature with 

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

enhanced chemiluminescence system (Amersham Pharmacia). Blots were then 

________________________________________________________ 
 

17



Materials and Methods  
________________________________________________________ 

exposed to film (Kodak film). The intensity of bands representing relevant 

proteins was measured by Scion Image laser densitometry scanning program. 

Flow Cytometry Assay  

MCF7 cells (1x106 cells/well) in a six wells plate were shifted to SFM for 24 

hours and then treatments were added in SFM for 48 hours. Thereafter, cells were 

trypsinized, centrifuged at 3,000 rpm for 3 minutes, washed with PBS. Addition 

of 0.5μl of FITC antibodies anti-caspase 9 and anti-caspase 8 in all samples was 

performed and then incubated for 45 minutes in at 37°C. Consequently cells was 

centrifuged at 3,000 rpm for 5 minutes. The pellets were washed with 300μl of 

wash buffer and centrifuged. The last passage was repeated twice, the surnatant 

removed, and cells dissolved in 300μl of wash buffer. Finally, cells were analyzed 

with the FACScan (Becton Dickinson and Co., Franklin Lakes, NJ). 

[3H]Thymidine incorporation 

WRO and FRO cells were seeded in six-well plates in regular growth medium. On 

the second day, cells were incubated in DMEM supplemented with 1% charcoal 

stripped FCS (CS-FCS) for the indicated times in the presence of increasing BRL 

concentrations or GW. The medium was renewed every 2 days together with the 

appropriate treatments. [3H]Thymidine (1mCi/mL; New England Nuclear, 

Newton, MA) was added to the medium for the last 6 hours. After rinsing with 

PBS, the cells were washed once with 10% and thrice with 5% trichloroacetic acid. 

Cells were lysed by adding 0.1N NaOH and then incubated 30 minutes at 37°C. 

Thymidine incorporation was determined by scintillation counting. 
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Antisense Oligodeoxynucleotide Experiments 

The oligonucleotides used were: 5’-GACATCACCAGGATCGGACAT-3’ for 

p21Cip1/WAF1, and 5’-GATCTCAGCACGGCAAAT-3’ for the scrambled control 

(cs). For antisense experiments, a concentration of 200nM of the indicated 

oligonucleotides (ODN) was transfected using Fugene 6 reagent as recommended 

by the manufacturer for 4 hours, before treatment with vehicle or BRL. The 

transfection was re-newed every 2 days together with the appropriate treatments. 

Statistical analysis 

Statistical analysis was performed using ANOVA followed by Newman-

Keuls testing to determine differences in means. p<0.05 was considered as 

statistically significant. 
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RESULTS 

BRL triggers intrinsic apoptotic events through p53-activated pathway in 

MCF7 cells 

On the basis of our (Bonofiglio et al. 2005) and other (Clay et al. 1999; Patel et al. 

2001) studies, demonstrating the inhibition of the PPARγ ligands on proliferation 

of breast cancer cells, we aimed to investigate the molecular mechanisms 

underlying these effects. Considering that the tumor suppressor gene p53 is 

mainly involved in the growth arrest and in the intrinsic apoptotic process 

promoted by different factors, we examined the potential ability of PPARγ to 

modulate the expression of p53 along with its natural target gene p21Cip1/WAF1. The 

mRNA (Fig. 1A) and protein levels (Fig. 1B) of both p53 and p21Cip1/WAF1 were 

up-regulated in a time- and dose-dependent manner in MCF7 cells treated with 

BRL. These stimulations were abrogated by GW (Fig. 1) suggesting a direct 

involvement of PPARγ. 
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Fig. 1 Semiquantitative RT-PCR evaluation (A) and immunoblots (B) of p53 and p21Cip1/WAF1 
expression. MCF7 cells were treated for 24 and 48 hours with increasing concentrations of BRL as 
indicated, 10μM GW alone or in combination with 1μM BRL. 36B4 mRNA levels were 
determined as control. β-actin was used as loading control. The side panels show the quantitative 
representations of data (mean±S.D.) of three independent experiments performed for each 
condition. * p<0.05 and **p<0.01 BRL-treated vs untreated cells.  
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Having demonstrated that PPARγ mediates p53 expression induced by BRL, we 

investigated the cleavage of caspase 9, which is an important component of the 

intrinsic apoptotic process (Cohen 1997). Notably, the treatment of MCF7 cells 

with BRL for 48 h promoted the caspase-9 activation, which was prevented by 

GW and in presence of an expression vector encoding p53 antisense (AS/p53) 

(Fig. 2A), which abolished p53 expression (Fig. 2B). As evidenced in DNA 

fragmentation assay, PPARγ was also involved in the apoptosis triggered by BRL 

because this effect was completely and partially reversed by GW and by the 

AS/p53, respectively (Fig. 2C). Taken together, these results indicate that, at least 

in part, a cross talk between PPARγ and p53 may be responsible for the growth 

arrest and apoptosis induced by BRL in MCF7cells. 

 

 
Fig. 2 A) MCF7 cells were treated with BRL alone or in combination with GW for 48 hours as 
indicated, or transfected with an expression plasmid encoding for p53 antisense (AS/p53). 
Positions of procaspase-9 and its cleavage products are indicated by arrowheads to the right. One 
of three similar experiments is presented. β-actin was used as loading control on the same stripped 
blot. B) p53 protein expression (evaluated by WB) in MCF7 cells transfected with an empty vector 
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(v) or a AS/p53 and treated as indicated. β-actin was used as loading control. C) DNA laddering 
was performed in MCF7 cells treated for 72 hours as indicated, or transfected with AS/p53. 

PPARγ activates the Fas/FasL apoptotic pathway in MCF7 cells 

In order to understand whether PPARγ triggers cell death also activating extrinsic 

apoptotic events such as Fas/FasL signalling, we first evaluated the ability of 

PPARγ agonist BRL to modulate FasL expression in MCF7 cells. 

A BRL dose-dependent increase in FasL content was observed by WB analysis 

after 24 hours of treatment (Fig. 3A). Furthermore, by a semiquantitative Reverse 

RT-PCR method, after 24 hours upon increasing BRL concentration, we showed 

that BRL was able to upregulate FasL gene expression in a dose-dependent 

manner (Fig. 3 B). The upregulation of FasL espression induced by BRL was 

reversed when we used GW, (Fig. 3A and B) implying a PPARγ-dependent action 

in MCF7 cells.  

 
Fig. 3 A) Immunoblots of FasL from MCF7 cells treated for 24 hours with vehicle (-), increasing 
BRL concentrations, 10µM GW alone or in combination with 1µM BRL. β-actin was used as 
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loading control. The side panel shows the quantitative representation of data (mean±S.D.) of three 
independent experiments including that of B after densitometry and correction for β-actin 
expression. B) Semiquantitative RT-PCR evaluation of FasL mRNA expression. MCF7 cells were 
treated as in A. 36B4 mRNA levels were determined as control. The side panel shows the 
quantitative representation of data (mean±S.D.) of three independent experiments including that of 
C after densitometry and correction for 36B4 expression. *p<0.05 BRL-treated vs untreated cells 
**p<0.01 BRL-treated vs untreated cells.  

Fas/FasL signalling when activated recruits adapter proteins and cysteine 

proteases such as caspase 8 leading to apoptosis (Green 1998 and references 

therein). To better define the action of PPARγ on Fas/FasL pathway, we used GW 

as well as both PPARγ and FasL RNA interferences (i) to evaluate the activation 

of caspase 8, key component of the extrinsic apoptotic process. By WB analysis 

our data showed that untreated MCF7 cells expressed the pro-form of caspase 8, 

while only after BRL exposure caspase 8 was activated as evidenced by the 

presence of its 11 kDa cleavage product (Fig. 4C). The active caspase 8 cleavage 

was absent in cells treated with GW alone or combined with BRL, or inhibiting 

both the expression of PPARγ and FasL by the respective RNAis (Fig. 4C). As 

shown in Figs 4A and 4B, PPARγ and FasL RNAi were able to inhibit the two 

proteins expression, respectively. The apoptotic process is associated with 

morphological changes and biochemical events such as nuclear condensation and 

fragmentation, the fragments correspond to strands of DNA that were cleaved at 

internucleosomal regions and create a 'ladder pattern' when electrophoresed on an 

agarose gel (Montague and Cidlowski 1996). Because of its near universality, 

internucleosomal DNA degradation is considered a diagnostic hallmark of cells 
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undergoing apoptosis. Therefore, we studied DNA fragmentation assay under 

BRL treatment in MCF7 cells evidencing that the induced apoptosis is PPARγ-

dependent as it was reversed by the PPARγ RNAi (Fig. 4D). These results 

indicate a positive crosstalk between PPARγ and FasL that is responsible for 

BRL-induced extrinsic apoptosis in MCF7 cells.  

 
Fig. 4 PPARγ (A) and FasL (B) protein expression (evaluated by WB) in MCF7 cells transfected 
with a 25-nucleotide of RNA interference (RNAi) targeted human PPARγ or FasL mRNA 
sequence respectively, or with control RNAi as reported in Materials and Methods and treated for 
48 hours as indicated. β-actin was used as loading control. C) MCF7 cells were treated for 48 
hours as indicated, or transfected with PPARγ, FasL or control RNAis. Positions of procaspase 8 
(P) and its active cleavage product (S) are indicated by arrowheads on the right. One of three 
similar experiments is presented. β-actin was used as loading control on the same stripped blot. D) 
DNA laddering was performed in MCF7 cells treated for 72 hours as indicated, or transfected with 
PPARγ or control RNAi. 
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PPARγ-mediated apoptosis is a common mechanism in breast cancer cells  

Additionally, we examined other human breast cancer cell lines to determine 

whether the involvement of FasL is unique to MCF7 cells or it is a common 

mechanism by which PPARγ mediates apoptosis in breast cancer. MDA and 

BT20 cells, both expressing Fas and FasL (Fig. 5A), showed a FasL upregulation 

upon BRL treatment, which was reduced by PPARγ RNAi (Fig. 5B). DNA 

fragmentation assay under BRL treatment in MDA and BT20 cells confirmed that 

the PPARγ- induced apoptosis (Fig. 5C) addresses a general mechanism in breast 

cancer cells. 

 
MDA        BT20 

 
Fig. 5 A) FasL and Fas protein expression (evaluated by WB) in MDA and BT20 breast cancer 
cells. B) MDA and BT-20 cells were treated for 48 hours as indicated, or transfected with a 25-
nucleotide of RNA interference (RNAi) targeted human PPARγ mRNA sequence or with control 
RNAi as reported in Materials and Methods. β-actin was used as loading control. One of three 
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similar experiments is presented. C) DNA laddering was performed in MDA and BT20 cells 
treated for 72 hours as indicated, or transfected with PPARγ or control RNAi. 

Low doses of the combined BRL and 9RA treatment induce intrinsic 

apoptosis  in breast cancer cells 

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

growth, we first assessed the effects of BRL 100nM and 9RA 50nM on a normal 

epithelial breast cells MCF10 and on a panel of breast cancer cell lines: MCF7, 

MCF7-TR1, SKBR3 and T47D. We observed that the separate treatment with 

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

tested, while 9RA reduces cell vitality only in T47D cells (Table 1), in the 

presence of both ligands cell viability is strongly reduced in all breast cancer cells, 

but not MCF10 cells (Table 1). 

 
Table 1 Breast cells were treated for 48 hours in the presence of BRL 100nM or/and 9RA 50nM. 
Cell viability was measured by MTT assay. Data were presented as mean±S.D. of three 
independent experiments done in triplicate and expressed as percentage of vitality respect to 
control. *p<0.05 treated vs untreated cells, **p<0.01 treated vs untreated cells. 

On the basis of our recent work demonstrating that micromolar doses of BRL 

activate PPARγ, which in turn triggers apoptotic events through an upregulation 

of p53 expression in MCF7 cells (Bonofiglio et al. 2006), we aim to evaluate the 

ability of nanomolar doses of BRL and 9RA alone or in combination to modulate 
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p53 expression along with its natural target gene p21Cip1/ WAF1 in MCF7 cells. A 

significant increase in p53 and p21Cip1/WAF1 content was observed by WB only 

upon combined treatment after 24 and 36 hours (Fig. 6A). Furthermore, we 

showed an upregulation of p53 and p21Cip1/ WAF1 mRNA levels induced by BRL 

plus 9RA after 12 and 24 hours (Fig. 6B). 

  
Fig. 6 A) Immunoblots of p53 and p21Cip1/WAF1 from extracts of MCF7 cells treated with BRL 
100nM and 9RA 50nM 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±S.D.) of three 
independent experiments after densitometry. B) p53 and p21Cip1/WAF1 mRNA expression in MCF7 
cells treated as in A for 12 and 24 hours. The side panels show the quantitative representation of 
data (mean±S.D.) of three independent experiments after densitometry and correction for 36B4 
expression. *p<0.05 combined-treated vs untreated cells. **p<0.01 combined-treated vs untreated 
cells. N: RNA sample without the addition of reverse transcriptase (negative control). 

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 (Fig. 7A). Treatment for 24 hours with BRL 100nM 

or 9RA 50nM did not induce luciferase expression, while an increase in the 
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transactivation of p53-1 promoter was observed in the presence of both ligands 

(Fig. 7B). To identify the region within the p53 promoter responsible for its 

transactivation, we used deleted constructs expressing different binding sites such 

as CTF-1/YY1, nuclear factor-Y (NF-Y), NFkB and GC sites (Fig. 7A). In 

transfection experiments performed using the mutants p53-6 and p-53-13 

encoding the regions from -106 to +12 and from -106 to -40, respectively, the 

responsiveness to BRL plus 9RA was still observed (Fig. 7A). In contrast, using 

deleted construct in NFκB domain (p53–14) encoding the sequence from -106 to -

49, the transactivation of p53 by both ligands was absent (Fig. 7B), suggesting 

that NFκB site is required for p53 transcriptional activity. 

  
Fig. 7 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 hours with BRL 100nM and 9RA 50nM 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 ± S.D. of three independent experiments 
performed in triplicate. *p<0.05 combined-treated vs 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; NFκB, nuclear factor κB. 

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

transcriptional response to BRL plus 9RA, we performed EMSA experiments 

using synthetic oligodeoxyribonucleotides corresponding to the NFκB sequence. 
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As shown in Figure 8A, we evidenced the formation of a specific DNA binding 

complex in nuclear extracts from MCF7 cells (lane 1), since it was abrogated by 

100-fold molar excess of unlabeled probe (lane 2). Of note, BRL treatment 

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

observed upon 9RA exposure (lane 4). The combined treatment increased the 

DNA binding complex (lane 5), which was immunodepleted and supershifted 

using anti-PPARγ (lane 6) or anti-RXRα (lane 7) antibodies. These data indicate 

that heterodimer PPARγ/RXRα binds to NFκB site located in the promoter of p53 

in vitro.  

Next, the interaction of both nuclear receptors with the p53 promoter was further 

elucidated by ChIP assays. Using anti-PPARγ and anti-RXRα antibodies, 

formaldehyde cross-linked protein-chromatin complexes were 

immunoprecipitated from MCF7 cells treated with BRL 100nM and/or 9RA 

50nM. PCR was used to determine the recruitment of either PPARγ or RXRα to 

the p53 region containing the NFκB site. The results indicate that either PPARγ or 

RXRα recruitment was increased upon BRL plus 9RA exposure (Fig. 8B). In the 

same conditions, 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 (Fig. 8B).  
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Fig. 8 A) Nuclear extracts from MCF7 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 (lanes 2). Nuclear extracts from MCF7 cells were treated with 100nM 
BRL (lane 3) and 50nM 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) MCF7 
cells were treated for 1 hour with 100nM BRL and/or 50nM 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 NFκB was detected by PCR with specific primers. To control 
input DNA, p53 promoter was amplified from 30 μl of initial preparations of soluble chromatin 
(before immunoprecipitations). N: negative control provided by PCR amplification without DNA 
sample. 

Since disruption of mitochondrial integrity is one of the early events leading to 

apoptosis, we want to assess whether BRL plus 9RA affect the function of 

mitochondria by analyzing membrane potential with a mitochondria fluorescent 

dye JC-1 (Smiley et al.1991; Cossarizza et al. 1993). As shown in Fig. 9A, in non-
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apoptotic cells (control), the intact mitochondrial membrane potential allows the 

lipophilic dye, accumulation of in aggregated form in mitochondria which display 

red fluorescence. In MCF7 cells, treatment with BRL 100nM or 9RA 50nM did 

not change the red fluorescence (data not shown), whereas cells treated with both 

ligands stain green fluorescent, since JC-1 cannot accumulate within the 

mitochondria and it remains as a monomeric form in the cytoplasm (Fig. 9A). 

Concomitantly, cytochrome C release from mitochondria into the cytosol, a 

critical step in the apoptotic cascade, was demonstrated after combined treatment 

(Fig. 9B). 

     
Fig. 9 A) MCF7 cells were treated with 100nM BRL plus 50nM 9RA for 48 hours and then we 
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) MCF7 cells were treated for 48 hours with BRL 100nM and/or 9RA50nM in combination. 
GAPDH was used as loading control.   

To identify the major contributor of the activated intrinsic apoptotic process, we 

evaluated the cleavage of caspases. Notably, the treatment of MCF7 cells with 

BRL plus 9RA for 48 hours promoted only the caspase 9 activation (Table 2A). 

No change in caspase 8 activation was observed, suggesting that 
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heterodimerization of PPARγ/RXRα triggers only the intrinsic apoptotic pathway 

(Table 2B).  

 

 
Table 2 Cells were stimulated for 48 hours in presence of BRL 100nM, 9RA 50nM alone or in 
combination. The activation of caspase 9 (A) and caspase 8 (B) was analyzed by Flow cytometry  
assay. Data were presented as (mean±S.D.) of triplicate experiments. *p<0.05 combined-treated vs 
untreated cells. 

We also demonstrated DNA fragmentation under BRL plus 9RA treatment in 

MCF7 cells, which was prevented by GW and in presence of AS/p53 (Fig. 10B), 

able to abolish p53 expression (Fig. 10A).  

  
 
Fig. 10 A) Immunoblot of p53 from MCF7 
cells transfected with an expression 
plasmid encoding for p53 antisense 
(AS/p53) or an empty vector (v) and 
treated for 56 hours as indicated. GAPDH 
was used as loading control. B) DNA 
laddering was performed in MCF7 cells 
transfected and treated as indicated. One of 
three similar experiments is presented. 
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Combined treatment of BRL and 9RA, as a common mechanism, leads to the 

p53-mediated DNA fragmentation in breast cancer cells 

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

MCF7-TR1, SKBR3 and T47D the capability of low doses of PPARγ and RXR 

ligands to activate apoptosis. DNA fragmentation assay showed that only in the 

presence of combined treatment cells underwent apoptosis in a p53-mediated 

manner (Fig. 11), implicating a general mechanism in breast carcinoma. 

 
Fig. 11 DNA laddering was performed in MCF7 TR1, SKBR3 and T47D treated for 56 hours as 
indicated, or transfected with AS/p53 plasmid. One of three similar experiments is presented. 
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BRL induces growth inhibition of thyroid cancer cells by upregulating 

p21Cif1/WAF1 gene expression 

It has been reported that the PPARγ agonists exert antiproliferative effects on 

thyroid carcinoma cells (Kuboto et al. 1998; Clay et al. 1999; Ohta et al. 2001). In 

order to analyse the molecular mechanism underlying the growth inhibitory 

effects exerted by PPARγ ligands, we first treated human follicular WRO and 

anaplastic FRO thyroid cancer cells with increasing BRL concentrations for 5 

days. BRL inhibited the growth of both thyroid cancer cells in a dose- and 

PPARγ-dependent manner, since this effect was no longer notable in the presence 

of GW (Fig. 12).  

 
Fig. 12 A)WRO and FRO cells were treated for 5 days with vehicle (-) or with increasing BRL 
concentrations. B) Both thyroid cancer cells were treated for 5 days with vehicle (-), 1μM BRL, 
10μM GW alone or in combination with BRL. On day 6, [3H] thymidine incorporation was 
determined by scintillation counting. Data are expressed as mean±S.D. of three independent 
experiments performed in triplicate. *P<0.05 BRL-treated vs untreated cells. 
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Therefore, we aimed to examine the potential ability of the PPARγ agonist BRL 

to modulate p53 along with its natural target gene p21Cip1/WAF1 in both thyroid 

cancer cells. Interestingly, BRL upregulated the protein expression of p21Cip1/WAF1 

in a dose-dependent manner in the WRO and FRO cells, while did not modify the 

p53 protein content (Fig. 13).  

 
Fig. 13 Immunoblots of p21Cip1/WAF1 and p53 from (A) WRO and (B) FRO cells treated for 24 
hours with vehicle (-) and with increasing BRL concentrations. b-Actin was used as the loading 
control. The side panels show the quantitative representation of data (mean±S.D.) of three 
independent experiments included that presented in A and B respectively. *P<0.05 BRL-treated 
versus untreated cells. 

Next, we investigated the mRNA expression of p21Cip1/WAF1, which was induced 

by BRL at an increasing concentration in both thyroid cancer cells. We observed 

that BRL upregulated mRNA expression of p21Cip1/WAF1 is also in a dose-

dependent manner in the WRO and FRO cells. Using GW, BRL action was 
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abrogated, suggesting a direct involvement of PPARγ in mediating this effect (Fig. 

14). 

WRO           FRO 

 
Fig. 14 Semiquantitative RT-PCR evaluation of p21Cip1/WAF1 mRNA expression in WRO and FRO 
cells. 36B4 mRNA levels were determined as control. The side panel shows the quantitative 
representation of data (mean±S.D.) of three independent experiments after densitometry and 
correction for 36B4 expression. *p<0.05 BRL-treated vs untreated cells. 

The aforementioned observations prompted us to investigate whether BRL is able 

to transactivate the p21Cip1/WAF1 promoter gene, which contains two p53-response 

elements (Li et al. 1994; Wu and Schonthal 1997). Thus, WRO and FRO cells 

were transiently transfected with the human wild-type p21Cip1/WAF1 promoter–

luciferase fusion plasmid (p21Cip1/WAF1 wt) or with a promoter construct that lacks 

the two p53-binding sites (p21Cip1/WAF1 Δp53; Fig. 15A). BRL was able to 

transactivate both constructs, defining the minimal region of p21Cip1/WAF1 

promoter responsible for its induction independently of p53 (Fig. 15B). Such 

effects were reversed by GW, suggesting that the transactivation of p21Cip1/WAF1 

by BRL occurs in a PPARγ-dependent manner (Fig. 15B). Since the deleted 

mutant p21Cip1/WAF1 Δp53 encoding the region from -124 to +11 expresses 

multiple Sp1 sites, we performed transfection experiments using mithramycin, a 
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specific inhibitor of GC binding (Blume et al. 1991). The transactivation of this 

construct induced by BRL was abrogated by mithramycin, indicating an 

involvement of Sp1 transcription factor in the PPARγ action observed in WRO 

and FRO cells (Fig. 15B). 

 
Fig. 15 A) Schematic map of the p21Cip1/WAF1 promoter plasmids used in this study. B) WRO and 
FRO cells were transiently transfected with the wild-type p21 promoter luciferase (p21Cip1/WAF1 wt) 
and then treated with vehicle (-),BRL, GW alone or in combination with BRL. Both thyroid cancer 
cells were transiently transfected with deleted construct (p21Cip1/WAF1Δp53) and then treated as 
above. The luciferase activities were normalized to the Renilla luciferase as internal transfection 
control and data were reported as RLU values. Columns are mean±S.D. of three independent 
experiments performed in triplicate.*p<0.05 BRL-treated vs untreated cells. RLU, relative light 
units; M, mithramycin. 

In order to further support whether Sp1 sites mediate the BRL-induced 

upregulation of p21Cip1/WAF1, we performed EMSA using synthetic 

oligodeoxyribonucleotides corresponding to the Sp1 site located in the human 

p21Cip1/WAF1 gene promoter, as probe. In nuclear extracts from WRO cells (Fig. 

16A) we obtained the formation of specific bands (lane 1), which were strongly 
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increased in cells treated with BRL (lane 2). Competition binding studies 

demonstrated that a 100-fold molar excess of unlabeled probe inhibited the 

formation of these complexes (lane 3). The addition of mithramycin, which binds 

to GC boxes and prevents sequential Sp1 binding, decreased the intensity of the 

bands to Sp1 DNA sequence (lane 4). Of note, the anti-PPARγ and anti-Sp1 

antibodies (lanes 5 and 6 respectively) were able to supershift the specific bands. 

Different controls were used to assess the specificity of the binding; IgG that did 

not generate supershifted bands (lane 7), human Sp1 recombinant protein alone 

(lane 8), and Sp1 in combination with either cold competitor (lane 9) or the anti-

Sp1 antibody (lane 10). As shown in Fig. 16B, similar results, such as an 

increased DNA-binding complex under BRL (lane 2), a reduction of the band 

intensity by using mithramycin (lane 4), and supershifted bands in the presence of 

the anti-PPARγ and anti-Sp1 antibodies (lanes 5 and 6) were obtained in FRO 

cells. 

The interaction of PPARγ with the p21Cip1/WAF1 gene promoter was in vivo 

investigated by ChIP assay. WRO and FRO chromatins were immunoprecipitated 

with the anti-PPARγ, the anti-Sp1, the anti-RNA Pol II antibodies. PCR was used 

to determine the recruitment of PPARγ to the p21Cip1/WAF1 region containing the 

Sp1 site. As shown in Fig. 16C and D, the results indicated that PPARγ was 

weakly and constitutively bound to the p21Cip1/WAF1 promoter in untreated cells 
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and this recruitment was increased upon BRL treatment, while in the presence of 

mithramycin the BRL effect was reversed in both thyroid cancer cells. In addition, 

the positive regulation of the p21Cip1/WAF1 transcription activity through Sp1 

induced by BRL was demonstrated by the increased recruitment of RNA Pol II, 

which was reversed in the presence of mithramycin. Altogether, the data indicate 

that PPARγ binding to the Sp1 transcription factor exerts stimulatory effects on 

p21Cip1/WAF1 gene expression.  

 

 
Fig. 16 A) Nuclear extracts from WRO cells (lane 1) were incubated with a double-stranded Sp1 
sequence probe labeled with [γ32P] and subjected to electrophoresis in a 6% polyacrylamide gel. 
In lane 2, nuclear extracts were treated with 1μM BRL. Competition experiments were performed 
adding as competitor a 100-fold molar excess of unlabeled Sp1 probe (lane 3) or 100 nM 
mithramycin (M) (lane 4). Anti-PPARγ and anti-Sp1 antibodies and IgG were incubated with 
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nuclear extracts treated with BRL (lanes 5, 6, and 7). One microliter of human Sp1 recombinant 
protein (lane 8) was incubated with a double-stranded Sp1 sequence probe. A 100-fold molar 
excess of unlabeled Sp1 probe (lane 9) or anti-Sp1 antibody (lane 10) was added to Sp1 protein. 
Lane 11 contains probe alone. B) Nuclear extracts from FRO cells were incubated with a double-
stranded Sp1 sequence probe labeled with [γ32P] and subjected to electrophoresis in a 6% 
polyacrylamide gel. In lane 2, nuclear extracts were treated with 1 μM BRL. Competition 
experiments were performed adding as competitor a 100-fold molar excess of unlabeled Sp1 probe 
(lane 3) or 100 nM mithramycin (M) (lane 4). Anti-PPARγ and anti-Sp1 antibodies were incubated 
with nuclear extracts treated with BRL (lanes 5 and 6 respectively). Lane 7 contains probe alone.  
C) WRO and  D) FRO cells were treated as indicated, then cross-linked with formaldehyde, and 
lysed. The soluble chromatin was immunoprecipitated with the anti-PPARγ, anti-Sp1, anti-RNA 
Pol II antibodies. The p21Cip1/WAF1 promoter sequence containing Sp1 was detected by PCR with 
specific primers, as described in Materials and Methods. To control input DNA, the p21Cip1/WAF1 
promoter was amplified from 30μl initial preparations of soluble chromatin (before 
immunoprecipitations). N, negative control provided by PCR amplification without DNA sample; 
M, mithramycin.  

To confirm the BRL-induced growth inhibition of thyroid cancer cells through 

p21Cip1/WAF1, WRO and FRO cells were transfected with the p21Cip1/WAF1 antisense 

(AS)-ODN or control scrambled (cs)-ODN in the proliferation assay. Noteworthy, 

the inhibitory effect exerted by BRL on cell proliferation was reversed by 

p21Cip1/WAF1 AS-ODN but not by cs-ODN in both thyroid cancer cells (Fig. 17A) 

in which the p21Cip1/WAF1 protein levels under these experimental conditions were 

assessed by WB (Fig. 17B). Taken together, these results indicate that the 

antiproliferative effect exerted by BRL in thyroid cancer cells involves a positive 

crosstalk between PPARγ and p21Cip1/WAF1-signaling pathway. 
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Fig. 17 A) WRO and FRO cells were treated in the presence of vehicle (-) or with BRL, 
transfected using p21Cip1/WAF1 antisense (p21 AS) or control scrambled (cs) oligonucleotides (ODN) 
as indicated. On day 6, [3H]thymidine incorporation was determined by scintillation counting. 
Data are expressed as mean±S.D. of three independent experiments performed in triplicate. 
*p<0.05 BRL-treated vs untreated cells. B) Immunoblots of p21Cip1/WAF1 from thyroid carcinoma 
cells treated as in A. β-Actin was used as the loading control.  
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DISCUSSION 

In the present study we have showed the molecular mechanisms of the inhibitory 

action exerted by the cognate PPARγ-ligand BRL in breast cancer and thyroid 

carcinoma cells.  

Considering the key role elicited by p53 tumor suppressor gene in the growth 

inhibition and apoptosis (Yu and Zhang 2005; Haupt et al. 2003), we have 

evaluated whether PPARγ signaling converges on p53 transduction pathway in 

MCF7 cells. Of interest, we found that BRL exposure up-regulates both p53 

mRNA and protein levels with a concomitant increase of p21Cip1/WAF1 expression. 

These effects were abrogated in the presence of the specific antagonist GW, 

addressing a PPARγ-mediated mechanism. A large body of evidence has 

suggested the straightforward role of p53 signaling in the apoptotic cascades that 

include the activation of caspases, a family of cytoplasmic cysteine proteases 

(Schuler and Green 2001). The intrinsic apoptotic pathway involves a 

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

thereafter, activation of caspase-9 (Cohen 1997). Furthermore, apoptosis is 

characterized by distinct morphological changes including the internucleosomal 

cleavage of DNA, which is recognized as a DNA ladder (Cohen 1997 and 

references therein). Notably, we evidenced that in a consecutive series of events, 

BRL at micromolar concentration: 1) up-regulates the expression of p53 and 2) its 

effector p21Cip1/WAF1, 3) triggers the cleavage of caspase 9, and 4) induces DNA 

fragmentation in a PPARγ-mediated manner. 
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Since the PPARγ-mediated apoptosis is not completely blocked by using the p53 

antisense, we suggest that final PPARγ action in this concern is complex and it 

may require a multifactorial coordination of different signalling cascades. From 

there, we investigated the potential of PPARγ in inducing apoptotic events 

through a direct involvement of the Fas/FasL extrinsic apoptotic pathway in breast 

cancer cells. The Fas/FasL signalling system plays an important role in 

chemotherapy-induced apoptosis in several different cell types (Kasibhatla et al. 

1998; Mo and Beck, 1999). In our MCF7 cells, positive to Fas and FasL, we 

found that BRL through PPARγ activation upregulates FasL at both protein and 

mRNA levels. Despite the FasL relevance, its cell and tissue distribution, and the 

apparent differences of its expression in a cell-specific manner, little knowledge is 

available how FasL expression is regulated. Engagement of the FasL homotrimer 

to three Fas molecules induces apoptosis by clustering of the receptor's death 

domains (Nagata 1997; Green 1998). This leads to the binding of FADD and 

caspase 8 to the receptor (Green 1998). In the present study, we obtained the 

active cleavage of caspase 8 under BRL treatment at micromolar doses, that is no 

longer detectable in the presence of GW as well as inhibiting both the expression 

of FasL and PPARγ by the respective RNAis. Of note, PPARγ-induced apoptosis 

appears to be a general mechanism in breast cancer cells since it occurs in MCF7, 

MDA and BT20 cells. 

In the second part of our investigation, we evidenced that the combined treatment 

with low doses of PPARγ and RXR ligands may target selectively breast 

carcinoma cells inhibiting cell proliferation and inducing apoptosis. It is well 
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known that PPARγ, through heterodimerization with RXR, potentiates its own 

binding to DNA and its transactivation (Kliewer et al. 1992; Zhang et al. 1992). 

The potential additive antitumoral effects of PPARγ and RXR agonists, both at 

elevated doses, has also been shown in human breast cancer cells, (Grommes et al. 

2004 and references therein). However, previous reports documented remarkable 

side effects of PPARγ and RXR ligands consisting with weight gain and plasma 

volume expansion (Arakawa et al., 2004; Rangwala and Lazar 2004; Staels 2005) 

and hypertriglyceridemia and suppression of the thyroid hormone axis (Pinaire 

and Reifel-Miller 2007), respectively. In the present study we demonstrated that 

nanomolar concentrations of PPARγ agonist BRL and RXR ligand 9RA alone or 

in combination do not elicit any substantial change in cell vitality on normal 

breast epithelial cells. In contrast, the combined treatment with both agents exerts 

a significant effect on cell viability of different breast cancer cells. Functional 

assays with deleted constructs of the p53 promoter showed that the NFκB binding 

site is required for the transcriptional response to low doses of BRL plus 9RA in 

MCF7 cells. NFkB was shown to physically interact with PPARγ (Chung et al. 

2000), which in some circumstances binds to DNA cooperatively with NFkB 

(Couturier et al. 1999; Sun et al. 2002), further enhancing the NFkB-DNA binding 

(Ikawa et al. 2001). Our EMSA and ChIP assay demonstrated that these agents at 

nanomolar concentration only when in combination appeared to be effective in the 

binding and in the recruitment of both PPARγ and RXRα on the p53 promoter 

sequence. BRL plus 9RA treatment at the doses tested also increases the binding 

of RNA-Pol II to p53 promoter gene addressing a positive transcriptional 
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regulation able to produce a consecutive series of events featuring intrinsic 

apoptotic pathway. The specific involvement of intrinsic apoptotic pathway was 

confirmed by the activation of caspase 9, while we do not observe any 

modification of caspase 8, a key component of the extrinsic apoptotic process. 

The crucial role of p53 in mediating apoptosis raised by the evidence that the 

described event is abrogated in the presence of AS/p53.  

In the last part of our study, we demonstrated that PPARγ acts as a tumor 

suppressor gene against two different human thyroid carcinoma cell lines. In both 

WRO, a well-differentiated thyroid follicular carcinoma and FRO, an 

undifferentiated/anaplastic thyroid carcinoma, PPARγ inhibits cell growth by 

stimulating the expression of the cyclin-dependent kinase inhibitor p21Cip1/WAF1 in 

a p53 independent manner. Previous studies have reported that BRL and other 

thiazolidinediones inhibit thyroid carcinoma cell proliferation in a PPARγ-

dependent fashion (Chung et al. 2002; Martelli et al. 2002; Klopper et al. 2004; 

Aiello et al. 2006; Chen et al. 2006; Copland et al. 2006), PPARγ mediates the 

upregulation of p21Cip1/WAF1 (Chung et al. 2002; Han et al. 2004; Hong et al. 2004), 

p21Cip1/WAF1 mediates PPARγ-induced growth arrest in cancer cells including 

thyroid (Han et al. 2004; Copland et al. 2006), and PPARγ mediates p21Cip1/WAF1 

mRNA induction via Sp1-enhanced binding to the p21Cip1/WAF1, KDR, and 

hormonesensitive lipase promoters (Han et al. 2004; Hong et al. 2004; Sassa et al. 

2004; Deng et al. 2006). From our study, the specific role of PPARγ in 

upregulating p21Cip1/WAF1 raised by the evidence that this effect is completely 

abrogated either in the presence of specific siRNA of PPARγ or by the 
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pretreatment with GW. The molecular events responsible for the induction of 

p21Cip1/WAF1 by PPARγ ligands are consistent with the enhanced transcriptional 

activation of this gene as it raised by the capability of the ligand to activate the 

promoter of p21Cip1/WAF1. p21Cip1/WAF1, a classic p53 responsive gene, was first 

identified as a p53-inducible gene, more recently its induction was shown to occur 

via p53-independent mechanisms in various cell lines stimulated for 

differentiation and growth arrest, including thyroid carcinoma cells (Park et al. 

2001). In both thyroid cancer cell lines, p21Cip1/WAF1 BRL transactivation occurres 

independent of p53 since the deletion of the two p53 response elements of the 

promoter maintains promoter activity. Moreover, since p53 levels do not respond 

to BRL treatment it is reasonable that the mechanism is p53-independent because 

our thyroid cancer cell lines have either mutated nonfunctional p53 (WRO cells) 

or scantly expressed p53 wild-type form (FRO cells), as reported previously 

(Fagin et al. 1993). Multiple transcription factor binding sites within the human 

p21Cip1/WAF1 promoter have been described to be able to interact with Sp1 

including regulatory elements for Sp1 that play important roles in cell cycle arrest 

and apoptosis in carcinoma cells (Moon et al. 2006; Tvrdı´k et al. 2006; Fang et al. 

2007). Sp1 has been considered traditionally as a ubiquitous factor associated 

closely with core promoter activities; it has recently been observed that it 

participates in several cases of regulated gene transcription triggered by multiple 

signaling pathways and metabolic or differentiation conditions. Recently, it has 

been showed that NRs can form ternary complexes with Sp1 and GC-rich DNA 

and in this complex NRs could also serve as auxiliary factors for Sp1 bound to 
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GC-rich DNA (Husmann et al. 2000). Our data sustain this functional model of a 

tripartite complex of Sp1, PPARγ, and GC-rich DNA. For instance, in our study, 

EMSA and ChIP assays demonstrated the coexistence of the two proteins in the 

DNA-binding complexes, addressing that the functional interaction between 

PPARγ and Sp1 could modulate the activity of the human p21Cip1/WAF1 promoter 

under basal other than BRL-inducible conditions in WRO and FRO cell lines. Our 

data show a discrepancy with those of previous publication in which Sp1 interacts 

with the consensus GC-rich sequence in p21Cip1/WAF1 promoter gene and this band 

was not directly associated with PPARγ under the conditions used for the gel 

mobility shift assay (Hong et al. 2004). Besides, it has also been reported in 

another cell system that PPARγ ligands enhanced nuclear protein-binding 

activities of Sp1 and C/EBP sites in p21Cip1/WAF1 promoter (Han et al. 2004). Our 

data show that treatment with mithramycin, a specific inhibitor of Sp1, completely 

reversed the activation of p21Cip1/WAF1 promoter by BRL, suggesting furthermore 

that the interaction between PPARγ and Sp1 is essential for such activation.  

The crucial role of p21Cip1/WAF1 in mediating the inhibitory effect of PPARγ in cell 

proliferation has been definitively demonstrated in thyroid cells transfected with 

p21 AS-ODN and with increasing PPARγ plasmid amounts in the cell growth 

assay.  

In conclusion, the data presented in our studies focused on a variety of anticancer 

activities mediated by PPARγ and further candidate PPARγ ligands in the 

treatment of patients affected by  breast carcinoma as well as by follicular and 

particularly anaplastic thyroid cancer. 
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Additionally, our last results suggest that multidrug regimens with low doses of 

PPARγ and RXR ligands may perspectively represent a novel therapeutic tool also 

for those breast cancer patients , who developed resistance to antiestrogen therapy. 
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Abstract 

Ligand activation of PPARγ and RXR induces antitumoral effects in different 

types of cancer. In our study, we evaluated the ability of combined PPARγ 

ligand Rosiglitazone (BRL) and RXR ligand 9-cis-retinoic acid (9RA), both at 

nanomolar levels, to promote antiproliferative effects in breast cancer cells. 

Low doses of both compounds only in combination exert a strong inhibition of 

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

while MCF-10 normal breast epithelial cells are completely unaffected. In 

MCF-7 cells combined ligands are able to up-regulate mRNA and protein 

levels of tumor suppressor gene p53 and its effector p21WAF1/Cip1. Functional 

experiments indicated that NFkB site in p53 promoter is required for the 

transcriptional response to BRL plus 9RA. Next, focusing on intrinsic 

apoptotic process, we observed that MCF-7 cells displayed the ordinated 

sequence of events: a disruption of mitochondrial membrane potential, a 

release of cytochrome c, a strong caspase 9 activation and, finally, a DNA 

fragmentation. Given the ability of an expression vector for p53 antisense to 

abrogate the biological effect of both ligands, an involvement of p53 in 

PPARγ/RXR-dependent activity may be argued in all human breast malignant 

cell lines tested. Taken together, our results address that multidrug regimens 

consisting of combination with PPARγ and RXR ligands may provide a 

therapeutic advantage in breast cancer treatment. 
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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 ERα-negative tumors, which 

are often aggressive. Besides, the development of cancer cells that are resistant to 

chemotherapeutic agents is a major clinical obstacle to the successful treatment of 

breast cancer which provides the strong stimulus for exploring new approaches in 

vitro. Using ligands of nuclear hormone receptors (NHRs) to inhibit tumor growth 

and progression is a novel strategy for cancer therapy. An example of this is the 

treatment of acute promyelocytic leukemia (APL) using all-trans-retinoic-acid 

(ATRA) the specific ligand for retinoic acid receptors (RARs) (1-3). A further 

paradigm for the use of retinoids in cancer therapy is for early lesions of head and 

neck cancer (4) and squamous cell carcinoma of the cervix (5). 

RAR, retinoid X receptor (RXR) and peroxisome proliferator receptor γ 

(PPARγ) are ligand-activated transcription factors belonging to the NHRs super-

family having the capability to modulate gene networks involved in controlling 

growth and cellular differentiation (6). Particularly, heterodimerization of PPARγ 

with RXR by own ligands greatly enhances DNA binding to a direct repeated 

consensus sequence AGGTCA and transcriptional activation (7). Previous data have 

shown that PPARγ, poorly expressed in normal breast epithelial cells (8), is present 

at higher levels in breast cancer cells (9) and its synthetic ligands, such as 

thiazolidinediones (TZDs) were discovered to induce growth arrest and 

differentiation in breast carcinoma cells in vitro and in animal models (10-11). 

Recently, in human cultured breast cancer cells the TZD Rosiglitazone (BRL) 

promotes antiproliferative effects and activates different molecular pathways leading 

to distinct apoptotic processes (12-14). 

Apoptosis, the 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 ligands able to induce oligomerization of death 
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receptors, such as Fas, followed by the formation of the death-inducing signaling 

complex, after which the caspases cascade can be activated. 

Previous data showed that the combination of PPARγ ligand with either ATRA 

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 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 (16-

18). The undesirable effects of RXR-specific ligands on hypertriglyceridemia and 

suppression of the thyroid hormone axis have been also reported (19). Thus, in the 

present study we have elucidated the molecular mechanism by which combined 

treatment with BRL and 9RA at nanomolar doses triggers apoptotic events in breast 

cancer cells, suggesting potential therapeutical uses for these compounds. 

MATERIALS AND METHODS 

Reagents - BRL49653 (BRL) was from Alexis (San Diego, CA USA), the 

irreversible PPARγ-antagonist GW9662 (GW) and 9-cis-retinoic acid (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, USA), 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 luciferase by 

the strong cytomegalovirus enhancer promoter. The pGL3 vector containing three 

copies of a PPRE sequence upstream of the minimal thymidine kinase promoter 

ligated to a luciferase reporter gene (3XPPRE-TK-pGL3) was a gift from Dr. R. 
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Evans (The Salk Institute, San Diego, CA, USA). The p53 antisense 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 DMEM-

F12 plus glutamax containing 5% new-born 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 described by 

Herman (21) maintaining cells in MEM with 10% foetal bovine serum (FBS) 

(Invitrogen), 6 ng/ml insulin, penicillin (100 units/ml), streptomycin (100 µg/ml) and 

adding 4-hydroxytamoxifen in 10-fold increasing concentrations every weeks (from 

10-9 to 10-6 final). Cells were thereafter routinely maintained with 1μM 4-

hydroxytamoxifen. SKBR-3 breast cancer cells were grown in DMEM without red 

phenol, plus glutamax containing 10% FBS and 1 mg/ml penicillin-streptomycin. T-

47D breast cancer cells were grown in RPMI 1640 with glutamax containing 10% 

FBS, 1mM sodium pyruvate, 10mM HEPES, 2,5g/L glucose, 0,2 U/ml insulin and 1 

mg/ml penicillin-streptomycin. MCF-10 normal breast epithelial cells were grown in 

DMEM-F12 plus glutamax containing 5% horse serum (Sigma), 1 mg/ml penicillin-

streptomycin, 0,5 µg/ml hydrocortisone and 10 µg/ml insulin. 

MTT Assay - Cell viability was determined with the MTT assay (22). Cells (2x105 

cells/ml) were grown in 6 well plates and exposed to BRL 100nM, 9RA 50nM alone 

or in combination for 48 h in serum free medium (SFM). 100 μl of MTT (5mg/ml) 

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

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

measured with the Ultrospec 2100 Pro-spectrophotometer (Amersham-Biosciences, 

Milan, Italy) at a test wavelength of 570 nm with a reference wavelength of 690 nm. 

The optical density (O.D.) was calculated as the difference between the two 

absorbencies.  

Immunoblotting - Cells were grown in 10cm dishes to 70–80% confluence and 

exposed to treatments in SFM as indicated. Cells were then harvested in cold 

phosphate-buffered saline (PBS) and resuspended in lysis buffer containing 20mM 

HEPES (pH 8), 0.1mM EGTA, 5mM MgCl2, 0.5M NaCl, 20% glycerol, 1% Triton, 
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and inhibitors (0.1mM sodium orthovanadate, 1% phenylmethylsulfonylfluoride 

(PMSF), 20mg/ml aprotinin). Protein concentration was determined by Bio-Rad 

Protein Assay (Bio-Rad Laboratories, Hercules, CA USA). A 40μg portion of protein 

lysates was used for Western blotting (WB), resolved on a 10% SDS-polyacrylamide 

gel, transferred to a nitrocellulose membrane, and probed with an antibody directed 

against the p53, p21WAF1/Cip1 (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 (Santa Cruz Biotechnology). The antigen-antibody complex was detected 

by incubation of the membranes for 1 h at room temperature with peroxidase-

coupled goat antimouse or antirabbit 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. 

RT-PCR Assay - MCF-7 cells were grown in 10cm dishes to 70–80% 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 procedures. 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’-GTGGAAGGAAATTTGCGTGT-3’ (p53 forward) and 5’-

CCAGTGTGATGATGGTGAGG-3’ (p53 reverse), 5’-

GCTTCATGCCAGCTACTTCC-3’ (p21 forward) and 5’-

CTGTGCTCACTTCAGGGTCA-3’ (p21 reverse), 5’-

CTCAACATCTCCCCCTTCTC-3’ (36B4 forward) and 5’-

CAAATCCCATATCCTCGTCC-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, a reverse transcription 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 transformed to percentage of the control taking the samples from 

untreated cells as 100%. 
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Transfection Assay - MCF-7 cells were transferred into 24 well plates with 500μl of 

regular growth medium/well the day before transfection. The medium was replaced 

with 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 0.5μg of promoter-luc or reporter-luc plasmid and 5ng of 

pRL-CMV. After transfection for 24 h, treatments were added in SFM as indicated, 

and cells were incubated for an additional 24 h. Firefly and Renilla luciferase 

activities were measured using the Dual Luciferase 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 10cm dishes were transfected with 5μg 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. 

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

(23). Briefly, MCF-7 cells plated into 10cm dishes were grown to 70–80% 

confluence, shifted to SFM for 24 h, and then treated with 100nM BRL, 50nM 9RA 

alone and in combination for 6 h. Thereafter, cells were scraped into 1.5ml of cold 

PBS, pelleted for 10 sec and resuspended in 400μl cold buffer A (10mM HEPES-

KOH, pH 7.9, at 4 °C, 1.5mM MgCl2, 10mM KCl, 0.5mM dithiothreitol, 0.2mM 

PMSF, 1mM leupeptin) by flicking the tube. Cells were allowed to swell on ice for 

10 min and then vortexed for 10 sec. Samples were then centrifuged for 10 sec and 

the supernatant fraction was discarded. The pellet was resuspended in 50μl of cold 

Buffer B (20mM HEPES-KOH, pH 7.9; 25% glycerol; 1.5mM MgCl2; 420mM NaCl; 

0.2mM EDTA; 0.5mM dithiothreitol; 0.2mM PMSF; 1mM 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 -70 °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 NFκB located within 

p53 promoter as probe is 5’-AGT TGA GGG GAC TTT CCC AGG C-3’ (Sigma 
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Genosys, Cambridge, UK). The protein-binding reactions were carried out in 20μl of 

buffer [20mM HEPES (pH 8), 1mM EDTA, 50mM KCl, 10mM dithiothreitol, 10% 

glycerol, 1mg/ml BSA, 50μg/ml polydeoxyinosinic deoxycytidylic acid] with 50,000 

cpm of labeled probe, 20μg of MCF7 nuclear protein, and 5μg of polydeoxyinosinic 

deoxycytidylic acid. The mixtures were incubated at room temperature for 20 min in 

the presence or absence of unlabeled competitor oligonucleotides. For the 

experiments involving anti-PPARγ and anti-RXRα antibodies (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 -70 °C. 

ChIP Assay - MCF-7 cells were grown in 10cm dishes to 50–60% 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 200μl 

of lysis buffer (1% SDS; 10mM EDTA; 50 mM 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; 1.2mM EDTA; 

16.7mM Tris-HCl, pH 8.1; 16.7mM NaCl) followed by immunoclearing with 60μl of 

sonicated salmon sperm DNA/protein A agarose (DBA Srl, Milan, Italy) for 1 h at 4 

°C. The precleared chromatin was immunoprecipitated with anti-PPARγ, anti-RXRα 

or anti-RNA Pol II antibodies (Santa Cruz Biotechnology). At this point, 60μl 

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, 2mM EDTA, 

20mM Tris-HCl (pH 8.1), 150mM NaCl], Wash B [0.1% SDS, 1% Triton X-100, 

2mM EDTA, 20mM Tris-HCl (pH 8.1), 500mM NaCl], and Wash C [0.25M LiCl, 

1% NP-40, 1% sodium deoxycholate, 1mM EDTA, 10mM Tris-HCl (pH 8.1)], and 

then twice with TE buffer (10mM Tris, 1mM EDTA). The immunocomplexes were 

eluted with elution buffer (1% SDS, 0.1 M NaHCO3). The eluates were reverse 

cross-linked by heating at 65 °C and digested with proteinase K (0.5mg/ml) at 45 °C 
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for 1 h. DNA was obtained by phenol-chloroform-isoamyl alcohol extraction. Two 

microliters of 10mg/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 20μl of TE buffer. A 5μl 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 κB site from -254 to -

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

40 sec at 57 °C, 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). 

JC-1 Mitochondrial Membrane Potential Detection Assay - 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, 

USA). 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 

(24). MCF-7 cells were grown in 10cm dishes and treated with 100 nM BRL and/or 

50 nM 9RA for 48 hours, then cells were trypsinized, washed in ice-cold PBS, and 

incubated with 10mM JC-1 at 37 °C in a 5% CO2 incubator for 20 min 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 
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2,500 rpm for 10 min at 4 °C. The pellets were suspended in 36μl RIPA buffer plus 

10µg/ml aprotinin, 50mM PMSF and 50mM sodium orthovanadate and then 4μl of 

0.1% digitonine were added. Cells were incubated for 15 min at 4 °C and centrifuged 

at 12,000 rpm for 30 min at 4 °C. The resulting mitochondrial pellet was resuspended 

in 3% Triton X-100, 20mM Na2SO4, 10mM PIPES and 1mM EDTA, pH 7.2, and 

centrifuged at 12,000 rpm for 10 min 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 μg) were resolved by 15% SDS-PAGE 

and electrotransferred to nitrocellulose membranes and probed with an antibody 

directed agaist the cytochrome C (Santa Cruz Biotechnology). Then, membranes 

were subjected to the same procedures described for immunoblotting.  

Flow Cytometry Assay - MCF-7 cells (1x106 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, washed with PBS. Addition of 0.5μl 

of FITC 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 300μl of wash 

buffer and centrifuged. The last passage was repeated twice, the surnatant removed, 

and cells dissolved in 300μl of wash buffer. Finally, cells were analyzed with the 

FACScan (Becton Dickinson and Co., Franklin Lakes, NJ). 

DNA Fragmentation - DNA fragmentation was determined by gel electrophoresis. 

MCF-7 cells were grown in 10cm dishes to 70% confluence and exposed to 

treatments. After 56 h cells were collected and washed with PBS and pelletted at 

1,800 rpm for 5 min. The samples were resuspended in 0.5ml of extraction buffer 

(50mM Tris-HCl, pH 8; 10mM EDTA, 0.5% SDS) for 20 min in rotation at 4 °C. 

DNA was extracted with phenol-chloroform three times and once 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 15μl 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 (40μg/lane) was subjected to electrophoresis 

on 1.5% agarose gels. The gels were stained with ethidium bromide and then 

photographed. 
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Statistical Analysis - Statistical analysis was performed using ANOVA followed by 

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

statistically 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 PPARγ ligand BRL 

and RXR ligand 9RA exert antiproliferative effects on breast cancer cells (13, 15, 25-

26). Thus, to investigate whether low doses of combined agents are able to inhibit 

cell growth, we first assessed the effects of BRL 100 nM and 9RA 50 nM on normal 

and malignant breast cell lines. We observed that treatment with BRL does not elicit 

any significant effect on cell viability in all breast cell lines tested, while 9RA 

reduces cell vitality only in T47-D cells (Table 1). Notably, 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 epithelial cells are 

completely unaffected (Table 1). 

BRL and 9RA upregulate 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 upregulation of p53 

expression (12). On the basis of these results, we aim to evaluate 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 WB only upon 

combined treatment after 24 and 36 h (Fig. 1A). Furthermore, we showed an 

upregulation of p53 and p21WAF1/Cip1 mRNA levels induced by BRL plus 9RA after 

12 and 24 h (Fig. 1B). 

Low doses of PPARγ 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 transiently transfected MCF-7 cells with a luciferase reporter 

construct (named p53-1) containing the upstream region of the p53 gene spanning 
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from -1800 to +12 (Fig. 2A). Treatment for 24 h with BRL 100 nM or 9RA 50 nM 

did not induce luciferase expression, while an increase in the transactivation of p53-1 

promoter was observed in the presence of both ligands (Fig. 2B). To identify the 

region within the p53 promoter responsible for its transactivation, we used deleted 

constructs expressing different binding sites such as CTF-1, nuclear factor-Y (NF-Y), 

NFkB and GC sites (Fig. 2A). In transfection experiments 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 (Fig. 2B). In 

contrast, using deleted construct in NFkB domain (p53-14) encoding the sequence 

from -106 to -49, the transactivation of p53 by both ligands was absent (Fig. 2B), 

suggesting that NFkB site is required for p53 transcriptional activity. 

Heterodimer PPARγ/RXRα binds to NFkB sequence in EMSA and in 

ChIP Assay 

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

transcriptional response to BRL plus 9RA, we performed EMSA experiments using 

synthetic oligodeoxyribonucleotides corresponding to the NFkB sequence within p53 

promoter. As shown in Figure 3A, we evidenced the formation of a specific DNA 

binding complex in nuclear extracts from MCF-7 cells (lane 1), since it was 

abrogated by 100-fold molar excess of unlabeled probe (lane 2). BRL treatment 

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

observed upon 9RA exposure (lane 4). The combined treatment increased the DNA 

binding complex (lane 5), which was immunodepleted and supershifted using anti-

PPARγ (lane 6) or anti-RXRα (lane 7) antibodies. These data indicate that 

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

Next, the interaction of both nuclear receptors with the p53 promoter was 

further elucidated by ChIP assays. Using anti-PPARγ and anti-RXRα antibodies, 

protein-chromatin complexes were immunoprecipitated from MCF-7 cells treated 

with BRL 100 nM and 9RA 50 nM. PCR was used to determine the recruitment of 

PPARγ and RXRα to the p53 region containing the NFkB site. The results indicate 

that either PPARγ or RXRα recruitment was increased upon BRL plus 9RA 

exposure (Fig. 3B). In same condition, an augmented RNA-Pol II recruitment was 

obtained by immunoprecipitating cells with an anti-RNA-Pol II antibody, indicating 
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that a positive regulation of p53 transcription activity was induced by combined 

treatment (Fig. 3B).  

BRL and 9RA induce mitochondrial membrane potential disruption and 

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

It is well known that the straightforward 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. Since disruption of mitochondrial 

integrity is one of the early events leading to apoptosis , we want to assess whether 

BRL plus 9RA affect the function of mitochondria by analyzing membrane potential 

with a mitochondria fluorescent dye JC-1 (24, 27). As shown in Fig. 4A, 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. In MCF-7 cells, treatment with BRL 100 nM or 9RA 50 nM did not 

change the red fluorescence (data not shown), whereas cells treated with both ligands 

stain green fluorescent, since JC-1 cannot accumulate within the mitochondria and it 

remains as a monomeric form in the cytoplasm (Fig. 4A). Concomitantly, 

cytochrome C release from mitochondria into the cytosol, a critical step in the 

apoptotic cascade, was demonstrated after combined treatment (Fig. 4B). 

Caspase-9 cleavage and DNA fragmentation induced by BRL plus 9RA in 

MCF-7 cells 

BRL and 9RA at nanomolar concentration separately did not induce any effects 

on caspase-9, which on the contrary appears activated in the presence of both 

compounds (Table 2A). No effects were elicited by either the combined or the 

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

(Table 2B). 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, evidencing that the induced apoptosis was 

prevented by either the specific antagonist of PPARγ GW9662 (GW) or in the 

presence of AS/p53, which is able to abolish p53 expression (Fig. 5A). 

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

transcriptional activity of PPARγ, we transiently transfected PPRE reporter gene in 

MCF-7 cells and we observed an enhanced luciferase activity, which was reversed by 
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GW treatment (Fig. 1 Supplemental data). These data are in agreement with previous 

observations demonstrating that PPARγ/RXR heterodimerization greatly enhances 

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 PPARγ and RXR 

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

presence of combined treatment cells underwent apoptosis in a p53-mediated manner 

(Fig. 5B), implicating a general mechanism in breast carcinoma. 

DISCUSSION 

The key finding of this study is that the combined treatment with low doses of 

PPARγ and RXR ligands can selectively affect breast cancer cells through cell 

growth inhibition and apoptosis. 

The ability of PPARγ ligands to induce differentiation and apoptosis in a 

variety of cancer cell types, as in human lung (30), colon (31) and breast (10) has 

been exploited in experimental cancer therapies (32). Besides, PPARγ agonists 

administration in liposarcoma patients resulted in histologic and biochemical 

differentiation markers in vivo (33). However, a pilot study of short-term therapy 

with PPARγ ligand Rosiglitazone in early-stage breast cancer patients does not elicit 

significant effects on tumor cell proliferation, although the changes observed in 

PPARγ expression may be relevant to breast cancer progression (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-selective ligands 

were discovered to inhibit proliferation of ATRA-resistant breast cancer cells in vitro 

and caused regression of the disease in animal models (41). The additive antitumoral 

effects of PPARγ and RXR agonists, both at elevated doses, have been shown in 

human breast cancer cells (15, 42 and references therein). However, it should be take 

into account that high doses of both ligands have in humans remarkable side effects 

like weight gain and plasma volume expansion for PPARγ ligands (16-18) and 

hypertriglyceridemia 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 do no induce noticeable influences in cell vitality on normal 
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breast epithelial cells, while they exert significant antiproliferative effects on breast 

cancer cells. The molecular mechanism underlying these effects has been elucidated 

in MCF-7 cells in which an upregulation of tumor suppressor gene p53 has been 

evidenced. Functional assays with deleted 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 (43), which in some 

circumstances binds to DNA cooperatively with NFkB (44-46). It has been 

previously reported that micromolar doses of both PPARγ and RXR agonists 

synergized to generate an increased level of NFkB-DNA binding able to trigger 

apoptosis in Pre-B cells (47). Our EMSA and ChIP assay demonstrated that these 

agents at nanomolar concentration only when in combination appeared to be 

effective in the binding and in the recruitment of either PPARγ or RXRα on the 

NFkB site located in the p53 promoter sequence. BRL plus 9RA at the doses tested 

also increase the recruitment of RNA-Pol II to p53 promoter gene addressing a 

positive transcriptional regulation able to produce a consecutive series of events 

featuring apoptotic pathway. It is well known that the 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, were 

detected in BRL plus 9RA-treated MCF-7 cells. Besides, the activation of caspase 9, 

in the presence of no changes in the biological activity of caspase 8, addresses how 

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 raised by the evidence that the described apoptotic cascade was abrogated 

in the presence of AS/p53 in all breast cancer cell lines tested, including tamoxifen 

resistant breast cancer cells, where other authors evidenced EGFR, IGF-1R and c-Src 

signaling constitutively activated and responsible for a more aggressive phenotype 

consistent with an increased motility and invasiveness (48-50). This gives 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 developed 

resistance to antiestrogen therapy.  
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FIGURE LEGENDS 

Figure 1 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 BRL 100nM and 9RA 50nM 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 ± S.D.) 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 ± S.D.) of three independent 

experiments after densitometry and correction for 36B4 expression. *p<0.05 

and **p<0.01 combined-treated vs untreated cells. N: RNA sample without the 

addition of reverse transcriptase (negative control). 

Figure 2 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 BRL 

100nM and 9RA 50nM 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 ± S.D. of three independent 

experiments performed in triplicate. *p<0.05 combined-treated vs 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. 

Figure 3 PPARγ/RXRα binds to NFkB sequence in EMSA and in ChIP 

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 

100nM BRL (lane 3), 50nM 9RA (lane 4) and in combination (lane5). Anti-

PPARγ (lane 6), anti-RXRα (lane 7) and IgG (lane 8) antibodies were 
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incubated. Lane 9 contains probe alone. (B) MCF-7 cells were treated for 1 h 

with 100nM BRL and/or 50nM 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 30 μl of initial 

preparations of soluble chromatin (before immunoprecipitations). N: negative 

control provided by PCR amplification without DNA sample. 

Figure 4 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 100nM BRL plus 50nM 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’- 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 h with BRL 100nM and/or 9RA50nM. GAPDH was used as 

loading control. 

Figure 5 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 100nM BRL plus 50nM 9RA for 56 h. GAPDH was 

used as loading control. (B) DNA laddering was performed in MCF-7 TR1, 

SKBR-3, T47-D cells transfected with AS/p53 or empty vector (v) and treated 

as indicated. One of three similar experiments is presented.  

Table 1 Cell vitality in breast cell lines. Breast cells were treated for 48 h in 

the presence of BRL 100nM or/and 9RA 50nM. Cell vitality was measured by 

MTT assay. Data were presented as mean ± S.D. of three independent 
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experiments done in triplicate and expressed as percentage of vitality respect to 

control. *p<0.05 and **p<0.01 treated vs untreated cells.  

Table 2 Activation of caspases in MCF-7 cells. Cells were stimulated for 48 h 

in presence of BRL 100nM, 9RA 50nM alone or in combination. The activation 

of caspase 9 (A) and caspase 8 (B) was analysed by Flow Cytometry Assay. 

Data were presented as mean ± S.D. of triplicate experiments. *p<0.05 

combined-treated vs untreated cells. 

Supplemental data: Figure 1 BRL and 9RA transactivate PPRE reported 

gene in MCF-7 cells. MCF-7 cells were transfected with a PPRE reporter gene 

and treated with BRL, 9RA and GW as indicated. The luciferase activity was 

normalized to the Renilla luciferase as internal transfection control and data 

were reported as RLU values. Columns are mean ± S.D. of three independent 

experiments performed in triplicate. *p<0.05 combined-treated vs untreated 

cells. RLU, Relative Light Units. 
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Abstract
Peroxisome proliferator-activated receptor g (PPARg) has been demonstrated to be anti-
neoplastic against various human tumors. The aim of this study was to delineate the molecular
mechanism underlying PPARg ligand rosiglitazone (BRL) antiproliferative effects in follicular WRO
and anaplastic FRO human thyroid carcinoma cells. BRL upregulated the p21Cip1/WAF1 levels in
the two thyroid cancer cells, while did not modify the p53 protein content. Different evidences
indicate that the p21Cip1/WAF1 upregulation by BRL requires a functional PPARg, since it was
reversed by silencing PPARg and pretreatment with GW9662, an irreversible PPARg antagonist.
Transient transfection assays showed that BRL triggered the transcriptional activity of
p21Cip1/WAF1 promoter gene in a p53-independent way, being a p21Cip1/WAF1 promoter construct
deleted in the p53 sites still activated by BRL. The Sp1 inhibitor mithramycin silenced the
p21Cip1/WAF1 promoter activity suggesting an important role of Sp1 in mediating BRL activation.
The electrophoretic mobility shift and chromatin immunoprecipitation (ChIP) assays evidenced a
functional interaction between PPARg and Sp1 in regulating p21Cip1/WAF1. Intriguingly, ChIP
analysis revealed in the p21Cip1/WAF1 gene promoter an increased recruitment of the RNA Pol II
associated with an increased histone H3 acetylation and a reduced H3 methylation. The biological
event, consistent with PPARg-induced WRO and FRO cell growth inhibition, was reversed by
p21Cip1/WAF1 antisense oligonucleotides and was confirmed by increasing the PPARg expression,
suggesting a crucial role exerted by p21Cip1/WAF1 in PPARg action. Our results further candidate
BRL as a potential agent able to inhibit tumor progression of follicular and anaplastic thyroid
carcinoma.
Endocrine-Related Cancer (2008) 15 545–557
Introduction

Peroxisome proliferator-activated receptorg (PPARg) is

a member of the nuclear receptor (NR) family of ligand-

induced transcription factors, which is best known for its

differentiating effects on adipocytes and insulin-

mediated metabolic functions (Desvergne & Wahli

1999). However, PPARg is also involved in cell cycle
Endocrine-Related Cancer (2008) 15 545–557

1351–0088/08/015–545 q 2008 Society for Endocrinology Printed in Great
control, inflammation, atherosclerosis, apoptosis, and

carcinogenesis (Auwerx 1999). Consistently, PPARg

agonists decrease the growth rate of various malignant

cell lines and induce differentiation and apoptosis in

diverse carcinoma, including thyroid cancer cells

(Tontonoz et al. 1997, Elstner et al. 1998, Kuboto

et al. 1998, Mueller et al. 1998, Chung et al. 2002,
Britain
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Martelli et al. 2002, Klopper et al. 2004, Aiello et al.

2006, Chen et al. 2006, Copland et al. 2006).

Thyroid cancers are the most common malignancy

of endocrine organs (Parkin et al. 2005), with an

incidence rate that steadily increased over the past few

decades (Liu et al. 2001). More than 95% of thyroid

carcinomas are derived from follicular epithelial cells,

while a minority of tumors (2%) is referred as

undifferentiated or anaplastic carcinoma, one of the

most aggressive human malignancies (Kondo et al.

2006). A majority of well-differentiated thyroid

cancers can be effectively managed by surgical

resection with or without radioactive iodine ablation

and only a subset of these tumors can behave

aggressively. By contrast, there is no effective form

of treatment presently available for patients affected by

anaplastic neoplasia and hence they have an extremely

poor prognosis (Ain 1998).

The growth activity of well-differentiated compared

with undifferentiated thyroid carcinoma is low and this

difference is governed by altered cell cycle regulators

(Kondo et al. 2006 and references therein). Among a

family of negative cell cycle regulators, the p21Cip1/WAF1

member of the cyclin-dependent-kinase interacting

protein/kinase inhibitory protein (CIP/KIP) family

plays a crucial role in the growth arrest mediated

by either p53-dependent (el-Diery et al. 1993) or

p53-independent mechanism (Jiang et al. 1994). The

p21Cip1/WAF1 was shown to be involved in PPARg-

mediated growth regulation in different cancer cells,

including thyroid (Han et al. 2004, Hong et al. 2004,

Bonofiglio et al. 2006, Copland et al. 2006). Particularly,

PPARg mediates the upregulation of p21Cip1/WAF1

(Chung et al. 2002, Han et al. 2004, Hong et al. 2004)

and a mechanism through which PPARg mediates

p21Cip1/WAF1 mRNA induction was shown to be via

Sp1-enhanced binding to the p21Cip1/WAF1, KDR and

hormone-sensitive lipase promoters (Han et al. 2004,

Hong et al. 2004, Sassa et al. 2004, Deng et al. 2006).

In this study, we have investigated the way through

which the PPARg ligand rosiglitazone (BRL49653,

BRL) induces growth inhibition in follicular WRO and

anaplastic FRO thyroid cancer cells. Independent of

the p53 pathway, the underlying molecular mechanism

involves a functional interaction between PPARg and

Sp1 to Sp1 sites of the p21Cip1/WAF1 promoter gene.
Materials and methods

Reagents

BRL was purchased from Alexis (San Diego, CA,

USA); the irreversible PPARg-antagonist GW9662
546
(GW) and the Sp1-specific inhibitor, mithramycin,

were from Sigma. All compounds were solubilized in

dimethyl sulfoxide (Sigma) also used as the vehicle.

Cell cultures

Human follicular WRO and anaplastic FRO thyroid

cancer cells (a gift from Dr F Arturi, University of

Magna Grecia, Catanzaro, Italy) were grown in

Dulbecco’s Modified Eagle’s Medium (DMEM) plus

glutamax containing 10% fetal bovine serum (FBS;

Invitrogen) and 1 mg/ml penicillin–streptomycin (P/S).

Plasmids

The human wild-type p21Cip1/WAF1 promoter-luciferase

(luc) reporter (p21Cip1/WAF1 wt) and its deletion

construct that lacks the two p53-binding sites

(p21Cip1/WAF1 Dp53) were kind gifts from Dr T Sakai

(Kyoto Prefectural University of Medicine, Kyoto,

Japan). The PPARg expression plasmid was a gift from

Dr R Evans (The Salk Institute, San Diego, CA, USA).

As an internal transfection control we co-transfected

the plasmid pRL-CMV (Promega), which expresses

Renilla luciferase enzymatically distinguishable from

firefly luciferase by the strong cytomegalovirus

enhancer/promoter.

[3H]thymidine incorporation

WRO and FRO cells were seeded in 12-well plates in a

regular growth medium. On the second day, the cells

were incubated in DMEM supplemented with 1%

charcoal-stripped-FBS in the presence of vehicle or

with treatments. The medium was renewed every

2 days together with the appropriate treatments.

[3H]thymidine (1 mCi/ml; New England Nuclear,

Newton, MA, USA) was added to the medium for the

last 6 h of the sixth day. After rinsing with PBS, the

cells were washed once with 10% and thrice with 5%

trichloroacetic acid. The cells were lysed by adding

0.1 M NaOH and then incubated for 30 min at 37 8C.

Thymidine incorporation was determined by scintil-

lation counting.

Immunoblotting

The cells were grown in 10 cm dishes to 70–80%

confluence and exposed to treatments for 24 h in a

serum-free medium (SFM), as indicated. They were

then harvested in cold PBS and resuspended in a lysis

buffer containing 20 mM HEPES (pH 8), 0.1 mM

EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol,

1% NP-40, and inhibitors (0.1 mM Na3VO4, 1%

phenylmethylsulphonyl fluoride (PMSF), 20 mg/ml
www.endocrinology-journals.org
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aprotinin).The protein concentration was determined

using Bio-Rad Protein Assay (Bio-Rad Laboratories).

A 50 mg portion of protein lysates was used for western

blotting (WB), resolved on a 10% SDS-polyacrylamide

gel, transferred to a nitrocellulose membrane and

probed with an antibody directed against the

p21Cip1/WAF1, p53, PPARg and Sp1 (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). As the internal

control, all membranes were subsequently stripped

(0.2 M glycine (pH 2.6) for 30 min at room tempera-

ture) of the first antibody and reprobed with anti-b-

actin 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 (ECL system, Amersham Pharmacia). The

blots were then exposed to Kodak film (Sigma). The

intensity of bands representing relevant proteins was

measured using the Scion Image laser densitometry

scanning program.

Reverse transcription-PCR (RT-PCR) assay

Cells were grown in 10 cm dishes to 60–70%

confluence and exposed to treatments for 24 h in

SFM. The 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. The evaluation

of gene expression was performed by the semiquanti-

tative RT-PCR method as described previously

(Maggiolini et al. 1999). For p21Cip1/WAF1 and

the internal control gene 36B4, the primers were:

5 0-GCTTCATGCCAGCTACTTCC-3 0 (p21Cip1/WAF1

forward) and 5 0-CTGTGCTCACTTCAGGGTCA-3 0

(p21Cip1/WAF1 reverse), and 5 0-CTCAACATCTCCC

CCTTCTC-3 0 (36B4 forward) and 5 0-CAAATCCCA

TATCCTCGTCC-3 0 (36B4 reverse) to yield respect-

ively the products of 270 bp with 20 cycles and 408 bp

with 12 cycles. The results obtained as optical density

arbitrary values were transformed to percentage of the

control (percent control) taking the samples from

untreated cells as 100%.

Transfection assay

The cells were transferred into 24-well plates with

500 ml regular growth medium/well the day before

transfection. The medium was replaced with SFM on

the day of transfection, which was performed using

Fugene 6 reagent as recommended by the manufacturer

(Roche) with a mixture containing 0.5 mg promoter-luc
www.endocrinology-journals.org
reporter plasmids and 5 ng pRL-CMV. After 24 h

transfection, SFM was treated as indicated and the

cells were incubated for a further 24 h. Firefly and

R. luciferase activities were measured using the Dual

Luciferase Kit (Promega).
Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from thyroid cancer cells were

prepared as described previously for EMSA (Andrews

& Faller 1991). Briefly, both cell lines plated into 10 cm

dishes were grown to 70–80% confluence, shifted to

SFM for 24 h, and then treated with 1 mM BRL for 6 h.

Thereafter, the cells were scraped into 1.5 ml cold PBS.

They were pelleted for 10 s and resuspended in 400 ml

cold buffer A (10 mM HEPES–KOH (pH 7.9) at 4 8C,

1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol,

0.2 mM PMSF, 1 mM leupeptin) by flicking the tube.

The cells were then allowed to swell on ice for 10 min

and then vortexed for 10 s. The samples were then

centrifuged for 10 s and the supernatant fraction

discarded. The pellet was resuspended in 50 ml cold

Buffer B (20 mM HEPES–KOH (pH 7.9), 25%

glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM

EDTA, 0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM

leupeptin) and incubated in ice for 20 min for high-salt

extraction. Cellular debris was removed by centri-

fugation for 2 min at 4 8C and the supernatant fraction

(containing DNA-binding proteins) was stored at

K70 8C. The probe was generated by annealing

single-stranded oligonucleotides and labeled with

[g32P] ATP (Amersham Pharmacia) and T4 polynu-

cleotide kinase (Promega), and then purified using

Sephadex G50 spin columns (Amersham Pharmacia).

The DNA sequence of Sp1, present in the native human

p21Cip1/WAF1 promoter gene, used as the probe or the

cold competitor is the following: Sp1, 5 0-GGGGGT

CCCGCCTCCTTGA-3 0 (Sigma). The protein-binding

reactions were carried out in 20 ml buffer (20 mM

HEPES (pH 8), 1 mM EDTA, 50 mM KCl, 10 mM

DTT, 10% glycerol, 1 mg/ml BSA, 50 mg/ml poly

dI/dC) with 50 000 c.p.m. labeled probe, 5 mg nuclear

protein or 1 ml human Sp1 recombinant protein

(Promega), and 5 mg poly(dI-dC). The mixtures were

incubated at room temperature for 20 min in the

presence or absence of unlabeled competitor oligonu-

cleotides. For the experiments involving the anti--

PPARg and anti-Sp1 antibodies and IgG (Santa Cruz

Biotechnology), the reaction mixture was incubated

with these antibodies at 4 8C for 30 min before the

addition of labeled probe. Mithramycin (100 nM) was

incubated with the labeled probe for 30 min at 4 8C

before the addition of nuclear extracts. The entire
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reaction mixture was electrophoresed through a 6%

polyacrylamide gel in 0.25! Tris borate–EDTA for

3 h at 150 V. The gel was dried and subjected to

autoradiography at K70 8C.
Chromatin immunoprecipitation and

re-immunoprecipitation (ChIP and reChIP) assay

For ChIP assay, thyroid carcinoma cells were grown in

10 cm dishes to 50–60% confluence, shifted to SFM for

24 h, and then treated with 1 mM BRL for 1 h or pre-

incubated with mithramycin for 1 h where required.

Thereafter, the cells were washed twice with PBS and

cross-linked with 1% formaldehyde at 37 8C for

10 min. Next, the cells were washed twice with PBS

at 4 8C, collected, and resuspended in 200 ml lysis

buffer (1% SDS, 10 mM EDTA, 50 mM Tris–HCl (pH

8.1)) and left on ice for 10 min. Then, the cells were

sonicated four times for 10 s at 30% of maximal power

(Sonics and Materials Inc., Vibra Cell 500 W) and

collected by centrifugation at 11 000 g for 10 min, at

4 8C. The supernatants were diluted in 1.3 ml IP buffer

(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,

16.7 mM Tris–HCl (pH 8.1), 16.7 mM NaCl) followed

by immunoclearing with 80ml sonicated salmon sperm

DNA/protein A agarose (UBI, DBA Srl, Milan, Italy)

for 1 h at 4 8C. The precleared chromatin was

immunoprecipitated with anti-PPARg, anti-Sp1, anti-

RNA Pol II (Santa Cruz Biotechnology), anti-acetyl

histone H3, and anti-trimethyl histone H3 antibodies

(Upstate, Milan, Italy). The chromatin immunoprecipi-

tated with anti-PPARg was re-immunoprecipitated

with the anti-Sp1 antibody. At this point, 60 ml salmon

sperm DNA/protein A agarose were added and

precipitation was further continued for 2 h at 4 8C.

After pelleting, the precipitates were washed sequen-

tially for 5 min with the following buffers: wash A

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris–HCl (pH 8.1), 150 mM NaCl); wash B (0.1%

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris–HCl (pH 8.1), 500 mM NaCl); and wash C

(0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate,

1 mM EDTA, 10 mM Tris–HCl (pH 8.1)), and then

twice with TE buffer (10 mM Tris, 1 mM EDTA). The

immunocomplexes were eluted with the elution buffer

(1% SDS, 0.1 M NaHCO3). The eluates were reverse

cross-linked by heating at 65 8C and digested with

proteinase K (0.5 mg/ml) at 45 8C for overnight. DNA

was obtained by phenol/chloroform/isoamyl alcohol

extraction. To each sample, 2 ml of 10 mg/ml yeast

tRNA (Sigma) were added and DNA was precipitated

with 70% ethanol for 24 h at K20 8C, and then washed

with 95% ethanol and resuspended in 20 ml TE buffer.
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A 5 ml volume of each sample was used for PCR

amplification with the following primers flanking a

sequence of p21Cip1/WAF1 promoter: 5 0-GATTTGT

GGCTCACTTCGTGGG-3 0 (forward) and 5 0-GCA

GCTGCTCACACCTCAGCT-3 0 (reverse) (Gene

Bank, accession number U24170). The PCR conditions

were 1 min at 95 8C, 1 min at 60 8C, and 1 min at

72 8C. 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 the

DNA sample. The specificity of the reactions was

ensured using normal mouse and rabbit IgG (Santa

Cruz Biotechnology).
ChIP/immunoblot assay

For the ChIP/immunoblot assay, thyroid carcinoma

cells were subjected to the procedure of ChIP assay, as

described above, until we obtained the immunocom-

plexes. At this time, we added the Laemmli buffer to

the immunocomplexes and performed the WB

analysis, as described by the Upstate protocol.
Antisense oligodeoxynucleotide experiments

The oligonucleotides used were: 5 0-GACATCACC

AGGATCGGACAT-3 0 for p21, and 5 0-GATCTCAG

CACGGCAAAT-3 0 for the scrambled control (cs). For

antisense experiments, a concentration of 200 nM of

the indicated oligonucleotides (ODN) was transfected

using Fugene 6 reagent as recommended by the

manufacturer for 4 h, before treatment with vehicle

or BRL. The transfection was renewed every 2 days

together with the appropriate treatments.
RNA interference (RNAi)

Cells were plated in six-well dishes in the regular

growth medium the day before transfection to 60–70%

confluence. On the second day, the medium was

changed with SFM without P/S and the cells were

transfected with 25 bp RNA duplex of validated RNAi-

targeted human PPARg mRNA sequence 5 0-AGA

AUAAUAAGGUGGAGAUGCAGGC-3 0 sequence

(Invitrogen) or with a stealth RNAi-negative control

low GC (Invitrogen) to a final concentration of 100 nM

using Lipofectamine 2000 (Invitrogen), as rec-

ommended by the manufacturer. After 5 h, the

transfection medium was changed with SFM in order

to avoid Lipofectamine 2000 toxicity and the cells

were exposed to vehicle or BRL for the next 24 h and

then lysed as described for WB analysis.
www.endocrinology-journals.org
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Statistical analysis

Statistical analysis was performed using ANOVA

followed by Newman–Keuls testing to determine the

differences in means. P!0.05 was considered statisti-

cally significant.
Results

BRL induces growth inhibitory effects in WRO

and FRO cells

On the basis of other (Kuboto et al. 1998, Clay et al.

1999, Ohta et al. 2001) and our (Bonofiglio et al. 2005,

2006) studies demonstrating the inhibitory effects of the

PPARg agonists on the proliferation of different cancer

cells, we first treated human follicular WRO and

anaplastic FRO thyroid cancer cells with increasing

BRL concentrations for 5 days. BRL inhibited the

growth of both thyroid cancer cells in a dose- and

PPARg-dependent manner, since this effect was no

longer notable in the presence of its specific antagonist

GW9662 (GW; Fig. 1A and B).
Figure 1 Antiproliferative effects exerted by PPARg agonist
BRL in follicular WRO and anaplastic FRO thyroid cancer cells.
(A)WROand FRO cells were treated for 5 days with vehicle (K)
or with increasing BRL concentrations. (B) Both thyroid cancer
cells were treated for 5 days with vehicle (K), 1 mM BRL, 10 mM
GW alone or in combination with BRL. On day 6, [3H] thymidine
incorporation was determined by scintillation counting. Data are
expressed as meanGS.D. of three independent experiments
performed in triplicate. *P!0.05 BRL-treated versus
untreated cells.
BRL upregulates p21Cip1/WAF1 expression in

thyroid cancer cells

The p53 tumor suppressor gene plays an undisputed

role as a major mediator of cell cycle arrest and/or

apoptosis in the response of mammalian cells to stress

stimuli and p21Cip1/WAF1, a known p53-downstream

gene, has been suggested to mediate p53-induced

growth arrest triggered by DNA damage (Vousden &

Lu 2002). Therefore, we aimed to examine the

potential ability of the PPARg agonist BRL to

modulate p53 along with its natural target gene

p21Cip1/WAF1in both thyroid cancer cells. Interes-

tingly, BRL upregulated the protein expression of

p21Cip1/WAF1 in a dose-dependent manner in the WRO

and FRO cells, while did not modify the p53 protein

content (Fig. 2A and B). Next, we investigated the

mRNA expression of p21Cip1/WAF1, which was induced

by BRL at an increasing concentration in both thyroid

cancer cells (Fig. 3A). Using GW, BRL action was

abrogated, suggesting a direct involvement of PPARg
in mediating this effect (Fig. 3A). To definitively

confirm the mechanism by which BRL upregulates

p21Cip1/WAF1 levels, we inhibited PPARg expression

by RNAi (Fig. 3B). The effect of BRL on p21Cip1/WAF1

expression was prevented in the presence of PPARg
RNAi, while it was still notable using a control RNAi

(Fig. 3C), demonstrating the crucial role of PPARg in

BRL-induced upregulation of p21Cip1/WAF1.
www.endocrinology-journals.org
BRL transactivates p21Cip1/WAF1 gene promoter

The aforementioned observations prompted us to

investigate whether the PPARg ligand is able to

transactivate the p21Cip1/WAF1 promoter gene, which

contains two p53-response elements (Li et al. 1994,
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Figure 2 Modulation of p21Cip1/WAF1 protein level by BRL.
Immunoblots of p21Cip1/WAF1 and p53 from (A) WRO and
(B) FRO cells treated for 24 h with vehicle (K) and with
increasing BRL concentrations. b-Actin was used as the loading
control. The side panels show the quantitative representation of
data (meanGS.D.) of three independent experiments included
that presented in A and B respectively. *P!0.05 BRL-treated
versus untreated cells.

D Bonofiglio, H Qi et al.: PPARg regulates p21Cip1/WAF1 in thyroid cancer cells
Wu & Schonthal 1997). Thus, WRO and FRO cells

were transiently transfected with the human wild-type

p21Cip1/WAF1 promoter–luciferase fusion plasmid

(p21Cip1/WAF1 wt) or with a promoter construct

that lacks the two p53-binding sites (p21Cip1/WAF1

Dp53; Fig. 4A). BRL was able to transactivate both

constructs, defining the minimal region of p21Cip1/WAF1

promoter responsible for its induction independently of

p53 (Fig. 4B). Such effects were reversed by GW,

suggesting that the transactivation of p21Cip1/WAF1 by

BRL occurs in a PPARg-dependent manner (Fig. 4B).

Since the deleted mutant p21Cip1/WAF1 Dp53 encoding

the region from K124 to C11 expresses multiple Sp1

sites, we performed transfection experiments using

mithramycin, a specific inhibitor of GC binding

(Blume et al. 1991). The transactivation of this

construct induced by BRL was abrogated by mithra-

mycin, indicating an involvement of Sp1 transcription

factor in the PPARg action observed in WRO and FRO

cells (Fig. 4B).
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BRL binds to Sp1 sites of the p21Cip1/WAF1

promoter gene in EMSA

In order to further support whether Sp1 sites mediate

the BRL-induced upregulation of p21Cip1/WAF1, we

performed EMSA using synthetic oligodeoxyribonu-

cleotides corresponding to the Sp1 site located in the

human p21Cip1/WAF1 gene promoter, as probe. In

nuclear extracts from WRO cells (Fig. 5A) we

obtained the formation of specific bands (lane 1),

which were strongly increased in cells treated with

BRL (lane 2). Competition binding studies demon-

strated that a 100-fold molar excess of unlabeled

probe inhibited the formation of these complexes

(lane 3). The addition of mithramycin, which binds

to GC boxes and prevents sequential Sp1 binding,

decreased the intensity of the bands to Sp1 DNA

sequence (lane 4). Of note, the anti-PPARg and anti-

Sp1 antibodies (lanes 5 and 6 respectively) were able

to supershift the specific bands. Different controls

were used to assess the specificity of the binding;

IgG that did not generate supershifted bands (lane 7),

human Sp1 recombinant protein alone (lane 8), and

Sp1 in combination with either cold competitor (lane 9)

or the anti-Sp1 antibody (lane 10). As shown in Fig. 5B,

similar results, such as an increased DNA-binding

complex under BRL (lane 2), a reduction of the band

intensity by using mithramycin (lane 4), and super-

shifted bands in the presence of the anti-PPARg and

anti-Sp1 antibodies (lanes 5 and 6) were obtained in

FRO cells.
Functional interaction of PPARg with

p21Cip1/WAF1 by ChIP and reChIP assays

The interaction of PPARg with the p21Cip1/WAF1 gene

promoter was further investigated by ChIP assay.

WRO and FRO chromatins were immunoprecipitated

with the anti-PPARg, the anti-Sp1, the anti-RNA Pol

II, the anti-acetyl histone H3, and the anti-trimethyl

histone H3 antibodies. The PPARg immunoprecipi-

tated chromatin was re-immunoprecipitated with the

anti-Sp1 antibody. PCR was used to determine the

recruitment of PPARg to the p21Cip1/WAF1 region

containing the Sp1 site. As shown in Fig. 6A, the

results indicated that PPARg was weakly and

constitutively bound to the p21Cip1/WAF1 promoter in

untreated cells and this recruitment was increased upon

BRL treatment, while in the presence of mithramycin

the BRL effect was reversed in both thyroid cancer

cells. Histone modification plays an important role in

controlling gene expression (He & Lehming 2003). For

example, acetylation of histone H3 at lysine 9 and

methylation of histone H3 at lysine 9 are associated
www.endocrinology-journals.org
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Figure 3 BRL upregulates p21Cip1/WAF1 mRNA expression. (A) Semiquantitative RT-PCR evaluation of p21Cip1/WAF1 mRNA
expression in WRO and FRO cells treated for 24 h in the presence of vehicle (K) or with treatments as indicated. 36B4 mRNA levels
were determined as control. In the side panel is shown the quantitative representation of data (meanGS.D.) of three independent
experiments included that presented in A after densitometry and correction for 36B4 expression. *P!0.05 BRL-treated versus
untreated cells. (B) PPARg protein expression (evaluated by WB) in WRO and FRO cells not transfected (K) or transfected with
25 nucleotide of validated RNA interference (RNAi) targeted human PPARg mRNA sequence (PPARg RNAi) or with stealth RNAi
negative control (control RNAi), as reported in Materials andmethods. b-Actin was used as loading control. The side panel shows the
quantitative representation of data (meanGS.D.) of three independent experiments included that presented in B. (C) Immunoblots of
p21Cip1/WAF1 in thyroid cancer cells treated in the presence of vehicle (K) or with BRL 1 mM, transfected using PPARg RNAi or
control RNAi. b-Actin was used as loading control. The side panel shows the quantitative representation of data (meanGS.D.) of
three independent experiments included that presented in C.

Endocrine-Related Cancer (2008) 15 545–557
with transcriptional activation and repression respect-

ively. Besides, since it was speculated that increased

degrees of H3 Lys9 methylation are associated with an

increased stability of silencing (Rice et al. 2003; mono-

versus di- versus tri-), we used a specific anti-H3

trimethylated at lysine 9 antibody. Noteworthy, an

increased recruitment of H3 acetylated at lysine 9 and a

reduction of H3 trimethylated at lysine 9 upon BRL

treatment was observed. In addition, the positive
www.endocrinology-journals.org
regulation of the p21Cip1/WAF1 transcription activity

through Sp1 induced by BRL was demonstrated by the

increased recruitment of RNA Pol II, which was

reversed in the presence of mithramycin. Altogether,

the data indicate that PPARg binding to the Sp1

transcription factor exerts stimulatory effects on

p21Cip1/WAF1 gene expression. The physical interaction

between the PPARg and Sp1 proteins was strengthened

by the ChIP/immunoblot assay (Fig. 6B).
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Figure 4 BRL induces the transcriptional activity of p21Cip1/WAF1

promoter gene. (A) Schematic map of the p21Cip1/WAF1

promoter plasmids used in this study. (B) WRO and FRO cells
were transiently transfected with the wild-type p21 promoter-
luciferase (p21Cip1/WAF1 wt) and then treated with vehicle (K),
1 mM BRL, 10 mM GW alone or in combination with BRL. Both
thyroid cancer cells were transiently transfected with deleted
construct (p21Cip1/WAF1Dp53) and then treatedwith vehicle (K),
1 mM BRL, 100 nM M alone or in combination with BRL. The
luciferase activities were normalized to the Renilla luciferase as
internal transfection control and data were reported as RLU
values. Columns are meanGS.D. of three independent experi-
ments performed in triplicate.*P!0.05 BRL-treated versus
untreated cells. RLU, relative light units; M, mithramycin.

Figure 5 BRL increases the binding to Sp1 sites located within
the p21Cip1/WAF1 promoter region in EMSA. (A) Nuclear extracts
fromWRO cells (lane 1) were incubated with a double-stranded
Sp1 sequence probe labeled with [g32P] and subjected to
electrophoresis in a 6% polyacrylamide gel. In lane 2, nuclear
extracts were treated with 1 mM BRL. Competition experiments
were performed adding as competitor a 100-fold molar excess
of unlabeled Sp1 probe (lane 3) or 100 nM mithramycin (M)
(lane 4). Anti-PPARg and anti-Sp1 antibodies and IgG were
incubated with nuclear extracts treated with BRL (lanes 5, 6,
and 7). One microliter of human Sp1 recombinant protein
(lane 8) was incubated with a double-stranded Sp1 sequence
probe. A 100-fold molar excess of unlabeled Sp1 probe (lane 9)
or anti-Sp1 antibody (lane 10) was added to Sp1 protein.
Lane 11 contains probe alone. (B) Nuclear extracts from FRO
cells were incubated with a double-stranded Sp1 sequence
probe labeled with [g32P] and subjected to electrophoresis in a
6% polyacrylamide gel. In lane 2, nuclear extracts were treated
with 1 mM BRL. Competition experiments were performed
adding as competitor a 100-fold molar excess of unlabeled Sp1
probe (lane 3) or 100 nM mithramycin (M) (lane 4). Anti-PPARg
and anti-Sp1 antibodies were incubated with nuclear extracts
treated with BRL (lanes 5 and 6 respectively). Lane 7 contains
probe alone.
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p21Cip1/WAF1 antisense oligodeoxynucleotides

prevent the BRL-induced growth inhibition in

thyroid cancer cells

To confirm the BRL-induced growth inhibition of

thyroid cancer cells through p21Cip1/WAF1, WRO and

FRO cells were transfected with the p21Cip1/WAF1

antisense (AS)-ODN or control scrambled (cs)-ODN in

the proliferation assay. In previous studies, the

utilization of AS-ODN of p21Cip1/WAF1 in vivo and

in vitro has been shown to be a sensitive way to

examine its role in the inhibition of cell proliferation,

angiogenesis, matrix protein production, and induction

of apoptosis (Tian et al. 2000, Weiss et al. 2003).

Noteworthy, the inhibitory effect exerted by BRL on

cell proliferation was reversed by p21Cip1/WAF1

AS-ODN but not by cs-ODN in both thyroid cancer

cells (Fig. 7A) in which the p21Cip1/WAF1 protein levels

under these experimental conditions were assessed by

WB (Fig. 7B). To support our data we evaluated a

dose-dependence of the growth inhibition (Fig. 7C)
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and the p21Cip1/WAF1 induction (Fig. 7D) by PPARg,

transfecting in both thyroid cancer cell lines increasing

doses of PPARg-expressing vector (0.5, 1, and 2 mg).

Taken together, these results indicate that the anti-

proliferative effect exerted by BRL in thyroid cancer

cells involves a positive crosstalk between PPARg-

and p21Cip1/WAF1-signaling pathway.
Discussion

An inhibitory action of PPARg in the thyroid tumors

growth and progression was documented (Ohta et al.

2001, Martelli et al. 2002, Klopper et al. 2004, Aiello

et al. 2006). Particularly, BRL and other thiazolidine-

diones inhibit thyroid carcinoma cell proliferation in

a PPARg-dependent fashion (Chung et al. 2002,

Martelli et al. 2002, Klopper et al. 2004, Aiello et al.

2006, Chen et al. 2006, Copland et al. 2006),

PPARg mediates the upregulation of p21Cip1/WAF1
www.endocrinology-journals.org
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Figure 6 Functional interaction between PPARg and
p21Cip1/WAF1 promoter in ChIP and ReChIP assays. (A) WRO
and FRO cells were treated as indicated, then cross-linked with
formaldehyde, and lysed. The soluble chromatin was immuno-
precipitated with the anti-PPARg, anti-Sp1, anti-RNA Pol II,
anti-acetyl histone H3 (AcH3), and anti-trimethyl histone H3
(MetH3) antibodies. Chromatin immunoprecipitated with the
anti-PPARg antibody was re-immunoprecipitated with the anti-
Sp1 antibody. The p21Cip1/WAF1 promoter sequence containing
Sp1 was detected by PCR with specific primers, as described in
Materials and methods. To control input DNA, the p21Cip1/WAF1

promoter was amplified from 30 ml initial preparations of soluble
chromatin (before immunoprecipitations). N, negative control
provided by PCR amplification without DNA sample; M,
mithramycin. (B) Immunoblots of PPARg and Sp1 from WRO
and FRO cells treated with BRL 1 mM in which chromatin was
immunoprecipitated with the anti-PPARg antibody. Lys, cell
lysates.

Figure 7 The antiproliferative effects exerted by BRL in thyroid
cancer cells are p21Cip1/WAF1-mediated. (A) WRO and FRO
cells were treated in the presence of vehicle (K) or with BRL
1 mM, transfected using p21Cip1/WAF1 antisense (p21 AS) or
control scrambled (cs) oligonucleotides (ODN) as indicated.
On day 6, [3H]thymidine incorporation was determined by
scintillation counting. Data are expressed as meanGS.D. of
three independent experiments performed in triplicate.
*P!0.05 BRL-treated versus untreated cells. (B) Immunoblots
of p21Cip1/WAF1 from thyroid carcinoma cells treated as in A.
b-Actin was used as the loading control. (C)WROandFROcells
were treated in the presence of vehicle (K) or with BRL 1 mMand
transfected with increasing doses of PPARg expression plasmid.
After 48 h, [3H]thymidine incorporation was determined by
scintillation counting. Data are expressed as meanGS.D. of three
independent experiments performed in triplicate. *P!0.05 BRL-
treated versus untreated cells. (D) Immunoblots of p21Cip1/WAF1

and PPARg from thyroid carcinoma cells treated as in C. b-Actin
was used as loading control.

Endocrine-Related Cancer (2008) 15 545–557
(Chung et al. 2002, Han et al. 2004, Hong et al. 2004),

p21Cip1/WAF1 mediates PPARg-induced growth

arrest in cancer cells including thyroid (Han et al.

2004, Copland et al. 2006), and PPARg mediates

p21Cip1/WAF1 mRNA induction via Sp1-enhanced

binding to the p21Cip1/WAF1, KDR, and hormone-

sensitive lipase promoters (Han et al. 2004, Hong

et al. 2004, Sassa et al. 2004, Deng et al. 2006). In this

report, we demonstrated that PPARg acts as a tumor

suppressor gene against two different human thyroid

carcinoma cell lines. In both WRO, a well-differ-

entiated thyroid follicular carcinoma and FRO, an

undifferentiated/anaplastic thyroid carcinoma, PPARg
inhibits cell growth by stimulating the expression of

the cyclin-dependent kinase inhibitor p21Cip1/WAF1.

From our study, the specific role of PPARg in

upregulating p21Cip1/WAF1 raised by the evidence

that this effect was completely abrogated either in

the presence of specific siRNA to PPARg or by the
www.endocrinology-journals.org 553
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pretreatment with GW, a potent and selective

antagonist of PPARg that causes specific and irre-

versible loss of binding. The molecular events

responsible for the induction of p21Cip1/WAF1 by

PPARg ligands are consistent with the enhanced

transcriptional activation of this gene as it raised by

the capability of the ligand to activate the promoter of

p21Cip1/WAF1. Then, we asked whether the above

reported activation was direct or mediated by p53,

being p21Cip1/WAF1 a classic p53 responsive gene.

Although, the p21Cip1/WAF1 gene was first identified as

a p53-inducible gene, more recently its induction was

shown to occur via p53-independent mechanisms in

various cell lines stimulated for differentiation and

growth arrest, including thyroid carcinoma cells (Park

et al. 2001). The p53 tumor suppressor gene is mutated

in about half of most types of cancer arising from a

wide spectrum of tissues (Bourdon 2007). As it is

concerned with thyroid carcinoma, p53 mutations have

rarely been detected in follicular carcinomas, while are

more frequent (25–85%) in the anaplastic type (Ito

et al. 1992, Nakamura et al. 1992, Donghi et al. 1993).

In both thyroid cancer cell lines, p21Cip1/WAF1 BRL

transactivation occurred independent of p53 since the

deletion of the two p53 response elements of the

promoter maintains promoter activity. Moreover, since

p53 levels do not respond to BRL treatment it is

reasonable that the mechanism is p53-independent

because our thyroid cancer cell lines have either

mutated nonfunctional p53 (WRO cells) or scantly

expressed p53 wild-type form (FRO cells), as reported

previously (Fagin et al. 1993).

Multiple transcription factor binding sites within the

human p21Cip1/WAF1 promoter have been described to

be able to interact with Sp1 including regulatory

elements for Sp1 that play important roles in cell cycle

arrest and apoptosis in carcinoma cells (Moon et al.

2006, Tvrdı́k et al. 2006, Fang et al. 2007). Sp1 has

also been shown to interact directly with proteins of the

basal transcription machinery such as TFIID com-

ponents (Hilton & Wang 2003). On the other hand, Sp1

interacts physically and cooperates functionally with

several sequence-specific activators including NF-kB,

GATA, YY1, E2F1, Rb, and SREBP-1 (Noé et al.

1998, Rotheneder et al. 1999, Flück & Miller 2004,

Zhang et al. 2005, Teferedegne et al. 2006). Sp1 has

been considered traditionally as a ubiquitous factor

associated closely with core promoter activities; it has

recently been observed that it participates in several

cases of regulated gene transcription triggered by

multiple signaling pathways and metabolic or differ-

entiation conditions. Different members of the nuclear

hormone receptors, preferentially activate Sp1 and
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other Sp family proteins binding to GC-rich sites that

in turn regulate a large number of constitutive and

induced mammalian genes (Scarpulla 2002).

Physical interaction of Sp1 with the progesterone

receptor (Tseng et al. 2003), estrogen receptor (Panno

et al. 2006, Li et al. 2007), and with the orphan

receptor chicken ovalbumin upstream promoter tran-

scription factor (Pipaón et al. 1999) has already been

demonstrated. Recently, it has been showed that NRs

can form ternary complexes with Sp1 and GC-rich

DNA and in this complex NRs could also serve as

auxiliary factors for Sp1 bound to GC-rich DNA

(Husmann et al. 2000). Our data sustain this functional

model of a tripartite complex of Sp1, PPARg, and

GC-rich DNA. For instance, in our study, EMSA and

ChIP assays demonstrated the coexistence of the two

proteins in the DNA-binding complexes, addressing

that the functional interaction between PPARg and Sp1

could modulate the activity of the human p21Cip1/WAF1

promoter under basal other than BRL-inducible

conditions in WRO and FRO cell lines. Our data

show a discrepancy with those of previous publication

in which Sp1 interacts with the consensus GC-rich

sequence in p21Cip1/WAF1 promoter gene and this band

was not directly associated with PPARg under the

conditions used for the gel mobility shift assay (Hong

et al. 2004). Besides, it has also been reported in

another cell system that PPARg ligands enhanced

nuclear protein-binding activities of Sp1 and C/EBP

sites in p21Cip1/WAF1 promoter (Han et al. 2004). Our

data show that treatment with mithramycin, a specific

inhibitor of Sp1, completely reversed the activation of

p21Cip1/WAF1 promoter by BRL, suggesting further-

more that the interaction between PPARg and Sp1 is

essential for such activation.

Noteworthy, ChIP analysis also evidenced how the

functional interaction between PPARg and Sp1 in

human p21Cip1/WAF1 promoter is concomitant with an

increase in the RNA Pol II recruitment, associated with

an enhanced histone H3 acetylation and a reduced H3

methylation. All these events feature an ‘open’

chromatin conformation and address the coordinated

action of the general transcription machinery with

chromatin modifying and remodeling enzymes.

The crucial role of p21Cip1/WAF1 in mediating the

inhibitory effect of PPARg in cell proliferation has

been definitively demonstrated in thyroid cells

transfected with p21 AS-ODN and with increasing

PPARg plasmid amounts in the cell growth assay.

Finally, our findings evidenced how PPARg inhibits

thyroid cancer cell growth circumventing p53

mutation. This supports PPARg agonists as single

agents or as part of combination regimens in the
www.endocrinology-journals.org
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particularly anaplastic thyroid cancer.
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Cammarota S, Kroll T, Chiariotti L, Santoro M & Fusco A

2002 Inhibitory effects of peroxisome proliferator-
556
activated receptor gammaon thyroid carcinoma cell

growth. Journal of Clinical Endocrinology and Metab-

olism 87 4728–4735.

Moon SK, Choi YH, Kim CH & Choi WS 2006 p38MAPK

mediates benzyl isothiocyanate-induced p21WAF1

expression in vascular smooth muscle cells via the

regulation of Sp1. Biochemical and Biophysical Research

Communications 350 662–668.

Mueller E, Sarrf P, Tontonoz P, Evans RM, Martin KJ, Zhang

M, Flecher C, Singer S & Spiegelman BM 1998 Terminal

differentiation of human breast cancer through PPARg.

Molecular Cell 1 465–470.

Nakamura T, Yana I, Kobayashi T, Shin E, Karakawa K,

Fujita S, Miya A, Mori T, Nishisho I & Takai S 1992 P53

gene mutations associated with anaplastic transformation

of human thyroid carcinomas. Japanese Journal of

Cancer Research 83 1293–1298.

Noé V, Alemany C, Chasin LA & Ciudad CJ 1998

Retinoblastoma protein associates with SP1 and activates

the hamster dihydrofolate reductase promoter. Oncogene

16 1931–1938.

Ohta K, Endo T, Haraguchi K, Hershman JM & Onaya T

2001 Ligands for peroxisome proliferator-activated

receptor gamma inhibit growth and induce apoptosis of

human papillary thyroid carcinoma cells. Journal of

Clinical Endocrinology and Metabolism 86 2170–2177.

Panno ML, Mauro L, Marsico S, Bellizzi D, Rizza P, Morelli

C, Salerno M, Giordano F & Andò S 2006 Evidence that
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Received: 12 February 2008 / Accepted: 12 February 2008

� Springer Science+Business Media, LLC. 2008

Abstract In just over a decade, apart from established

metabolic actions, peroxisome proliferator-activated

receptor gamma (PPARc) has evolved as key therapeutic

target in cancer disease. Fas ligand (FasL), a trans-mem-

brane protein, induces apoptosis by crosslinking with the

Fas receptor. Despite the FasL relevance, little is available

on the regulation of its expression. In the current study, we

explored for the first time the potential role of PPARc in

triggering apoptotic events through the Fas/FasL pathway

in breast cancer cells. In MCF7 cells, by reverse tran-

scription-polymerase chain reaction and Western blotting,

we showed that the synthetic PPARc ligand rosiglitazone

(BRL) enhanced FasL expression, that was abrogated by a

specific PPARc antagonist GW9662. Transient transfection

assays demonstrated that BRL transactivated human FasL

promoter gene in a PPARc-dependent manner. Progressive

50 deletion analysis has identified a minimal promoter

fragment spanning nucleotides from -318 to -237 bp,

which is still sensitive to BRL treatment. FasL promoter

activity was abrogated by mithramycin, suggesting an

involvement of Sp1 transcription factor in PPARc action.

Electrophoretic mobility shift and chromatin immuno-

precipitation assays demonstrated that BRL increased the

binding of PPARc and Sp1 to the Sp1 sequence located

within the FasL gene promoter. The role of PPARc and

Fas/FasL pathways in BRL-induced apoptotic events was

assessed by caspase 8 cleavage in the presence of GW as

well as PPARc and FasL RNA interferences. Our results

indicate that PPARc positively regulates the FasL gene

expression also in MDA-MB231 and in BT20, revealing a

new molecular mechanism by which BRL induces apop-

tosis in breast cancer cells.

Keywords PPARc � FasL � Apoptosis � Caspase 8 �
Breast cancer

Abbreviations

PPARc Peroxisome proliferator-activated

receptor gamma

BRL Rosiglitazone

MDA MDA-MB231

RT-PCR Reverse transcription-polymerase

chain reaction

WB Western blotting

FasL Fas ligand

EMSA Electrophoretic mobility shift assay

ChIP Chromatin immuno-precipitation

Introduction

Since its discovery at previous decade, it became clear that

peroxisome proliferator-activated receptor gamma (PPARc)
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is an important modulator in the regulation of complex

pathways of mammalian cells’ metabolism and recently

implicated in cancer [1–3]. Several antineoplastic effects,

such as induction of apoptosis and differentiation, have been

described as a result of PPARc-mediated action both in vitro

and in vivo [4–10], although the molecular mechanisms by

which PPARc causes these effects remain to be fully eluci-

dated. PPARc is able to be activated by ligands of

physiological or pharmacological origin [11]. Synthetic

PPARc(ligands are the thiazolidinediones (TZDs), a class of

oral antidiabetic agents, which exert anti-tumoral effects

depending on the experimental and cellular settings and in a

PPARc-dependent or PPARc-independent fashion [12, 13].

In mammals, apoptosis can be initiated by two major

routes: the intrinsic and extrinsic death pathways [14]. The

instrinsic pathway is triggered in response to a variety of

apoptotic stimuli that produce damage within the cell,

including anticancer agents, oxidative damage, UV irradia-

tion, and is mediated through the mitochondria. The extrinsic

pathway is activated by extracellular ligands able to induce

oligomerization of death receptors, such as Fas (also called

CD95 or APO1) or other members of the tumor necrosis

factor receptor superfamily leading to apoptosis [15].

Fas ligand (FasL), a type II transmembrane protein

expressed on the surface of cells, induces apoptotic cell

death by binding to its receptor Fas [16, 17]. This binding

results in recruitment of the Fas-associated death domain

(FADD) protein and caspase 8 zymogens to the receptor

and the formation of the death-inducing signalling com-

plex, after which the caspases cascade can be activated

[18]. Defects in the Fas/FasL apoptotic signalling pathway

provide a survival advantage to cancer cells and may be

implicated in tumorigenesis [19]. Recent evidence has

indicated the Fas pathway in the induction of tumor cell

death and FasL expression has been observed in different

tumors including breast cancer [20–22]. It has also been

suggested that FasL functions as an autocrine/paracrine

mediator of apoptosis induced by DNA-damaging anti-

cancer chemotherapeutic agents [23, 24].

In the past few years, we have investigated different

molecular mechanisms through which PPARc induces anti-

proliferative effects, cell cycle arrest and apoptosis in human

MCF7 breast cancer cells [25, 26]. In this study, we reported

for the first time that PPARc directly activates FasL promoter

gene inducing apoptotic events in breast cancer cells.

Materials and methods

Cell cultures

Human MCF7 (a gift from Dr. Ewa Surmacz, Sbarro

Institute for Cancer Research and Molecular Medicine,

Philadelphia, USA) MDA-MB231 (ERa-negative, MDA)

breast cancer cells were grown in DMEM plus glutamax

containing 10% fetal calf serum (FCS) (Invitrogen, Milan,

Italy) and 1 mg/ml penicillin–streptomycin (P/S). BT20

(insulin receptor substrate-1, IRS-1 negative) breast cancer

cells were grown in MEM added as DMEM.

Reagents

Rosiglitazone (BRL49653, BRL) was from Alexis (San

Diego, CA USA), the irreversible PPARc-antagonist GW

and the Sp1 specific inhibitor, mithramycin were from

Sigma (Milan, Italy).

Plasmids

The firefly luciferase reporter plasmids containing FasL pro-

moter wild-type (FasL Luc-0) or its deletion mutants (FasL

Luc-3 and FasL Luc-4) were kind gifts from Dr. Carlos V.

Paya (Mayo Clinic, Rochester, Minnesota, USA). Deletion of

Sp1 sequence in FasL gene promoter was generated by PCR

using as template FasL Luc-3 (p-318 construct). The resulting

plasmid encoding the human FasL gene promoter containing

the desired deletion was designed FasL Luc-3 DSp1 and the

sequence was confirmed by nucleotide sequence analysis

[27]. As an internal transfection control, we co-transfected

the plasmid pRL-CMV (Promega Corp., Milan, Italy)

that expresses Renilla luciferase enzymatically distinguish-

able from firefly luciferase by the strong cytomegalovirus

enhancer/promoter.

Immunoblotting

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

and exposed to treatments in serum free medium (SFM) as

indicated. Cells were then harvested in cold phosphate-

buffered saline (PBS) and resuspended in lysis buffer

containing 20 mM HEPES pH 8, 0.1 mM EDTA, 5 mM

MgCl2, 0.5 M NaCl, 20% glycerol, 1% NP-40, inhibitors

(0.1 mM Na3VO4, 1% PMSF, 20 mg/ml aprotinin). Protein

concentration was determined by Bio-Rad Protein Assay

(Bio-Rad Laboratories, Hercules, CA USA). A 60 lg

portion of protein lysates was used for WB resolved on a

12% SDS-polyacrylamide gel, transferred to a nitrocellu-

lose membrane and probed with antibodies (Abs) directed

against the FAS, FasL and PPARc (Santa Cruz Biotech-

nology, CA USA), caspase 8 (Biomol International, Butler

PikePlymouth, PA USA). As internal control, all mem-

branes were subsequently stripped (glycine 0.2 M, pH 2.6

for 30 min at room temperature) of the first antibody and

reprobed with anti-b-actin Ab (Santa Cruz Biotechnology).

The antigen–antibody complex was detected by incu-

bation of the membranes for 1 h at room temperature with

Breast Cancer Res Treat
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the appropriated secondary antibodies peroxidase-coupled

and revealed using the enhanced chemiluminescence

system (ECL 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 densitometry

scanning program.

Reverse transcription-polymerase chain reaction

(RT-PCR) assay

MCF7 cells were grown in 10 cm dishes to 70–80%

confluence and exposed to treatments for 24 h in SFM.

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. The evaluation of gene expression was performed by

semiquantitative RT-PCR method as previously described

[28]. For FasL and the internal control gene 36B4, the

primers were: 50-GGA ATG GGA AGA CAC CTA TGG

A-30 (FasL forward) and 50-AGA GAG AGC TCA GAT

ACG TTG AC-30 (FasL reverse), 50-CTC AAC ATC TCC

CCC TTC TC-30 (36B4 forward) and 50-CAA ATC CCA

TAT CCT CGT CC-30 (36B4 reverse) to yield respectively

products of 299 bp with 25 cycles and 408 bp with 12

cycles. The results obtained as optical density arbitrary

values were transformed to percentage of the control

(percent control) taking the samples from untreated cells as

100%.

Transient transfection assay

MCF7 cells were transferred into 24 well plates with

500 ll of regular growth medium/well the day before

transfection. The medium was replaced with 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 con-

taining 0.5 lg of promoter-luciferase reporter plasmid and

5 ng of pRL-CMV. After 24 h transfection, treatments

were added in SFM as indicated and cells were incubated

for further 24 h, cells were pre-treated for 2 h with mith-

ramycin or GW where necessary. 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 (RLU) values.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts from MCF7 cells were prepared as previ-

ously described [29]. Briefly, MCF7 cells plated into 10 cm

dishes were grown to 70–80% confluence shifted to SFM for

24 h and then treated with 1 lM BRL for 6 h. Thereafter,

cells were scraped into 1.5 ml of cold PBS. Cells were pel-

leted for 10 s and resuspended in 400 ll cold buffer A

(10 mM HEPES-KOH pH 7.9 at 4�C, 1.5 mM MgCl2,

10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM

leupeptin) by flicking the tube. The cells were allowed to

swell on ice for 10 min and then vortexed for 10 s. Samples

were centrifuged for 10 s and the supernatant fraction dis-

carded. The pellet was resuspended in 50 ll of cold Buffer B

(20 mM HEPES–OH pH 7.9, 25% glycerol, 1.5 mM MgCl2,

420 mM NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol,

0.2 mM PMSF, 1 mM leupeptin) and incubated in ice for

20 min for high-salt extraction. Cellular debris were

removed by centrifugation for 2 min at 4�C and the super-

natant fraction (containing DNA binding proteins) was

stored at -70�C. The probe was generated by annealing

single stranded oligonucleotides and labeled with [c32P]

ATP (Amersham Pharmacia) and T4 polynucleotide kinase

(Promega) and then purified using Sephadex G50 spin

columns (Amersham Pharmacia). The DNA sequence,

containing the Sp1, NFAT and NFkB sites, obtained from the

native FasL promoter gene used as probe or as cold com-

petitor is the following: 50-A AAT TGT GGG CGG AAA

CTT CCA GGG-30 (Sigma). As cold competitor we also used

DSp1 oligonucleotide: 50-AT TGT GTT CGG AAA CTT

CCA GGG-30, DNFAT oligonucleotide: 50-A AAT TGT

GGG CGG TCA CT T CCA GGG-30 andDNFkB oligonucle-

otide: 50-A AAT TGT GGG CGG AAA CAT ATA GGG-30

(Sigma). The protein binding reactions were carried out in

20 ll of buffer [20 mM Hepes pH 8, 1 mM EDTA, 50 mM

KCl, 10 mM DTT, 10% glicerol, 1 mg/ml BSA, 50 lg/ml

poly dI/dC] with 50,000 cpm of labeled probe, 5 lg of

MCF7 nuclear protein and 5 lg of poly (dI-dC). The mix-

tures were incubated at room temperature for 20 min in the

presence or absence of unlabeled competitors oligonucleo-

tides. For in vitro mithramycin treatment, 100 nM

mithramycin were incubated with the labelled probe for

30 min at 4�C before the addition of nuclear extract. For the

experiments involving the anti-PPARc and anti-Sp1 Abs

(Santa Cruz Biotechnology), the reaction mixture was

incubated with Ab at 4�C for 30 min before addition of

labeled probe. The entire reaction mixture was electropho-

resed through a 6% polyacrylamide gel in 0.25 9 Tris

borate–EDTA for 3 h at 150 V. Gel was dried and subjected

to autoradiography at -70�C.

Chromatin immunoprecipitation (ChIP) and Re-ChIP

assays

For ChIP assay, MCF7 cells were grown in 10 cm dishes to

50–60% confluence, shifted to SFM for 24 h and then

treated with 1 lM BRL for 1 h or pre-incubated with
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mithramycin for 1 h where required. Thereafter, cells were

washed twice with PBS and crosslinked with 1% formal-

dehyde at 37�C for 10 min. Next, cells were washed twice

with PBS at 4�C, collected and resuspended in 200 ll of

lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris–HCl pH

8.1) and left on ice for 10 min. Then, cells were sonicated

four times for 10 s at 30% of maximal power (Sonics,

Vibra Cell 500 W) and collected by centrifugation at 4�C

for 10 min at 14,000 rpm. The supernatants were diluted in

1.3 ml of IP buffer (0.01% SDS, 1.1% Triton X-100,

1.2 mM EDTA, 16.7 mM Tris–HCl pH 8.1, 16.7 mM

NaCl) followed by immunoclearing with 80 ll of sonicated

salmon sperm DNA/protein A agarose (UBI, DBA Srl,

Milan—taly) for 1 h at 4�C. The precleared chromatin was

immunoprecipitated with anti-PPARc Ab and re-immuno-

precipitated with anti-RNA Pol II Ab (Santa Cruz

Biotechnology). At this point, 60 ll salmon sperm DNA/

protein A agarose were 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 mM EDTA,

20 mM Tris–HCl pH 8.1, 150 mM NaCl), Wash B (0.1%

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl

pH 8.1, 500 mM NaCl), and Wash C (0.25 M LiCl, 1%

NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM

Tris–HCl pH 8.1), and then twice with TE buffer (10 mM

Tris, 1 mM EDTA). The immunocomplexes were eluted

with elution buffer (1% SDS, 0.1 M NaHCO3). The eluates

were reverse crosslinked by heating at 65�C and digested

with proteinase K (0.5 mg/ml) at 45�C for 1 h. DNA was

obtained by phenol/chloroform/isoamyl alcohol extraction.

2 ll of 10 mg/ml yeast tRNA (Sigma) were added to each

sample and DNA was precipitated with 70% ethanol for 24 h

at -20�C, and then washed with 95% ethanol and resus-

pended in 20 ll of TE buffer. A 5 ll volume of each sample

was used for PCR amplification with the following primers

flanking a sequence of FasL promoter: 50-TAC CCC CAT

GCT GAC CTG CTC-30 (forward) and 50-ACG GGA CCC

TGT TGC TGA CTG-30 (reverse) corresponding to the -396

to -76 region (Gene Bank, accession number: AF027385).

The PCR conditions were 45 s at 94�C, 40 s at 58�C, and

90 s at 72�C. The amplification products obtained in 30

cycles were analysed in a 2% agarose gel and visualized by

ethidium bromide staining. The negative control was pro-

vided by PCR amplification without DNA sample. The

specificity of reactions was ensured using normal mouse and

rabbit IgG (Santa Cruz Biotechnology).

ChIP/immunoblot assay

For ChIP/Immunoblot assay, MCF7 cells were subjected to

the procedure of ChIP assay, as above described, until we

obtained the immunocomplexes. At this time, we added the

Laemmli buffer to the immunocomplexes and performed

the WB analysis, as described by the Upstate protocol. The

specificity of reactions was ensured using normal rabbit

IgG (Santa Cruz Biotechnology).

RNA interference (RNAi)

Cells were plated in 6 well dishes with regular growth

medium the day before transfection to 60–70% confluence.

On the second day the medium was changed with SFM

without P/S and cells were transfected with 25 bp RNA

duplex of stealth RNAi targeted human FasL mRNA

sequence 50-GCC CAU UUA ACA GGC AAG UCC AAC

U-30 (Invitrogen), with 25 bp RNA duplex of validate

RNAi targeted human PPARc mRNA sequence 50-GCC

UGC AUC UCC ACC UUA UUA UUC U-30 or with a

stealth RNAi control (Invitrogen) to a final concentration

of 100 nM using Lipofectamine 2000 (Invitrogen) as rec-

ommended by the manufacturer. After 5 h the transfection

medium was changed with SFM in order to avoid Lipo-

fectamine 2000 toxicity and cells were exposed to 1 lM

BRL for the next 48 h and then lysed as described for WB

analysis or treated for 72 h and then collected as described

for the DNA fragmentation.

DNA fragmentation

DNA fragmentation was determined by gel electrophoresis.

Cells were grown in 10-cm dishes to 70% confluence,

PPARc or control RNAis and then treated with 1 lM BRL

and/or 10 lM GW. After 72 h cells were collected and

washed with PBS and pelletted at 1,800 rpm for 5 min. The

samples were resuspended in 0.5 ml of extraction buffer

(50 mM, Tris–HCl, pH 8; 10 mM EDTA, 0.5% SDS) for

20 min in rotation at 4�C. DNA was extracted with phenol–

chloroform three times and once with chloroform. The

aqueous phase was used to precipitate acids nucleic with

0.1 volumes or of 3 M sodium acetate and 2.5 volumes cold

EtOH overnight at -20�C. The DNA pellet was resuspended

in 15 ll 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 lg/lane) was subjected to electrophoresis on 1.5% aga-

rose gels. The gels were stained with ethidium bromide and

then photographed.

Statistical analysis

Statistical analysis was performed using ANOVA followed

by Newman–Keuls testing to determine differences in

means. P \ 0.05 was considered as statistically significant.
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Results

MCF7 breast cancer cells express both Fas and FasL

Previous studies have shown that MCF7 cells coexpress

both Fas and FasL, indeed controversial data are reported

in this context [30–32]. To evaluate if Fas and FasL are

expressed in our MCF7 cells, we did WB analysis of cel-

lular lysates and found that they do indeed express both

proteins (Fig. 1a).

BRL up-regulates FasL expression in MCF7 cells

In order to understand whether PPARc triggers apoptotic

events through Fas/FasL signalling, we first evaluated the

ability of PPARc agonist BRL to modulate FasL expression

in MCF7 cells. A BRL dose-dependent increase in FasL

content was observed by WB after 24 h of treatment

(Fig. 1b). Furthermore, by a semiquantitative reverse tran-

scription-polymerase chain reaction (RT-PCR) method,

after 24 h upon increasing BRL concentration, we showed

that BRL was able to upregulate FasL gene expression in a

dose-dependent manner (Fig. 1c). The BRL action on FasL

espression was reversed when we used GW9662 (GW), a

specific PPARc antagonist, (Fig. 1b and c) implying a

PPARc-dependent action in MCF7 cells.

PPARc transactivates FasL promoter in MCF7 cells

Next, we evaluated whether one of the mechanisms

involved in PPARc-mediated increase of FasL expression

could be a direct modulation of the transcriptional activity

of its promoter. Transient transfection assays were per-

formed in MCF7 cells using the luciferase reporter

constructs containing the region of the human FasL pro-

moter gene spanning from -2365 to -2 bp relative to the

translation initiation site (FasL Luc-0) or progressive 50

deletions of the FasL promoter, FasL Luc-3 (from -318 to

-2 bp) and FasL Luc-4 (from -237 to -2 bp) (Fig. 2a).

Of interest, differences in the basal transcriptional activity

were observed among constructs. The results shown in

Fig. 2b indicate that transcription from the FasL Luc-0

construct was detectable, but strong and increasing lucif-

erase activity was evidenced with FasL Luc-3 and FasL

Luc-4 constructs, suggesting the presence of potential

Fig. 1 BRL up-regulates FasL

protein and mRNA expression

in MCF7 cells. (a) Immunoblots

of FasL and Fas from MCF7

breast cancer cells. (b)

Immunoblots of FasL from

MCF7 cells treated for 24 h

with vehicle (-), increasing BRL

concentrations, 10 lM GW

alone or in combination with

1 lM BRL. b-actin was used as

loading control. The side panel
shows the quantitative

representation of data

(mean ± S.D.) of three

independent experiments

including that of b. (c)

Semiquantitative RT-PCR

evaluation of FasL mRNA

expression. MCF7 cells were

treated as in b. 36B4 mRNA

levels were determined as

control. The side panel shows

the quantitative representation

of data (mean ± S.D.) of three

independent experiments

including that of c after

densitometry and correction for

36B4 expression. *P \ 0.05

BRL-treated vs untreated cells

**P \ 0.01 BRL-treated vs.

untreated cells
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negative regulatory regions located within -2365 and

-318 bp, consistent with a previous study [33].

Using the FasL Luc-3 construct, the promoter activity

increased upon BRL treatment in a dose-dependent man-

ner, while this effect was abrogated by GW, indicating that

FasL promoter activation depends on the presence of a

functional PPARc (Fig. 2c). BRL failed to enhance the

transcriptional activity when cells were transfected with

FasL Luc-4 construct (Fig. 2c), suggesting that the segment

located between -318 and -237 relative to the translation

initiation site is crucial for BRL-responsiveness. In par-

ticular, this region contains three DNA motifs known to

bind the transcription factors Sp1 (named according to the

original purification scheme that included Sephacryl and

phosphocellulose columns) [34], nuclear factor of activated

T cells (NFAT) and nuclear factor-kB (NFkB) (Fig. 2a)

[33]. It was reported that Sp1 consensus sequence is nec-

essary for basal transcription from the FasL promoter, and

that Sp1 alone is sufficient to drive transcription from the

promoter in vivo [33]. We sought to investigate whether

Sp1 alone was sufficient to drive FasL transcription or if it

required the presence of additional ones. By using a FasL

Luc-3 construct deleted in the Sp1 site (Fas Luc-3 DSp1),

as shown in Fig. 2a, BRL was unable to transactivate FasL

promoter (Fig. 2c). Mithramycin is a drug able to bind to

GC boxes and then to inhibit Sp1 binding selectively

blocking mRNA synthesis from genes that contain func-

tional recognition sites both in vitro and in vivo [35].

Besides, as shown in Fig. 2d, in MCF7 cells transfected

with FasL Luc-3 construct and treated with mithramycin,

the FasL transactivation upon 1 lM BRL treatment was

prevented. Altogether these data strongly suggest that Sp1

plays an important role in regulating FasL transcription

also in MCF7 cells.

PPARc interacts with FasL through Sp1 site

in electrophoretic mobility shift assay (EMSA)

To gain further insight into the mechanism involved in the

FasL transactivation induced by BRL, we performed

EMSA using a synthetic oligodeoxyribonucleotide which

contains the Sp1, NFAT and NFkB DNA binding motifs

and encompasses the DNA fragment of FasL promoter

from -288 to -263 relative to the translation initiation

site. We tested for possible interactions of PPARc with

Fig. 2 BRL transactivates FasL

promoter gene in MCF7 cells.

(a) Schematic map of the FasL

promoter fragments used in this

study. (b) Basal transcriptional

activity of the different FasL-

luciferase report constructs

(Luc-0, Luc-3 and Luc-4).

(c) MCF7 cells were treated for

24 h with vehicle (-), increasing

BRL concentrations, 10 lM

GW alone or in combination

with 1 lM BRL. (d) MCF7

cells were treated for 24 h with

vehicle (-), 1 lM BRL, 100 nM

mithramycin (M) alone or in

combination with 1 lM BRL.

The luciferase activities were

normalized to the Renilla

luciferase as internal

transfection control and data

were reported as( RLU values.

Columns are mean ± S.D. of

three independent experiments

performed in triplicate.

*P \ 0.05 BRL-treated vs
untreated cells, **P \ 0.01

BRL-treated vs untreated cells.

RLU, Relative Light Units
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each of the indicated transcription factors located within

the above mentioned FasL promoter region.

In nuclear extracts from MCF7 cells we observed the

formation of three specific complexes (Fig. 3, lane 1)

which were increased upon BRL treatment (lane 2). The

binding was abrogated by 100 fold molar excess of unla-

belled probe (lane 3), demonstrating the specifity of the

DNA-binding complex. To confirm that FasL transcription

induced by BRL in MCF7 cells is regulated by Sp1, nuclear

extracts were incubated with three different unlabelled

oligonucleotides bearing internal mutations as reported in

Materials and Methods.

An excess of unlabeled oligonucleotide containing

mutations in the Sp1 site did not compete with the DNA

binding of the protein complex (lane 4). In addition,

incubation with an excess of unlabeled oligonucleotides

containing mutations of either NFAT or NFkB competed

both away all DNA-binding activity of the protein com-

plexes bound to the 32P-labeled wild type -288 to -263

FasL oligonucleotide (lane 5 and 6, respectively). Moreover,

the addition of mithramycin in the reaction mixture strongly

reduced the intensity of the bands (Fig. 3, lane 7). The

involvement of PPARc and Sp1 in the DNA-binding

complexes was confirmed by using the specific anti-PPARc
(lane 8) and anti-Sp1 Abs (lane 9), since both induced

supershift and immunodepletion of the bands.

Functional interaction of PPARc with FasL

by chromatin immuno-precipitation (ChIP) assay

The interaction of PPARc with the FasL gene promoter

was further investigated by ChIP assay. MCF7 chromatin

was immunoprecipitated with the anti-PPARc Ab and then

reprecipitated with the anti-RNA-Pol II or anti-Sp1 Abs.

PCR was used to determine the recruitment of PPARc to

the FasL region containing the Sp1 site. The results indi-

cated that PPARc was weakly constitutively bound to the

FasL promoter in untreated cells and this recruitment was

increased upon BRL treatment, while mithramycin com-

bined with BRL reversed this effect (Fig. 4a). In addition,

by Re-ChIP assays an increased association of Sp1 was

obtained and particularly the augmented RNA-Pol II

recruitment indicated that a positive regulation of FasL

transcription activity was induced by BRL (Fig. 4a). The

physical interaction between PPARc and Sp1 proteins was

strengthened by the ChIP/Immunoblot assay (Fig. 4b).

PPARc activates the Fas/FasL apoptotic pathway

Fas/FasL signalling when activated recruits adapter pro-

teins and cysteine proteases such as caspase 8 leading to

apoptosis [14]. To better define the action of PPARc on

Fas/FasL pathway, we used GW as well as both PPARc
and FasL RNA interferences (i) to evaluate the activation

of caspase 8, key component of the extrinsic apoptotic

process. By WB analysis our data showed that untreated

MCF7 cells expressed the pro-form of caspase 8, while

only after BRL exposure caspase 8 was activated as evi-

denced by the presence of its 11 kDa cleavage product

(Fig. 5c). The active caspase 8 cleavage was absent in cells

treated with GW alone or combined with BRL, or inhib-

iting both the expression of PPARc and FasL by the

respective RNAis (Fig. 5c). As shown in Fig. 5a and b,

PPARc and FasL RNAis were able to inhibit the two

proteins expression respectively. These data demonstrated

for the first time that PPARc triggers the apoptotic events

via Fas/FasL signalling, showing that the extrinsic death

Fig. 3 PPARc binds to Sp1 site within FasL promoter region in

EMSA. Nuclear extracts from MCF7 cells (lane 1) were incubated

with a labeled sequence containing bases -288 to -263 of the wild-

type FasL promoter and subjected to electrophoresis in a 6%

polyacrylamide gel. In lane 2, nuclear extracts from MCF7 were

treated with 1 lM BRL. Competition experiments were performed

adding as competitor a 100-fold molar excess of unlabeled FasL

probe (lane 3) or 100 nM mithramycin (M) (lane 7). An excess of

three unlabeled oligonucleotides DSp1 (lane 4), DNFAT (lane 5) and

DNFkB (lane 6), was used. Anti-PPARc and anti-Sp1 Abs were

incubated with nuclear extracts from MCF7 cells treated with 1 lM

BRL (lanes 8 and 9, respectively). Lane 10 contains probe alone
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pathway is a significant contributor in BRL-induced

apoptosis in MCF7 cells.

The apoptotic process is associated with morphological

changes and biochemical events such as nuclear conden-

sation and fragmentation, the fragments correspond to

strands of DNA that were cleaved at internucleosomal

regions and create a ‘ladder pattern’ when electrophoresed

on an agarose gel [36]. Because of its near universality,

internucleosomal DNA degradation is considered a diag-

nostic hallmark of cells undergoing apoptosis. Therefore,

we studied DNA fragmentation assay under BRL treatment

in MCF7 cells evidencing that the induced apoptosis is

PPARc-dependent as it was reversed by the PPARc RNAi

(Fig. 5d). These results indicate a positive crosstalk

between PPARc and FasL that is responsible, at least in

part, for BRL-induced apoptosis in MCF7 cells.

FasL is a common mechanism by which PPARc
mediates apoptosis in breast cancer cells

Finally, we examined other human breast cancer cell lines to

determine whether the involvement of FasL is unique to

MCF-7 cells or it is a common mechanism by which PPARc
mediates apoptosis in breast cancer. MDA and BT20 cells,

both expressing Fas and FasL (Fig. 6a), showed a FasL

upregulation upon BRL treatment, which was reduced by

PPARc RNAi (Fig. 6b). DNA fragmentation assay under

BRL treatment in MDA and BT20 cells confirmed that the

PPARc-induced apoptosis involves Fas/FasL signalling

(Fig. 6c), addressing a general mechanism in breast cancer

cells.

Discussion

PPARc ligands are shown to be generally antiproliferative

and to induce apoptosis in several malignant cell lineages

[4, 6, 7, 9]. Additionally, PPARc is proved to be a regulator

of the expression of many genes relevant to inhibit carci-

nogenesis [37]. Our previous studies evidenced that

PPARc, through different pathways, is involved in BRL-

induced growth arrest and apoptosis in MCF7 breast cancer

cells [25, 26]. In the last report, where we explored the

involvement of the p53 pathway, it appears that the

PPARc-mediated apoptosis is not completely blocked by

using the p53 antisense, suggesting that final PPARc action

in this concern is complex and it may require a multifac-

torial coordination of different signalling cascades. In this

finding, we investigated the potential of PPARc in inducing

apoptotic events through a direct involvement of the Fas/

FasL extrinsic apoptotic pathway in breast cancer cells.

The Fas/FasL signalling system plays an important role

in chemotherapy-induced apoptosis in several different cell

types [23, 24]. FasL is a member of the TNF superfamily

that induces apoptosis in susceptible cells upon cross-

linking of its own receptor, Fas [15, 16, 38, 39]. FasL is

expressed on the cell membrane surface of activated T

lymphocytes and cancer cells [40–42]. Significantly, con-

stitutive down-regulation of Fas is involved in drug

resistance [43] and associated with a poor prognosis in

breast cancer [32].

Fig. 4 Functional interaction between PPARc and FasL promoter.

(a) MCF7 cells were treated as indicated, then cross-linked with

formaldehyde and lysed. The soluble chromatin was immunoprecip-

itated with the anti-PPARc Ab, (Re-ChIP with the anti-RNA Pol II

and anti-Sp1 Abs). The FasL promoter sequence containing Sp1 was

detected by PCR with specific primers, as described in Materials and

Methods. To control input DNA, FasL promoter was amplified from

30 ll of initial preparations of soluble chromatin (before immuno-

precipitations). In the bottom of the panel quantitative representation

of data of three independent experiments (mean ± S.D.) after

densitometry. *P \ 0.05 BRL-treated vs. untreated cells. M: mithra-

mycin. N, negative control provided by PCR amplification without

DNA sample. (b) Immunoblots of Sp1and PPARc from MCF7 cells

treated with BRL 1 lM, in which chromatin was immunoprecipitated

with the anti-PPARc antibody and IgG
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Fig. 5 BRL induces the

extrinsic apoptotic pathway in

MCF7 cells. PPARc (a) and

FasL (b) protein expression

(evaluated by WB) in MCF7

cells transfected with a 25-

nucleotide of RNA interference

(RNAi) targeted human PPARc
or FasL mRNA sequence

respectively, or with control

RNAi as reported in Materials

and Methods or not transfected

and treated for 48 h as

indicated. b-actin was used as

loading control. (c) MCF7 cells

were treated for 48 h as

indicated, or transfected with

PPARc, FasL or control RNAis.

Positions of procaspase 8 (P)

and its active cleavage product

(S) are indicated by arrowheads
on the right. One of three

similar experiments is

presented. b-actin was used as

loading control on the same

stripped blot. (d) DNA

laddering was performed in

MCF7 cells treated for 72-h as

indicated, or transfected with

PPARc or control RNAis

Fig. 6 BRL induces FasL up-

regulation through PPARc in

breast cancer cells. (a) FasL and

Fas protein expression

(evaluated by WB) in MDA and

BT20 breast cancer cells. (b)

MDA and BT20 cells were

treated for 48 h as indicated, or

transfected with a 25-nucleotide

of RNA interference (RNAi)

targeted human PPARc mRNA

sequence or with control RNAi

as reported in Materials and

Methods. b-actin was used as

loading control. One of three

similar experiments is

presented. (c) DNA laddering

was performed in MDA and

BT20 cells treated for 72-h as

indicated, or transfected with

PPARc or control RNAis
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It has been described that breast cancer cells may be Fas

sensitive or Fas insensitive and divergent data are pre-

sented on FasL expression in these cells [31, 32]. In our

MCF7 cells, positive to Fas and FasL, we found that BRL

through PPARc activation upregulated FasL at both protein

and mRNA levels. Despite the FasL relevance, its cell and

tissue distribution, and the apparent differences of its

expression in a cell-specific manner, little knowledge is

available how FasL expression is regulated. Recently, a

downregulation of FasL by BRL has been reported in focal

cerebral ischemia [44]. It was also showed that prosta-

glandin 15-deoxy-delta 12,14-prostaglandin J2, a natural

PPARc ligand inhibits FasL gene expression in T lym-

phocytes via a PPARc-independent mechanisms [45].

Indeed it is quite common for biological signalling path-

ways to vary depending on tissue type or cell condition.

We demonstrated that BRL increased the transactivation

of FasL promoter in a dose-related and in a PPARc-depen-

dent manner. Promoter deletion analysis of FasL has

delineated a minimal promoter fragment spanning nucleo-

tides from -318 to -237 bp, which was responsible for BRL

activity. Indeed, the abovementioned region included three

DNA motifs known to bind the transcription factors Sp1,

NFAT and NFkB [33]. NFkB was reported to physically

interact with PPARc [46], which in some circumstances

binds to DNA cooperatively with NFkB [26, 46, 47]. NFAT

and Sp1 are critical factors responsible for FasL gene acti-

vation [48]. NFAT is a family of related transcription factors

that plays a central role in regulating the immune response

and it has been demonstrated the involvement of NFAT in

FasL transcription [33, 49]. Several studies indicate that

many mammalian gene types are controlled by Sp1,

including genes for structural proteins, metabolic enzymes,

cell cycle regulators, transcription factors, growth factors,

surface receptors, and others [50]. PPARc has been docu-

mented to functionally interact with Sp1 to modulate gene

expression [51, 52]. These findings are in agreement with our

results since the PPARc-mediated transactivation of FasL

promoter was abolished by using mithramycin and a con-

struct deleted of the Sp1 site. By EMSA studies with nuclear

extract from MCF7 cells, a binding of PPARc to the Sp1

sequence located within the FasL promoter was observed, it

was enhanced by BRL and immunodepleted by both PPARc
and Sp1 Abs, addressing the coexistence of the two proteins

in the DNA binding complexes. In addition, the interaction

between PPARc and FasL promoter was supported by ChIP

assay where BRL treatment also increases the binding of

RNA-Pol II to this promoter gene addressing a positive

transcriptional regulation mediated by PPARc.

Engagement of the FasL homotrimer to three Fas mol-

ecules induces apoptosis by clustering of the receptor’s

death domains [14, 15]. This leads to the binding of FADD

and caspase 8 to the receptor [14]. In the present study, we

obtained the active cleavage of caspase 8 under BRL

treatment, that was no longer detectable in the presence of

GW as well as inhibiting both the expression of FasL and

PPARc by the respective RNAis. Previous works from our

group have identified important pathways underlying the

role of PPARc in cell growth, cycle arrest and apoptosis in

MCF7 breast cancer cells [25, 26]. First, we evidenced an

opposite effects of estrogen receptor (ER) a and PPARc on

the regulation of the PI3K/AKT pathway, classically

involved in cell survival and proliferation, eliciting diver-

gent responses in presence of the cognate ligands 17b-

estradiol and BRL respectively in estrogen-dependent

MCF7 cells [25]. Subsequently, we showed that BRL

promotes the growth arrest and apoptosis in MCF7 cells

through a crosstalk between p53 and PPARc. Our results

indicated that in a consecutive series of events BRL: (1)

up-regulates the expression of p53 and (2) its effector

p21WAF1/Cip1, (3) triggers the cleavage of caspase 9, an

important component of the intrinsic apoptotic pathway

[26]. Finally, the DNA fragmentation assay clearly evi-

denced that PPARc was involved in the apoptotic process

triggered by BRL since this effect was completely reversed

by GW, while the apoptosis was only partially abolished

inhibiting p53 expression by AS/p53, a plasmid encoding

for p53 antisense [26]. The reported finding evidenced that

the cross talk between PPARc and p53 is responsible, at

least in part, in the BRL-induced apoptosis in MCF7 cells

[26] and that alternative signalling cascades may be

involved, like the Fas/FasL signalling that triggers the

extrinsic apoptosis pathway, as we observed in this study.

Interestingly, PPARc-induced apoptosis through FasL

appears to be a general mechanism in breast cancer cells

since it occurs in MCF7, MDA and BT20 cells.

In conclusion, we have shown that FasL expression is

induced by PPARc through the binding to the transcription

factor Sp1, demonstrating for the first time that PPARc
triggers apoptotic events in breast cancer cells via Fas/FasL

signalling pathway. However, the genomic response to

PPARc activation remains complex and the understanding

of the interactions between PPARc and other factors

amplifies our knowledge on genes participating in cell-

cycle modulation and apoptosis. The data presented place

FasL as a novel molecular target to add to the variety of

anticancer activities mediated by PPARc and further can-

didate PPARc-ligands for the treatment of patients with

ERa+ and ERa– breast cancer.
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The aim of the present study was to provide new
mechanistic insight into the growth arrest and ap-
optosis elicited by peroxisome proliferator-acti-
vated receptor (PPAR)� in breast cancer cells. We
ascertained that PPAR� mediates the inhibition of
cycle progression in MCF7 cells exerted by the
specific PPAR� agonist rosiglitazone [BRL4653
(BRL)], because this response was no longer no-
table in the presence of the receptor antagonist
GW9662. We also provided evidence that BRL is
able to up-regulate mRNA and protein levels of the
tumor suppressor gene p53 and its effector
p21WAF1/Cip1 in a time- and dose-dependent man-
ner. Moreover, in transfection experiments with
deletion mutants of the p53 gene promoter, we
documented that the nuclear factor-�B sequence
is required for the transcriptional response to BRL.

Interestingly, EMSA showed that PPAR� binds di-
rectly to the nuclear factor-�B site located in the
promoter region of p53, and chromatin immuno-
precipitation experiments demonstrated that BRL
increases the recruitment of PPAR� on the p53
promoter sequence. Next, both PPAR� and p53
were involved in the cleavage of caspases-9 and
DNA fragmentation induced by BRL, given that
GW9662 and an expression vector for p53 anti-
sense blunted these effects. Our findings provide
evidence that the PPAR� agonist BRL promotes
the growth arrest and apoptosis in MCF7 cells, at
least in part, through a cross talk between p53 and
PPAR�, which may be considered an additional
target for novel therapeutic interventions in breast
cancer patients. (Molecular Endocrinology 20:
3083–3092, 2006)

PEROXISOME PROLIFERATOR-activated receptor
� (PPAR�) is a prototypical member of the nuclear

receptor superfamily and integrates the control of en-
ergy, lipid, and glucose homeostasis (1–4). PPAR�
regulates differentiation and induces cell growth arrest
and apoptosis in a large variety of cells (Ref. 5 and
references therein), including both primary and meta-
static breast malignancy (6, 7). However, the molecular
mechanisms involved in the inhibitory effects medi-
ated by PPAR� remain to be elucidated.

It is well known that the p53 tumor suppressor gene
regulates the transcription of effectors that are also re-
sponsible for growth arrest and apoptosis (reviewed in
Ref. 8). Among the p53 target genes, the p21WAF1/Cip1

has been recognized to exert an essential role in medi-

ating cell cycle arrest at both G1 and G2-M checkpoints
(9–11). p21WAF1/Cip1 inhibits cyclin D1 or E/cyclin-depen-
dent kinase in G1 and cyclin B/cdc2 in G2-M arrest,
eliciting regulatory effects on DNA replication and repair
(12). Moreover, it has been reported that p53 is able to
promote apoptosis in certain cell types in a transcription-
independent manner (13).

The function of p53 as a tumor suppressor is finely
tuned through an interaction with other transduction
pathways regulating the cell network (14–18). For in-
stance, striking evidence has recently emerged for a
cross talk between p53 and relevant transcription fac-
tors, such as the glucocorticoid, androgen, and estro-
gen receptors (19). It was therefore proved that these
nuclear receptors are able to induce a cytosolic accu-
mulation of p53, altering its stability and, conse-
quently, its function (19).

In the present study, we provide new insight into the
molecular mechanisms by which the specific PPAR�
ligand rosiglitazone [BRL4653 (BRL)] induces the
growth arrest and apoptosis in MCF7 human breast
cancer cells. By performing a panel of different assays,
we have demonstrated that the biological effects of
BRL are triggered, at least in part, by PPAR� binding
to the nuclear factor �B sequence located within the
p53 promoter region. Our findings have provided ev-
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idence of a cross talk between p53 and PPAR�, which
assumes a biological relevance for possible new phar-
macological strategies in breast cancer.

RESULTS

BRL Induces G0-G1 Cycle Arrest in MCF7 Cells

On the basis of our (20) and other (21, 22) studies
demonstrating the inhibitory effects of the PPAR� ago-
nists on proliferation of breast cancer cells, we first
investigated the activity of BRL on MCF7 cell cycle
progression. A 48-h exposure to BRL caused the in-
hibition of G0-G13S phase progression in a dose-
dependent manner with concomitant decrease in the
proportion of cells entering in S phase (Table 1). Of
note, this effect was mediated by PPAR�, because it
was no longer notable in the presence of the specific
antagonist GW9662 (GW).

BRL Up-Regulates p53 and p21WAF1/Cip1

Expression in MCF7 Cells

Considering that the tumor suppressor gene p53 is
mainly involved in the growth arrest promoted by dif-
ferent factors, we aimed to examine the potential abil-
ity of PPAR� to modulate the expression of p53 along
with its natural target gene p21WAF1/CIP1. The mRNA
(Fig. 1) and protein (Fig. 2) levels of both p53 and
p21WAF1/CIP1 were up-regulated in a time- and dose-
dependent manner in MCF7 cells treated with BRL.
These stimulations were abrogated by GW (Figs. 1 and
2) suggesting a direct involvement of PPAR�.

BRL Transactivates p53 Gene Promoter

The aforementioned observations prompted us to inves-
tigate whether PPAR� is able to transactivate an expres-
sion vector encoding p53 promoter gene. Thus, MCF7
cells were transiently transfected with a luciferase re-
porter construct (named p53-1) containing the upstream
region of the p53 gene spanning from �1800 to �12
(Fig. 3A) and treated with increasing concentrations of
BRL for 24 h. Interestingly, the dose-dependent activa-

tion of p53–1 by BRL was reversed in the presence of
GW, indicating that a PPAR�-mediated mechanism was
involved in the transcriptional response to BRL (Fig. 3B).

To identify the region within the p53 promoter respon-
sible for transactivation, we used deletion constructs
expressing different binding sites such as CTF-1/YY1,
nuclear factor-Y (NF-Y), and NF�B (Fig. 3A). In transfec-
tion experiments performed using the mutants p53-6
and p-53-13 encoding the regions from �106 to �12
and from �106 to �40, respectively, the responsiveness
to BRL was still observed, whereas using the mutant
p53–14 encoding the sequence from �106 to �49 we
did not detect an increase in luciferase activity (Fig. 3C).
Consequently, the region from �49 to �40, which cor-
responds to the NF�B site (Fig. 3A), was required for the
transactivation of p53 by BRL.

PPAR� Binds to NF�B Sequence in EMSA

To further evaluate whether the NF�B site is respon-
sible for the action triggered by BRL, we performed
EMSA experiments. Using synthetic oligodeoxyribo-
nucleotides corresponding to the NF�B sequence, we
observed the formation of a single band in nuclear
extracts from MCF7 cells (Fig. 4A, lane 1), which was
abrogated by 100-fold molar excess of unlabeled
probe (Fig. 4A, lane 2), demonstrating the specificity of
the DNA binding complex. Of note, BRL treatment
induced a strong increase in the specific band (Fig. 4A,
lane 3), which was immunodepleted and supershifted
using anti-PPAR� (Fig. 4A, lane 4) and anti-NF�B (Fig.
4A, lane 5) antibodies. Interestingly, the PPAR� tran-
scribed and translated protein was able to bind to
[32P]NF�B oligonucleotide (Fig. 4A, lane 6). The spec-
ificity of the band was proved by a 100-fold excess of
cold probe (Fig. 4A, lane 7) and confirmed by a con-
sensus PPAR response element (PPRE) used as a cold
competitor (Fig. 4A, lane 8). In addition, the immu-
nodepleted band obtained using the anti-PPAR� an-
tibody (Fig. 4A, lane 9), but not observed with the
anti-NF�B antibody (Fig. 4A, lane 10), confirmed that
PPAR� binds in a specific manner to the NF�B site
present in the promoter of p53. As next controls, we
used NF�B protein alone (Fig. 4B, lane 1) and in com-

Table 1. BRL Induces G0-G1 Cycle Arrest in MCF7 Cells

Treatment �M
Cell Cycle Phase

G0–G1 S G2-M

C 53 � 7.2 30 � 4.4 17 � 2.1
BRL 1 67 � 7.4a 20 � 3.3a 13 � 2.2
BRL 10 76 � 8.1a 14 � 3.1a 10 � 2.6a

BRL 50 82 � 8.3b 10 � 2.4b 8 � 1.2b

GW 10 54 � 6.5 29 � 3.5 17 � 2.1
BRL � GW 1 � 10 53 � 6.1 29 � 3.2 18 � 2.3

a P � 0.05, BRL-treated vs. untreated cells.
b P � 0.01, BRL-treated vs. untreated cells.
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bination with either cold competitor (Fig. 4B, lane 2) or
the anti-NF�B antibody (Fig. 4B, lane 3).

Functional Interaction of PPAR� with p53 in
Chromatin Immunoprecipitation (ChIP) Assay

The interaction of PPAR� with p53 was further eluci-
dated by ChIP experiments. MCF7 cells were treated
with formaldehyde to form DNA-protein cross-links
and then sonicated. Thereafter, using anti-PPAR�, an-
ti-NF�B, and anti-RNA polymerase II (Pol II) antibod-
ies, we immunoprecipitated the complexes, and the
binding of PPAR�, NF�B, and RNA Pol II, respectively,
to the NF�B site within the p53 promoter was revealed
by PCR. As shown in panel A of Fig. 5, BRL increased
the recruitment of PPAR� to the promoter of p53. The
BRL-induced effect was slightly reduced by TGF�, but
not altered in presence of the specific inhibitor of
NF�B parthenolide (P) (23) (Fig. 5A). As it concerns the
recruitment of NF�B to p53, evaluated using the anti-
NF�B antibody, TGF� enhanced such interaction that
was abolished by P (Fig. 5A). Moreover, P was able to
prevent the binding of RNA Pol II to p53 induced by
TGF�, but not that determined by BRL (Fig. 5A). These
findings confirmed the ability of PPAR� to stimulate
the transcription of p53 in a NF�B-independent man-
ner (Fig. 5A). Next, the anti-PPAR� antibody did not
immunoprecipitate a region upstream the NF�B site
located within the p53 promoter gene (Fig. 5B).

BRL Induces Caspase-9 Cleavage and DNA
Fragmentation in MCF7 Cells

Having demonstrated that PPAR� mediates p53 expres-
sion induced by BRL, we investigated the cleavage of
caspase 9, which is an important component of the intrinsic
apoptotic process (24). Notably, the treatment of MCF7
cells with BRL for 48 h promoted the caspase-9 activation,
which was prevented by GW and in presence of an expres-
sion vector encoding p53 antisense (AS/p53) (Fig. 6A),
which abolished p53 expression (Fig. 6B). On the contrary,
the effect of BRL on the cleavage of caspase 9 was still
notable using the NF�B inhibitor P (Fig. 6A), which abro-
gating the NF�B protein levels (Fig. 6C) excluded the con-
tribution of such factor in the action elicited by BRL.

As evidenced in DNA fragmentation assay, PPAR� was
also involved in the apoptotic process triggered by BRL
because this effect was completely and partially reversed
by GW and the AS/p53, respectively (Fig. 6D). Again, P did
not modify the activity of BRL (Fig. 6D). Taken together,
these results indicate that, at least in part, a cross talk
between PPAR� and p53 may be responsible for the
growth arrest and apoptosis induced by BRL in MCF7 cells.

DISCUSSION

In recent years, a great deal of attention focused on
the antiproliferative effects of PPAR� in a variety of

Fig. 1. BRL Up-Regulates p53 and p21WAF1/Cip1 mRNA Expression in MCF7 Cells
Semiquantitative RT-PCR evaluation of p53 and p21WAF1/Cip1 mRNA expression. MCF7 cells were treated for 24 h (A) and 48 h

(B) with increasing concentrations of BRL as indicated and 10 �M GW alone or in combination with 1 �M BRL. 36B4 mRNA levels
were determined as control. 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 BRL-treated vs. untreated cells
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cancer cell types. Treatments with PPAR� ligands
have been demonstrated to induce cell cycle arrest
and apoptosis in different cancer models (6, 7, 25). In
addition, an interaction between PPAR� and p53 was
hypothesized, but not clarified, at molecular level in
cholangiocarcinoma (26), in human gastric cancer
cells (27), and even in rat vascular smooth muscle cells
(28). In addition, from our and other studies emerged
the ability of PPAR� to up-regulate the expression of
the tumor suppressor gene phosphatase and tensin
analog, which is required for both a negative modula-
tion of phosphatidylinositol 3-kinase/Akt-dependent
cell proliferation (20, 29, 30) and a p53-mediated reg-
ulation of cell survival and apoptosis (31). Conse-
quently, PPAR� and p53 may converge in a tumor
suppressor activity that remains to be further
elucidated.

To provide new insight into the inhibitory action
exerted by the cognate PPAR�-ligand BRL, we first
demonstrated that PPAR� mediates the growth arrest
in G0-G1 phase induced by BRL in MCF7 cells. In
addition, considering the key role elicited by p53 in the
growth inhibition and apoptosis (14, 17), we have eval-
uated whether PPAR� signaling converges on p53
transduction pathway in MCF7 cells. Of interest, we
found that BRL exposure up-regulates both p53
mRNA and protein levels with a concomitant increase
of p21WAF1/Cip1 expression. These effects were abro-
gated in the presence of the specific antagonist GW,
addressing a PPAR�-mediated mechanism. There-
fore, investigating the potential ability of BRL to mod-
ulate p53 promoter gene, we performed transient
transfections in MCF7 cells using diverse deletion mu-

tants of p53 promoter gene (32). The dose-dependent
transactivation of p53 by BRL involved PPAR� directly
because the transcriptional activity was prevented by
GW treatment. Moreover, we documented that the
region spanning from �49 to �40, which corresponds
to the NF�B site, is required for the responsiveness to
BRL.

It deserves to be mentioned that the transcription
factor NF�B can regulate both pro- and antiapoptotic
signaling pathways depending on cell type, the extent
of NF�B activation, and the nature of the apoptotic
stimuli (33). NF�B was reported to physically interact
with PPAR� (34), which in some circumstances binds
to DNA cooperatively with NF�B (35, 36), further en-
hancing the NF�B-DNA binding (37). Furthermore,
PPAR� agonists were able to enhance the binding of
NF�B to the upstream �B regulatory element site of
c-myc (38). Our EMSA experiments extended the
aforementioned observations because nuclear ex-
tracts of MCF7 cells treated with BRL showed an
increased binding to the NF�B sequence located in
the p53 promoter region. Given that the anti-PPAR�
and anti-NF�B antibodies were both able to induce
shifted bands, we performed an EMSA study using a
cell-free system to ascertain the potential direct inter-
action of PPAR� with the NF�B site. Interestingly, we
observed the formation of a single DNA-binding com-
plex, which was again shifted by the anti-PPAR� an-
tibody. These findings were supported by ChIP assay
in MCF7 cells demonstrating the ability of BRL to
enhance the recruitment of PPAR� and RNA Pol II to
the promoter of p53 even in presence of the NF�B
inhibitor P. Overall, these data indicate that the

Fig. 2. BRL Up-Regulates p53 and p21WAF1/Cip1 Protein Expression in MCF7 Cells
Immunoblots of p53 and p21WAF1/Cip1 from MCF7 cells extracts treated for 24 h (A) and 48 (B) with increasing BRL

concentrations, 10 �M GW alone or in combination with 1 �M BRL. �-Actin was used as loading control. The side panels show
the quantitative representations of data (mean � SD) of three independent experiments performed for each condition. *, P � 0.05;
and **, P � 0.01 BRL-treated vs. untreated cells
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PPAR�-mediated growth arrest upon addition of BRL
in MCF7 cells involves, at least in part, the direct
stimulation of p53 transcription.

p53 acts as a tumor suppressor depending on its
physical and functional interaction with diverse cellular
proteins (39), like some nuclear receptors that, in turn,
exert an inhibitory activity on p53 biological outcomes
(19). In the supplemental data, published on The En-
docrine Society’s Journals online web site at http://
mend.endojournals.org, we show an evident coimmu-
noprecipitation and colocalization of PPAR� and p53
after BRL treatment. However, additional experiments
are required to better characterize such interaction
and its functional consequences.

A large body of evidence has suggested the
straightforward role of p53 signaling in the apoptotic
cascades that include the activation of caspases, a
family of cytoplasmic cysteine proteases (40). The in-
trinsic apoptotic pathway involves a mitochondria-de-
pendent process, which results in cytochrome c re-
lease and, thereafter, activation of caspase-9 (24).
Furthermore, apoptosis is characterized by distinct
morphological changes including the internucleoso-

mal cleavage of DNA, which is recognized as a DNA
ladder (Ref. 24 and references therein). Notably, we
evidenced that in a consecutive series of events BRL
1) up-regulates the expression of p53 and 2) its effec-
tor p21WAF1/Cip1, 3) triggers the cleavage of
caspases-9, and 4) induces DNA fragmentation in a
PPAR�-mediated manner. Given the ability of AS/p53
to reduce the last two biological effects of BRL, an
involvement of p53 in such PPAR�-dependent activity
may be argued. On the contrary, the cleavage of
caspase-9 and DNA fragmentation observed upon
BRL treatment did not show changes suppressing the
NF�B at protein level with P, suggesting that this fac-
tor is not required for the apoptotic events elicited by
BRL.

In the present study we have provided a new insight
into the molecular mechanism through which PPAR�

mediates the growth arrest and apoptosis induced by
BRL in MCF7 cells. Our findings suggest that a cross
talk between p53 and PPAR� may assume biological
relevance in setting novel therapeutic interventions in
breast cancer.

Fig. 3. Effects of BRL on p53-Gene Promoter-Luciferase Reporter Constructs in MCF7 Cells
A, Schematic map of the p53 promoter fragments used in this study. B, MCF7 cells were transiently transfected with p53 gene

promoter-luciferase reporter construct (p53-1) and treated for 24 h with increasing BRL concentrations, 10 �M GW alone or in
combination with 1 �M BRL. C, MCF7 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 1 �M BRL and/or 10 �M GW. The luciferase activities were normalized to the
Renilla luciferase as internal transfection control and data were reported as relative light units. Columns are mean � SD of three
independent experiments performed in triplicate. *, P � 0.05 BRL-treated vs. 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.
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MATERIALS AND METHODS

Reagents

BRL49653 was a gift from GlaxoSmithKline (West Sussex,
UK), the irreversible PPAR�-antagonist GW was purchased
from Sigma (Milan, Italy), human recombinant TGF� was
obtained from ICN Biomedicals (DBA, Milan, Italy), and P was
purchased from Alexis (San Diego, CA).

Plasmids

The p53 promoter-luciferase reporters, constructed using
pGL2 for cloning of p53-1 and -6, and TpGL2 for p53-13 and
-14 were kindly provided by Dr. Stephen H. Safe (Texas A&M
University, College Station, TX). The constructs used were
generated by Safe (32) 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).

As an internal transfection control, we cotransfected the
plasmid pRL-CMV (Promega Corp., Milan, Italy) that ex-
presses Renilla luciferase enzymatically distinguishable from
firefly luciferase by the strong cytomegalovirus enhancer/
promoter. The p53 antisense plasmid (AS/p53) and PPAR�
expression plasmid were gifts from Dr. Moshe Oren (Weiz-
mann Institute of Science, Rehovot, Israel) and Dr. R. Evans
(The Salk Institute, San Diego, CA), respectively.

Cell Cultures

Wild-type human breast cancer MCF7 cells (a gift from Dr.
Ewa Surmacz, Sbarro Institute for Cancer Research and Mo-
lecular Medicine, Philadelphia, PA) were grown in DMEM plus
glutamax containing 10% fetal calf serum (Invitrogen, Milan,
Italy) and 1 mg/ml penicillin-streptomycin.

Fig. 4. PPAR� Binds to NF�B Site in the p53 Promoter Region in EMSA
A, Nuclear extracts from MCF7 cells (lane 1) or 2 �l of PPAR� translated protein (lane 6) were incubated with a double-stranded

NF�B sequence probe labeled with [�32P] and subjected to electrophoresis in a 6% polyacrylamide gel. Competition experiments
were performed adding as competitor a 100-fold molar excess of unlabeled NF�B probe (lanes 2 and 7) or as cold competitor
PPRE (lane 8). In lane 3, nuclear extracts from MCF7 were treated with 10 �M BRL. Anti-PPAR� and anti-NF�B Abs were
incubated with nuclear extracts from MCF7 cells treated with 10 �M BRL (lanes 4 and 5, respectively) or added to PPAR� protein
(lanes 9 and 10, respectively). Lane 11 contains probe alone, lane 12 contains 2 �l of unprogrammed rabbit reticulocyte lysate
incubated with NF�B (URRL). B, NF�B protein (1 �l) (lane 1) was incubated with a double-stranded NF�B sequence probe labeled
with [�32P] and subjected to electrophoresis in a 6% polyacrylamide gel. A 100-fold molar excess of unlabeled NF�B probe (lanes
2) or anti-NF�B antibody (Ab) (lane 3) was added to NF�B protein.
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DNA Flow Cytometry

MCF7 cells at 50–60% confluence were shifted to serum-free
medium (SFM) for 24 h and then treatments were added in
SFM for 48 h. Thereafter, cells were trypsinized, centrifuged
at 1500 rpm for 3 min, washed with PBS, and then treated
with 20 �g/ml RNase A (Calbiochem, La Jolla, CA). DNA was
stained with 100 �g/ml propidium iodide for 30 min at 4 C
protected from light, and cells were analyzed with the FAC-
Scan (Becton Dickinson and Co., Franklin Lakes, NJ).

RT-PCR Assay

MCF7 cells were grown in 10-cm dishes to 70–80% conflu-
ence and exposed to treatments for 24 and 48 h in SFM. 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. The evaluation
of gene expression was performed by a semiquantitative
RT-PCR method as previously described (41). For p53,
p21WAF1/Cip1, and the internal control gene 36B4, the primers
were: 5�-GTGGAAGGAAATTTGCGTGT-3� (p53 forward) and
5�-CCAGTGTGATGATGGTGAGG-3� (p53 reverse), 5�-GCT-
TCATGCCAGCTACTTCC-3� (p21 forward) and 5�-CTGT-
GCTCACTTCAGGGTCA-3� (p21 reverse), 5�-CTCAA-
CATCTCCCCCTTCTC-3� (36B4 forward) and 5�-
CAAATCCCATATCCTCGTCC-3� (36B4 reverse) to yield,
respectively, products of 190 bp with 18 cycles, 270 bp with
18 cycles, and 408 bp with 12 cycles. The results obtained as
optical density arbitrary values were transformed to percent-
age of the control (percent control) taking the samples from
untreated cells as 100%.

Transfection Assay

MCF7 cells were transferred into 24-well plates with 500 �l of
regular growth medium/well the day before transfection. The
medium was replaced with SFM on the day of transfection,
which was performed using Fugene 6 reagent as recom-

mended by the manufacturer (Roche Diagnostics, Mannheim,
Germany) with a mixture containing 0.5 �g of promoter-luc
reporter plasmid, 5 ng of pRL-CMV. After transfection for
24 h, treatments were added in SFM as indicated, and cells
were incubated for an additional 24 h. Firefly and Renilla
luciferase activities were measured using the Dual Luciferase
Kit (Promega Corp., Madison, WI). The firefly luciferase val-
ues of each sample were normalized by Renilla luciferase
activity, and data were reported as relative light units.

MCF7 cells plated into 10-cm dishes were transfected with
5 �g 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. Time course analysis revealed that p53 levels
were effectively suppressed at 18 h after transfection (data
not shown). Empty vector was used to ensure that DNA
concentrations were constant in each transfection.

EMSA

Nuclear extracts from MCF7 cells were prepared as previ-
ously described for EMSA (42). Briefly, MCF7 cells plated into
10-cm dishes were grown to 70–80% confluence, shifted to
SFM for 24 h, and then treated with 10 �M BRL for 6 h.
Thereafter, cells were scraped into 1.5 ml of cold PBS. Cells
were pelleted for 10 sec and resuspended in 400 �l cold
buffer A [10 mM HEPES-KOH (pH 7.9) at 4 C, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfo-
nylfluoride (PMSF), 1 mM leupeptin]) by flicking the tube. The
cells were allowed to swell on ice for 10 min and then vor-
texed for 10 sec. Samples were then centrifuged for 10 sec
and the supernatant fraction was discarded. The pellet was
resuspended in 50 �l of cold Buffer B (20 mM HEPES-KOH,
pH 7.9; 25% glycerol; 1.5 mM MgCl2; 420 mM NaCl; 0.2 mM

EDTA; 0.5 mM dithiothreitol; 0.2 mM PMSF; 1 mM leupeptin)
and incubated in ice for 20 min for high-salt extraction. Cel-
lular debris was removed by centrifugation for 2 min at 4 C,
and the supernatant fraction (containing DNA-binding pro-
teins) was stored at �70 C. In vitro- transcribed and trans-
lated PPAR� was synthesized using the T7 polymerase in the
rabbit reticulocyte lysate system from PPAR� plasmid as

Fig. 5. Functional Interaction of PPAR� and p53 in ChIP Assay
MCF7 cells were treated for 1 h with 10 �M BRL, 10 ng/ml TGF�, 15 �M P, as indicated. The soluble chromatin was

immunoprecipitated with anti-PPAR�, anti-NF�B and anti-RNA Pol II antibodies. The p53 promoter (prom) sequence including the
NF�B site (panel A) and that located upstream the NF�B site (panel B) were detected by PCR with specific primers, as described
in Materials and Methods. To control input DNA, p53 promoter was amplified from 30 �l of initial preparations of soluble chromatin
(before immunoprecipitations). Normal rabbit antiserum was used as negative control (N).
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directed by the manufacturer (Promega). The probe was gen-
erated by annealing single-stranded oligonucleotides and la-
beled with [�32P]ATP (Amersham Pharmacia, Buckingham-
shire, UK) and T4 polynucleotide kinase (Promega) and then
purified using Sephadex G50 spin columns (Amersham Phar-
macia). The DNA sequence of the NF�B used as probe or as
cold competitor is the following: NF�B, 5�-AGT TGA GGG
GAC TTT CCC AGG C-3� (Sigma Genosys, Cambridge, UK).
As cold competitor we also used PPRE oligonucleotide: 5�-
GGGACCAGGACAAAGGTCACGTT-3� (Sigma Genosys).
The protein-binding reactions were carried out in 20 �l of
buffer [20 mM HEPES (pH 8), 1 mM EDTA, 50 mM KCl, 10 mM

dithiothreitol, 10% glycerol, 1 mg/ml BSA, 50 �g/ml
polydeoxyinosinic deoxycytidylic acid] with 50,000 cpm
of labeled probe, 5 �g of MCF7 nuclear protein, or 2 �l of
transcribed and translated in vitro PPAR� protein, or 1 �l
of NF�B protein (Promega), and 5 �g of polydeoxyinosinic
deoxycytidylic acid. The mixtures were incubated at room
temperature for 20 min in the presence or absence of unla-
beled competitor oligonucleotides. For the experiments in-
volving anti-PPAR� and anti-NF�B antibodies (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), 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 0.25�
Tris borate-EDTA for 3 h at 150 V. Gel was dried and sub-
jected to autoradiography at �70 C.

ChIP

MCF7 cells were grown in 10-cm dishes to 50–60% conflu-
ence, shifted to SFM for 24 h, and then treated with 10 �M

BRL for 1 h. 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 �l of lysis buffer (1% SDS; 10 mM EDTA;
50 mM 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., New-
town, CT) and collected by centrifugation at 4 C for 10 min at
14,000 rpm. The supernatants were diluted in 1.3 ml of im-
munoprecipitation buffer (0.01% SDS; 1.1% Triton X-100; 1.2
mM EDTA; 16.7 mM Tris-HCl, pH 8.1; 16.7 mM NaCl) followed
by immunoclearing with 80 �l of sonicated salmon sperm
DNA/protein A agarose (DBA Srl, Milan, Italy) for 1 h at 4 C.
The precleared chromatin was immunoprecipitated with anti-
PPAR�, anti-NF�B, and anti-RNA Pol II antibodies (Santa
Cruz Biotechnology). At this point, 60 �l 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 mM EDTA, 20 mM

Tris-HCl (pH 8.1), 150 mM NaCl], WA B [0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 500 mM NaCl],

Fig. 6. BRL Induces Cleavage of Caspase-9 and DNA Laddering
A, MCF7 cells were treated with BRL alone or in combination with GW or P for 48 h as indicated, or transfected with an

expression plasmid encoding for p53 antisense (AS/p53). Positions of procaspase-9 and its cleavage products are indicated by
arrowheads to the right. One of three similar experiments is presented. �-Actin was used as loading control on the same stripped
blot. B, p53 protein expression (evaluated by Western blot) in MCF7 cells transfected with an empty vector (v) or a AS/p53 and
treated as indicated. �-Actin was used as loading control. C, NF�B expression in MCF7 cells untreated or treated with P as
indicated. �-Actin was used as loading control. D, DNA laddering was performed in MCF7 cells treated for 72 h as indicated, or
transfected with AS/p53.
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and Wash C [0.25 M LiCl, 1% Nonidet P-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH 8.1)], and then
twice with TE buffer (10 mM Tris, 1 mM EDTA). The immuno-
complexes were eluted with elution buffer (1% SDS, 0.1 M

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 h. DNA was obtained by phenol-chloroform-isoamyl alco-
hol extraction. Two microliters of 10 mg/ml yeast tRNA
(Sigma) was added to each sample, and DNA was precipi-
tated with 70% ethanol for 24 h at �20 C and then washed
with 95% ethanol and resuspended in 20 �l of TE buffer. A 5
�l volume of each sample was used for PCR with primers
flanking a sequence present in the p53 promoter: 5�-CT-
GAGAGCAAACGCAAAAG-3� (forward) and 5�-CAGC-
CCGAACGCAAAGTGTC-3� (reverse) containing the �B site
from �254 to �42 region and 5�-GAAAACGTTAGGGT-
GTGG-3� (forward) and 5�-GGTGCAGAGTCAGGATTC-3�
(reverse) upstream of the �B site from �528 to �452 region
(GenBank accession no. J0423). The PCR conditions for the
two p53 promoter fragments were, respectively, 45 sec at 94
C, 40 sec at 57 C, 90 sec at 72 C, 45 sec at 94 C, 40 sec at
55 C, and 90 sec at 72 C. The amplification products ob-
tained 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).

Immunoblotting

MCF7 cells were grown in 10-cm dishes to 70–80% conflu-
ence and exposed to treatments for 24 and 48 h in SFM as
indicated. Cells were then harvested in cold PBS and resus-
pended in lysis buffer containing 20 mM HEPES (pH 8), 0.1
mM EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol, 1% Non-
idet P-40, and inhibitors (0.1 mM Na3VO4, 1% PMSF, 20
mg/ml aprotinin). Protein concentration was determined by
Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).

A 50-�g portion of protein lysates was used for Western
blotting, resolved on a 10% SDS-polyacrylamide gel, trans-
ferred to a nitrocellulose membrane, and probed with an
antibody directed against the p53, p21WAF1/Cip1, caspases-9,
and NF�B (Santa Cruz Biotechnology). 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-�-actin antibody.

The antigen-antibody complex was detected by incubation
of the membranes for 1 h at room temperature with peroxi-
dase-coupled goat antimouse or antirabbit IgG and revealed
using the enhanced chemiluminescence system (Amersham
Pharmacia). 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.

DNA Fragmentation

DNA fragmentation was determined by gel electrophoresis.
MCF7 cells were grown in 10-cm dishes to 70% confluence
and treated with 10 �M BRL and/or 10 �M GW and /or 15 �M

P. After 72 h cells were collected and washed with PBS and
pelletted at 1800 rpm for 5 min. The samples were resus-
pended in 0.5 ml of extraction buffer (50 mM Tris-HCl, pH 8;
10 mM EDTA, 0.5% SDS) for 20 min in rotation at 4 C. DNA
was extracted with phenol-chloroform three times and once
with chloroform. The aqueous phase was used to precipitate
acids nucleic with 0.1 vol or of 3 M sodium acetate and 2.5
volumes cold EtOH overnight at �20 C. The DNA pellet was
resuspended in 15 �l 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 �g/lane) was subjected to electrophoresis on 1.5%

agarose gels. The gels were stained with ethidium bromide
and then photographed.

Statistical Analysis

Statistical analysis was performed using ANOVA followed by
Newman-Keuls testing to determine differences in means.
P � 0.05 was considered as statistically significant.
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