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INTRODUCTION 

The Farnesoid X Receptor (FXR) is an adopted member of the metabolic nuclear 

receptor (NR) superfamily, members of which are highly expressed in liver, 

intestine, kidney and adrenals (Forman, BM et al. 1995;  Otte, K. et al. 2003). 

FXR was first isolated from a rat-liver cDNA library and named after its weak 

activation by supraphysiological concentrations of farnesol, an intermediate in the 

mevalonate biosynthetic pathway (Forman, BM et al. 1995). Shortly after its 

discovery, specific Bile Acids (BAs) that both bind to the ligand-binding domain 

(LBD) of the receptor and activate the transcription of FXR target genes were 

identified (Makishima, M. et al. 1999; Wang, H. et al. 1999). Subsequent studies 

have led to the identification of potent synthetic FXR agonists (Maloney, PR et al. 

2000; Downes, M.  et al. 2003), including GW4064, 6-ethyl chenodeoxycholic 

acids (6-ECDCAs) and fexaramine. Taking advantage of the availability of FXR-

deficient mice (Sinal, CJ et al. 2000), studies with these ligands have 

demonstrated a critical role for FXR in regulating cholesterol and BA homeostasis 

(Maloney, PR et al. 2000; Sinal, CJ et al. 2000). 

FXR shares the common modular structure of all members of the metabolic-NR 

superfamily; this structure includes a highly conserved DNA-binding domain 

(DBD) in the N-terminal region and a moderately conserved LBD in the C-

terminal region (Pellicciari, R. et al. 2005). The ligand-independent activation 

function-1 (AF-1) and ligand-dependent activation function-2 (AF-2) are located 

in the N-terminal and C-terminal regions, respectively. Two cysteine-coordinated 

Zn
2+

 finger motifs located in the DBD are directly involved in DNA binding and 

dimerization. The E region is also involved in dimerization and coregulator 

interaction (Figure 1). 

 

Figure 1. General structure of a nuclear receptor. A typical nuclear receptor is composed of several functional domains. 

The variable NH2-terminal region (A/B) contains the ligand-independent AF-1 transactivation domain. The conserved 

DNA-binding domain (DBD), or region C, is responsible for the recognition of specific DNA sequences. A variable linker 
region (D) connects the DBD to the conserved E region that contains the ligand-binding domain (LBD) as well as the 

dimerization surface and the ligand-dependent AF-2 within the C-terminal portion of the LBD. 
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There are two known FXR genes, which are commonly referred to as FXRα and 

FXRβ. FXRα is conserved from humans to fish (teleost fish, Fugu rubripes) 

(Maglich, JM et al. 2003). The single FXRα gene in humans and mice encodes 

four FXRα isoforms (FXRα1, FXRα2, FXRα3 and FXRα4) as a result of the use 

of different promoters and alternative splicing of the RNA (Huber, RM  et al. 

2002; Zhang, Y. et al. 2003). (Figure 2).  

 
 

Figure 2. Schematic representation of the exon–intron organization of FXRα gene and relative protein isoforms. Distinct 

FXRα isoforms are generated by alternative promoter usage (arrows) and splicing (linked exons). FXRα1 and FXRα3 have 
an insertion of four amino acids (MYTG) in  the hinge-domain region; this insertion is generated by the alternative splicing 

of the 12 bp at the 30 end of exon 5. 

 

 

 

FXRα3 and FXRα4 possess an extended N terminus, which encompasses the 

poorly defined AF-1. In addition, FXRα1 and FXRα3 have an insert of four 

amino acids (MYTG) immediately adjacent to the DNA-binding domain in a 

region referred to as the ‘hinge domain’ (Figure 2). 

The second FXR gene, FXRβ, encodes a functional member of the nuclear 

receptor family in rodents, rabbits and dogs, but is a pseudogene in human and 

primates (Otte, K. et al. 2003). FXRβ has been proposed to be a lanosterol sensor, 

although its physiological function remains unclear. FXRα is expressed mainly in 

the liver, intestine, kidney and adrenal gland, with much lower levels in adipose 

tissue (Forman, BM et al. 1995; Huber, RM et al. 2002; Zhang, Y. et al. 2003). 
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Like many other non-steroid hormone nuclear receptors, regulates the expression 

of a wide variety of target genes involved in bile acid, lipid and glucose 

metabolism by binding either as monomer or as a heterodimer with the Retinoid X 

Receptor (RXR) to FXR response element (FXREs) (Song, CS et al. 2001; 

Ananthanarayanan, M. et al. 2001).   

FXR is an obligate partner of the 9-cis-retinoic acid receptor (RXR). The 

FXR/RXR heterodimer binds DNA sequences composed of two inverted repeats 

(IR) (AGGTCA hexanucleotide core motif spaced by one nucleotide), and can be 

activated by ligands for both receptors (BAs and/or 9-cis-retinoic acid). Upon 

ligand binding, FXR undergoes conformational changes to release corepressors 

such as NCor (nuclear co-repressor) and recruit coactivators such as SRC-1 

(steroid receptor coactivator-1), PRMT-1 (protein arginine(R)methyl transferase-

1), CARM-1 (coactivator-associated arginine(R) methyltransferase-1),   

PGC1α (peroxisome-proliferator-receptor (PPAR)-γ coactivator- 1a) and DRIP-

205 (vitamin-D-receptor-interacting protein-205) (Figure 3) (Pellicciari, R. et al 

2005; Rizzo, G. et al. 2005). The mechanism(s) that regulate recruitment of these 

coactivators by FXR ligands and the relevance of these molecules to the 

regulation of specific genes by FXR ligands is still unknown. 

 

 
 
Figure 3. Coactivator and corepressor complexes are involved in FXR activation and repression, respectively. In the 

absence of ligand, the FXR heterodimer is associated with corepressor complexes, which recruit histone-deacetylase 
activities. Deacetylation of histone tails leads to chromatin compactation and transcriptional repression. Receptor activation 

causes the release of the corepressor complex and the AF-2-dependent recruitment of a coactivator complex that contains at 

least a p160 coactivator (such as SRC-1). These proteins possess histone-acetyltransferase activity that allows chromatin 
decompactation and gene activation. Multiple protein–protein interactions exist among the FXR and other coactivators such 

as PRMT-1 (protein arginine(R) methyl transferase-1) and CARM-1 (coactivator-associated arginine methyltransferase-1), 

which induce histone methylation, and PGC-1α (ppar-gamma coactivator-1α) and DRIP-205 (vitamin-D-receptor-
interacting protein-205). 
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IR-1 is the primary binding sequence for FXR. FXR regulates human intestinal 

bile acid binding protein (IBABP), small heterodimer partner (SHP), bile salt 

export pump (BSEP), BA-CoA:amino acid N-acetyltransferase (BAT) (Shibata, 

M.  et al. 1998) and phospholipid transfer protein (PLTP) via IR-1 elements in the 

promoters of these genes (Grober, J. et al. 1999; Urizar, NL et al. 2000). Besides 

IR-1, other FXREs include IR-0, direct repeat (DR), everted repeat (Huang, W. et 

al. 2006) of the core motif separated by eight nucleotides (ER-8) and monomeric 

binding sites (Song, CS et al. 2001; Laffitte, BA et al. 2000; Claudel, T. et al. 

2002) (Figure 4). 

 

 

 
Figure 4. Upon ligand binding, FXR binds to FXR response elements (FXRE) of its target genes as a heterodimer with 

RXR. Examples of consensus sequences are shown. 

 

 

By binding to FXREs, FXR regulates many genes belonging to different 

metabolic pathways. Activation of FXR modulates the expression of different 

groups of genes involved in BA homoeostasis, lipid metabolism, and glucose 

balance (Figure 5). FXR is the primary sensor of BAs. FXR activates the 

expression of short heterodimer partner (SHP) which interacts with other nuclear 
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receptors preventing their activation (Goodwin, B. et al. 2000; Claudel, T. et al. 

2002; Seol, W. et al. 1996). 

 

 

Figure 5. FXR regulates a large number of target genes involved in bile acid, lipoprotein and glucose metabolisms. FXR 
binds to DNA either as a heterodimer with RXR or as a monomer to regulate the expression of various genes. (Wang, YD 

et al. 2008) 

 
 

Although FXR was originally identified in hepatocyte homeostasis, it has become 

increasingly clear that this nuclear receptor system is important in a number of 

different cell type and mediates diverse functions including its control in 

regulating cell growth and carcinogenesis (Wang, H. et al. 2008; Modica, S. et al. 

2008). For instance, it has been demonstrated that FXR activation inhibits breast 

cancer cell proliferation and negatively regulates aromatase activity reducing local 

estrogen production which sustains tumor growth and progression (Swales, KE et 

al. 2006). In contrast, other authors have reported that FXR activation stimulates 

MCF-7 cell proliferation (Journe, F. et al. 2008). However, the functions of bile 

acid sensor FXR, in breast cancer tissue, are still not completely understood and 

there are no data regarding its role in endocrine resistant breast cancer phenotype.  

Breast cancer evolution and progression are deeply influenced by both estrogen 

receptor (ER) and growth factor receptor signaling. In recent years, the field of 

cancer therapy has witnessed the emergence of multiple targeted strategies that 
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inhibit specific key molecules and pathways important for tumor growth and 

progression. Among them, endocrine therapy to block ER activity and signaling, 

the first targeted therapy in oncology, is still the most successful systemic therapy 

in the management of ER-positive breast cancer. 

Therapeutic strategies directed at inhibiting the action of ERα using antiestrogens, 

such as Tamoxifen (Tam), or reducing estrogen levels using aromatase inhibitors, 

are the standard therapies offered to women with ERα-positive cancer. However, 

not all patients who have ER positive tumors respond to endocrine therapies 

(termed de novo resistance), and a large number of patients who do respond will 

eventually develop disease progression or recurrence while on therapy (acquired 

resistance). 

Multiple mechanisms are responsible for the development of endocrine resistance. 

Among these are the loss of ERα expression or function (Encarnacion, CA et al. 

1993), alterations in the balance of regulatory cofactors, increased oncogenic 

kinase signaling (Blume-Jensen, P. and Hunter, T. 2001), and altered expression 

of growth factor signaling pathways (Arpino, G. et al. 2004; Schiff, R. et al., 

2004; Sabnis, GJ et al. 2005; Staka, CM et al. 2005). For instance, several 

preclinical and clinical studies suggest that both de novo and acquired resistance 

to Tam in breast cancers can be associated with elevated levels of the membrane 

tyrosine kinase HER2 (c-ErbB2, Her2/neu) (Chung, YL et al., 2002; Meng, S. et 

al. 2004; Shou, J. et al. 2004; Gutierrez, MC et al. 2005).    
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The HER2 gene codes for a 185 kDa receptor, a member of the EGFR family of  

transmembrane tyrosine kinases, which also includes HER3 and HER4, mainly 

involved in signal transduction pathways that regulate cell growth and 

differentiation (Figure 6). This receptor has no ligand of its own, but is activated 

by hetero-oligomerization with other ligand-activated receptors (Yarden, Y. 

2001). The HER2 gene is amplified and/or overexpressed in 20-25% of ERα-

positive breast cancers (Slamon, DJ et al. 1989), and clinical observations indicate 

that tumors with high levels of HER2 have poor outcome when treated with Tam 

(Osborne, CK et al. 2003; Kirkegaard, T. et al. 2007). 

 

 

 

Figure 6. Schematic representation of the Human Epithelial Receptor (HER) Family. 

 

The mechanisms by which HER2 overexpression mediates Tam resistance result 

from an intimate crosstalk between ERα and growth factor receptors kinase 

cascades, such as Ras/MAPK signaling, that in turn can promote growth and 
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progression in breast cancer cells, negating the inhibitory effects of Tam on 

nuclear ERα activity (Arpino, G. et al. 2008). HER2 overexpression is not 

attributed solely to amplification of the HER2 gene copy number, but can also 

occur from a single-copy gene due to deregulation events at the transcriptional 

level (Hurst, HC 2001). Thus an analysis of new mechanisms controlling 

HER2/neu receptor gene expression could be important to enhance strategies to 

reverse Tam resistance in breast cancer patients.  

On the basis of all these observations, in the first part of our study, we 

investigated whether activated FXR may modulate the growth of human MCF-7 

Tam-resistant breast cancer cells, a model that was developed to mimic in vitro 

the occurrence of acquired Tam resistance. 

More recently, FXR was identified in normal rodent testis and in Leydig tumor 

cell lines (Catalano, S. et al. 2010). Leydig cell tumors comprise about 3% of all 

testicular neoplasms. Although rare, they are the most common tumors of the 

gonadal stroma (Hawkins, C. et al. 1996). In most cases, Leydig cell tumors are 

benign, however, if the tumor is malignant, no effective treatments are currently 

available. 

We previously demonstrated that FXR activation exerts anti-proliferative effects 

on tumor Leydig cells at least in part through an inhibition of estrogen-dependent 

cell growth. Indeed, we evidenced, in rat tumor Leydig cells R2C that 

chenodeoxycholic acid (CDCA) and a synthetic agonist GW4064 downregulate 

aromatase expression at both mRNA and protein levels, together with the 

inhibition of its enzymatic activity (Catalano, S. et al. 2010).  Thus, in the second 

part of the present study we evaluated whether FXR ligands can inhibit tumor 

Leydig cell growth using xenografts model and elucidated the possible molecular 

mechanism underlying these effects.  
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MATERIALS AND METHODS 

Reagents and Antibodies 

Dulbecco’s Modified Eagle’s Medium (DMEM), Nutrient Mixture F-10 Ham, L-

glutamine, penicillin, streptomycin, fetal bovine serum (FBS), horse serum (HS), 

MTT, 4-Hydroxytamoxifen, CDCA and EGF were from Sigma (Milan, Italy), 

GW4064 by Tocris. TRIzol by Invitrogen (Carlsbad, CA,). FuGENE 6 by Roche 

Applied Science (Indianapolis, IN, USA). TaqDNA polymerase, RETROscript 

kit, Dual Luciferase kit, TNT master mix, and NF-kB protein were from Promega 

(Madison, WI). SYBR Green Universal PCR Master Mix by Biorad (Hercules, 

CA, USA). Antibodies against FXR, EGFR, β-Actin, Cyclin D1, p65, Lamin B, 

p53, p21, PARP, by Santa Cruz Biotechnology (Santa Cruz, CA), MAPK, 

phosphorylated p42/44 MAPK (Thr
202

/Tyr
204

), phosphorylated HER2 (Tyr
1248

) 

from Cell Signaling Technology (Beverly, MA), HER2 from NeoMarker 

(Fremont, CA), antibody against Aromatase by Serotec (Raleigh, NC, USA). ECL 

system and Sephadex
 

G-50 spin columns from Amersham Biosciences 

(Buckinghamshire,
 
UK). [γ

32
P]ATP from PerkinElmer (Wellesley, MA, USA).  

 

Plasmids  

The  plasmid pNeuLite containing promoter region of human HER2/neu was 

kindly provided by Dr. Mien-Chie Hung (University of Texas M.D. Anderson 

Cancer Center, Houston, TX, USA). The FXR responsive reporter gene (FXRE-

IR1) and FXR-DN (dominant negative) expression plasmids were provided from 

Dr. T.A. Kocarek (Institute of Environmental Health Sciences, Wayne State 

University, USA) (Kocarek, TA  et al. 2002).  FXR expression plasmid was 

provided from Dr. D.J. Mangelsdorf (Southwestern Medical Center, TX, USA). 

The deletion of AP-1 sequence in the promoter construct was generated by PCR 

using as template the pNeulite plasmid with the following primers: forward 5’-

GATAAGTGTGAGAACGGCTGCAGGC- 3’ and reverse 5’-

GGGCAGATCTGGTTTTCCGGTCCCAATGGA- 3’.  The amplified DNA 

fragment was digested with BglII and KpnI and ligated into pGL2-Basic vector. 
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The resulting plasmid encoding the HER2 promoter containing the desired 

deletion was designated ∆AP-1. The desired deletion was confirmed by DNA 

sequencing. 

The p53 promoter-luciferase reports, 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 (Texan A&M University, College Station, TX). The constructs used were 

generated by Safe (Qin, C. 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). 

 

Site-directed mutagenesis 

The pNeulite promoter plasmid-bearing NF-kB–responsive element mutated site 

(NF-kB mut) was created by site-directed mutagenesis using Quick Change kit 

(Stratagene, La Jolla, CA) according to manufacturer’s method. We used as 

template the pNeulite plasmid and the following mutagenic primers (mutations are 

shown as lowercase letters): 5’- 

AGAGAGGGAGAAAGTGAAGCTaatcGTTGCCGACTCCCAGACTTCG- 3’ 

and 5’-CGAAGTCTGGGAGTCGGCAACgattAGCTTCACTTTCTCCCTCTCT- 

3’. The desired mutation was confirmed by DNA sequencing. 

 

Cell culture 

Breast cancer epithelial cell line MCF-7 were cultured in DMEM medium 

containing 10% FBS, 1% L-glutamine, 1% Eagle’s nonessential amino acids, and 

1 mg/ml penicillin-streptomycin at 37 °C with 5% CO2 air. MCF-7 TR1 and 

MCF-7 TR2 cells were generated in the laboratory of Dr. Fuqua. Cells were 

cultured in MEM with 10% FBS, 6 ng/ml insulin, penicillin (100 U/ml), 

streptomycin (100 µg/ml), and adding 4-hydroxytamoxifen in 10-fold increasing 

concentrations every 4 weeks. Cells were thereafter routinely maintained with 10
-6

 

M (MCF-7 TR1) and 10
-7

M (MCF-7 TR2) of 4-hydroxytamoxifen.  
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SKBR3 cells were cultured in phenol red-free RPMI medium containing 10% 

FBS, 1% L-glutamine, 1% Eagle’s nonessential amino acids, and 1 mg/ml 

penicillin-streptomycin.  

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

Eagle’s medium-F12 plus glutamax containing 5% horse serum, 1 mg/ml 

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

MCF-7/HER2-18 were kindly provided by Dr. Schiff (Baylor College of 

Medicine, Houston, TX, USA) and maintained  in DMEM with 10% FBS, 6 

ng/ml insulin, penicillin (100 U/ml), streptomycin (100 µg/ml), 0.4% Geneticin, 

(Shou, J. et al. 2004). 

Rat Leydig tumor cells (R2C) were cultured in Ham/F-10 supplemented with 15% 

HS, 2.5% FBS, and 1 mg/ml penicillin-streptomycin. 

Before each experiment, cells were grown in phenol red-free media, containing 

5% charcoal-stripped foetal bovine serum (cs-FBS) for 2 days and then treated as 

described. 

Cell proliferation assays  

MTT anchorage-dependent growth assay. Cell viability was determined by using 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Analysis. MCF-7, 

MCF-7 TR1, MCF-10 and SKBR3 cells (20000/well) were treated with 

Tamoxifen (Tam), Chenodeoxycholic acid (CDCA), GW4064 and Epidermal 

Growth Factor (EGF) as indicated. At the end of the incubation with different 

treatments, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 

was added to each well and incubated at 37 °C and 5% CO2 for 2h followed by 

medium removal and solubilisation in 500 µl DMSO. The resulting colour change 

was read at 570 nm and calculated as absorbance above background. The 

absorbance readings of a minimum of three experiments, contained 4 different 

doses of CDCA and GW4064 in triplicate, was combined for IC50 calculations 

using GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA). Briefly, 

values were log-trasformed, then normalized, and nonlinear regression analysis 

was used to generate a sigmoidal dose-respose curve to calculate IC50 values for 

each cell line. In a set of experiments cells were transiently transfected with the 

FXR-DN plasmid for 24h before starting with the treatments. 
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Anchorage-independent soft agar growth assays. Cells (25000/well) were plated 

in 4 ml of 0.35% agarose with 5% charcoal-stripped FBS in phenol red-free 

media, in a 0.7% agarose base in six-well plates.  Two days after plating, media 

containing control vehicle or treatments was added to the top layer, and the media 

was replaced every two days.  After 14 days, 150 µl of MTT was added to each 

well and allowed to incubate at 37°C for 4h.  Plates were then placed in 4°C 

overnight and colonies > 50 µm diameter from triplicate assays were counted. 

Data are the mean colony number of three plates and representative of two 

independent experiments analyzed for statistical significance (p<0,05) using a 

two-tailed student’s Test, performed by Graph Pad Prism 4. Standard deviations 

are shown.  

R2C Xenograft Models 

The experiments in vivo were done in 45 days old nude mice (nu/nu Swiss; 

Charles River, Milan, Italy). At day 0  mice were inoculated with R2C cells (1.0 x 

10
5
 mice) into the intrascapular region. GW4064 treatment was started 12 days 

later after tumors established. GW4064 was delivered daily to the animals by i.p. 

injection using corn oil as carrier. The treatment was done for 13 days. Tumor 

growth was followed twice a week by calliper measurements along two 

orthogonal axes: length (L) and width (W). The tumor volume (V) was estimated 

by the following formula: V= L x (W)
2
/2. At the time of killing, 25 days, tumors 

were dissected out from the neighboring connective tissue, frozen in nitrogen, and 

stored at -80 
°
C. All the procedures involving animals and their care have been 

conducted in conformity with the institutional guidelines at the Laboratory of 

Molecular Oncogenesis, Regina Elena Cancer Institute in Rome. 

 

Immunoprecipitation and immunoblot analysis 

MCF-7, MCF-7 TR1, SKBR3 and R2C cells were grown to 50–60% confluence 

and treated as indicated before lysis in 500µl of 50 mM Tris-HCl, 150 mM NaCl, 

1% NP-40, 0.5% sodium deoxycholate, 2 mM sodium fluoride, 2 mM EDTA, 

0.1% SDS, containing a mixture of protease inhibitors (aprotinin, 

phenylmethylsulfonyl fluoride, and sodium orthovanadate) for protein extraction. 

The nuclear protein  were lysed with the buffer containing 20 mM HEPES pH 8, 
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0.1 mM EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol, 1% NP-40, inhibitors 

(as above). For coimmunoprecipitation experiments, we used 1 mg of nuclear 

protein extract and 2 µg of FXR polyclonal antisera overnight, followed by 

protein A/G precipitation with rotation at 4°C for 2h.  

Frozen tumors from each of the different treatment groups were manually 

homogenized in lysis buffer supplemented with 10% glycerol, and protease 

inhibitor (0.1 mM Na3VO4, 1% PMSF, 20 µg/ml aprotinin)). Tumor lysates were 

collected, sonicated (5× for 5 s on ice), and microcentrifuged at 14000×g for 20 

min at 2°C. Supernatants of the lysates were aliquoted and stored at −80°C.  

Equal amounts of cell extract and immunoprecipitated proteins were resolved 

under denaturing conditions by electrophoresis in 8% to 10% polyacrylamide gels 

containing SDS (SDS-PAGE), and transferred to nitrocellulose membranes by 

electroblotting.  After blocking the transferred nitrocellulose membranes were 

incubated with primary antibodies overnight at 4°C. The antigen-antibody
 

complex was detected by incubation of the membranes with peroxidase-coupled 

goat anti-mouse, goat anti-rabbit, donkey anti-goat, and revealed using the ECL 

System. To ensure equal loading all membranes were stripped and incubated with 

anti Lamin B antibody for nuclear extracts or anti β-Actin antibodies for total 

extracts. The bands of interest were quantified
 
by Scion Image laser densitometry 

scanning program. 

 

RT-PCR and Real-time RT-PCR assays  

Total RNA was extracted from cells using TRIzol reagent and the evaluation of  

FXR gene expression was performed by the reverse transcription-PCR method 

using a RETROscript kit. The cDNAs obtained were amplified by PCR using the
 

following primers:  

 FXR           Forward 5’-CGAGCCTGAAGAGTGGTACTGTC-3’   

                    Reverse 5’-CATTCAGCCAACATTCCCATCTC-3’    

  36B4         Forward 5’-CTCAACATCTCCCCCTTCTC-3’  

                    Reverse 5’-CAAATCCCATATCCTCGT-3’   

  L19            Forward 5’-GAAATCGCCAATGCCAACTC-3’  

                    Reverse 5’-ACCTTCAGGTACAGGCTGTG-3’ 
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p53                Forward 5’ -CAAGTCTGTTATGTGCACGTACTCA-3’ 

                      Reverse 5’-AACTGCACAGGGCATGTCTTC-3’ 

p21
WAF1/Cip1

    Forward 5’-AGCAAAGTATGCCGTCGTCT-3’   

                      Reverse 5’-ACACGCTCCCAGACGTAGTT-3’   

The PCR was performed for 35 cycles for hFXR (94°C
 
1 min, 65°C 1 min, 72°C 1 

min); 18 cycles for 36 B4 (94 °C for 1 min, 58 °C for 1 min, and 72 °C for 1 min); 

25 cycles for L19 (94°C 1 min, 60°C 1 min, and 72°C 2 min); 25 cycles for p53 

(94 °C for 1 min, 61 °C for 1 min, and 72 °C for 1 min); 22 cycles for p21
WAF1/Cip1

  

(94 °C for 1 min, 57 °C for 1 min, and 72 °C for 1 min), in the presence of 1µl of 

first strand cDNA, 1µM each of the primers, 0.5mM dNTP, Taq DNA polymerase 

(2 units/tube), and 2.2 mM MgCl in a final volume of 25µl.  

Analysis of HER2 gene expression was performed by Real-time reverse 

transcription–PCR. Total RNA (2µg) was reverse transcribed with the 

RETROscript kit; cDNA was diluted 1:3 in nuclease-free water and 5µl were 

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

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

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

manufacturer’s recommendations. Negative control contained water instead of 

first strand cDNA was used. Each sample was normalized on its GAPDH mRNA 

content.  Primers used for the amplification were: 

 HER2             Forward 5’-CACCTACAACACAGACACGTTTGA-3’  

                       Reverse 5’-GCAGACGAGGGTGCAGGAT-3’   

 GAPDH         Forward 5’-CCCACTCCTCCACCTTTGAC-3’   

                       Reverse 5’-TGTTGCTGTAGCCAAATTCGTT-3’  

 Each sample was normalized on its GAPDH mRNA content. The relative gene 

expression levels were normalized to a calibrator that was chosen to be the basal, 

untreated sample. Final results were expressed as n-fold differences in gene 

expression relative to GAPDH mRNA and calibrator, calculated using the ∆Ct 

method as follows:  

n-fold=2
- (∆Ctsample–∆Ctcalibrator)

 



Materials and Methods 

 

15 

 where ∆Ct values of the sample and calibrator were determined by subtracting 

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

value of the gene analysed. 

 

Transient transfection assay 

MCF-7 and MCF-7 TR1 cells were transiently transfected using the FuGENE
 
6 

reagent with FXR reporter gene (FXRE-IR1) in the presence or absence of FXR-

DN plasmid. After transfection cells were treated with different doses of CDCA. 

In a set of experiments cells were transfected with different HER2 promoter 

constructs for 24h followed by treatment with CDCA 50µM for 6h. Empty vectors 

were used to ensure that DNA concentrations were constant in each transfection.  

R2C cells were transiently transfected using the FuGENE 6 reagent with different 

constructs p53 promoter-luciferase reporter gene (p53-1, p53-6, p53-13, p53-14). 

After transfection, R2C cells were treated with GW4064 3 µM for 24 h.  

TK Renilla luciferase plasmid was used to normalize the efficiency of the 

transfection. Firefly and Renilla luciferase activities were measured by Dual 

Luciferase kit. The firefly luciferase data for each sample were normalized based 

on the transfection efficiency measured by Renilla luciferase activity.  

 

Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts from MCF-7 and MCF-7 TR1 cells, treated or not for 3h with 

CDCA 50µM, were
 
prepared as previously described (Andrews NC, et al. 1991). 

The probe
 
was generated by annealing single-stranded oligonucleotides,

 
labeled 

with [γ
32

P] ATP using T4 polynucleotide kinase, and purified using Sephadex 

G50 spin columns. The DNA sequences
 
used as probe or as cold competitors are 

the following (nucleotide motifs of interest are underlined and mutations are 

shown as lowercase letters): NF-kB, 5’-

AAGTGAAGCTGGGAGTTGCCGACTCCCAGA-3’;
 

mutated NF-kB, 5’-

AAGTGAAGCTaatcGTTGCCGACTCCCAGA-3’. In vitro transcribed and 

translated FXR protein was synthesized using the T7 polymerase in the rabbit 

reticulocyte lysate system. The protein-binding
 
reactions were carried out in 20µL 
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of buffer [20 mmol/L HEPES
 
(pH 8), 1 mmol/L EDTA, 50 mmol/L KCl, 10 

mmol/L DTT, 10% glycerol,
 
1 mg/mL BSA, 50 µg/mL poly(dI/dC)] with 50,000 

cpm of
 
labelled probe, 20 µg of nuclear proteins from cells or an appropriate 

amount of NF-kB or FXR proteins and 5 µg of poly(dI-dC). The mixtures were 

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

 

competitor oligonucleotides. For experiments involving anti- NF-kB (p65) 

antibody, the reaction mixture was incubated with this antibody at 4°C for 12h 

before addition of labelled probe. The entire reaction mixture was electrophoresed 

through
 
a 6% polyacrylamide gel in 0.25x Tris borate-EDTA for 3 h at

 
150 V.

  

 

Chromatin immunoprecipitation assay 

MCF-7 and MCF-7 TR1 cells
 
were treated with CDCA 50 µM or left untreated for 

1 h  and then DNA/protein complexes were cross-linked with 1% formaldehyde at 

37°C for 10 min and sonicated. Supernatants were immunocleared with salmon 

sperm DNA/protein A agarose for 1h at 4°C. The precleared chromatin was 

immunoprecipitated with specific anti- NF-kB (p65) or anti polymerase II 

antibodies. A normal mouse serum IgG was used as negative control. Pellets were 

washed, eluted with elution buffer (1% SDS, 0.1 M NaHCO3) and digested with 

proteinase K. DNA was obtained by phenol/chloroform/isoamyl alcohol 

extractions and precipitated with ethanol. A 5µl volume of each sample and input 

were used for real time PCR using the primers flanking NF-kB sequence in the 

human HER2 promoter region: 5’-TGAGAACGGCTGCAGGCAAC-3’ and 5’-

CCCACCAACTGCATTCCAA-3’. PCR reactions were performed in the iCycler 

iQ Detection System, using SYBR Green Universal PCR Master Mix, in a total 

volume of 50µL as described above. Final results were calculated using the ∆Ct 

method as explained above, using input Ct values instead of the GAPDH mRNA. 

The basal sample was used as calibrator. 

 

DNA Fragmentation 

DNA fragmentation was determined by gel electrophoresis. R2C cells were grown 

in 10 cm dishes to 70% confluence and exposed to treatments. After 24h cells 

were collected and washed with PBS and pelleted at 1800 rpm for 5 minutes. The 
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samples were resuspended in 0.5 ml of extraction buffer (50 mmol/L Tris-HCl, 

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

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

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

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

was resuspended in 15 µl of H2O treated with RNase A for 30 minutes 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.  

 

TUNEL assay 

Apoptosis was determined by enzymatic labelling of DNA strand breaks using 

terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick 

endlabeling  (TUNEL). TUNEL labelling was conducted using APO-BrdUTM 

TUNEL Assay Kit (Invitrogen) and performed according to the manufacturer’s 

instructions. Briefly, cells were trypsinized after treatments and resuspended in 

0.5 ml of PBS. 

After fixation with 1% paraformaldehyde for 15 min on ice, cells were incubated 

on ice-cold 70% ethanol overnight. After washing twice with washing buffer for 5 

min, the labelling reaction was performed using terminal deoxynucleotidyl 

transferase endlabeling cocktail for each sample and incubated for 1h at 37°C. 

After rinsing, cells were incubated with antibody staining solution with Alexa 

Fluor 488 dye-labeled anti-BrdU for 30 min at room temperature. Subsequently 

0.5 mL of propidium iodide/RNase A buffer was added for each sample. Cells 

were incubated 30 min at room temperature, protected from light, analyzed and 

photographed by using a fluorescent microscope 

 

 Histologic Analysis 

Tumor, livers, lung, spleens, and kidneys were fixed in 4% formalin, sectioned at 

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

Tumor section were incubated with anti-Aromatase (4°C/overnight) and with 

rhodamine-conjugated secondary antibody (30min/room temperature). IgG 

primary antibody as negative control. 4´,6-Diamidino-2-phenylindole (DAPI, 

Sigma) staining for nuclei detection. Fluorescence was photographed using 

OLYMPUS BX51 microscope. 

 

Statistical analyses 

Each datum point represents the mean ± S.D. of three different experiments. Data 

were analyzed by Student’s t test using the GraphPad Prism 4 software program. 

P<0.05 was considered as statistically significant.
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RESULTS 

 

 Characterization of MCF-7 and MCF-7 TR1 cells. 

To well characterize the antiestrogen-resistant phenotype that frequently develops 

in breast cancer patients receiving tamoxifen, we used Tamoxifen-Resistant breast 

cancer cells (MCF-7 TR1), generated by long-term exposure to 4-OH-TAM 

(Tam). The resistant phenotype was confirmed evaluating, by MTT assay, in 

tamoxifen-sensitive MCF-7 and tamoxifen-resistant MCF-7 TR1 breast cancer 

cells, the means of growth curve in the presence of Tam 1µM of. As expected, we 

found that the MCF-7 cells showed significantly decrease in viability upon Tam 

treatment compared to control, whereas antiestrogen treatment had no effect on 

cell viability of MCF-7 TR1 cells, over a period of 8 days (Figure 1A). 

Acquired resistance to Tam has been associated with elevated levels of the 

membrane tyrosine kinase HER2 (Knowlden, JM et al. 2003; Nicholson, RI et al. 

2004; Gutierrez, MC et al. 2005). In agreement with these reports, we found a 

marked increase in the levels of total HER2 protein content in Tam-resistant 

MCF-7 TR1 compared with MCF-7 cells, whereas no differences were seen in the 

expression of EGFR and ERα (Figure 1B).  

We therefore evaluated anchorage-independent growth of MCF-7 and MCF-7 

TR1 cells after treatment with herceptin, a humanized monoclonal antibody 

directed against the extracellular domain of HER2, in the presence or not of EGF. 

Herceptin had no effect on MCF-7 growth, whereas significantly inhibited 

anchorage-independent growth of MCF-7 TR1 cells in basal conditions as well as 

upon EGF treatment (Figure 1C). These data confirm that the HER2 

overexpression found in the MCF-7 TR1 cells renders them more sensitive to the 

inhibitory effect of this selective HER2-targeted agent.  
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Figure 1. Characterization MCF-7 and MCF-7 TR1. (A) MTT proliferation assay of MCF-7 and MCF-7 TR1 cells treated 

with vehicle or Tam 1µM for 4 and 8 days. The results are expressed as the mean absorbance (570 nm) ± SD (standard 
deviation) of triplicate wells and are representative of three separate experiments. (B) Western blot analysis of HER2, 

EGFR, ERα in total protein extracts from MCF-7 and MCF-7 TR1 cells; β-Actin was used as loading control. (C) Soft-agar 

growth assay in MCF-7 and MCF-7 TR1 cells plated in 0.35% agarose and treated with EGF 100 ng/ml in the presence or 

absence of herceptin (10 µg/ml). After 14 days of growth, colonies >50 µm diameter were counted. n.s., nonsignificant; 

*P<0.05 compared with vehicle or EGF. Numbers on top of the blots represent the average fold change versus control of 

MCF-7 cells normalized for β-Actin. 

A 
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FXR expression in Tam-resistant breast cancer cells 

Next, we evaluated the expression of FXR in MCF-7 and MCF-7 TR1 cells. Our 

results revealed the presence of FXR mRNA (Figure 2A, upper panel) and protein 

(Figure 2A, lower panel) in both MCF-7 and MCF-7 TR1 cells. To assess the 

ability of FXR to be transactivated by CDCA, we transiently transfected cells with 

an FXR-responsive reporter gene (FXRE-IR1) followed by treatment with 

increasing doses of CDCA. 

The specificity of the system was tested by co-transfecting the cells with a 

dominant negative FXR (FXR-DN) plasmid. As shown in Figure 2B, CDCA 

treatment induced a dose-dependent FXR activation in both cell lines and 

expression of the FXR-DN completely abrogated the CDCA induced 

transactivation.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Expression of FXR in breast cancer cells. (A) Total RNA was extracted from MCF-7 and MCF-7 TR1 cells, 

reverse transcribed and cDNA was subjected to PCR using primers specific for FXR or 36B4 (upper panel). NC: negative 

control, RNA sample without the addition of reverse transcriptase. Nuclear proteins were extracted from MCF-7 and MCF-
7 TR1 and then western blotting analysis was performed using anti-FXR antibody. Lamin B was used as loading control 

(lower panel). (B) MCF-7 and MCF-7 TR1 cells were transiently transfected with a FXR-responsive reporter gene (FXRE-

IR1), with either empty vector (e.v.) or FXR-DN expression plasmid. After transfection, cells were treated for 24h with 

vehicle (-) or increasing doses of CDCA (25–50–100 µM) and then luciferase activity was measured. Results represent the 

mean ± S.D. of three different experiments each performed in triplicate. *P<0.05 compared with vehicle. Numbers on top 

of the blots represent the average fold change versus control of MCF-7 cells normalized for β-Actin. 
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FXR activation inhibits Tam-resistant breast cancer cell growth  

We examined, by MTT growth assays, the effects of increasing doses of CDCA 

and GW4064. Treatment with both ligands reduced cell proliferation in a dose 

dependent manner in MCF-7 and MCF-7 TR1 cells, whereas had no effects on 

normal breast epithelial cells MCF-10A (Figures 3A and B).  

 

  

 

Figure 3. FXR ligands effects on breast cancer cells proliferation. MTT growth assays in MCF-10A, MCF-7 and MCF-7 

TR1 cells treated with vehicle (-) or increasing doses of CDCA (12.5–25–50–100 µM) (A) or GW4064 (0.3–3–6.5–10 µM) 

(B) for 7 days. Cell proliferation is expressed as fold change ± S.D. relative to vehicle-treated cells and is representative of 
three different experiments each performed in triplicate. *P<0.05 compared with vehicle. 
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Similar results in growth inhibition were also obtained in another Tam-resistant 

breast cancer cell line termed MCF-7 TR2 ( Figures 4A and B). 
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Figure 4. FXR ligands inhibit MCF-7 TR2 cell growth. MTT growth assays in MCF-7 TR2 cells treated with vehicle (-) or 

increasing doses of CDCA (12,5-25-50-100 µM)  (A) or GW4064 (0,3-3-6,5-10 µM) (B) for 7 days. Cell proliferation is 

expressed as fold change ± SD relative to vehicle treated cells, and is representative of three different experiments each 
performed in triplicate. *P<0.05 compared with vehicle. 
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It is worth noting that the inhibitory effects exerted by FXR ligands on cell 

proliferation were significant at lower dose in MCF-7 TR1 cells compared with 

MCF-7 cells, as evidenced by half-maximal inhibitory concentration (IC50) 

values (Table 1).  

 

_________________________________________________________________________________________ 
Cell lines    IC50 (mmol/l) CDCA     95% confidence interval     P    IC50 (µmol/l) GW4064   95% confidence interval      P 

_________________________________________________________________________________________ 
MCF-7                 46                               42.2–50.1                                            6.04                        5.44–6.70 

MCF-7 TR1         31                               28.6–33.9                 0.0001                4.47                        3.6–5.49                   0.008 

_________________________________________________________________________________________ 
 

Table 1. IC50 of CDCA and GW4064 for MCF-7 and MCF-7 TR1 cells on anchorage-dependent growth. Abbreviations: 
CDCA, chenodeoxycholic acid; IC50, half-maximal inhibitory concentration. 

 

 

The antiproliferative effects exerted by CDCA were completely reversed in the 

presence of a FXR-DN plasmid, supporting the specific involvement of the FXR 

(Figure 5). 

 

 

Figure 5. FXR mediates inhibitions effects on breast cancer cell growth. MCF-7 and MCF-7 TR1 cells, transiently 

transfected with either empty vector (e.v.) or FXR-DN vector plasmids, were treated with vehicle (-) or CDCA 50 µM for 4 

days before testing cell viability using MTT assay. Results are expressed as fold change ± S.D. relative to vehicle-treated 

cells and are representative of three different experiments each performed in triplicate. *P<0.05 compared with vehicle. 
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Next, we tested the effects of CDCA in the presence of Tam on cell growth 

(Figure 6A). As expected, with anti-estrogen treatment, cell viability was 

significantly reduced in MCF-7 cells, whereas MCF-7 TR1 cells growth was 

unaffected, confirming the Tam-resistant phenotype. Interestingly, combined 

treatment with CDCA and Tam reduced growth of MCF-7 TR1 cells compared 

with treatment with Tam alone, but showed no additive effects in MCF-7 cells 

(Figure 6A). The ability of CDCA and Tam to inhibit Tam-resistant growth was 

also confirmed using anchorage-independent growth assays (Figure 6B). These 

results suggest that FXR activation can interfere with the cellular mechanisms by 

which MCF-7 TR1 cells escape antihormonal treatments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Effects of FXR ligand on tamoxifen-resistant breast cancer cells. (A) MTT growth assay in MCF-7 and MCF-7 

TR1 cells treated with vehicle (-) or CDCA 50 µM in the presence or not of Tam 1 µM for 4 days. Results are expressed as 

fold change ± S.D. relative to vehicle-treated cells and are representative of three different experiments each performed in 

triplicate. (B) Soft-agar growth assay in MCF-7 and MCF-7 TR1 cells plated in 0.35% agarose and treated as indicated 

above. After 14 days of growth, colonies >50 µm diameter were counted. n.s. (non significant); *P<0.05 compared with 

vehicle or Tam. 
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CDCA reduces HER2 expression and signaling in MCF-7 TR1 cells 

To understand the mechanisms associated with CDCA mediated inhibition of 

Tam-resistant growth in breast cancer cells, we evaluated the possible role of FXR 

ligands in modulating HER2 expression. As shown in Figure 7A, treatment with 

CDCA downregulated HER2 protein expression in both cell lines, but with higher 

reduction seen in MCF-7 TR1 cells. Similar results were also observed after 

treatment with GW4064. In the presence of an FXR-DN the HER2 

downregulation was completely abrogated, confirming FXR involvement in 

CDCA-induced effects on HER2 (Figure 7B). Next, we questioned whether these 

HER2-decreased levels could modify the responsiveness of breast cancer cells 

after growth factor stimulation. Thus, we investigated the effects of short-term 

stimulation with EGF, in the presence of CDCA treatment, on phosphorylation 

levels of HER2 and MAPK, the main downstream effectors of the growth factor 

signaling. EGF treatment increased phosphorylation of both HER2 and MAPK, 

even though in higher extent in MCF-7 TR1 cells. 

However, pretreatment with CDCA reduced EGF induced phosphorylation of 

HER2 in both cell lines and drastically prevented MAPK activation in MCF-7 

TR1 cells (Figure 7C). No differences were found in EGFR expression upon 

CDCA treatment ( Figure 7D), confirming that activated FXR specifically target 

HER2 expression in breast cancer cells.  

A reduction in HER2 levels was also found upon CDCA treatment in MCF-7 TR2 

cells ( Figure 7E). 
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Figure 7. Effects of CDCA on HER2 expression and its transduction pathways in MCF-7 and MCF-7 TR1 cells. (A) MCF-

7 and MCF-7 TR1 cells were treated for 24h with vehicle (-) or CDCA 25 and 50 µM before lysis. Equal amounts of total 

cellular extract were analyzed for HER2 levels by western blotting. β-Actin was used as loading control. (B) Cells were 

transiently transfected with either empty vector (e.v.) or FXR-DN plasmids and then treated with vehicle (-) or CDCA 50 

µM for 24h and HER2 levels were evaluated by western blotting. β-Actin was used as loading control. (C) Immunoblot 

analysis showing phosphorylated HER2 (pHER2 Tyr1248) and MAPK (pMAPK Thr202/Tyr204), total HER2, total 

MAPK in MCF-7 and MCF-7 TR1 cells pretreated for 24h with CDCA 50 µM and then treated for 10 min with EGF 100 

ng/ml. β-Actin was used as loading control. (D) MCF-7 and MCF-7 TR1 cells were treated for 24h with vehicle (-) or 

CDCA 25 and 50µM before lysis. Equal amounts of total cellular extract were analyzed for EGFR levels by Western 

blotting. β-Actin was used as loading control.  (E) MCF-7 TR2 cells were treated for 24h with vehicle (-) or CDCA 25 and 
50µM before lysis. Equal amounts of total cellular extract were analyzed for HER2 levels by Western blotting. β-Actin was 

used as loading control. Numbers on top of the blots represent the average fold change versus control of MCF-7 cells 

normalized for β-Actin. 
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In addition, data obtained from MTT (Figure 8A) as well as soft-agar (Figure 8B) 

growth assays revealed that CDCA treatment inhibited EGF-induced growth by 

70% in anchorage-dependent and 50% in anchorage-independent assays in MCF-

7 TR1 cells. CDCA was less effective in MCF-7 cells. These results well 

correlated with the downregulatory effect of CDCA on EGF induced cyclin D1 

expression, particularly in MCF-7 TR1 cells (Figure 8C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. CDCA reverses EGF-induced growth in breast cancer cells. MTT growth assay (A) and soft-agar assay (B) in 

cells treated with CDCA 50 µM with or without EGF 100 ng/ml for 4 days and 14 days, respectively. The MTT assay 

results are expressed as fold change ± S.D. relative to vehicle-treated cells and are representative of three different 

experiments each performed in triplicate. The soft-agar assay values are represented as a mean of colonies number >50 µm 

diameter counted at the end of assay. Percentages of inhibition induced by CDCA versus EGF treatment alone are shown. 

(C) Cells were treated for 24h with vehicle (-) or EGF 100 ng/ml in the presence or not of CDCA 50 µM before lysis and 

then cellular extracts were analyzed for cyclin D1 levels by western blot analysis. β-Actin was used as loading control. 

Numbers on top of the blots represent the average fold change versus control of MCF-7 cells normalized for β-Actin. 
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Activated FXR inhibits the binding of NF-kB to HER2 promoter region 

To explore whether HER2 downregulation relies on transcriptional mechanisms, 

we evaluated, using realtime reverse transcription (RT)-PCR, HER2 mRNA levels 

after treatment with CDCA for different times. 

Exposure to CDCA exhibited a time-dependent reduction in HER2 mRNA levels 

in both MCF-7 and MCF-7 TR1 cells (Figure 9A). Also, transcriptional activity of 

a reporter plasmid containing the human HER2 promoter region (pNeuLite) was 

significantly reduced with CDCA treatment in both cell lines (Figures 9C and D). 

The human HER2 promoter contains multiple consensus sites for several 

transcription factors, including Sp1, as well as activator protein (AP)-1 and NF-

kB, the well known effectors of FXR transrepression (He, F. et al. 2006; 

Vavassori, P. et al. 2009) (Figure 4b). To identify the region within the HER2 

promoter responsible for CDCA inhibitory effects, HER2 promoter-deleted 

construct (-232 pNeuLite) activity was tested (Figure 9B). 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 9. Effects of CDCA on human HER2 promoter activity. (A) mRNA HER2 content, evaluated by real-time RT–

PCR, after treatment with vehicle or CDCA 50 µM, as indicated. Each sample was normalized to its GAPDH mRNA 

content. *P<0.05 and **P<0.001 compared with vehicle. (B) Schematic map of the human HER2/neu promoter region 

constructs used in this study. All of the promoter constructs contain the same 3’ boundary. The 5’ boundaries of the 
promoter fragments varied from -500 (pNeuLite) to -232 (-232 pNeuLite). A mutated NF-kB-binding site is present in NF-

kB mut construct. HER2 transcriptional activity in MCF-7 (C) and MCF-7 TR1 (D) cells transfected with promoter 

constructs are shown. After transfection, cells were treated in the presence of vehicle (-) or CDCA 50 µM for 6h. The 
values represent the means ± S.D. of three different experiments each performed in triplicate. *P<0.05 compared with 

vehicle. 
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We observed that the responsiveness to CDCA was still maintained, suggesting 

that the region from -232 to + 1 containing the NF-kB motif might be involved in 

transrepression mechanisms exerted by activated FXR (Figures 9C and D). Thus, 

we performed site directed mutagenesis on the NF-kB domain (NF-kB Mut) 

within the HER2 promoter (Figure 9B). Mutation of this domain abrogated CDCA 

effects (Figures 9C and D). These latter results demonstrate that the integrity of 

NF-kB-binding site is necessary for FXR modulation of HER2 promoter activity 

in breast cancer cells. The specific role of the NF-kB motif in the transcriptional 

regulation of HER2 by CDCA was investigated using electrophoretic mobility 

shift assays. We observed the formation of a complex in nuclear extracts from 

MCF-7 and MCF-7 TR1 cells using synthetic oligodeoxyribonucleotides 

corresponding to the NF-kB motif (Figure 10A, lanes 1 and 5), which was 

abrogated by incubation with 100-fold molar excess of unlabeled probe (Figure 

10A, lanes 2 and 6), demonstrating the specificity of the DNA-binding complex. 

This inhibition was no longer observed when mutated oligodeoxyribonucleotide 

was used as competitor (Figure 10A, lanes 3 and 7). Interestingly, treatment with 

CDCA strongly decreased the DNA-binding protein complex compared with 

control samples (Figure 10A, lanes 4 and 8). The inclusion of an anti- NF-kB 

antibody in the reaction immunodepleted the specific band, confirming the 

presence of NF-kB in the complex (Figure 10B, lanes 3 and 9). Nonspecific IgG 

did not affect NF-kB complex formation (Figure 10B, lanes 4 and 10). 

Recombinant NF-kB protein revealed a complex migrating at the same level as 

that of nuclear extracts from cells (Figure 10A, lane 9; Figure 10B, lanes 5 and 

11). Of note, the CDCA-induced reduction in the DNA-binding complex was no 

longer observed utilizing as probe synthetic oligodeoxyribonucleotides 

corresponding to the AP-1 and Sp1 motifs. To better define the role of FXR in the 

inhibition of NF-kB binding on HER2 promoter, a competition assay using 

recombinant NF-kB protein and increasing amounts of in vitrotranslated FXR 

protein (1, 3 and 5 ml) was carried out. A dose-dependent reduction in the NF-kB 

complex was seen (Figure 10C, lanes 1–4), suggesting that physical interaction 

between these two transcription factors may inhibit the binding of NF-kB to 

human HER2 promoter region. 
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Figure 10. Electrophoretic mobility shift assay of the NF-kB-binding site in the HER2 promoter region. (A) Nuclear 

extracts from MCF-7 and MCF-7 TR1 cells were incubated with a double-stranded NF-kB specific sequence probe labeled 

with [γ32P]ATP and subjected to electrophoresis in a 6% polyacrylamide gel (lanes 1 and 5). Competition experiments were 
performed adding as competitor a 100-fold molar excess of unlabeled probe (lanes 2 and 6) or a 100-fold molar excess of 

unlabeled oligonucleotide containing a mutated NF-kB RE (lanes 3 and 7). Lanes 4 and 8, nuclear extracts from CDCA (50 

µM) -treated MCF-7 and MCF-7 TR1 cells, respectively, incubated with probe. Lane 9, NF-kB protein. Lane 10, probe 
alone. (B) Nuclear extracts from MCF-7 and MCF-7 TR1 cells were incubated with a double-stranded NF-kB specific 

sequence probe labeled with [γ32P]ATP (lanes 1 and 7) or with a 100-fold molar excess of unlabeled probe (lanes 2 and 8). 

Nuclear extracts incubated with anti- NF-kB (lanes 3 and 9) or IgG (lanes 4 and 10). Lanes 5 and 11, NF-kB protein. Lanes 
6 and 12, probe alone. (C) Lane 1, NF-kB protein. Lanes 2, 3 and 4, NF-kB protein incubated with increasing doses (1, 3 

and 5 ml) of transcribed and translated in vitro FXR protein. Lane 5, probe alone. 

 

 To further test this possibility, we performed coimmunoprecipitation studies 

using nuclear protein fractions from MCF-7 and MCF-7TR1 cells treated with 

CDCA. As shown in Figure 11A, the formation of an FXR and NF-kB complex 

was detected in untreated cells, and this association was enhanced with FXR 

ligand treatment. Moreover, to confirm the involvement of NF-kB in CDCA 

mediated HER2-downregulation at the promoter level, ChIP assays were 

performed. Using specific antibodies against NF-kB and RNA polymerase II, 

protein–chromatin complexes were immunoprecipitated from cells cultured with 

or without CDCA for 1h. The resulting precipitated DNA was then quantified 

musing real-time PCR with primers spanning the NF-kB-binding element in the 

HER2 promoter region. NF-kB recruitment was significantly decreased upon 

CDCA treatment in both cell lines (Figure 11B). This result was well correlated 

with a lower association of RNA-polymerase II to the HER2 regulatory region 

(Figure 11C). To further confirm the transcriptional repression mediated by 

activated FXR, we also evaluated the histone deacetylase 3 association on the NF-
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kB-responsive sequence within the HER2 promoter. CDCA stimulation enhanced 

the recruitment of histone deacetylase 3 to this NF-kB promoter site (Figure 11D). 

 

   

  

Figure 11. FXR inhibits NF-kB recruitment to HER2 promoter. (A) MCF-7 and MCF-7 TR1 cells were treated with 

vehicle (-) or CDCA 50 µM for 1h before lysis. FXR protein was immunoprecipitated using an anti-FXR polyclonal 

antibody (IP:FXR) and resolved in SDS-polyacrylamide gel electrophoresis. Immunoblotting was performed using an anti-

NF-kB (p65 subunit) monoclonal antibody and anti-FXR antibody. MCF-7 and MCF-7 TR1 cells were treated in the 

presence of vehicle (-) or CDCA 50 µM for 1h, then crosslinked with formaldehyde, and lysed. The precleared chromatin 

was immunoprecipitated with anti- NF-kB (B), anti- RNA polymerase II (C) and anti- HDCA3 (D) antibodies. A 5 µl 

volume of each sample and input was analyzed by real-time PCR using specific primers to amplify HER2 promoter 
sequence, including the NF-kB site. Similar results were obtained in multiple independent experiments. *P<0.01 compared 

with vehicle. 

 

HER2 downregulation underlies the ability of FXR ligands to inhibit breast 

cancer cell growth. 

We evaluated the effects of CDCA on cell growth in the ERα-negative and 

HER2-overexpressing breast cancer cells SKBR3. Treatment with CDCA 

inhibited SKBR3 anchorage-dependent growth in a dose-dependent manner 

(Figure 12A) and reduced colony growth in anchorage-independent assay (Figure 

12B). Indeed, we found, after 48h of treatment with CDCA, a marked decrease in 

both HER2 protein and mRNA levels (Figures 12C and D). In these cells, HER2 

promoter activity was similarly reduced with CDCA treatment (Figure 12E).  
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Figure 12. Effects of FXR ligand on SKBR3 breast cancer cells. (A) MTT proliferation assay of SKBR3 cells treated with 

vehicle (-) or increasing doses of CDCA (12,5–25–50–100 µM) for 7 days. Results are expressed as fold change ± S.D. 
relative to vehicle-treated cells and are representative of three different experiments each performed in triplicate. (B) Soft-

agar growth assay in SKBR3 cells plated in 0.35% agarose and treated with vehicle (-) or CDCA 50 µM. After 14 days of 

growth, colonies >50 µm diameter were counted. (C) SKBR3 cells were treated with CDCA 50 µM as indicated before 

lysis. Equal amounts of total cellular extract were analyzed for HER2 levels by western blotting. β-Actin was used as 

loading control. Numbers on top of the blots represent the average fold change relative to control normalized for β-Actin. 

(D) mRNA HER2 content, evaluated by real-time RT–PCR, after treatment with CDCA 50 µM as indicated. Each sample 
was normalized to its GAPDH mRNA content. (E) SKBR3 cells were transiently transfected with pNeuLite construct. 

After transfection, cells were treated in the presence of vehicle (-) or CDCA 50 µM for 24h and the promoter activity was 

evaluated. The values represent the means ± S.D. of three different experiments each performed in triplicate. *P<0.05 
compared with vehicle. 

 

Finally, we explored the ability of FXR ligands to inhibit proliferation using as 

additional model Tam-resistant derivative cell line engineered to stably 

overexpress HER2 (MCF-7/HER2-18). As expected, Tam-resistant growth in 

these cells was not affected by both CDCA and GW4064 treatments (Figure 13). 

 

 

 

 

 

 

 

Figure 13.  Effects of FXR ligands on MCF-7/her2-18 cells. MTT growth assay in MCF-7 TR1 and MCF-7/HER2-18 cells 

treated with vehicle (-), CDCA 50 µM and GW4064 3 µM in the presence or not of Tam 1 µM for 4 days. Results are 
expressed as fold change ± S.D. relative to vehicle-treated cells and are representative of three different experiments each 

performed in triplicate. *P<0.05 compared with Tam alone. 
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Altogether, these results well evidence how FXR mediated downregulation of 

HER2 at transcriptional level is fully responsible for inhibiting breast cancer cell 

Proliferation. (Figure 14) 

 

 

 

 
 

Figure 14. Proposed working model of the FXR-mediated regulation of HER2 expression in Tam-resistant breast cancer 

cells. In the absence of CDCA, HER2 expression is regulated by several serum factors, including NF-kB, acting through a 

regulatory region in HER2 promoter and enabling gene transcription. Upon CDCA treatment, FXR binds KF-kB, inhibiting 
is recruitment on the response element located in the proximal HER2 promoter, causing displacement of RNA polymerase 

II with consequent repression of HER2 expression. 
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RESULTS 

 

Activation of FXR Inhibits R2C tumor xenograft growth in vivo 

Based on our previous results demonstrating that FXR activation exerts anti-

proliferative effects on tumor Leydig cells in vitro through an inhibition of 

aromatase expression (Catalano, S. et al. 2010), we used the R2C tumor xenograft 

model to examine the effects of GW4064, a synthetic FXR agonist, on tumor 

growth in vivo. To this aim, we injected R2C cells into the intrascapular region of 

nude mice and followed tumor growth after administration of 30 and 60 

mg/Kg/day GW4064.  

This administration was well tolerated because no change in body weight or in 

food and water consumption was observed along with no evidence of reduced 

motor function. In addition, no significant difference in the mean weights or 

histological features of the major organs (liver, lung, spleen, and kidney) after 

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

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

As shown in Figure 1A GW4064 (30 and 60 mg/kg day) induced regression in 

tumor growth. This effect was evident as early as days 6 of treatment, and tumor 

volumes continued to reduce over the duration of experiment. At the time of 

killing, 25 days, tumor size was markedly smaller in animals treated with 

GW4064 respect to vehicle-treated (Figure 1B). 

Corresponding to their growth characteristics, histological examination of R2C 

xenografts by Hematoxylin & Eosin staining revealed necrotic central regions and 

regions of hemorrhage in GW4064-treated tumors (Figure 1C). 



Results 

 

38 

 

Figure 1. GW 4064 inhibits R2C tumor xenograft growth in vivo. (A)  Tumor volume from R2C implanted in nude mice. 

The animals were treated with GW4064 30 mg/kg/day (n = 6), GW4064 60 mg/kg/day (n = 6), or vehicle as control (n = 6). 

*P<0.05, GW 4064 treated group versus control group. (B) Representative images of experimental tumor at 25 day. (C) 
Histological examination of R2C xenografts by Hematoxylin & Eosin staining.  
 

 

In addition, in agreement with our previous in vitro results (Catalano, S. et al. 

2010) in R2C xenografts a significant decrease of aromatase expression, evaluated 

by both western blotting and immunofluorescence analysis, was observed (Figure 

2A and B). This latter result suggest that the reduced in vivo Leydig tumor growth 

is probable due at least in part to an inhibition of estrogen-dependent cell 

proliferation. 
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Figure 2. Effects of GW4064 on aromatase expression in R2C xenografts. (A) Total proteins extracted from R2C 

xenograft, treated with GW4064 (30 and 60 mg/kg), were tested for aromatase expression by immunoblot analysis. β- 

Actin was used as a loading control. (B) Aromatase expression was determined by immunofluorescence analysis. 4´,6-
Diamidino-2-phenylindole (DAPI) staining was used to visualize the cell nucleus. Numbers on top of the blots represent the 

average fold change versus control of R2C xenograft normalized for β-Actin. 

 

FXR ligands induce apoptosis in vitro and in vivo. 

Since it has been shown that FXR induces apoptosis in breast and colorectal 

cancers (Swales, K. et al. 2006; Modica, S. et al. 2008) as well as in the 

vasculature (Bishop-Bailey, D. 2004) we investigated whether FXR ligands may 

induce cell death by apoptosis in our model system, by using different approaches. 

First, we evaluated the proteolysis of poly (ADP–ribose) polymerase (PARP), a 

known substrate of effector caspases, by western blotting analysis (Figure 3A). 

We found an increase in the levels of the proteolytic form of PARP (86 kDa) in 

R2C cells upon both chenodeoxycholic acid (CDCA 50 and 75 µM) and GW4064 

(3µM) treatment. Next, we observed in the same experimental condition that FXR 

activation induced a marked DNA fragmentation, a diagnostic hallmark of cells 

undergoing apoptosis (Figure 3B). TUNEL assay showed after CDCA and 

GW4064 exposure a strong induction of the apoptotic cells (Figure 3C). A similar 

pattern of apoptotic nuclei staining was also observed in R2C xenografts 

following GW4064 stimulation (Figure 3D).  

Taken together, these data indicate that apoptotic processes could be involved in 

the antiproliferative effects exerted by FXR ligands on Leydig tumor cells.  
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Figure 3. Induction of apoptosis by FXR ligands in vitro and in vivo. (A)  Immunoblots of poly (ADP–ribose) polymerase 

(PARP) from extracts of R2C treated with vehicle (-) or chenodeoxycholic acid (CDCA 50 and 75 µM)) and GW4064 

(3µM) for 24h. β-Actin was used as loading control. Numbers on top of the blots represent the average fold change versus 

control of R2C cells normalized for β-Actin. (B) DNA laddering performed in R2C cells treated  with vehicle (-) or 

chenodeoxycholic acid (CDCA 50 and 75 µM)) and GW4064 (3µM) for 24h. TUNEL assay in R2C cells treated as in 

indicated for 24h (C) or in R2C xenografts (D). 

 

Activated FXR up-Regulates p53 and p21
WAF1/Cip1

 expression in R2C.  

To examine the molecular mechanisms associated with the induction of apoptosis 

mediated by FXR ligands we evaluated, in Leydig tumor cells, the ability of 

CDCA and GW4064 to modulate the expression of p53, a tumor suppressor gene 

that plays an important role in apoptotic events (Kastan MB et al. 1991; Levine 

AJ et al. 1997).  

As shown in Figure 4A and B FXR ligands treatment induced a significant 

increase in p53 protein content and mRNA levels. In addition, in the same 

experimental condition, we examined the expression of the p53 natural target gene 

p21
WAF1/Cip1

. p21
WAF1/Cip1

 protein and mRNA expressions were increased in all 

treatment compared with control (Figure 4A and B). 
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These results were confirmed in vivo since we observed a significant up-

regulation in the expression of both p53 and p21
WAF1/Cip1

 genes in R2C tumor 

xenografts (Figure 4 C and D).  

 

 

Figure 4.  Up-Regulation of p53 and p21WAF1/Cip1  Gene expression by FXR ligands in vitro and in vivo. Immunoblot of p53 

and p21WAF1/Cip1 from extracts of R2C cells treated for 24h with  vehicle (-) or CDCA (50 and 75 µM) and GW4064 (3µM) 

for 24 h (A), or from R2C xenograft untreated or treated with GW (30 mg/kg day) (C). β-Actin was used as loading 
control. Total RNA from R2C cells treated as indicated (B) or from R2C xenograft (D) was reverse transcribed. cDNA was 

subjected to PCR using primers specific for p53, p21WAF1/Cip1 and L19 (internal standard).  

 

 

These findings suggest that p53 gene is involved in FXR-dependent apoptosis and 

that its modulation relies on transcriptional mechanisms. 
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FXR ligands transactivate p53 gene promoter 

To investigate whether GW4064 is able to transactivate the p53 promoter gene, 

we transiently transfected R2C cells with a luciferase reporter construct (named 

p53-1) containing the upstream region of the p53 gene spanning from -1800 to 

+12 (Figure 5A). Treatment for 24h with 3 µM GW4064 significantly induced 

luciferase activity (Figure 5B). To identify the region within the p53 promoter 

responsible for its transactivation, we used constructs with deletions to different 

binding sites such as CTF-1 (CCAAT-binding transcription factor-1), nuclear 

factor-Y, NF-kB, and GC sites (Figure 5A). 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 GW4064 was still 

observed (Figure 5B). In contrast, a construct encoding the sequence from -106 to 

-49 containing a deletion of the NF-kB domain (p53-14) the transactivation of p53 

by FXR ligand was not longer noticeable (Figure 5B), suggesting that NF-kB site 

is required for p53 transcriptional activity. This latter result addresses that the 

integrity of NF-kB-binding site is necessary for FXR modulation of p53 promoter 

activity in Leydig tumor cells. However, additional experiments are required to 

better characterize the involvement of NF-kB in FXR-mediated p53 up-regulation. 
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Figure 5. Effects of GW4064 on p53-gene promoter-luciferase reporter constructs in R2C cells. (A) Schematic map of the 

p53 promoter fragments used in this study. (B) R2C cells were transiently transfected with p53 gene promoter-luc reporter 

constructs (p53-1, p53-6, p53-13, p53-14) and treated for 24h with  GW4064 3µM. The luciferase activities were 

normalized to the Renilla luciferase as internal transfection control and data were reported as fold change. Columns are 

mean ± SD of three independent experiments performed in triplicate. CTF-1, CCAAT-binding transcription factor-1; NF-
Y, nuclear factor-Y. *P<0.05 compared with vehicle. 
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DISCUSSION 

 

In the present study we have elucidated the molecular mechanisms through which 

FXR ligands exert antiproliferative effects in breast and in Leydig carcinoma 

cells. 

In the first part of our work, we show for the first time that the activated FXR 

downregulates HER2 expression in ERα-positive breast cancer cells resistant to 

Tamoxifen (Tam). This occurs through the inhibition of NF-kB binding to its 

responsive element located in the human HER2 promoter region and results in a 

significant reduction of Tam-resistant growth. 

The HER2/neu transmembrane kinase receptor is a signaling amplifier of the HER 

family network, as activation of membrane tyrosine receptors (EGFR, HER3 and 

HER4) by their respective ligands determines the formation of homodimeric and 

heterodimeric kinase complexes into which this receptor is recruited as a preferred 

partner (Yarden, Y. 2001). Multiple lines of evidences suggest a role of HER2 in 

the pathogenesis of breast carcinoma (Allred, DC et al. 1992; Glockner, S. et al. 

2001), and clinical data suggest that breast tumors expressing elevated levels of 

HER2 show a more aggressive phenotype and worse outcome when treated with 

Tam (Arpino, G. et al, 2004; De Laurentiis, M. et al. 2005). Thus, inhibitory 

agents targeting HER2, such as the monoclonal antibody trastuzumab (herceptin), 

have been explored to improve hormonal treatment or delay emergence of 

endocrine resistance in estrogen-dependent breast tumors (Johnston, SR 2009). 

However, even though an increased response rate is obtained when trastuzumab is 

used in combination with chemotherapeutic agents (Seidman, AD et al. 2001; 

Slamon, DJ et al. 2001), patients can still develop resistance. These observations 

highlight the importance of discovering new therapeutic tools interfering with 

HER2-driven signaling to overcome therapy resistance. 

We have demonstrated that treatment of breast cancer cells resistant to Tam with 

the FXR natural ligand CDCA resulted in a reduction of HER2 protein 

expression. Similar results were also obtained in the ERα-negative and HER2-
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overexpressing SKBR3 breast cancer cells, suggesting that it may represent a 

general mechanism not related to cell specificity. Moreover, it assumes more 

relevance in Tam-resistant breast cancer cells, which are strongly dependent on 

HER2 activity for their growth. The complete abrogation of FXR-mediated HER2 

downregulation with expression of an FXR-DN vector, along with the effects 

exerted by the synthetic FXR agonist GW4064, clearly demonstrated that 

activated FXR is involved in the regulation of HER2 expression. Furthermore, 

quantitative RT–PCR analysis demonstrated that HER2 mRNA levels were 

significantly decreased in both MCF-7 and MCF-7 TR1 cells treated with CDCA, 

suggesting that the FXR-induced HER2 downregulation arises via transcriptional 

mechanisms. Therefore, we focused on the molecular mechanisms by which FXR 

mediates repression of HER2 gene expression and on the biological consequences 

of FXR activation on anti-estrogen-resistant growth of breast cancer cells. 

FXR acts mainly by regulating the expression of target genes by binding either as 

a monomer or heterodimer with the retinoid X receptor to FXR response elements 

(Laffitte, BA et al. 2000; Ananthanarayanan, M. et al. 2001; Claudel, T. et al. 

2002; Kalaany, NY and Mangelsdorf, DJ 2006). Human HER2 promoter did not 

display any FXR response elements, thus it is reasonable to hypothesize that 

FXR-induced downregulation of HER2 promoter activity may occur through its 

interaction with other transcriptional factors. For instance, it has been described 

the transrepression mechanisms for FXR-mediated inhibition of endothelin-1 

expression in vascular endothelial cells (He, F. et al. 2006). In addition, it has also 

been demonstrated that FXR negatively regulates IL-1β expression by stabilizing 

the nuclear corepressor NCoR on the NF-kB sequence within the IL-1β promoter 

(Vavassori, P. et al. 2009). Several recognition elements are present within the 

HER2 proximal promoter (Ishii, S. et al. 1987; Hurst, HC 2001) and among these 

functional motifs we have identified both AP-1 and NF-kB response elements as 

potential targets of FXR. We have demonstrated by functional studies and site-

specific mutagenesis analysis that the integrity of the NF-kB sequence is a 

prerequisite for the downregulatory effects of the FXR ligand on HER2 promoter 

activity. These results were supported by electrophoretic mobility shift assays, 

which revealed a marked decrease in a specific DNA-binding complex in nuclear 
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extracts from MCF-7 and MCF-7 TR1 cells treated with CDCA. In vitro 

competition studies showed that FXR protein was able to inhibit the binding of 

NF-kB to its consensus site on the HER2 promoter. Furthermore, we observed a 

reduced recruitment of both NF-kB and RNA polymerase II in CDCA-treated 

cells, concomitant with an enhanced recruitment of histone deacetylase 3 

supporting a negative transcriptional role for FXR in modulating HER2 

expression. The physiological relevance of these effects is pointed out by 

proliferation studies showing that FXR activation reduced breast cancer cell 

growth, but did not affect the proliferation of the non-tumorogenic breast 

epithelial MCF-10A cell line. MCF-7 TR1 cells exhibited lower IC50 values for 

both ligands compared with parental MCF-7 cells, suggesting a higher sensitivity 

of the Tam-resistant cells to the effects of FXR ligands. 

This suggestion is also well supported by the results obtained from growth assays, 

showing that combined treatment with CDCA and Tam significantly reduced 

Tam-resistant growth in MCF-7 TR1 cells, compared with Tam alone, but had no 

additive effects in MCF-7 parental cells. Moreover, FXR ligands failed to inhibit 

Tam-resistant growth in MCF-7/HER2-18 cells, in which HER2 expression is not 

driven by its own gene promoter activity. These latter results provided evidences 

that the downregulation of HER2 expression at transcriptional level underlies the 

ability of activated FXR to inhibit Tam-resistant growth in breast cancer cells. 

Previous in vitro studies showed that enhanced EGFR/HER2 expression together 

with activation of downstream signaling pathways such as p42/44 MAPK are 

involved in acquired Tam resistance (Knowlden, JM et al. 2003; Nicholson, RI et 

al. 2004). Our studies showed that CDCA treatment significantly reduced the 

ability of EGF to activate its signal transduction cascade in MCF-7 TR1 cells, 

inhibiting both HER2 and MAPK phosphorylation. In addition, FXR activation 

was associated with a marked inhibition in EGF-induced growth, concomitant 

with a reduction in cyclin D1 expression in Tam-resistant breast cancer cells. All 

together these data demonstrate, as represented in Figure 14, that activated FXR, 

by preventing the binding of NF-kB to its response element located in the HER2 

promoter sequence, abrogates HER2 expression and signaling, resulting in an 

inhibition of Tam-resistant growth in breast cancer cells. 
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Deciphering the molecular mechanisms responsible for the development of 

hormonal resistance is essential for establishing the most appropriate hormone 

agent according to tumor characteristics and for defining the optimal sequence of 

endocrine therapies. Moreover, this knowledge is critical for development of new 

therapeutic approaches able to either overcome or prevent endocrine resistance in 

breast cancer patients. Over the last years, significant survival benefits for breast 

cancer were derived from the use of combined treatment of endocrine therapies 

with new targeted therapies in endocrine responsive breast cancer (Johnston, SR 

2009). In this scenario, the sequencing or the combination of Tam with FXR 

ligands may represent an important research issue to explore as an alternative 

therapeutic strategy to treat breast cancer patients whose tumors exploit HER2 

signaling to escape Tam treatment. 

 In the second part of our work, we demonstrated that FXR activation 

suppresses Leydig carcinogenesis. We have recently reported that FXR is 

expressed in normal rodent testis and in a Leydig tumor cell line, where it 

negatively regulates expression of the enzyme aromatase that converts androgens 

into estrogens. FXR inhibits aromatase transcription through a mechanism that 

involves competition with the SF-1 receptor for binding to common nuclear 

response elements on the Cyp19 PII promoter. Inhibition of aromatase expression 

mediated by FXR ligands exerts an important role in reducing the estrogen-

dependent R2C cell proliferation (Catalano, S. et al. 2010). However, direct 

evidence is missing for the in vivo effect of FXR activation in Leydig cancer 

progression.  

The present study shows that FXR activation in xenograft model resulted in a 

marked decrease of tumor size caused by a reduction of aromatase expression and 

the induction of proapoptotic pathways. 

The role of FXR in growth regulation, apoptosis, and cancer is still controversial. 

Separate studies have established both positive and negative correlations between 

FXR expression and cancer. An early study showed that expression of FXR was 

inversely related to the progression of human colorectal cancers and the degree of 

malignancy of colon cancer cell lines (De Gottardi, A. et al. 2004). Modica et al. 

evidenced that activation of FXR leads to a direct oncosuppressing activity by 
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blocking tumor growth in a xenografts mouse model. Activated FXR reduces 

proliferation and induces apoptosis in colorectal cancer cells by increasing the 

mRNA levels of several proapoptotic genes (Modica, S. et al. 2008). A recent 

study showed that FXR deficiency promotes cell proliferation, inflammation, and 

tumorigenesis in the intestine, suggesting that activation of FXR by nonbile acid 

ligands may protect against intestinal carcinogenesis (Maran, RR et al. 2009). 

Other studies in mice showed that FXR deficiency caused liver hyperproliferation 

and ultimately leads to spontaneous hepatocarcinomas (Kim, I. et al. 2007).  

Moreover, FXR agonists have been reported to inhibit aromatase expression and 

induce apoptosis in mammary carcinoma MCF7 and MDA-MB-468 cells (Swales, 

KE et al. 2006) suggesting that FXR activation promotes apoptosis and may have 

protective effects against tumorigenesis. In contrast, the FXR antagonist 

guggulsterone promoted apoptosis in Barrett’s esophageal-derived cells (De 

Gottardi, A. et al. 2006) and inhibited proliferation, decreased migration and 

invasion in pancreatic cancer cells (Lee, JY et al. 2011).  

We have found that FXR ligands induced cell apoptosis in R2C cells as evidenced 

by an increase in the levels of the proteolytic form of PARP, a crucial target that 

signals the presence of DNA damage and facilitates DNA repair. According to 

these findings, we evidenced upon FXR exposure a marked DNA fragmentation 

and, by TUNEL assay, a strong increase of the apoptotic nuclei respect to 

untreated cells. The in vitro results were also confirmed by in vivo studies since 

GW4064 treatment induced apoptosis also in R2C tumor xenografts. 

A large body of evidence has suggested the straightforward role of p53 signaling 

in the apoptotic cascades (Haupt, S. et al. 2003; Schuler, M. and Green, DM  

2001; Yu, J. and Zhang, Y. 2005).  p53 acts as a tumor suppressor depending on 

its physical and functional interaction with diverse cellular proteins, like some 

nuclear receptors that, in turn, exert an inhibitory activity on p53 biological 

outcomes. Activation of p53 by UV damage or other agents/signals results in p53-

mediated transcription or up-regulation of genes such as the cyclin-dependent 

kinase inhibitor p21
WAF1/Cip1

 to induce apoptotic process, inhibiting the growth of 

cells with damaged DNA or cancer cells (Oren, M. et al. 2002; Sengupta, S. and 

Wasylyk, B. 2004). We have shown that FXR activation up-regulates both p53 
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mRNA and protein levels with a concomitant increase of p21
WAF1/Cip1

 expression 

in R2C cells as well as in xenografts model. Functional studies evidenced the 

ability of activated FXR to modulate p53 promoter gene activity. Using different 

deletion mutants of p53 promoter gene, we have found that the FXR-mediated 

p53 transactivation involves the NF-kB site.  

Moreover, it is important to underline that concomitant with this apoptotic event 

we observed, in R2C tumor xenografts treated with GW4064, a reduction of 

aromatase expression.  

In conclusion, data from the present study demonstrate that the growth inhibition 

on Leydig tumor cells exerted by FXR ligands relies on two mechanisms: a 

reduction of aromatase expression resulting in a decrease of estrogen-dependent 

growth and the induction of proapoptotic pathways. 

All together our findings, showing the anticancer activity of activated FXR, 

candidate FXR ligands as novel therapeutic tools to treat different estrogen- 

dependent cancers. 
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Abstract 

Tumor phenotype is a result of the complex interactions between malignant cells and sorrounding 

stroma. However, the mechanisms by which cancer cells and fibroblasts, the most abundant and active part 

of the tumor stroma, interact remain to be elucidated. The K303R mutation of estrogen-receptor (ERα) was 

identified in 50% of invasive breast tumors and associated with poorer survival outcomes. Here, we show 

that human cancer-associated fibroblasts (CAFs) stimulated proliferation and migration of wild-type (WT) 

ERα stably transfected breast cancer cells and to a higher extent in cells expressing the K303R ERα 

hyperactive receptor. We identified, for the first time, leptin, a known cytokine involved in breast cancer 

development, as a determinant for CAFs tumor-promoting activities in both WT and K303R ERα-expressing 

cells. Indeed, we found an increase in leptin receptor isoforms expression, and in its signalling activation in 

K303R-expressing cells compared to WT ERα clones. These data correlated well with the amplified effects 

of leptin on cell growth, motility and invasiveness in mutant cells. Mutant expression generated a leptin 

hypersensitive phenotype also in vivo. Lastly, K303R ERα cell-secreted factors stimulated CAFs 

proliferation and migration and their ability to secrete leptin. We demonstrated that the epidermal growth 

factor is the paracrine factor by which breast cancer cells affect CAFs phenotype. Thus, our work uncovers a 

bidirectional cross-talk between breast cancer cells and ‘educated’ CAFs, which leads via leptin signaling to 

increased tumor progression. The blockade of these intercellular communications might represent an 

effective strategy for molecular targeted therapies in breast cancer.  
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Introduction 

For the past three decades, cancer research focused predominantly on the characteristics of breast cancer 

cells. Recently, clinical and experimental studies revealed that both tumor initiation and progression are 

related to the complex interactions that transpire within the tumor microenvironment. The stromal 

compartment is composed of mesenchymal cells (fibroblasts/adipocytes/blood cells), extracellular matrix-

ECM (lamin/fibronectin/collagen/proteoglicans/etc), and signals from these cells come as soluble secreted 

factors, ECM-components or direct cell-cell contacts. Growth factors, cytokines, adipokines, proteases, and 

vascular-stimulating factors are involved in stroma-mediated procancerous activities (1-4). The chemokines 

CXCL12, CXCL14, and CCL7 stimulated tumor cell proliferation and invasion in vitro and in vivo, 

increased tumor angiogenesis and macrophage presence at tumor sites (5-7). The interleukin-1 and -8 

induced cancer progression by enhancing metastasis and cachexia (8,9). As important adipocyte-derived 

endocrine and paracrine mediator, the adipokine leptin has been correlated with breast cancer occurrence. 

Indeed, leptin synthesis and plasma levels increase with obesity, a pandemic condition that influences both 

risk and prognosis of breast cancers (10).  

The processes of heterotypic signalling involve a constant bidirectional cross-talk between stromal cells, 

and malignant cells. Stromal cells influence tumor invasiveness and malignancy, whereas at the onset and 

during breast cancer progression, the microenvironment is reorganized by cancer cells (11). Tumors recruit 

stromal fibroblasts in a process referred to as the desmoplasmic reaction, and these carcinoma-associated 

fibroblasts (CAFs) are reprogrammed to produce growth factors, cytokines, and ECM-remodeling proteins, 

that acting in autocrine and paracrine fashion support tumor proliferation and invasion into surrounding 

tissues (4). Moreover, a variety of these factors may activate estrogen receptor alpha (ERα) (12). 

Estrogens and its receptor play a crucial role in regulating breast cancer growth and differentiation. 

Variant forms of ERα due to alternative splicing or gene mutation have been reported, but their clinical 

significance is still unresolved (13,14). A naturally-occurring mutation at nucleotide 908, introducing a 

lysine to arginine transition at residue 303 within the hinge domain of the receptor (K303R ERα), was 

identified in a third of premalignant breast hyperplasias, and one-half of invasive breast tumors. This 

mutation correlated with poor outcomes, older age, larger tumor size, and lymph node-positive disease 
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(15,16). Other studies did not detect the mutation in invasive cancers (17-20), but our studies suggest that the 

detection method used might be insensitive. However, K303R expression was found at low frequency in 

invasive breast tumors by Conway and colleagues (21). K303R mutation allows ERα to be more highly 

phosphorylated by different kinases, and it alters the dynamic recruitment of coactivators and corepressors 

(22-24). Mutant οverexpression in MCF-7 breast cancer cells increased sensitivity to subphysiological levels 

of estrogen, and decreased tamoxifen responsiveness when elevated growth factors signaling was present 

(15,25). K303R ERα mutation also conferred resistance to the aromatase inhibitor anastrozole (23,26), 

suggesting a pivotal role for this mutation in more aggressive breast cancers. 

The aim of this study was to elucidate the mechanisms underlying tumor/stroma interaction in 

ERα−positive breast cancer cells. First, we investigated how tumoral microenvironment pressure, exerted by 

CAFs, impacts breast cancer cell proliferation, migration and invasiveness in relation to the expression of 

wild-type or the K303R ERα. We then defined the effect that a single factor-leptin has on stroma-mediated 

breast cancer progression. Finally, we examined the bidirectional interactions between CAFs and breast 

cancer cells, leading to increased malignancy.  

 

Materials and Methods 

Reagents and antibodies 

Leptin/17β-estradiol/EGF from Sigma. ICI182,780 by Tocris Bioscience. 

AG490/AG1478/PD98059/LY294002  by Calbiochem. ERα/ERβ/GAPDH/ObRl/ObRs/Ob/Akt/pAktSer437 

antibodies from Santa Cruz Biotechnology. MAPK/JAK2/STAT3/pMAPKThr202/Tyr204/pJAK2Tyr1007/1008/ 

pSTAT3Tyr705/pERαSer118/pERαSer167 from Cell Signaling Technology.  

Plasmids 

Generation of yellow-fluorescent protein (YFP)-tagged expression constructs, YFP-WT and YFP-K303R-

ERα, as described (22). XETL plasmid, containing an estrogen-responsive-element, by Dr Picard, University 

Geneva/Switzerland. 
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Cell culture  

MCF-7 and SKBR3 cells were acquired in 2010 from American-Type-Culture-Collection where they 

were authenticated. Cells were stored according to supplier’s instructions, and used within four months after 

frozen aliquots resuscitations. YFP-WT and YFP-K303R ERα-stable expressing MCF-7 cells, MCF-7 and 

SKBR3 pools stably transfected with YFP-WT and YFP-K303R ERα generated as described (23,26). 

Immortalized normal human foreskin fibroblasts BJ1-hTERT by Dr Lisanti, Jefferson 

University/Philadelphia/USA. Cell phenotype was ensured by morphology, doubling-times and ERα-

transactivation assays. 

 

CAFs-isolation 

Human breast cancer specimens were collected from primary tumors of patients who signed informed 

consent. Following tumor excision, small pieces were digested (500IUcollagenase in Hank’s-Balanced-salt-

solution, Sigma; 37°C/2h). After differential centrifugation (90g/2min), the surnatant containing cancer-

associated fibroblasts (CAFs) was centrifugated (500g/8min), resuspended and cultured in RPMI-1640 

medium supplemented with 15% Fetal-Bovine-Serum/FBS, and antibiotics. CAFs between 4-10passages 

were used and authenticated by morphology and FAP expression.  

 

Conditioned medium systems  

CAFs were incubated with regular-full media (48-72h). Conditioned media were collected, centrifugated 

to remove cellular debris and used in respective experiments. Alternatively, conditioned media were 

collected from WT and K303R ERα-expressing MCF-7 cells incubated in 5% charcoal-stripped-FBS (72h). 

 

Expression microarray analysis  

Expression profiles were determined with Affymetrix GeneChip human genome U133plus2.0 arrays. 

Data quality and statistical analysis evaluated as described (23).  

 

Immunoblot analysis  
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Protein extracts were subjected to SDS-PAGE as described (27). Immunoblots show a single 

representative of three separate experiments. 

 

Immunofluorescence 

Cells were fixed with 4% paraformaldehyde, permeabilized with PBS+0.2%TritonX-100 followed by 

blocking with 5%BSA (1h/room temperature), incubated with anti-ObR antibody (4°C/overnight) and with 

FITC-conjugated secondary antibody (30min/room temperature). IgG primary antibody as negative control. 

4′,6-Diamidino-2-phenylindole (DAPI, Sigma) staining for nuclei detection. Fluorescence was photographed 

using OLYMPUS BX51 microscope,100Xobjective. 

 

RT-PCR and Real-time RT-PCR assays 

FAP/Ob/CyclinD1/pS2/CathepsinD/36B4 gene expression were evaluated by reverse transcription(RT)-

PCR method as decribed (27). ObRl/ObRs/CXCR4/IR/IL2RB/IL6R/EGFR/IGF1R/FGFR3/ERα/EGF/IL6/ 

Insulin gene expression were assessed by Real-time RT-PCR, using SYBR Green Universal PCR Master 

Mix (Biorad). Each sample was normalized on 18s mRNA content. Relative gene expression levels were 

calculated as described (28). Primers in Supplementary Table 1. 

 

ERα-transactivation assays  

ERα-transactivation as described (29).  

 

Cell proliferation assays  

MTT assays. After 4 days of treatments, cell proliferation was assessed using 3-[4,5-Dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium bromide reagent/MTT (Sigma) and expressed as fold change relative to vehicle-

treated cells.  

Tripan-blue cell-count assays. After 4 days of treatment, cell numbers were evaluated by trypsin suspension 

of samples followed by microscopic evaluation using a hemacytometer. 

Soft agar growth assays. Anchorage-independent growth as described (26). 

Data represent three independent experiments, performed in triplicate. 
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Wound-healing scratch assays 

Cell monolayers were scraped and treated as indicated. Wound closure was monitored over 24h, cells 

were fixed and stained with Comassie-Brillant-Blue. Pictures represent one of three independent experiments 

(10Xmagnifications, phase-contrast microscopy). 

 

Transmigration assays 

Cells treated with/without leptin were placed in Boyden-chamber upper compartments (8micron 

membranes/Corning Costar). Bottom well contained regular-full media. After 24h, migrated cells were fixed 

and stained with Comassie-Brillant-Blue. Migration was quantified by viewing five separate fields per 

membrane at 20Xmagnification and expressed as the mean number of migrated cells. Data represent three 

independent experiments, assayed in triplicate. 

 

Invasion assays 

Matrigel-based invasion assay was performed by invasion chambers (8micron membranes) coated with 

Matrigel (BD Bioscences,0.4µg/ml). Cells treated with/without leptin were seeded into top transwell 

chambers, while regular-full medium was used as chemoattractant in lower chambers. After 24h, invaded 

cells were evaluated as described for transmigration assays. Data represent three independent experiments, 

assayed in triplicate. 

 

Tumor Xenografts 

In vivo studies performed as described (30). 

 

Leptin measurement by RIA 

Leptin was measured by a competitive in-house immunoassay (Chematil) following manufacturer’s 

protocol. Results are presented as ng/cells. 

 

Leptin-immunodepleted conditioned media  
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Protein G-agarose beads were incubated with anti-leptin or IgG antibodies (4°C/3h). Antibody-beads 

complexes were incubated with CAFs-conditioned media (4°C/overnight) and centrifugated (three 

times/15000g/10min). Leptin-immunodepletion was verified by RIA. 

 

Statistical analysis  

Data were analyzed for statistical significance using two-tailed student’s Test, Graph Pad Prism4. 

Standard deviations/S.D. are shown. Survival curves were computed by the Kaplan–Meier method and 

compared using two-sided log-rank tests. 

 

Results  

Tumor/stroma interactions stimulate cell proliferation and motility 

Epithelial-stromal interactions support tumor cell proliferation and invasion. Thus, we first investigated 

the role of tumoral microenvironment in influencing breast cancer phenotype in relation to the expression of 

wild-type (WT) or K303R ERα mutant receptor. 

We used as experimental models for breast cancer ERα-positive MCF-7 cells stably transfected with 

YFP-WT or YFP-K303R ERα  expression vectors. We chose this approach because WT receptor was 

present along with K303R ERα in invasive breast tumors (16). Stable clones were screened for 

ERα expression using immunoblot analysis (Fig. 1A). Two clones stably expressing YFP-WT (WT1-2) or 

YFP-K303R ERα (K303R1-2) are shown along with WT or mutant receptor stable pools (WT P and K303R 

P). As stromal cells, we employed cancer-associated fibroblasts (CAFs), isolated from biopsies of primary 

breast tumors. CAFs possessed the basic fibroblast characteristics of long and spindle-shaped morphology, 

and highly expressed the fibroblast activation protein-FAP (Fig. 1B). To create in vitro conditions that can 

mimic the complex in vivo microenvironment, we used coculture experiments. Breast cancer cells were 

incubated with regular-full media (FM), CAFs-derived conditioned media (CM) or normal fibroblasts (NFs)-

CM and growth was evaluated by soft agar assays (Fig. 1C). As previously demonstrated (23,26), control 

basal growth of mutant-expressing cells was elevated compared to WT-expressing cells. CAFs-CM 

significantly increased colony numbers in both WT and K303R ERα-expressing cells; however, CAFs-CM 
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enhanced K303R-expressing cell growth at a higher extent compared to WT-expressing cells. We then 

examined the ability of CAFs-CM to promote WT- and K303R-expressing cell movement in wound-healing 

scratch assays (Fig. 1C). The mutant cells moved the farthest in either direction to close the gap compared to 

WT-expressing cells. CAFs-CM promoted net movement of WT-expressing cells compared to FM; but, 

K303R-expressing cells exposed to CAFs-CM moved at higher rate to close the gap in the cell bed. As 

expected, CAFs possessed a higher ability to enhance both proliferation and motility of breast cancer cells 

than NFs (Fig. 1C). CAFs-CM-induced cell growth and migratory potential was blocked by inhibition of the 

classic cytokine JAK2/STAT3 signaling cascade (AG490) and the ERα signaling inhibitor (ICI182,780), 

although to a higher extent in K303R clones (Fig. 1D). All functional effects described so far are the results 

of exposure to the total complement of CAFs-secreted proteins. However, it is desirable albeit 

experimentally difficult to define the contribution of a single factor. Thus, we addressed which CAFs-

secreted factor may promote breast cancer cell growth and motility. 

 

Gene transcription patterns of WT and K303R ERα-overexpressing cells 

Diffusible growth factors, interleukins, chemokines and adipokines implicated as mediators of stromal-

epithelial interactions are involved in breast carcinoma initiation and progression. To determine changes in 

gene expression for the different receptors of CAFs-secreted factors, that may be responsible of the different 

sensitivity of WT and mutant clones to CAFs-CM exposure, we performed microarray analysis. Gene 

expression profile comparing RNA isolated from K303R-expressing with WT-expressing cells are shown in 

Table 1 and Supplementary Table 2. K303R ERα expression induced several genes potentially involved into 

tumor/stroma interactions; however, the leptin receptor (ObR) gene was the most highly induced (2.4fold, 

Table 1). We also observed increased expression of different leptin signaling downstream effectors such as 

JAK2, the transcription factors fos, STAT, as well as the suppressor of cytokine signaling 3 (Supplementary 

Table 3). To validate the microarray study, YFP-WT and YFP-K303R ERα-expressing cells were evaluated 

for a panel of genes using real-time PCR (Fig. 2A). K303R-associated induction could be confirmed for all 

of them, and, again, the gene encoding the long and short leptin receptor isoforms (ObRl/ObRs) was the 

most highly upregulated in mutant-expressing cells. However, we did not detect any differences in IGF1R 
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mRNA expression levels between the two cells, although microarray analysis showed a significant decrease 

of IGF1R. ERα RNA levels were similar between K303R and WT ERα-expressing cells. 

The increase in both ObRl and ObRs was then confirmed by evaluating protein levels using 

immunoblotting analysis (Fig. 2B) and immunofluorescence staining of WT and K303R ERα-expressing 

cells (red, Fig. 2C).  

 

K303R ERα-overexpressing cells exhibit increased leptin signaling activation 

Given the gene expression profile identified in the microarray study, we defined the impact that a single 

factor-leptin may have on K303R ERα breast cancer cell progression. First, time-course response studies 

were performed to analyze phosphorylation of leptin downstream effectors using immunoblot analysis (Fig. 

2D). WT-expressing cells exhibited low basal levels of phosphorylated JAK2, STAT3, Akt and MAPK that 

were increased in a time-dependent manner after leptin treatment. In contrast, K303R-expressing cells 

showed elevated constitutive phosphorylation of these signaling molecules in control-vehicle conditions that 

was slightly increased after leptin treatment. Thus, the mutant ERα expression was associated with increased 

leptin signaling activation. 

Leptin directly activates ERα in the absence of its own ligand in MCF-7 breast cancer cells (29). As a 

consequence of the enhanced leptin signaling, we found increased ERα-transcriptional activity and 

upregulated mRNA levels of the classical ERα-target genes Cyclin D1, pS2 and Cathepsin D in both control 

and leptin-treated conditions in K303R ERα-expressing cells. In addition, the mutant exhibited elevated 

pS118 and pS167 YFP-ERα levels (Supplementary Fig. 1). 

 

K303R ERα mutation and leptin hypersensitivity 

We next used these stably transfected clones as model systems to study leptin sensitivity, in relation to 

mutant receptor expression. First, we evaluated leptin effects on growth using anchorage-dependent growth 

assays (Supplementary Fig. 2). As expected, in both WT and K303R-expressing cells treatment with leptin 

100ng/ml increased cell proliferation. However, low leptin treatment (10ng/ml) significantly enhanced cell 

viability only in K303R-expressing clones. We also evaluated leptin-mediated proliferative effects in 
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anchorage-independent growth assays (Fig. 3A). Leptin treatments at 100 and 1000ng/ml concentrations 

enhanced colony numbers in all four clones tested, even though to a higher extent in mutant-expressing cells. 

Again, leptin at 10ng/ml increased anchorage-independent growth only in K303R cells. The increase in 

colony numbers induced by leptin was reversed by the JAK2/STAT3 inhibitor AG490 (Fig. 3B). We also 

used the antiestrogen ICI182,780 and found that this treatment suppressed anchorage-independent growth of 

both cell lines, indicating that ER expression remains important in growth regulation of these cells (Fig. 3B). 

We next evaluated the ability of increasing doses of leptin to influence cell migration in wound-healing 

scratch assays (Fig. 3C). Again, the mutant cells moved farthest in either direction to close the gap compared 

to WT-expressing cells. Leptin treatments at 100 and 1000ng/ml promoted cell motility in both WT and 

K303R-expressing cells, although to a higher extent in mutant cells. Interestingly, leptin at 10ng/ml 

stimulated migration only in K303R-expressing cells. Then, the capacity of cells to migrate across uncoated 

membrane in transmigration assays or to invade an artificial basement membrane-Matrigel in invasion assays 

was tested in the presence of leptin (Fig. 3D). While WT cells exhibited little motile and no invasive 

behaviour in vitro, our data clearly demonstrated that mutant receptor expression increased both motility and 

invasion of cells. High doses of leptin increased the number of migrated and invaded cells in both clones and 

again low doses of leptin stimulated motility and invasion only of cells expressing the K303R receptor. As 

expected, treatment with AG490 and ICI182,780 resulted in a clear reduction of both control-untreated and 

leptin-induced cell motility in wound-healing scratch assays, especially in K303R-expressing cells (Fig. 3E). 

We recently published that K303R ERα MCF-7 xenograft tumors grew faster than WT ERα tumors (26). In 

addition, MCF-7 xenograft tumors doubled control value after 13 weeks of leptin exposure (30). Thus, we 

determined if the mutant receptor-expressing breast cancer cells might exhibit an increased sensitivity to 

leptin stimulation also in vivo. We found that in mice treated with leptin, all xenografts derived from cells 

with K303R ERα expression doubled in size within 6 weeks of treatment, while none of xenografts from WT 

ERα-expressing cells doubled in size during this experiment (Fig. 3F). Thus, expression of the mutant 

generated a leptin hypersensitive phenotype in vitro and in vivo. 

 

Leptin is responsible for CAFs-induced cell growth and motility 
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We next assessed the role of leptin in the context of heterotypic signalings working in tumor/stroma 

interactions. First, RIA measurement in CAFs-CM showed that leptin secretion varied from 

10±4.5ng/200.000cells. RT-PCR evidenced Ob mRNA expression in CAFs; CAFs also expressed ObR long 

isoform, but they did not express ObR short isoform, ERα, or ERβ (Supplementary Fig. 3). Leptin was then 

immunodepleted from CAFs-CM by leptin specific antibodies and resulting media were tested for the ability 

to induce anchorage-independent growth and migration of breast cancer cells. Leptin-depletion 

(CM+LepAb) significantly decreased growth and migration-promoting activities of CAFs-CM, particularly 

in K303R-expressing cells (Fig. 4A). CM treated with a non specific mouse IgG had not effects, suggesting 

that the neutralizing effects of leptin antibodies were specific. Our results identify leptin as a main molecular 

player that mediates CAFs effects on tumor cell growth and migration. 

Leptin activates via JAK2 the MAPK and PI3K/Akt pathways (31). Thus, we investigated the specific 

signaling involved in the CAFs/breast cancer cells interaction, and found that the PI3K/Akt inhibitor 

LY294002 was more effective in inhibiting CAFs-induced proliferation and migration than the MEK1 

inhibitor PD98059 (Fig. 4B).  

 

Tumor/stroma interactions in SKBR3 breast cancer cells 

To extend the results obtained, we generated pools of YFP-WT and YFP-K303R ERα  stable 

transfectants in ERα-negative SKBR3 breast cancer cells (Supplementary Fig. 4). As previously shown for 

MCF-7 cells, we found a significant increase in both long and short leptin receptor isoforms mRNA in 

mutant-expressing cells. Again, treatment with leptin at 100 and 1000ng/ml significantly increased colony 

numbers of WT clones, and to a higher extent of K303R-expressing cells; however 10ng/ml of leptin 

enhanced anchorage-independent growth only in K303R-expressing clones. Similarly, low leptin promoted 

migration only in mutant cells. Finally, we tested CAFs-CM for its effects on cell growth and migration. We 

found a great induction of anchorage-independent growth and motility after treatment with CM, especially in 

K303R-expressing SKBR3 pools. Leptin-immunodepleted CM strongly reduced CM-proliferative and 

migratory-promoting activities on K303R cells, confirming that leptin hypersensitive phenotype was 

associated with K303R ERα expression in different cellular backgrounds. 
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Effects of breast cancer cell-secreted factors on CAFs phenotype 

CAFs and tumor cells cross-talk via different soluble factors, whose effects on both subpopulations 

determine the final outcome of the tumorogenic process. Thus, as a final step of this study we defined the 

effects of CM from WT and K303R ERα-expressing breast cancer cells on CAFs phenotype. Treatment with 

K303R-CM elicited a dramatic alteration in the shape of CAFs in vitro, accompanied by an increased FAP 

mRNA expression (Fig. 5A). K303R-CM also stimulated CAFs viability and motility compared to WT-CM 

effects (Fig. 5B), suggesting how soluble K303R ERα cell-secreted factors may generate a more activated 

CAFs phenotype. Since leptin synthesis is influenced by different humoral factors (32-34), we evaluated the 

effects of breast cancer-derived CM in modulating leptin secretion from CAFs. Incubation of CAFs with 

K303R-CM increased leptin mRNA expression and leptin release compared with WT-CM, while no 

differences were detected in leptin levels among WT and K303R-CM (Fig. 5C). Finally, to investigate the 

paracrine factor by which breast cancer cells may affect CAFs phenotype, we used microarray analyses to 

measure the expression of different genes known to be associated with CAFs and/or leptin secretion (11,32-

35). Our results showed that the genes encoding for EGF (2,8 fold), IL6 (1,2 fold) and Insulin (1,2 fold) were 

induced in mutant cells, and realtime PCR confirmed that the EGF gene was the most highly upregulated 

(Fig. 5D). Thus, we evaluated the role of EGF. First, addition of EGF in WT-CM mimicked the induction of 

K303R-CM on CAF motility, and the EGFR signaling inhibitor (AG1478) reduced K303R-CM effects (Fig. 

5E). Second, treatment with AG1478 reversed K303R-CM stimulated FAP mRNA expression (Fig. 5F). 

Third, Ob mRNA expression and leptin secretion from CAFs cocultured with K303R-CM was significantly 

decreased in the presence of AG1478 (Fig. 5F).  

Our data show that K303R ERα-expressing breast cancer cells through their soluble secreted factors may 

take advantage of the plastic nature of reactive surrounding cell populations, as CAFs, to generate a tumor 

enhancing microenvironment. 

 

Discussion 

ERα expression has important implications for breast cancer biology and therapy. Fuqua et al. identified a 

lysine to arginine transition at residue 303 of ERα (K303R ERα) in 30% of breast hyperplasias, and in 50% 
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of invasive breast cancers (15,16), although using another detection method the mutation was identified in 

only 6% of tumors (21); thus the frequency is still unresolved. This mutation was associated with older age, 

larger tumor size, lymph-node positivity, and shorter time to recurrence, all features related with a more 

aggressive breast cancer phenotype. Because of the recently-recognized importance of tumor/stroma cross-

talk in promoting breast cancer progression and metastasis, it is imperative to elucidate the molecular events 

occurring between cancer cells and adjacent stroma at the site of primary tumors to provide new treatment 

options for breast cancer.  

Here, we elucidated the complex interactions between peritumoral tissue, locally-derived factors and 

neoplastic cells in dependency of ERα status, with a special focus on leptin effects in influencing the 

behavior of breast cancer cells bearing the naturally-occurring K303R ERα mutation. We proposed a model 

in which leptin, secreted from CAFs, binds to its receptor, activates K303R ERα and promotes proliferation, 

migration and invasiveness of K303R ERα-expressing breast cancer cells. In turn, K303R cells release 

factors as EGF that ‘educate’ CAFs to enhance secretion of leptin, which, acting back on malignant cells, 

may establish a positive feedback loop between cancer and stromal cells to further support breast tumor 

progression (Fig. 6).  

 

CAFs promote breast cancer cell malignancy through leptin signaling 

The phenotype of malignant cells appears regulated not only by cell autonomous signals, but also is 

dependent on heterotypic signals coming from surrounding stromal cells, able to create a specific local 

microenvironment to tightly control breast cancer proliferation and differentiation (36-38).  

We defined the molecular interactions between stromal fibroblasts isolated from biopsies of primary 

breast tumors (CAFs), WT and K303R ERα-expressing MCF-7 breast cancer cells. The initial conditioned 

media experiments demonstrated that the entire complement of secretory proteins released by CAFs have 

more profound effects on K303R ERα-expressing cell proliferation and migration than on WT ERα cells. 

We evidenced an important role for JAK2/STAT3 and ERα signaling pathways in CM-mediated effects. Our 

microarray study pointed to the regulation of several important transcriptional programs of growth factors 

and cytokines receptors that, acting as mediators of stromal-epithelial interactions, are potentially involved in 
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carcinoma progression. Among them, the gene encoding for leptin receptor was the most highly induced in 

K303R-expressing breast cancer cells.  

Leptin is primarily synthesized from adipocytes, but is also produced by other cells, including fibroblasts 

(39-41). We demonstrated, for the first time, Ob mRNA expression and leptin secretion in CAFs. CAFs 

expressed ObR long isoforms, implying that an autocrine feedback loop may exist. Leptin-immunodepletion 

from CAFs-CM substantially reduced the growth and migration-promoting activities of CAFs. As one of the 

leptin downstream effectors (31), we found that the PI3K/Akt inhibitor LY294002 was effective in inhibiting 

CAFs-induced effects. 

Since fibroblasts are the principal cellular component of the stroma, our results suggest that in the breast 

microenvironment CAFs through leptin signaling may become the main actor in influencing tumor cell 

behavior, especially in K303R ERα-expressing breast cancer cells. 

 

Crosstalk between leptin and K303R ERα signaling pathways in breast cancer 

Leptin, a pleiotropic molecule that regulates food intake, haematopoiesis, inflammation, cell 

differentiation and proliferation, is also required for mammary gland development and tumorigenesis. 

Indeed, leptin and its receptor isoforms (ObRs) have been detected in mammary epithelium and breast cancer 

cell lines, and are overexpressed in cancer tissue compared with healthy epithelium, with a positive 

correlation between ObR and ERα expression (42,43). Realtime PCR, immunoblotting and 

immunofluorescence experiments revealed an increase in mRNA and protein expressions of ObR long and 

short isoforms in K303R ERα-expressing cells. We also demonstrated that the mutant expression was 

associated with enhanced leptin signaling activation, and increased sensitivity to leptin stimulation on 

growth, motility, and invasiveness. Moreover, a significant increase in the growth of leptin-treated mutant 

tumors was observed in vivo. 

Leptin is a potent modulator of the estrogen signaling pathway (29,44). On the other hand, estradiol 

modulates ObR expression in rat brain, through a putative estrogen-responsive-element in its promoter 

(45,46), and others demonstrated that estradiol induces leptin and ObR expression in MCF-7 breast cancer 

cells (43). Thus, leptin and estrogen might cooperate in sustaining estrogen-dependent breast carcinoma 

growth. We showed an increased S167 and S118 phosphorylation of the K303R receptor, an enhanced 
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K303R ERα transactivation, and a more pronounced up-regulation of classical estrogen-regulated genes in 

K303R-expressing cells. Indeed, the pure antiestrogens ICI182,760 drastically suppressed leptin-stimulated 

anchorage-independent growth and motility of mutant cells.  

These results suggest that the mutation may potentiate ERα’s role as an effector of leptin intracellular 

signal transduction, which may enhance cell proliferation, migration and invasiveness, contributing to the 

more aggressive phenotype of K303R-associated breast cancers.  

 

K303R ERα cell-derived factors contribute to CAFs tumor-promoting activities  

In the same way as tumor microenvironment plays active roles in shaping the fate of a tumor, cancer cells 

actively recruit fibroblasts into the tumor mass, in particular, the subpopulation named cancer-associated 

fibroblasts (CAFs). This cell-type is defined based on morphological characteristics or expression of markers 

as the fibroblast activating protein-FAP (1-4).  

Studies addressing these issues are heterogeneous in terms of cell systems used, tumor cell types, and 

fibroblast sources. Experimental systems have used different tumor-derived conditioned media to stimulate 

CAFs, and others have cocultured tumor cells with normal fibroblasts or mesenchymal stem cells and 

measured chemokines levels in the resulting CM. For instance, fibroblasts growth with tumor cells resulted 

in increased production of chemokines whose source is in CAFs themselves. Chemokines produced under 

these “mixed” conditions promoted tumor promalignancy activities (6,9,47). We showed increased leptin 

mRNA expression and secretion by CAFs in response to soluble K303R ERα cell-secreted factors compared 

to WT-CM, suggesting that K303R cells have the ability to instruct their surrounding fibroblasts to augment 

leptin production, thereby enhancing tumor growth. This further indicates that interactions between the two 

subpopulations are actually bidirectional. 

These interactions become more productive when tumor cells have a higher aggressiveness phenotype 

(47-49). CAFs exposed to K303R cell-derived CM acquired a more activated phenotypic characteristic, as 

revealed by an altered morphology, an increased FAP mRNA expression, and enhanced proliferative and 

migratory capabilities. We identified the epidermal growth factor, known to affect CAFs phenotype and 

leptin secretion (11,32-35), as the factor responsible of the paracrine activation of the surrounding stroma. 



17 
 

Thus, a positive feedback loop is established which leads to the development and growth of the tumor. 

 

Conclusions 

Our study highlights the functional importance of tumor-host cross-talk in impacting malignant cell 

behavior, and implies several clinical implications. First, since K303R mutation was identified in breast 

premalignant hyperplasia, it is tempting to speculate that this specific mutation hypersensitive to leptin 

signaling may promote or accelerate the development of cancers from premalignant breast lesions, further 

increasing risk in obese women. Second, understanding the key genes involved differently in relation to ERα 

status in tumor/stroma interactions may help to identify novel biomarkers for breast cancer. Finally, our 

findings support the development of new therapeutics targeting stroma signaling components (e.g. leptin) to 

be implemented in the adjuvant therapy for improving clinical care and reducing mortality from breast 

cancer. 
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Figures Legends 

 

Figure 1. CAFs-induced breast cancer cell growth and motility. A, Immunoblotting for ERα expression 

in YFP-WT and YFP-K303R ERα stable-expressing MCF-7 cells and WT P and K303R P stable pools. 

GAPDH, loading control. B, CAFs morphology in monolayer growth using phase-contrast microscopy. RT-

PCR for fibroblast activation protein-FAP and 36B4 (internal standard). NC, negative-control. C, Soft agar 

and scratch assays in cells treated with regular full media (FM), CAFs- or normal fibroblasts (NFs)-derived 

conditioned media (CM). D, Soft agar and scratch assays in cells treated with FM, CAFs-CM with/without 

AG490 (AG,10µM) or ICI182,760 (ICI,1µM). *P<0.05, **P<0.005. Small squares, time 0.  

Figure 2. Leptin signaling activation in mutant cells. A, Real-time RT-PCR for different receptors of 

CAFs-secreted factors. n.s.=nonsignificant, **P<0.01, ***P<0.005. B, Immunoblotting showing leptin 

receptor long and short isoforms (ObRl/ObRs). GAPDH, loading control. Numbers represent the average 

fold change in ObRl/GAPDH and ObRs/GAPDH levels. C, Immunofluorescence of ObR (a,c) and DAPI 

(b,d). Small squares, negative-controls. D, Immunoblotting of phosphorylated 

pJAK2/pSTAT3/pAKT/pMAPK, and total proteins from cells treated with vehicle(-) or leptin (Lep100ng/ml, 

5 and 10min). GAPDH, loading control. Numbers represent the average fold change between 

phospho/total/GAPDH levels. 

Figure 3. The K303R ERα mutation generates a leptin hypersensitive phenotype. A, Soft agar assay in 

cells treated with vehicle(-), or Lep10/100/1000ng/ml. B, Soft agar assay in cells treated with vehicle(-) or 

Lep100ng/ml, with/without ICI182,760 (ICI,1µM) or AG490 (AG,10µM). C, scratch, and D, transmigration 

and invasion assays in cells treated as indicated. n.s.=nonsignificant, *P<0.05, **P<0.005, ***P<0.001. E, 

Scratch assay in cells treated with vehicle(-) or Lep100ng/ml, with/without ICI182,760 or AG490. Small 

squares, time 0. F, WT and K303R ERα-expressing cells were injected into mice (n=6/group) supplemented 

with E2 (0.72mg/pellet/90-day-release) and 230µg/kg leptin or vehicle (Control). Survival curves (shown as 

% of mice in which tumors had not doubled in size) are graphed as the time in weeks from treatment to a 

twofold increase in total tumor volume over baseline (time to tumor doubling).  
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Figure 4. Leptin-immunodepletion reduces CAFs-induced cell growth and migration. A, Soft agar and 

scratch assays in cells treated with FM, CAFs-CM, or leptin-depleted CM (CM+LepAb). CM treated with a 

non specific IgG as a control (CM+IgG). B, Soft agar and scratch assays in cells treated with FM, CAFs-CM 

with/without PD98059 (PD,10µM) or LY294002 (LY,10µM). n.s.=nonsignificant, *P<0.05, **P<0.005. 

Small squares, time 0. 

Figure 5. CAFs activated phenotype after K303R ERα cell-CM exposure. A, Phase-contrast microscopy 

for CAFs morphology and RT-PCR for FAP and 36B4 (internal standard) after treatment with CM from WT 

or K303R ERα-expressing cells. NC, negative-control. B, MTT growth and scratch assays in CAFs treated 

with WT-CM and K303R-CM. C, RT-PCR for leptin/Ob and 36B4, and leptin release by RIA. D, Real-time 

RT-PCR for EGF, IL6 and Insulin. E, Scratch assays in CAFs treated with WT-CM with/without 

EGF100ng/ml or K303R-CM with/without AG1478 10µM. F, RT-PCR for FAP, leptin/Ob and 36B4, and 

leptin release from CAFs by RIA. Numbers represent the average fold change of FAP/36B4 and Ob/36B4 

levels. n.s.=nonsignificant, *P<0.05, **P<0.005, ***P<0.0001. Small squares, time 0. 

Figure 6. Schematic illustration of tumor/stroma interactions in K303R ERα breast cancer 

microenvironment. CAFs secrete leptin, which, acting in a paracrine fashion, binds to its cognate receptors 

(ObR), overexpressed on the surface of K303R ERα breast cancer cells and activates K303R ERα. This 

results in increased cell proliferation, motility, and invasion. K303R ERα-expressing cells, in turn, secrete 

factors that stimulate leptin production by adjacent CAFs, thus creating a positive feedback loop between 

cancer and stromal cells to further promote breast tumor progression. 
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Table 1 Gene expression profile of the different receptors of CAFs-secreted factors among WT and K303R 
ERα expressing MCF-7 breast cancer cells. 

 

             Gene Name                   Gene Symbol Parametric P-value Fold Change in  
K303R Clones 

    
Leptin receptor 
Interleukin 28 receptor α 
Chemokine (C-X-C motif) 
receptor 4 
Insulin receptor 
Interleukin 17 receptor C 
Insulin-like growth factor 2 
receptor 

ObR/LepR 
IL28RA 
CXCR4 
 
IR 
IL17RC 
IGF2R 

<1e-07 
<1e-07 
<1e-07 
 
1.7e-06 
7e-07 
1e-07 
 

2.4 
1.9 
1.9 
 
1.68 
1.6 
1.57 

Interleukin 15 receptor α 
Macrophage stimulating 
receptor 1 
Hepatocyte growth factor 
receptor 
Interleukin 1 receptor, type I 
Chemokine (C-C motif) 
receptor 7 
Chemokine (C-X3-C motif) 
receptor 1 
Interleukin 2 receptor β 
Interleukin 9 receptor  
Interleukin 10 receptor β 
Interleukin 6 receptor 
Interleukin 21 receptor 
Interleukin 4 receptor  
Epidermal growth factor 
receptor  
Insulin-like growth factor 1 
receptor 

IL15RA 
MSR1 
 
MET 
 
IL1R1 
CCR7 
 
CX3CR1 
 
IL2RB 
IL9R 
IL10RB 
IL6R 
IL21R 
IL4R 
EGFR 
 
IGF1R 

3e-07 
9.2e-06 
 
1.69e-05 
 
0.0004 
0.0001 
 
7.9e-05 
 
3.57e-05 
0.0002 
0.0003 
0.01 
0.0006 
0.0007 
7.6e-06 
 
0.0006 
 

1.5 
1.44 
 
1.39 
 
1.38 
1.3 
 
1.32 
1.27 
1.25 
1.23 
1.21 
1.2 
0.8 
0.7 
0.7 
 
0.7 

Fibroblast growth factor 
receptor 3 
 

FGFR3 
 
 

0.0005 
 
 

0.7 
 
 

 

Representative probesets from pathway analysis showing gene expression changes in the receptor family of 
CAFs-secreted factors along with the p-value and the fold change of K303R-expressing cells compared to 
WT cells studied by microarray analysis. In cases where the same genes were deemed significant across 
multiple probesets, only one is shown.   



ORIGINAL ARTICLE

Farnesoid X receptor inhibits tamoxifen-resistant MCF-7 breast cancer cell

growth through downregulation of HER2 expression
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Tamoxifen (Tam) treatment is a first-line endocrine
therapy for estrogen receptor-a-positive breast cancer
patients. Unfortunately, resistance frequently occurs and
is often related with overexpression of the membrane
tyrosine kinase receptor HER2. This is the rationale
behind combined treatments with endocrine therapy and
novel inhibitors that reduce HER2 expression and
signaling and thus inhibit Tam-resistant breast cancer
cell growth. In this study, we show that activation of
farnesoid X receptor (FXR), by the primary bile acid
chenodeoxycholic acid (CDCA) or the synthetic agonist
GW4064, inhibited growth of Tam-resistant breast cancer
cells (termed MCF-7 TR1), which was used as an in vitro
model of acquired Tam resistance. Our results demon-
strate that CDCA treatment significantly reduced both
anchorage-dependent and anchorage-independent epider-
mal growth factor (EGF)-induced growth in MCF-7 TR1
cells. Furthermore, results from western blot analysis and
real-time reverse transcription–PCR revealed that CDCA
treatment reduced HER2 expression and inhibited EGF-
mediated HER2 and p42/44 mitogen-activated protein
kinase (MAPK) phosphorylation in these Tam-resistant
breast cancer cells. Transient transfection experiments,
using a vector containing the human HER2 promoter
region, showed that CDCA treatment downregulated
basal HER2 promoter activity. This occurred through
an inhibition of nuclear factor-jB transcription factor
binding to its specific responsive element located in the
HER2 promoter region as revealed by mutagenesis
studies, electrophoretic mobility shift assay and chromatin
immunoprecipitation analysis. Collectively, these data
suggest that FXR ligand-dependent activity, blocking
HER2/MAPK signaling, may overcome anti-estrogen
resistance in human breast cancer cells and could
represent a new therapeutic tool to treat breast cancer
patients that develop resistance.

Oncogene advance online publication, 18 April 2011;
doi:10.1038/onc.2011.124

Keywords: FXR; breast cancer; tamoxifen resistance;
HER2; NF-jB

Introduction

Administration of the selective estrogen receptor (ER)
modulator tamoxifen (Tam), to block ERa activity, is
still a first-line endocrine therapy for the management of
all stages of ERa-positive breast cancer (Fisher et al.,
1998; Gradishar, 2004). Unfortunately, not all patients
who have ERa-positive tumors respond to Tam (de novo
resistance), and a large number of patients who do
respond will eventually develop disease progression or
recurrence while on therapy (acquired resistance), limit-
ing the efficacy of the treatment.

Multiple mechanisms are responsible for the develop-
ment of endocrine resistance. Among these are the loss
of ERa expression or function (Encarnacion et al.,
1993), alterations in the balance of regulatory cofactors,
increased oncogenic kinase signaling (Blume-Jensen and
Hunter, 2001), and altered expression of growth factor
signaling pathways (Arpino et al., 2004; Schiff et al.,
2004; Sabnis et al., 2005; Staka et al., 2005). For
instance, several preclinical and clinical studies suggest
that both de novo and acquired resistance to Tam in
breast cancers can be associated with elevated levels of
the membrane tyrosine kinase HER2 (c-ErbB2, Her2/
neu) (Chung et al., 2002; Meng et al., 2004; Shou et al.,
2004; Gutierrez et al., 2005).

The HER2 gene codes for a 185 kDa receptor, a
member of the epidermal growth factor receptor (EGFR)
family of transmembrane tyrosine kinases, which also
includes HER3 and HER4, mainly involved in signal
transduction pathways that regulate cell growth and
differentiation. This receptor has no ligand of its own,
but is activated by hetero-oligomerization with other
ligand-activated receptors (Yarden, 2001). The HER2
gene is amplified and/or overexpressed in 20–25% of
ERa-positive breast cancers (Slamon et al., 1989), and
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clinical observations indicate that tumors with high
levels of HER2 have poor outcome when treated with
Tam (Osborne et al., 2003; Kirkegaard et al., 2007).

The mechanisms by which HER2 overexpression
mediates Tam resistance result from an intimate cross-
talk between ERa and growth factor receptors kinase
cascades, such as Ras/mitogen-activated protein kinase
(MAPK) signaling, that in turn can promote growth and
progression in breast cancer cells, negating the inhibi-
tory effects of Tam on nuclear ERa activity (Arpino
et al., 2008). HER2 overexpression is not attributed
solely to amplification of the HER2 gene copy number,
but can also occur from a single-copy gene due to
deregulation events at the transcriptional level (Hurst,
2001).

Thus, an analysis of new mechanisms controlling
HER2/neu receptor gene expression could be important
to enhance strategies to reverse Tam resistance in breast
cancer patients.

Farnesoid X receptor (FXR), a member of the nuclear
receptor superfamily of ligand-dependent transcription
factors, is mainly expressed in the liver and the
gastrointestinal tract, where it regulates expression of
genes involved in bile acids, cholesterol and triglyceride
metabolism (Forman et al., 1995; Makishima et al.,
1999; Parks et al., 1999). Recently, this receptor was also
detected in different non-enterohepatic compartments,
including breast cancer tissue and breast cancer cell lines
(Bishop-Bailey, 2004; Swales et al., 2006; Journe et al.,
2008; Catalano et al., 2010). For instance, FXR
activation inhibits breast cancer cell proliferation and
negatively regulates aromatase activity reducing local
estrogen production (Swales et al., 2006), whereas other
authors have reported that FXR activation stimulates
MCF-7 cell proliferation but only in steroid-free
medium (Journe et al., 2008). However, the functions
of FXR in breast cancer tissue are still not completely
understood, and there are no data regarding its role in
the endocrine-resistant breast cancer phenotype. Thus,
we have investigated whether activated FXR may
modulate the growth of human MCF-7 Tam-resistant
breast cancer cells, a model that was developed to mimic
in vitro the occurrence of acquired Tam resistance.

Here, we demonstrate that a specific FXR ligand
chenodeoxycholic acid (CDCA) or its synthetic agonist
GW4064 inhibited Tam-resistant breast cancer cell
proliferation and EGF-induced growth, by reducing
expression of the HER2 receptor. This occurs through
an FXR-mediated inhibition of nuclear factor (NF)-kB
binding on the human HER2 promoter region.

Results

FXR expression in Tam-resistant breast cancer cells
Acquired resistance to Tam has been associated with
elevated levels of the membrane tyrosine kinase HER2
(Knowlden et al., 2003; Nicholson et al., 2004; Gutierrez
et al., 2005). In agreement with these reports, we found a
marked increase in the levels of total HER2 protein
content in Tam-resistant MCF-7 TR1 compared with

MCF-7 cells, whereas no differences were seen in the
expression of EGFR and ERa (Figure 1a). We therefore
evaluated anchorage-independent growth of MCF-7
and MCF-7 TR1 cells after treatment with herceptin, a
humanized monoclonal antibody directed against the
extracellular domain of HER2, in the presence or not of
EGF. Herceptin had no effect on MCF-7 growth,
whereas significantly inhibited anchorage-independent
growth of MCF-7 TR1 cells in basal conditions as well
as upon EGF treatment (Figure 1b). These data confirm
that the HER2 overexpression found in the MCF-7 TR1
cells renders them more sensitive to the inhibitory effect
of this selective HER2-targeted agent.

Next, we evaluated the expression of FXR in MCF-7
and MCF-7 TR1 cells. Our results revealed the presence
of FXR mRNA (Figure 1c, upper panel) and protein
(Figure 1c, lower panel) in both MCF-7 and MCF-7
TR1 cells. To assess the ability of FXR to be
transactivated by CDCA, we transiently transfected
cells with an FXR-responsive reporter gene (FXRE-IR1)
followed by treatment with increasing doses of CDCA.
The specificity of the system was tested by co-transfect-
ing the cells with a dominant negative FXR (FXR-DN)
plasmid. As shown in Figure 1d, CDCA treatment
induced a dose-dependent FXR activation in both cell
lines and expression of the FXR-DN completely
abrogated the CDCA-induced transactivation.

FXR activation inhibits Tam-resistant breast cancer cell
growth
We examined, by MTT growth assays, the effects of
increasing doses of CDCA and GW4064. Treatment
with both ligands reduced cell proliferation in a dose-
dependent manner in MCF-7 and MCF-7 TR1 cells,
whereas had no effects on normal breast epithelial cells
MCF-10A (Figures 2a and b). Similar results in growth
inhibition were also obtained in another Tam-resistant
breast cancer cell line termed MCF-7 TR2 (Supplemen-
tary Figures 2a and b). It is worth noting that the
inhibitory effects exerted by FXR ligands on cell
proliferation were significant at lower dose in MCF-7
TR1 cells compared with MCF-7 cells, as evidenced by
half-maximal inhibitory concentration (IC50) values
(Table 1). The antiproliferative effects exerted by CDCA
were completely reversed in the presence of a FXR-DN
plasmid, supporting the specific involvement of the FXR
(Figure 2c).

Next, we tested the effects of CDCA in the presence
of Tam on cell growth (Figure 2d). As expected, with
anti-estrogen treatment, cell viability was significantly
reduced in MCF-7 cells, whereas MCF-7 TR1 cells
growth was unaffected, confirming the Tam-resistant
phenotype. Interestingly, combined treatment with
CDCA and Tam reduced growth of MCF-7 TR1 cells
compared with treatment with Tam alone, but showed
no additive effects in MCF-7 cells (Figure 2d). The
ability of CDCA and Tam to inhibit Tam-resistant
growth was also confirmed using anchorage-indepen-
dent growth assays (Figure 2e). These results suggest
that FXR activation can interfere with the cellular

FXR inhibits tamoxifen resistance in breast cancer
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mechanisms by which MCF-7 TR1 cells escape antihor-
monal treatments.

CDCA reduces HER2 expression and signaling in MCF-7
TR1 cells
To understand the mechanisms associated with CDCA-
mediated inhibition of Tam-resistant growth in breast
cancer cells, we evaluated the possible role of FXR lig-
ands in modulating HER2 expression. As shown in
Figure 3a, treatment with CDCA downregulated HER2
protein expression in both cell lines, but with higher
reduction seen in MCF-7 TR1 cells. Similar results were
also observed after treatment with GW4064 (data not
shown). A reduction in HER2 levels was also found
upon CDCA treatment in MCF-7 TR2 cells (Supple-
mentary Figure 2c). No differences were found in
EGFR expression upon CDCA treatment (Supplemen-
tary Figure 3), confirming that activated FXR specifi-
cally target HER2 expression in breast cancer cells. In
the presence of an FXR-DN the HER2 downregulation
was completely abrogated, confirming FXR involve-
ment in CDCA-induced effects on HER2 (Figure 3b).
Next, we questioned whether these HER2-decreased
levels could modify the responsiveness of breast cancer
cells after growth factor stimulation. Thus, we investi-
gated the effects of short-term stimulation with EGF, in
the presence of CDCA treatment, on phosphorylation

levels of HER2 and MAPK, the main downstream
effectors of the growth factor signaling. EGF treatment
increased phosphorylation of both HER2 and MAPK,
even though in higher extent in MCF-7 TR1 cells.
However, pretreatment with CDCA reduced EGF-
induced phosphorylation of HER2 in both cell lines
and drastically prevented MAPK activation in MCF-7
TR1 cells (Figure 3c). In addition, data obtained from
MTT (Figure 3d upper panel) as well as soft-agar
(Figure 3d lower panel) growth assays revealed that
CDCA treatment inhibited EGF-induced growth by
70% in anchorage-dependent and 50% in anchorage-
independent assays in MCF-7 TR1 cells. CDCA was less
effective in MCF-7 cells. These results well correlated
with the downregulatory effect of CDCA on EGF-
induced cyclin D1 expression, particularly in MCF-7
TR1 cells (Figure 3e).

Activated FXR inhibits the binding of NF-kB to HER2
promoter region
To explore whether HER2 downregulation relies on
transcriptional mechanisms, we evaluated, using real-
time reverse transcription (RT)–PCR, HER2 mRNA
levels after treatment with CDCA for different times.
Exposure to CDCA exhibited a time-dependent reduc-
tion in HER2 mRNA levels in both MCF-7 and MCF-7
TR1 cells (Figure 4a). Also, transcriptional activity of a
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reporter plasmid containing the human HER2 promoter
region (pNeuLite) was significantly reduced with CDCA
treatment in both cell lines (Figures 4c and d).

The human HER2 promoter contains multiple con-
sensus sites for several transcription factors, including
Sp1, as well as activator protein (AP)-1 and NF-kB, the
well known effectors of FXR transrepression (He et al.,
2006; Vavassori et al., 2009) (Figure 4b). To identify the
region within the HER2 promoter responsible for
CDCA inhibitory effects, HER2 promoter-deleted con-
struct (�232 pNeuLite) activity was tested (Figure 4b).
We observed that the responsiveness to CDCA was
still maintained, suggesting that the region from �232
to þ 1 containing the NF-kB motif might be involved in
transrepression mechanisms exerted by activated FXR
(Figures 4c and d). Thus, we performed site-directed
mutagenesis on the NF-kB domain (NF-kB Mut) within
the HER2 promoter (Figure 4b). Mutation of this

domain abrogated CDCA effects (Figures 4c and d).
These latter results demonstrate that the integrity of
NF-kB-binding site is necessary for FXR modulation of
HER2 promoter activity in breast cancer cells.

The specific role of the NF-kB motif in the transcrip-
tional regulation of HER2 by CDCA was investigated
using electrophoretic mobility shift assays. We observed
the formation of a complex in nuclear extracts from
MCF-7 and MCF-7 TR1 cells using synthetic oligo-
deoxyribonucleotides corresponding to the NF-kB motif
(Figure 5a, lanes 1 and 5), which was abrogated by incu-
bation with 100-fold molar excess of unlabeled probe
(Figure 5a, lanes 2 and 6), demonstrating the specificity
of the DNA-binding complex. This inhibition was no
longer observed when mutated oligodeoxyribonucleo-
tide was used as competitor (Figure 5a, lanes 3 and 7).
Interestingly, treatment with CDCA strongly decreased
the DNA-binding protein complex compared with
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Figure 2 FXR ligands effects on breast cancer cells proliferation. MTT growth assays in MCF-10A, MCF-7 and MCF-7 TR1 cells
treated with vehicle (�) or increasing doses of CDCA (12.5–25–50–100mM) (a) or GW4064 (0.3–3–6.5–10mM) (b) for 7 days. Cell
proliferation is expressed as fold change±s.d. relative to vehicle-treated cells and is representative of three different experiments each
performed in triplicate. (c) MCF-7 and MCF-7 TR1 cells, transiently transfected with either empty vector (e.v.) or FXR-DN vector
plasmids, were treated with vehicle (�) or CDCA 50 mM for 4 days before testing cell viability using MTT assay. Results are expressed
as fold change±s.d. relative to vehicle-treated cells and are representative of three different experiments each performed in triplicate.
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Table 1 IC50 of CDCA and GW4064 for MCF-7 and MCF-7 TR1 cells on anchorage-dependent growth

Cell lines IC50 (mmol/l) CDCA 95% confidence interval P IC50 (mmol/l) GW4064 95% confidence interval P

MCF-7 46 42.2–50.1 6.04 5.44–6.70
MCF-7 TR1 31 28.6–33.9 0.0001 4.47 3.6–5.49 0.008

Abbreviations: CDCA, chenodeoxycholic acid; IC50, half-maximal inhibitory concentration.
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control samples (Figure 5a, lanes 4 and 8). The inclusion
of an anti-NF-kB antibody in the reaction immuno-
depleted the specific band, confirming the presence of
NF-kB in the complex (Figure 5b, lanes 3 and 9).
Nonspecific IgG did not affect NF-kB complex forma-
tion (Figure 5b, lanes 4 and 10). Recombinant NF-kB
protein revealed a complex migrating at the same level
as that of nuclear extracts from cells (Figure 5a, lane 9;
Figure 5b, lanes 5 and 11). Of note, the CDCA-induced
reduction in the DNA-binding complex was no longer
observed utilizing as probe synthetic oligodeoxyribonu-
cleotides corresponding to the AP-1 and Sp1 motifs
(Supplementary Figures 1a and b). To better define the
role of FXR in the inhibition of NF-kB binding on
HER2 promoter, a competition assay using recombi-
nant NF-kB protein and increasing amounts of in vitro-
translated FXR protein (1, 3 and 5 ml) was carried out. A
dose-dependent reduction in the NF-kB complex was
seen (Figure 5c, lanes 1–4), suggesting that physical
interaction between these two transcription factors may
inhibit the binding of NF-kB to human HER2 promoter

region. To further test this possibility, we performed
coimmunoprecipitation studies using nuclear protein
fractions from MCF-7 and MCF-7TR1 cells treated
with CDCA. As shown in Figure 6a, the formation of an
FXR and NF-kB complex was detected in untreated
cells, and this association was enhanced with FXR
ligand treatment.

Moreover, to confirm the involvement of NF-kB in
CDCA-mediated HER2-downregulation at the promo-
ter level, ChIP assays were performed. Using specific
antibodies against NF-kB and RNA-polymerase II,
protein–chromatin complexes were immunoprecipitated
from cells cultured with or without CDCA for 1 h.
The resulting precipitated DNA was then quantified
using real-time PCR with primers spanning the
NF-kB-binding element in the HER2 promoter region.
NF-kB recruitment was significantly decreased upon
CDCA treatment in both cell lines (Figure 6b). This
result was well correlated with a lower association of
RNA-polymerase II to the HER2 regulatory region
(Figure 6c).
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Figure 3 Effects of CDCA on HER2 expression and its transduction pathways in MCF-7 and MCF-7 TR1 cells. (a) MCF-7 and
MCF-7 TR1 cells were treated for 24 h with vehicle (�) or CDCA 25 and 50mM before lysis. Equal amounts of total cellular extract
were analyzed for HER2 levels by western blotting. b-Actin was used as loading control. (b) Cells were transiently transfected with
either empty vector (e.v.) or FXR-DN plasmids and then treated with vehicle (�) or CDCA 50 mM for 24 h and HER2 levels were
evaluated by western blotting. b-Actin was used as loading control. (c) Immunoblot analysis showing phosphorylated HER2 (pHER2
Tyr1248) and MAPK (pMAPK Thr202/Tyr204), total HER2, total MAPK in MCF-7 and MCF-7 TR1 cells pretreated for 24 h with
CDCA 50mM and then treated for 10min with EGF 100ng/ml. b-Actin was used as loading control. (d) MTT growth assay (upper
panel) and soft-agar assay (lower panel) in cells treated with CDCA 50 mM with or without EGF 100 ng/ml for 4 days and 14 days,
respectively. The MTT assay results are expressed as fold change±s.d. relative to vehicle-treated cells and are representative of three
different experiments each performed in triplicate. The soft-agar assay values are represented as a mean of colonies number 450mm
diameter counted at the end of assay. Percentages of inhibition induced by CDCA versus EGF treatment alone are shown. (e) Cells
were treated for 24 h with vehicle (�) or EGF 100 ng/ml in the presence or not of CDCA 50 mM before lysis and then cellular extracts
were analyzed for cyclin D1 levels by western blot analysis. b-Actin was used as loading control. Numbers on top of the blots represent
the average fold change versus control of MCF-7 cells normalized for b-Actin.
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To further confirm the transcriptional repression
mediated by activated FXR, we also evaluated the
histone deacetylase 3 association on the NF-kB-respon-
sive sequence within the HER2 promoter. CDCA
stimulation enhanced the recruitment of histone deace-
tylase 3 to this NF-kB promoter site (Figure 6d).

HER2 downregulation underlies the ability of FRX
ligands to inhibit breast cancer cell growth
We evaluated the effects of CDCA on cell growth in the
ERa-negative and HER2-overexpressing breast cancer
cells SKBR3. Treatment with CDCA inhibited SKBR3
anchorage-dependent growth in a dose-dependent

MCF-7

1

MCF-7

0.8
1

1.2

* *
0.6

0.8

1.2

* *
*

*
*

0
0.2
0.4
0.6

L
u

ci
fe

ra
se

 a
ct

iv
it

y
(F

o
ld

 c
h

an
g

e)
L

u
ci

fe
ra

se
 a

ct
iv

it
y

(F
o

ld
 c

h
an

g
e)

CDCA 50�M CDCA 50�M - + - + - +
0

0.2

0.4

0 3 6 12 24 0 3 6 12 24
H

E
R

2 
m

R
N

A
/G

A
P

D
H

(F
o

ld
 o

ve
r 

b
as

al
)

**
**

**

pNeuLite -232
pNeuLite

-232
pNeuLite

NF-�B
Mut

NF-�B
Mut

NF-�B

NF-�B Mut

NF-�B

NF-�B

Sp1 AP-1

0.6
0.8

1
1.2

MCF-7 TR1

* *

LUC-232 - 232 pNeuLite

-500
LUC pNeuLite

0
0.2
0.4

CDCA 50�M - + - + - +
LUC

-500

pNeuLite

MCF-7 TR1

(h)

Figure 4 Effects of CDCA on human HER2 promoter activity. (a) mRNA HER2 content, evaluated by real-time RT–PCR, after
treatment with vehicle or CDCA 50 mM, as indicated. Each sample was normalized to its GAPDH mRNA content. *Po0.05 and
**Po0.001 compared with vehicle. (b) Schematic map of the human HER2/neu promoter region constructs used in this study. All of
the promoter constructs contain the same 30 boundary. The 50 boundaries of the promoter fragments varied from �500 (pNeuLite) to
�232 (�232 pNeuLite). A mutated NF-kB-binding site is present in NF-kB mut construct. HER2 transcriptional activity in MCF-7
(c) and MCF-7 TR1 (d) cells transfected with promoter constructs are shown. After transfection, cells were treated in the presence of
vehicle (�) or CDCA 50 mM for 6 h. The values represent the means±s.d. of three different experiments each performed in triplicate.
*Po0.05 compared with vehicle.

1 2 3 4 5 1 2 3 4 56 7 8 9 10

MCF-7

1 2 3 4 5 6 7 8 9101112

MCF-7 TR1 MCF-7 MCF-7 TR1

NF-�B NF-�B NF-�B

+ + + + + + + + -
+ M - - + M - -
- - + - - - + -
- - - - - - - +

-
-
-
-

-
-
-

Nuclear extract Nuclear extract + + + + - -
- + - - - -
- - + - - -
- - - + - -
- - - - + -

+ + + + - + + + + -
- 1 3 5 -

-
- + - - - -
- - + - - -
- - - + - -
- - - - + -

NF-κB protein

Competitor (100X)

CDCA 50 μM

NF-κB protein

Competitor (100X)

Ab NFkB

IgG

NF-κB protein

FXR protein (μl)

Figure 5 Electrophoretic mobility shift assay of the NF-kB-binding site in the HER2 promoter region. (a) Nuclear extracts from
MCF-7 and MCF-7 TR1 cells were incubated with a double-stranded NF-kB specific sequence probe labeled with [g32P]ATP and
subjected to electrophoresis in a 6% polyacrylamide gel (lanes 1 and 5). Competition experiments were performed adding as competitor
a 100-fold molar excess of unlabeled probe (lanes 2 and 6) or a 100-fold molar excess of unlabeled oligonucleotide containing a
mutated NF-kB RE (lanes 3 and 7). Lanes 4 and 8, nuclear extracts from CDCA (50 mM) -treated MCF-7 and MCF-7 TR1 cells,
respectively, incubated with probe. Lane 9, NF-kB protein. Lane 10, probe alone. (b) Nuclear extracts from MCF-7 and MCF-7 TR1
cells were incubated with a double-stranded NF-kB specific sequence probe labeled with [g32P]ATP (lanes 1 and 7) or with a 100-fold
molar excess of unlabeled probe (lanes 2 and 8). Nuclear extracts incubated with anti-NF-kB (lanes 3 and 9) or IgG (lanes 4 and 10).
Lanes 5 and 11, NF-kB protein. Lanes 6 and 12, probe alone. (c) Lane 1, NF-kB protein. Lanes 2, 3 and 4, NF-kB protein incubated
with increasing doses (1, 3 and 5ml) of transcribed and translated in vitro FXR protein. Lane 5, probe alone.

FXR inhibits tamoxifen resistance in breast cancer
C Giordano et al

6

Oncogene



manner (Figure 7a) and reduced colony growth in
anchorage-independent assay (Figure 7b). Indeed, we
found, after 48 h of treatment with CDCA, a marked
decrease in both HER2 protein and mRNA levels
(Figures 7c and d). In these cells, HER2 promoter activity
was similarly reduced with CDCA treatment (Figure 7e).

Finally, we explored the ability of FXR ligands
to inhibit proliferation using as additional model
Tam-resistant derivative cell line engineered to stably
overexpress HER2 (MCF-7/HER2-18). As expected,
Tam-resistant growth in these cells was not affected
by both CDCA and GW4064 treatments (Figure 7f).
Altogether, these results well evidence how FXR-
mediated downregulation of HER2 at transcriptional
level is fully responsible for inhibiting breast cancer
cell proliferation.

Discussion

In this study, we show for the first time that the
activated FXR downregulates HER2 expression in
ERa-positive breast cancer cells resistant to Tam. This
occurs through the inhibition of NF-kB binding to
its responsive element located in the human HER2

promoter region and results in a significant reduction of
Tam-resistant growth.

The HER2/neu transmembrane kinase receptor is a
signaling amplifier of the HER family network, as
activation of membrane tyrosine receptors (EGFR,
HER3 and HER4) by their respective ligands determines
the formation of homodimeric and heterodimeric kinase
complexes into which this receptor is recruited as a
preferred partner (Yarden, 2001). Multiple lines of
evidences suggest a role of HER2 in the pathogenesis
of breast carcinoma (Allred et al., 1992; Glockner et al.,
2001), and clinical data suggest that breast tumors
expressing elevated levels of HER2 show a more
aggressive phenotype and worse outcome when treated
with Tam (Arpino et al., 2004; De Laurentiis et al.,
2005). Thus, inhibitory agents targeting HER2, such as
the monoclonal antibody trastuzumab (herceptin), have
been explored to improve hormonal treatment or delay
emergence of endocrine resistance in estrogen-dependent
breast tumors (Johnston, 2009). However, even though
an increased response rate is obtained when trastuzu-
mab is used in combination with chemotherapeutic
agents (Seidman et al., 2001; Slamon et al., 2001),
patients can still develop resistance (Slamon et al., 2001).
These observations highlight the importance of disco-
vering new therapeutic tools interfering with HER2-
driven signaling to overcome therapy resistance.

We have demonstrated that treatment of breast
cancer cells resistant to Tam with the FXR natural
ligand CDCA resulted in a reduction of HER2 protein
expression. Similar results were also obtained in the
ERa-negative and HER2-overexpressing SKBR3 breast
cancer cells, suggesting that it may represent a general
mechanism not related to cell specificity. Moreover, it
assumes more relevance in Tam-resistant breast cancer
cells, which are strongly dependent on HER2 activity
for their growth. The complete abrogation of FXR-
mediated HER2 downregulation with expression of an
FXR-DN vector, along with the effects exerted by the
synthetic FXR agonist GW4064, clearly demonstrated
that activated FXR is involved in the regulation of
HER2 expression. Furthermore, quantitative RT–PCR
analysis demonstrated that HER2 mRNA levels were
significantly decreased in both MCF-7 and MCF-7 TR1
cells treated with CDCA, suggesting that the FXR-
induced HER2 downregulation arises via transcriptional
mechanisms. Therefore, we focused on the molecular
mechanisms by which FXR mediates repression of
HER2 gene expression and on the biological conse-
quences of FXR activation on anti-estrogen-resistant
growth of breast cancer cells.

FXR acts mainly by regulating the expression of
target genes by binding either as a monomer or
heterodimer with the retinoid X receptor to FXR res-
ponse elements (Laffitte et al., 2000; Ananthanarayanan
et al., 2001; Claudel et al., 2002; Kalaany and
Mangelsdorf, 2006). Human HER2 promoter did not
display any FXR response elements, thus it is reasonable
to hypothesize that FXR-induced downregulation of
HER2 promoter activity may occur through its inter-
action with other transcriptional factors. For instance, it
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Figure 6 FXR inhibits NF-kB recruitment to HER2 promoter.
(a) MCF-7 and MCF-7 TR1 cells were treated with vehicle (�) or
CDCA 50 mM for 1 h before lysis. FXR protein was immunopre-
cipitated using an anti-FXR polyclonal antibody (IP:FXR) and
resolved in SDS–polyacrylamide gel electrophoresis. Immunoblot-
ting was performed using an anti-NF-kB (p65 subunit) monoclonal
antibody and anti-FXR antibody. MCF-7 and MCF-7 TR1 cells
were treated in the presence of vehicle (�) or CDCA 50 mM for 1 h,
then crosslinked with formaldehyde, and lysed. The precleared
chromatin was immunoprecipitated with anti-NF-kB (b), anti-
RNA polymerase II (c) and anti-HDCA3 (d) antibodies. A 5ml
volume of each sample and input was analyzed by real-time PCR
using specific primers to amplify HER2 promoter sequence,
including the NF-kB site. Similar results were obtained in multiple
independent experiments. *Po0.01 compared with vehicle.
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has been described the transrepression mechanisms for
FXR-mediated inhibition of endothelin-1 expression in
vascular endothelial cells (He et al., 2006). In addition, it
has also been demonstrated that FXR negatively
regulates IL-1b expression by stabilizing the nuclear
corepressor NCoR on the NF-kB sequence within the
IL-1b promoter (Vavassori et al., 2009). Several recog-
nition elements are present within the HER2 proximal
promoter (Ishii et al., 1987; Hurst, 2001) and among
these functional motifs we have identified both AP-1
and NF-kB response elements as potential targets of
FXR. We have demonstrated by functional studies and
site-specific mutagenesis analysis that the integrity of the
NF-kB sequence is a prerequisite for the downregula-
tory effects of the FXR ligand on HER2 promoter

activity. These results were supported by electrophoretic
mobility shift assays, which revealed a marked decrease
in a specific DNA-binding complex in nuclear extracts
from MCF-7 and MCF-7 TR1 cells treated with CDCA.
In vitro competition studies showed that FXR protein
was able to inhibit the binding of NF-kB to its
consensus site on the HER2 promoter. Furthermore,
we observed a reduced recruitment of both NF-kB and
RNA polymerase II in CDCA-treated cells, concomi-
tant with an enhanced recruitment of histone deacety-
lase 3 supporting a negative transcriptional role for
FXR in modulating HER2 expression.

The physiological relevance of these effects is pointed
out by proliferation studies showing that FXR activa-
tion reduced breast cancer cell growth, but did not affect
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the proliferation of the non-tumorogenic breast epithe-
lial MCF-10A cell line. MCF-7 TR1 cells exhibited
lower IC50 values for both ligands compared with
parental MCF-7 cells, suggesting a higher sensitivity of
the Tam-resistant cells to the effects of FXR ligands.
This suggestion is also well supported by the results
obtained from growth assays, showing that combined
treatment with CDCA and Tam significantly reduced
Tam-resistant growth in MCF-7 TR1 cells, compared
with Tam alone, but had no additive effects in MCF-7
parental cells. Moreover, FXR ligands failed to inhibit
Tam-resistant growth in MCF-7/HER2-18 cells, in
which HER2 expression is not driven by its own gene
promoter activity. These latter results provided evi-
dences that the downregulation of HER2 expression
at transcriptional level underlies the ability of acti-
vated FXR to inhibit Tam-resistant growth in breast
cancer cells.

Previous in vitro studies showed that enhanced
EGFR/HER2 expression together with activation of
downstream signaling pathways such as p42/44 MAPK
are involved in acquired Tam resistance (Knowlden
et al., 2003; Nicholson et al., 2004). Our studies showed
that CDCA treatment significantly reduced the ability
of EGF to activate its signal transduction cascade in
MCF-7 TR1 cells, inhibiting both HER2 and MAPK
phosphorylation. In addition, FXR activation was
associated with a marked inhibition in EGF-induced
growth, concomitant with a reduction in cyclin D1
expression in Tam-resistant breast cancer cells. All
together these data demonstrate, as represented in
Figure 8, that activated FXR, by preventing the binding
of NF-kB to its response element located in the HER2
promoter sequence, abrogates HER2 expression and

signaling, resulting in an inhibition of Tam-resistant
growth in breast cancer cells.

Deciphering the molecular mechanisms responsible
for the development of hormonal resistance is essential
for establishing the most appropriate hormone agent
according to tumor characteristics and for defining the
optimal sequence of endocrine therapies. Moreover, this
knowledge is critical for development of new therapeutic
approaches able to either overcome or prevent endo-
crine resistance in breast cancer patients. Over the last
years, significant survival benefits for breast cancer were
derived from the use of combined treatment of endo-
crine therapies with new targeted therapies in endocrine
responsive breast cancer (Johnston, 2009). In this
scenario, the sequencing or the combination of Tam
with FXR ligands may represent an important research
issue to explore as an alternative therapeutic strategy to
treat breast cancer patients whose tumors exploit HER2
signaling to escape Tam treatment.

Materials and methods

Reagents and antibodies
The following components were obtained from the given
respective companies, with their addresses in brackets.
DMEM, L-glutamine, penicillin, streptomycin, fetal bovine
serum, MTT, 4-hydroxytamoxifen, CDCA and EGF from
Sigma (Milan, Italy). TRIzol by Invitrogen (Carlsbad, CA,
USA). FuGENE 6 by Roche (Indianapolis, IN, USA).
TaqDNA polymerase, RETROscript kit, Dual Luciferase kit,
TNT master mix and NF-kB protein from Promega (Madison,
WI, USA). SYBR Green Universal PCR Master Mix by Bio-
rad (Hercules, CA, USA). Antibodies against FXR, b-actin,
Cyclin D1, p65, ERa, EGFR and Lamin B by Santa Cruz
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HER2
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FXR
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cA cA
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Figure 8 Proposed working model of the FXR-mediated regulation of HER2 expression in Tam-resistant breast cancer cells. In the
absence of CDCA, HER2 expression is regulated by several serum factors, including NF-kB, acting through a regulatory region in
HER2 promoter and enabling gene transcription. Upon CDCA treatment, FXR binds NF-kB, inhibiting its recruitment on the
response element located in the proximal HER2 promoter, causing displacement of RNA polymerase II with consequent repression of
HER2 expression.
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Biotechnology (Santa Cruz, CA, USA). MAPK, phosphory-
lated p42/44 MAPK (Thr202/Tyr204), phosphorylated HER2
(Tyr1248) from Cell Signaling Technology (Beverly, MA, USA).
HER2 from NeoMarker (Fremont, CA, USA). ECL system
and Sephadex G-50 spin columns from Amersham Bio-
sciences (Buckinghamshire, UK). [g32P]ATP from PerkinElmer
(Wellesley, MA, USA). Herceptin from Genentech (San
Francisco, CA, USA).

Plasmids
The plasmid pNeuLite containing human HER2/neu promoter
region was kindly provided by Dr Mien-Chie Hung (Uni-
versity of Texas, M.D. Anderson Cancer Center, Houston,
TX, USA) (Xing et al., 2000). The FXR-responsive reporter
gene (FXRE-IR1) and FXR-DN expression plasmids were
provided from Dr T.A. Kocarek (Institute of Environmental
Health Sciences, Wayne State University, USA) (Kocarek
et al., 2002).
The �232 pNeuLite construct was generated by PCR using

as template the pNeuLite plasmid with the following primers:
forward 50-GATAAGTGTGAGAACGGCTGCAGGC-30

and reverse 50-GGGCAGATCTGGTTTTCCGGTCCCAAT
GGA-30. The amplified DNA fragment was digested with
BglII and KpnI and ligated into pGL2-basic vector. Deletion
was confirmed by DNA sequencing.

Site-directed mutagenesis
The pNeuLite promoter plasmid-bearing NF-kB-responsive
element-mutated site (NF-kB mut) was created by site-directed
mutagenesis using Quick Change kit (Stratagene, La Jolla, CA,
USA), according to manufacturer’s method. We used as
template the pNeuLite plasmid and the following primers
(mutations are shown as lowercase letters): 50-AGAGAGGG
AGAAAGTGAAGCTaatcGTTGCCGACTCCCAGACTTC
G-30 and 50-CGAAGTCTGGGAGTCGGCAACgattAGC
TTCACTTTCTCCCTCTCT-30. Mutation was confirmed by
DNA sequencing.

Cell culture
MCF-7 cells were cultured in DMEM containing 10% fetal
bovine serum. MCF-7 TR1 and MCF-7 TR2 cells were
generated in the laboratory of Dr Fuqua as previously
described (Barone et al., 2011) and maintained with 10�6 M
(MCF-7 TR1) and 10�7 M (MCF-7 TR2) of 4-hydroxytamox-
ifen. SKBR3 cells were cultured in phenol red-free RPMI
medium containing 10% fetal bovine serum. MCF-10A
normal breast epithelial cells were grown in DMEM–F12
medium containing 5% horse serum. MCF-7/HER2-18 were
kindly provided by Dr Schiff (Baylor College of Medicine,
Houston, TX, USA) and maintained as described (Shou et al.,
2004). Before each experiment, cells were grown in phenol red-
free medium, containing 5% charcoal-stripped fetal bovine
serum for 2 days and treated as described.

Cell proliferation assays
Cell proliferation was assessed using MTT and soft-agar
anchorage-independent growth assays as described (Barone
et al., 2009; Giordano et al., 2010). The IC50 values were
calculated using GraphPad Prism 4 (GraphPad Software Inc.,
San Diego, CA) as described (Herynk et al., 2006).

Immunoprecipitation and immunoblot analysis
Cells were treated as indicated before lysis for total protein
extraction (Catalano et al., 2010). Nuclear extracts were
prepared as described (Morelli et al., 2004). For coimmuno-

precipitation experiments, we used 1mg of nuclear protein
extract and 2 mg of FXR antibody, followed by protein A/G
precipitation. Equal amounts of cell extracts and coimmuno-
precipitated protein were subjected to SDS–polyacrylamide gel
electrophoresis, as described (Catalano et al., 2010).

RT–PCR and Real-time RT–PCR assays
FXR gene expression was evaluated by the RT–PCR method
using a RETROscript kit. The cDNAs obtained were amplified
using the following primers: forward 50-CGAGCCTGAAG
AGTGGTACTGTC-30 and reverse 50-CATTCAGCCAACA
TTCCCATCTC-30 (FXR); forward 50-CTCAACATCTCCC
CCTTCTC-30 and reverse 50-CAAATCCCATATCCTCGT-30

(36B4).
The PCR was performed for 35 cycles for hFXR (94 1C

1min, 65 1C 1min, 72 1C 1min) and 18 cycles for 36B4 (94 1C
for 1min, 58 1C for 1min and 72 1C for 1min), as described
(Catalano et al., 2010).
HER2 gene expression was evaluated by real-time RT–PCR.

Total RNA was reverse transcribed with the RETROscript kit;
5ml of diluted (1:3) cDNA was analyzed in triplicates by real-
time PCR in an iCycler iQ Detection System (Bio-Rad) using
SYBR Green Universal PCR Master Mix, following the
manufacturer’s recommendations. Each sample was normal-
ized on its GAPDH mRNA content. Primers used for the
amplification were: forward 50-CACCTACAACACAGACAC
GTTTGA-30 and reverse 50-GCAGACGAGGGTGCAGGA
T-30 (HER2); forward 50-CCCACTCCTCCACCTTTGAC-30

and reverse 50-TGTTGCTGTAGCCAAATTCGTT-30

(GAPDH). The relative gene expression levels were calculated
as described (Sirianni et al., 2007).

Transient transfection assays
MCF-7 and MCF-7 TR1 cells were transiently transfected
using the FuGENE 6 reagent with FXR reporter gene (FXRE-
IR1) in the presence or absence of FXR-DN plasmid. In a set
of experiments, MCF-7, MCF-7 TR1 and SKBR3 cells were
transfected with different HER2 promoter constructs. Lucifer-
ase activity was assayed as described (Catalano et al., 2010).

Electrophoretic mobility shift assays
Nuclear extracts from cells, treated or not for 3 h with CDCA,
were prepared as described (Andrews and Faller, 1991). The
DNA sequences used as probe or as cold competitors are the
following (nucleotide motifs of interest are underlined and
mutations are shown as lowercase letters): NF-kB, 50-AA
GTGAAGCTGGGAGTTGCCGACTCCCAGA-30; mutated
NF-kB, 50-AAGTGAAGCTaatcGTTGCCGACTCCCAGA-30;
AP-1, 50-AGGGGGCAGAGTCAC CAGCCTCTG-30; muta-
ted AP-1, 50-AGGGGGCAtcaTCACCAGCCTCTG-30; Sp1
50-ATCCCGGACTCCGGGGGAGGGGGC-30; mutated Sp1,
50-ATCCCGGACCTCattG GGAGGGGGC-30. In vitro-tran-
scribed and -translated FXR protein was synthesized using the
T7 polymerase in the rabbit reticulocyte lysate system. Probe
generation and the protein-binding reactions were carried out
as described (Catalano et al., 2010). For experiments involving
anti-NF-kB (p65) antibody, the reaction mixture was incu-
bated with this antibody at 4 1C for 12 h before addition of
labeled probe.

Chromatin immunoprecipitation assays
Cells were treated with CDCA or left untreated for 1 h and
then DNA/protein complexes were extracted as described
(Catalano et al., 2010). The precleared chromatin was
immunoprecipitated with anti-NF-kB (p65), anti-histone
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deacetylase 3 or anti-polymerase II antibodies. A normal
mouse serum IgG was used as negative control. A 5 ml volume
of each sample and input DNA was used for real-time PCR
using the primers flanking NF-kB sequence in the human
HER2 promoter region: 50-TGAGAACGGCTGCAGGCA
AC-30 and 50-CCCACCAACTGCATTCCAA-30. Real-time
PCR was performed as described above. Final results were
calculated using the DDCt method, using input Ct values
instead of the GAPDH mRNA. The basal sample was used as
calibrator.

Statistical analyses
Each datum point represents the mean±s.d. of three different
experiments. Data were analyzed by Student’s t-test using the
GraphPad Prism 4 software program. Po0.05 was considered
as statistically significant.
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ORIGINAL ARTICLE

Conventional progesterone receptors (PR) B and PRA are
expressed in human spermatozoa and may be involved in
the pathophysiology of varicocoele: a role for progesterone
in metabolism
F. De Amicis,*�1 C. Guido,*�1 T. Perrotta,� P. Avena,*� S. Panza,*� S. Andò*§2 and S. Aquila*�2

*Centro Sanitario, �Department of Pharmaco-Biology, �Department of Ecology, and §Department of Cellular Biology, University of Calabria,

Arcavacata di Rende (CS), Italy

Introduction

The enigma of the varicocoele has always attracted the

researchers’ attention as attested by the substantial body

of literature on the topic. Varicocoeles, defined as abnor-

mally dilated scrotal veins, are present in 15% of the nor-

mal male population and in approximately 40% of men

presenting infertility [World Health Organization (WHO)

1992; Koksal et al., 2007]. Although it is widely accepted

that varicocoele is the most common cause of male infer-

tility (Romeo & Santoro, 2009), scientific support for

this contention is almost lacking. The preponderance of

experimental data from clinical and animal models dem-

onstrates an adverse effect of varicocoeles on spermato-

genesis, as venous reflux and testicular temperature

elevation cause impaired spermatogenesis (Zorgniotti &

Macleod, 1973; Gorelick & Goldstein, 1993). Studies using

light microscopy have shown in ejaculated spermatozoa

from men with varicocoele an increased number of elon-

gated tapered sperm heads (Portuondo et al., 1983),

although the pathophysiology of the spermatogenesis

underlying the relationship between sperm cell quality and

varicocoele is still poorly understood.

It is well known that progesterone (PRG) is an essen-

tial regulator of several female reproductive events such

as ovulation, regulation of the menstrual cycle, implanta-
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Summary

The physiological roles of intracellular progesterone (PRG) receptors (PRs)

have been studied intensively in female mammals, while their functions in male

are scarce. Conventional PRs were evidenced in our study by Western blotting,

concomitantly in healthy spermatozoa and in oligoasthenoteratozoospermic

samples without and with varicocoele. Transmission electron microscopy

revealed the presence of the PRs on the membrane as well as in the nucleus,

mitochondria and flagellum. A reduced expression of the PRs was observed

only in varicocoele spermatozoa. Responses to PRG treatment on cholesterol

efflux, tyrosine phosphorylation, src and Akt activities, acrosin activity and

acrosome reaction in varicocoele spermatozoa were reduced or absent. To

further investigate PRG significance in human male gamete, we focused its

action on lipid and glucose metabolism. The evaluation of the triglycerides

content, lipase and acyl-CoA dehydrogenase activities suggests that PRG

through the PRs exerts a lipolytic effect on human spermatozoa. An increase in

glucose-6-phosphate dehydrogenase activity was also obtained, evidencing a

role for PRG on glucose metabolism. In ‘varicocoele’ spermatozoa, the PRG

did not induce energy consumption. The action of PRs on sperm metabolism

is a novel finding that renews the importance of PRG in male fertility. Our

results showed that varicocoele may lead to male factor infertility by a mecha-

nism involving a decreased PR expression in human spermatozoa that evi-

dences a detrimental effect on spermatozoa at the molecular level, going

beyond the abnormal sperm morphology described to date.
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tion and maintenance of pregnancy (Rothchild, 1983;

Graham & Clarke, 1997). In contrast to the established

unequivocal roles of PRG in female reproductive physiol-

ogy, there are limited data on the role of PRG in male

reproductive events. The actions of PRG are generally

mediated via conventional intracellular PRG receptors

(PRs) that belong to the superfamily of transcription fac-

tors (Horwitz & Alexander, 1983; Kastner et al., 1990)

expressed in a variety of female foetal and adult tissues

(Jensen, 1996; Lau et al., 1996). Gene targeting strategies

showed pleiotropic reproductive abnormalities in PR null

female mice (Lydon et al., 1995; Conneely & Lydon,

2000). Deletion of both PR isoforms, PRB and the N ter-

minally truncated PRA renders female mice infertile with

ovarian deficits that prevent ovulation (Pinter et al.,

1996; Conneely et al., 2001). Far less is known of the

reproductive consequences of PR disruption or blockade

in male animals. Although the reproductive phenotype of

PR knockout male mice has not been reported in detail,

mice null for steroid receptor coactivator-1 (SRC-1; an

intracellular PR coactivator) show reduced testicular

growth and fertility compared with their wild-type litter-

mates (Xu et al., 1998).

Ejaculated mammalian spermatozoa are highly differen-

tiated attractive cells showing intriguing features: extreme

polarization of cellular architecture and functions; a little

amount of cytoplasm; they seem to be transcriptionally

inactive; they go through two different physiological con-

ditions comprising a steady state in the male genital tract

and a functional maturation, known as capacitation, in

the female genital tract (Yanagimachi, 1994; Rathi et al.,

2001; Suarez, 2008). Capacitation is a multifaceted pro-

cess occurring in the female genital tract by which sper-

matozoa acquires the ability to fertilize an oocyte. PRG

has been shown to activate several signalling pathways

involved in the regulation of sperm functions. It was

reported that PRG induces hyperactive motility and acro-

some reaction (AR) of mammalian spermatozoa during

the transit along the female reproductive tract (Kay et al.,

1994; Gadkar-Sable et al., 2005). Cheng et al. (1998a,b)

were the first to report the existence of a sperm plasma

membrane PR in stallion spermatozoa. Later, a non-

genomic plasma membrane PR (Contreras & Llanos,

2001) was found in the acrosomal region (Wu et al.,

2005, 2006). Specific PRG sperm-binding sites are located

on the plasma membrane of the spermatozoon (Black-

more et al., 1994). Binding studies also revealed the pres-

ence of two classes of PRs in the human spermatozoon:

one class has an elevated affinity constant (nanomolar)

and it is specific for PRG, whereas the other class has an

affinity constant in the micromolar range. The blocking

of these surface receptors inhibits PRG-induced AR (Sab-

eur et al., 1996; Cheng et al., 1998b). Besides, PRG has

been shown to activate several signalling pathways, such

as generation of cAMP, increase of intracellular calcium

(Ca2+), promotion of tyrosine phosphorylation of pro-

teins, activation of phospholipases and many others, all

involved in the regulation of human spermatozoa physiol-

ogy (Thomas & Meizel, 1989; Blackmore et al., 1990).

However, the mechanism ⁄ s through which PRG exerts its

effects in this context and the role of PRG in male repro-

ductive events are still complex to define.

In this study, we investigated the expression of the classi-

cal PRs and their ultrastructural location in human sperma-

tozoa and interestingly, ‘varicocoele’ spermatozoa showed a

reduced expression of the receptors. The functional role of

PRG ⁄ PRs was tested on capacitation, Akt and p60c-src

(src) activities and AR. To define further the significance of

PRG in human male gamete, we evaluated its action

on lipid and glucose metabolism as it has never been

investigated.

Materials and methods

Chemicals

Percoll (colloidal PVP-coated silica for cell separation),

sodium bicarbonate, sodium lactate, sodium pyruvate,

dimethyl sulphoxide (DMSO), Earle’s balanced salt solu-

tion, PRG, fluorescein isothiocyanate-conjugated peanut

agglutinin (FITC-PNA) and all other chemicals were

purchased from Sigma Chemical (Milan, Italy).

The anti-progestin RU486 {RU38486, mifepristone,

17(-hydroxy-11(8-[4-(dimethylamino)phenyl]-17a-propy-

nylestra-4,9-dien-3-one} binds with high affinity to the

intracellular PR receptor in most vertebrate species

(Schatz et al., 2003). Acrylamide bisacrylamide was from

Labtek Eurobio (Milan, Italy). Triton X-100 and Eosin Y

were from Farmitalia Carlo Erba (Milan, Italy). ECL Plus

Western blotting detection system, Hybond ECL, Hepes

Sodium Salt were from Amersham Pharmacia Biotech

(Buckinghamshire, UK). Colloidal gold-conjugated goat

anti-mouse immunoglobulin G (IgG) secondary antibody

(Ab) was from Sigma-Aldrich. Rabbit polyclonal anti-

human PR (C-19) Ab, anti-phosphotyrosine Ab (PY99),

goat polyclonal actin Ab (1-19), peroxidase-coupled anti-

mouse, anti-rabbit and anti-goat IgG secondary Abs were

from Santa Cruz Biotechnology (Heidelberg, Germany).

Cholesterol-oxidase (CHOD)–peroxidase (POD) enzy-

matic colorimetric kit, triglycerides assay kit, lipase activ-

ity kit, glucose-6-phosphate dehydrogenase (G6PDH)

activity assay kit and insulin radioimmunoassay (RIA) kit

were from Inter-Medical (Biogemina Italia Srl, Catania,

Italy). PRG and RU486 were dissolved in ethanol (0.02%

final concentration in culture) and used, as solvent con-

trols did not induce any positive result in all in vitro

assays (data not shown).
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Semen samples and spermatozoa preparations

Human semen sample was collected, according to the

WHO-recommended procedure, by masturbation from

healthy volunteer donors of proven fertility. Spermatozoa

preparations were performed as described previously

(Aquila et al., 2005a). Briefly, semen samples with normal

parameters of volume, sperm count, motility, morphol-

ogy and vitality, according to the WHO’s (1992) Labora-

tory Manual, were included in this study. Varicocoele

samples of patients who consulted us for fertility investi-

gation were also included in our study. Reflux of blood

in the pampiniform plexus was determined by palpation

employing the Valsalva manoeuvre. Physical examination

is the reference standard to diagnose varicocoeles in sub-

fertile men. Additional radiological imaging is not neces-

sary to diagnose subclinical varicocoele because only a

varicocoele detected by physical examination should be

considered potentially significant (Pryor & Howards,

1987). Varicocoele samples used in this study were from

oligoasthenoteratozoospermic (OAT) patients with diag-

nosed varicocoele of grade III (visible without palpation)

on the left testis and their ejaculates were found to have

total sperm count of 17 · 106 sperm cells per ejaculate,

percentage of motility a + b of 30%, percentage of nor-

mally formed features of 30% and viability percentage of

67%. Samples of OAT patients without varicocoele, but

with similar semen characteristics with respect to those

with varicocoele, were considered as control in our study

to isolate a specific effect of varicocoele. Mean ± SD age

of men with normal semen parameters, OAT samples

without and with varicocoele was 30.8 ± 4.5, 31.4 ± 3.8

and 29.7 ± 4.1 years, respectively. Testicular volume, mea-

sured with an ellipsoid Prader orchidometer comparing

the sizes of both testes, was 15.8 ± 2.5 mL right testis (Rt)

and 15.4 ± 2.5 mL left testis (Lt) in men with normal

semen parameters; 15.2 ± 3.5 mL Rt and 15.0 ± 2.2 mL

Lt in OAT patients without varicocoele; 14.9 ± 3.5 mL Rt

and 14.3 ± 3.5 mL Lt in varicocoele patients. Despite sta-

tistically significant differences in the hormones of some

varicocoele patients that were reported by many investiga-

tors (Andò et al., 1984), the actual values were within

normal limits (Al-Ali et al., 2010). In our study, all sub-

jects were also evaluated by reproductive plasma hormone

determinations, including follicle-stimulating hormone

(FSH), luteinizing hormone (LH) and testosterone. Mean

plasma levels for FSH were 6.6 ± 0.5 mlU ⁄ mL in men

with normal semen parameters, 6.9 ± 0.7 mlU ⁄ mL in

OAT patients without varicocoele and 7.2 ± 0.5 mlU ⁄ mL

in varicocoele patients. Mean plasma levels for LH were

10.2 ± 0.4 mlU ⁄ mL in men with normal semen parame-

ters, 10.0 ± 0.7 in OAT patients without varicocoele and

10.8 ± 0.5 mlU ⁄ mL in varicocoele patients. Mean plasma

levels for testosterone were 487 ± 19.9 ng ⁄ 100 mL in men

with normal semen parameters, 478 ± 10.9 ng ⁄ 100 mL

in OAT patients without varicocoele and 446 ± 16.9

ng ⁄ 100 mL in varicocoele patients. There have also been

some controversial studies on this latter issue (Moham-

med & Chinegwundoh, 2009).

The study was approved by the local medical-ethical

committee and all participants gave their informed

consent.

Processing and treatments of ejaculated spermatozoa

For each experiment (many times repeated as reported in

the ‘Statistical analysis’ section), three normozoospermic

samples or four OAT or four varicocoele samples were

pooled. In fact, after liquefaction, semen samples were

first pooled and then subjected to centrifugation (800 g)

on a discontinuous Percoll density gradient (80% : 40%

v : v; Aquila et al., 2002). The 80% Percoll fraction was

examined using an optical microscope equipped with a

100· oil objective to ensure that a pure sample containing

only spermatozoa was obtained. These spermatozoa had a

motility of about 65% (grades a + b, WHO, 1999) and a

viability of 80% for both normal or pathological samples.

An independent observer inspected several fields for each

slide. Particularly, the same number for both normal and

pathological samples of Percoll-purified spermatozoa was

washed with unsupplemented Earle’s medium (uncapaci-

tating medium) and the samples were incubated for

30 min at 37 �C and 5% CO2, without (control, NC) or

with the following treatments: increasing PRG concentra-

tions (3, 30 and 60 lm) or with RU486 (10 lm) alone or

combined with 30 lm PRG. When the cells were treated

with RU486, a pre-treatment of 15 min was performed. It

deserves to be mentioned that in humans, PRG is present

in low concentrations in blood, but it can be extraordi-

narily high in periovulatory follicular fluid (up to

20 lg ⁄ mL; Saaranen et al., 1993); therefore, high levels of

PRG may become available to spermatozoa at the time of

fertilization.

Immunogold labelling for PR

Spermatozoa fixed overnight in 4% paraformaldehyde

were washed in phosphate-buffered saline (PBS) to

remove excess fixative, dehydrated in graded alcohol,

infiltrated in LR white resin, polymerized in a vacuum

oven at 45 �C for 48 h, while 60 nm ultra-thin sections

were cut and placed on coated nickel grids for post-

embedding immunogold labelling with the rabbit poly-

clonal Ab to human PR. Potential non-specific labelling

was blocked by incubating the sections in PBS containing

5% normal goat serum, 5% bovine serum albumin and
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0.1% cold water fish gelatin at room temperature for 1 h.

Sections were then incubated overnight at 4 �C with rab-

bit polyclonal PR Ab at a dilution of 1 : 500 in PBS buf-

fer. They were then incubated in 10-nm colloidal gold-

conjugated anti-mouse or anti-rabbit IgG secondary Abs

at 1 : 50 dilution for 2 h at room temperature. The sec-

tions were then subsequently washed in PBS, later fixed

in gluteraldehyde, counterstained in uranyl acetate and

lead acetate and examined under a Zeiss EM 900 (Zeiss,

Oberkochen, Germany) transmission electron microscope

(TEM). To assess the specificity of the immunolabelling,

negative controls were carried out in corresponding sec-

tions of spermatozoa that were labelled with colloidal

gold-conjugated secondary Ab with normal rabbit serum

instead of primary Ab.

Western blot analysis of sperm proteins

Percoll-purified sperm samples, washed twice with unca-

pacitating medium, were incubated as mentioned before

and then centrifuged for 5 min at 5000 g. The pellet was

resuspended in lysis buffer as previously described (Aquila

et al., 2002). An equal amount of protein (80 lg) was

boiled for 5 min, separated on a 11% polyacrylamide gel

electrophoresis, transferred to nitrocellulose membranes

and probed with an appropriate dilution of the indicated

primary Ab. The binding of the secondary Ab was

observed with the ECL Plus Western blotting detection

system, according to the manufacturer’s instructions. As

internal control, all membranes were subsequently

stripped (glycine 0.2 m, pH 2.6 for 30 min at room tem-

perature) and re-probed with anti b-actin Ab or with

total Akt or src. The protein bands were quantified by

scanning densitometry (Imaging Densitometer GS-700;

Bio-Rad, Hercules, CA, USA). Western blot analysis was

performed in at least four independent experiments and

more representative results are shown.

Measurement of cholesterol in the sperm culture

medium

Cholesterol was measured in duplicate by a CHOD–POD

enzymatic colorimetric method according to the manu-

facturer’s instructions in the incubation medium from

human spermatozoa, as described previously (Aquila

et al., 2006, 2009). Percoll-purified sperm samples,

washed twice with uncapacitating medium, were incu-

bated in the same medium (control) or in capacitating

medium for 30 min at 37 �C and 5% CO2. Some samples

were incubated in the presence of increasing PRG concen-

trations (3–60 lm). Other samples were incubated in the

presence of 10 lm RU486 alone or combined with 30 lm

PRG. At the end of sperm incubation, the culture media

were recovered by centrifugation, lyophilized and subse-

quently dissolved in 1 mL of buffer reaction. The samples

were incubated for 10 min at room temperature and then

the cholesterol content was measured spectrophotometri-

cally at 505 nm. Cholesterol standard used was

200 mg ⁄ dL. The limit of sensitivity for the assay was

0.05 mg ⁄ dL. Inter- and intra-assay variations were 0.04%

and 0.03%, respectively. Cholesterol results are presented

as mg per 10 · 106 number of spermatozoa.

Acrosin activity assay

Acrosin activity was assessed by the method of Kennedy

et al. (1989) and as described previously (Aquila et al.,

2003). Spermatozoa were washed in Earle’s medium and

centrifuged at 800 g for 20 min, then resuspended in dif-

ferent tubes (final concentration of 10 · 106 sperm ⁄ mL)

in the presence and absence of treatments. One millilitre

of substrate–detergent mixture (23 mmol ⁄ L of BAPNA in

DMSO and 0.01% Triton X-100 in 0.055 mol ⁄ L of NaCl,

0.055 mol ⁄ L of HEPES at pH 8.0, respectively) was added

for 3 h at room temperature. Aliquots (20 lL) were

removed at 0 and 3 h and the percentage of viable cells

was determined for each treatment. After incubation, a

final concentration of 0.5 mol ⁄ L of benzamidine was

added to each tube and then centrifuged at 1000 g for

30 min. Supernatants were collected and the acrosin

activity was measured using a spectrophotometer at

410 nm. In this assay, the total acrosin activity was

defined as the amount of active (non-zymogen) acrosin

associated with spermatozoa plus the amount of active

acrosin that is obtained by proacrosin activable. The acro-

sin activity was expressed as lIU ⁄ 106 spermatozoa. Quan-

tification of acrosin activity was performed as described

previously (Aquila et al., 2003).

Acrosome reaction

The evaluation of AR was performed by utilizing FITC-

PNA. At the end of incubation, sperm cells were washed

thrice with 0.5 mmol ⁄ L of Tris-HCl buffer, pH 7.5, and

were allowed to settle onto slides. Smears, dried in air,

were dipped in absolute methanol for 15 min and left at

room temperature. The samples were then incubated with

a solution of FITC-PNA in a humid chamber at room

temperature. After 30 min, the slides were washed with

PBS to remove the excess label. Scoring was completed

within 24 h of staining that was assessed according to a

published scoring system (Mendoza et al., 1992). A mini-

mum of 200 live spermatozoa were examined for each

treatment and they were classified into two main catego-

ries based on the FITC-PNA staining as follows: (i) acro-

some-reacted cells with uniform green FITC-PNA
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fluorescence of the acrosome cap; (ii) acrosome-intact

cells without any fluorescence. Values were expressed as

percentage of acrosome-reacted cells.

Triglycerides assay

Triglycerides were measured in duplicate by a GPO-POD

enzymatic colorimetric method according to the manufac-

turer’s instructions in sperm lysates and as described pre-

viously (Aquila et al., 2006). Percoll-purified sperm

samples, washed twice by centrifugation with uncapacitat-

ing medium, were incubated in the same medium (con-

trol) for 30 min at 37 �C and 5% CO2. Other samples

were incubated in the presence of the indicated treat-

ments. At the end of sperm incubation, 10 lL of the lysate

was added to 1 mL of the buffer reaction and incubated

for 10 min at room temperature. Then, the triglycerides

content was measured at 505 nm using a spectrophotome-

ter. Data are presented as lg ⁄ 106 spermatozoa.

Lipase activity assay

Lipase activity was evaluated by the method of Panteghini

et al. (2001) based on the use of 1,2-o-dilauryl-rac-glyce-

ro-3-glutaric acid-(6¢-methylresorufin) ester (DGGR) as

substrate; 50 lg of sperm extracts was loaded into indi-

vidual cuvettes containing buffer for spectrophotometric

determination. DGGR is cleaved by lipase, resulting in an

unstable dicarbonic acid ester, which is spontaneously

hydrolysed to yield glutaric acid and methylresorufin,

a bluish-purple chromophore with peak absorption at

580 nm. The absorbance of samples was read every 20 s

for 1.5 min. The rate of methylresorufin formation is

directly proportional to the lipase activity in the sample.

Analysis of total imprecision gave a coefficient of varia-

tion between 0.02% and 0.032%. The estimated reference

interval was 6–38 U ⁄ L (lmol ⁄ min ⁄ mg protein). The

enzymatic activity was determined with three control

media: one without the substrate, another without the

co-enzyme (colipase) and the third without either sub-

strate or co-enzyme (data not shown).

Assay of acyl-CoA dehydrogenase activity

Acyl-CoA dehydrogenases are a class of enzymes, which

function to catalyse the initial step in each cycle of fatty

acid b-oxidation in the mitochondria of cells. Assay of

acyl-CoA dehydrogenase was performed on spermatozoa,

using a modification of the method described by Lehman

et al. (1990). In brief, after protein lysis, 70 lg of sperm

proteins was added to the buffer containing 20 mm Mops,

0.5 mm EDTA and 100 lm FAD+ at pH 7.2. Reduction of

FAD+ to FADH was read at 340 nm upon addition of

octanoyl-CoA (100 lm) every 20 s for 1.5 min. Data are

expressed as nmol ⁄ min ⁄ mg protein. The enzymatic activ-

ity was determined with three control media: one without

octanoyl-CoA as substrate, another without the coenzyme

(FAD+) and the third without either substrate or coen-

zyme (data not shown).

Assay of the G6PDH activity

The conversion of NADP+ to NADPH, catalysed by

G6PDH, was measured by the increase in absorbance at

340 nm (Aquila et al., 2009). Spermatozoa samples,

washed twice with uncapacitating medium, were incu-

bated in the same medium (control) for 30 min at 37 �C

and 5% CO2. Other samples were incubated in the pres-

ence of the indicated treatments. After incubation, 50 lL

of sperm extracts was loaded into individual cuvettes con-

taining buffer (100 mm triethanolamine, 100 mm MgCl2,

10 mg ⁄ mL glucose-6-phosphate, 10 mg ⁄ mL NADP+, pH

7.6) for spectrophotometric determination. The absor-

bance of samples was read at 340 nm every 20 s for

1.5 min. Data are expressed as nmol ⁄ min ⁄ 106 spermato-

zoa. The enzymatic activity was determined with three

control media: one without glucose-6-phosphate as sub-

strate, another without the coenzyme (NADP+) and the

third without either substrate or coenzyme (data not

shown).

Statistical analysis

The experiments for TEM and AR were performed in at

least three independent experiments. The experiments for

the Western blotting analysis were performed in at least

eight independent experiments. The data obtained from

cholesterol assay, acrosin activity, triglycerides assay,

lipase activity, acyl-CoA dehydrogenase activity, G6PDH

activity (10 replicate experiments using duplicate determi-

nations) were presented as the mean ± SEM. The differ-

ences in mean values were calculated using analysis of

variance (anova) with a significance level of p £ 0.05.

Results

Western blotting analysis of PRs

The presence of PR protein in human ejaculated sperma-

tozoa was investigated by Western blot (Fig. 1A) using a

rabbit polyclonal Ab raised against the c-terminal region

of the human PR. Two immunoreactive bands, corre-

sponding to the molecular mass values of 116 and 94 kDa

were observed. As positive controls, T47D and MCF7

breast cancer cells, which expressed both isoforms as pre-

viously reported (Sartorius et al., 1994), were used. Inter-

estingly, it appears that varicocoele samples exhibit a
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reduced expression of PRs. When we compared PR

expression among normal, OAT and varicocoele sperma-

tozoa, only the latter showed a drastic decrement address-

ing a role for PRs in varicocoele pathophysiology

(Fig. 1B).

Immunogold localization of PRs in human spermatozoa

Ultrastructural analysis of spermatozoa by TEM revealed

that it is immunoreactive to the conventional PRs

(Fig. 2). Interestingly, the label decorated mostly the head

(at both the membrane and nucleus levels; Fig. 2, part a).

The midpiece with the mitochondria also showed an

appreciable presence of gold particles (Fig. 2, part d). PR

expression was progressively reduced from the principal

piece of the flagellum up to the end piece (Fig. 2, part g).

Intriguingly, receptors were present not only on the

sperm membrane but also as components of the flagel-

lum, between the ribs of the fibrous sheath, outer dense

fibres and axoneme. Simultaneous negative control exper-

iments with the normal rabbit serum did not show any

label in the corresponding regions (Fig. 2, parts c, f and

i). In ‘varicocoele’ spermatozoa, a strong reduction in the

gold particles was detected in the head (Fig. 3, parts a

and b), along the midpiece and the tail of all the sperma-

tozoa observed (Fig. 3, parts e and h), in agreement with

the Western blotting data. Negative control experiments

with the normal rabbit serum did not show signal in the

corresponding sperm regions (Fig. 3, parts c, f and i).

PRG induces cholesterol efflux and protein tyrosine

phosphorylation in human spermatozoa

To further investigate the PRG significance in male fertil-

ity, we evaluated its effects on two hallmarks of capacita-

tion process, sperm membrane cholesterol efflux and

protein tyrosine phosphorylation, considering both nor-

mozoospermic and varicocoele samples. Capacitation

encompasses different features and sperm membrane cho-

lesterol efflux contributes to one signalling mechanism

that controls the process (Visconti et al., 1995; Aquila

et al., 2006). Cholesterol efflux initiates signalling events

leading to tyrosine phosphorylation of sperm proteins

(Visconti et al., 1995). Our results showed a dose-

dependent increase in the cholesterol efflux upon PRG

treatments (Fig. 4A). This effect was attenuated by using

the PR antagonist RU486. In varicocoele samples, a slight,

not significant, dose-dependent increase upon PRG was

observed.

We then tested the effects of hormone on protein

tyrosine phosphorylations; the treatments under our

experimental conditions particularly affected the

95 ± 97 kDa tyrosine-phosphorylated proteins as previ-

ously reported (Aquila et al., 2003). The densitometric

evaluation of the double 95 ± 97 kDa band revealed a sig-

nificant increase in the tyrosine phosphorylation in nor-

mal samples from 3 lm to 60 lm concentrations (Fig. 4B,

and panel on the right side), whereas in varicocoele sper-

matozoa, although to a lesser extent, an increment from

30 lm to 60 lm PRG was obtained (Fig. 4C, and panel

on the right side). In both cases, the RU486 abolished the

PRG-induced effects. A significant increase in both serine

and threonine phosphorylations upon increasing PRG

was obtained as reported in supplementary data (Fig. S1).

PRG activates src and Akt in human spermatozoa

The mechanisms involved in the control of sperm func-

tions are not well known yet; strong evidence indicates

that they are associated with or controlled by different

signal transduction elements. It appears that the tyrosine

kinase src is a key player in the signal transduction cas-

cade involved in the regulation of tyrosine phosphoryla-

tion occurring during sperm capacitation. To evaluate the

impact of PRG on src activity, we used an Ab that specifi-

cally recognizes the active form of this kinase, by target-

ing an activating tyrosine phosphorylation at position

139. The results of this study clearly showed that PRG

significantly induced src activity in a dose-dependent

β-actin

94 kDa
116 kDa
A

B
T47D MCF7 N1 N2 V1 V2

94 kDa
116 kDa

β-actin

N3 OAT1 OAT2 V3 V4

Figure 1 Western blot analysis of human sperm proteins showed

expression of the conventional progesterone receptors (PRs). Extracts

of pooled purified ejaculated spermatozoa were subjected to electro-

phoresis on 11% sodium dodecyl sulphate (SDS)-polyacrylamide gels,

blotted onto nitrocellulose membranes and probed with rabbit poly-

clonal antibody to human PR. (A) N1 and N2 expression of PRs in two

samples of ejaculated spermatozoa from normal men. V1 and V2

expression of PRs in two samples of ejaculated spermatozoa from vari-

cocoele men. T47D and MCF-7 extracts were used as controls. (B) N3,

expression of PRs in samples of ejaculated spermatozoa from normal

men (lane 1). OAT1 and OAT2 expression of PRs in samples of ejacu-

lated spermatozoa from oligoasthenoteratozoospermic patients. V3

and V4 expression of PRs in two samples of ejaculated sperm from

varicocoele men. The number on the left corresponds to molecular

masses (kilodaltons) of the marker proteins. The experiments were

repeated at least eight times, and the autoradiographs of the figure

show the results of one representative experiment.
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manner and the combination with RU486 lightly attenu-

ated the PRG-induced effects (Fig. 5A, upper panel).

These data suggested that PRG is capable of inducing

capacitation via mechanisms that lie upstream of src

activation and that it does not act through the PRs alone.

In varicocoele spermatozoa, no significant effects were

observed (Fig. 5A, lower panel) upon PRG treatment.

In somatic cells, downstream signalling proteins poten-

tially involved in mediating PRG activity include Akt, a

key kinase involved in the metabolism and survival of the

cells and also identified in spermatozoa (Aquila et al.,

2004, 2007). Increasing doses of the PRG resulted in an

induction of the Akt phosphorylation on both Ser473 and

Thr308 residues, indicating a full activation of the kinase

(Fig. 5B, upper panel). The PRG-induced actions were

not completely reversed by RU486. Similar to the src

activity, the varicocoele spermatozoa did not show being

responsive to PRG action on Akt phosphorylations.

Acrosin activity and AR are lower in varicocoele

spermatozoa

PRG, which is secreted by cumulus cells, has been indi-

cated as a physiological stimulus or co-stimulus for initi-

ating the AR in spermatozoa. To give a biological

evidence of this observation and with the aim to

strengthen our data at the molecular level, we examined

the role of PRG ⁄ PRs on acrosin activity in both healthy

and varicocoele spermatozoa. The enzymatic activity

highly increased upon PRG in normal samples (Fig. 6A),

whereas a weak enhancement was obtained in pathologi-

cal spermatozoa. The RU486 did not completely reverse

the PRG-induced effect, suggesting that factors other than

PRs are involved in mediating PRG action in this sperm

activity. It deserves to be mentioned that in humans,

PRG is present in low concentrations in blood, but it can

be extraordinarily high in periovulatory follicular fluid

(up to 20 lg ⁄ mL; Saaranen et al., 1993); therefore, high

levels of PRG may become available to spermatozoa at

the time of fertilization.

Moreover, the AR increased in a dose-dependent man-

ner upon PRG (Fig. 6B). In varicocoele samples, the per-

centage of reacted spermatozoa significantly increased

from 30 lm to 60 lm PRG, albeit by a lower extent with

respect to normal spermatozoa.

PRG influences both lipid and glucose metabolism in

human spermatozoa

A role of PRG in lipid metabolism was reported in brown

adipose tissue (Monjo et al., 2003; Caprio et al., 2008);

however, in spermatozoa, a similar action of the hormone

was never tested. We first investigated triglyceride intra-

cellular content upon increasing PRG levels. As shown in

A

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

B

C

Normal Neg

Figure 2 Immunoelectron localization of pro-

gesterone receptors (PRs) in spermatozoa of

normozoospermic patients. Spermatozoa were

collected and prepared as described in ‘Mate-

rials and methods’. Micrographs of sections

from ejaculated spermatozoa of normozoo-

spermic patients were probed with rabbit

polyclonal antibody (Ab) to human PR: panels

a, b, d, e, g and h, original magnification, a,

·80 000; b, ·50 000; d, ·40 000; e,

·63 000; g, ·50 000; h, ·83 000. Panels c, f

and i are the negative controls (Neg) carried

out in corresponding sections of spermatozoa

that were labelled with colloidal gold-conju-

gated secondary Ab with normal rabbit serum

instead of primary Ab, original magnification,

c, ·63 000; f, ·50 000; i, ·63 000. In all

cases, a secondary anti-rabbit antibody conju-

gated to 10-nm colloidal gold particles was

used for labelling. (A) Longitudinal sections

through the head; (B) longitudinal and cross-

sections of the midpiece of the flagellum; (C)

longitudinal sections of the principal piece of

the flagellum. Representative of three similar

experiments.

F. De Amicis et al. Conventional PRs in human spermatozoa

ª 2010 The Authors
International Journal of Andrology ª 2010 European Academy of Andrology, 1–16 7



Fig. 7A, PRG was able to decrease significantly the trigly-

cerides, and 30 lm PRG plus 10 lm RU reversed the

effect. These data suggest that PRG may induce a lipolytic

effect in human spermatozoa. On the contrary, in varico-

coele, a decrease in triglycerides content was not

obtained. Therefore, to investigate the mechanism

through which this hormone may influence sperm lipid

metabolism, we evaluated its action on lipase and acyl-

CoA dehydrogenase activities. Interestingly, lipase activity

was enhanced by PRG in a dose-dependent manner and

30 lm PRG combined with 10 lm RU reduced the PRG-

induced action (Fig. 7B). Strong activation of the acyl-

CoA dehydrogenase activity was concomitantly obtained,

indicating also a role for PRG ⁄ PRs in the b-oxidation of

the fatty acids in human spermatozoa (Fig. 7C). The

combination of 10 lm RU plus 30 lm PRG reversed the

PRG-induced effect. In varicocoele samples, the hormone

did not increase the enzymatic activities.

To gain a greater insight into sperm energy manage-

ment, we evaluated the PRG action on glucose metabo-

lism. The effect of glucose on the fertilizing ability of

spermatozoa appears to be mediated by its metabolism

through the pentose phosphate pathway (PPP); therefore,

we investigated whether PRG was able to modulate the

G6PDH activity, the key rate-limiting enzyme in the PPP.

As shown in Fig. 7D, PRG greatly and unequivocally

induced the enzymatic activity; 30 lm PRG combined

with 10 lm RU reversed PRG action. Similar to the other

enzymatic activities, the varicocoele spermatozoa did not

seem to be responsive to PRG.

Discussion

Varicocoele is one of the most common causes of male

infertility; however, the mechanisms through which it neg-

atively affects male reproduction are not still fully clarified.

Similarly, despite the demonstration that responsiveness to

PRG is related to fertilization, the role of this female hor-

mone in male reproduction is yet to be defined. Besides,

levels of PR expression are only slightly lower in males

than in females (Gadkar-Sable et al., 2005), and their dis-

tributions throughout target tissues such as the brain and

pituitary gland are similar in the two genders (Shannon

et al., 1982; Scarpin et al., 2009). The presence of both

ligand and receptor strongly suggests a physiological role

for PRG and PRs in male reproductive physiology and ⁄ or

behaviour; yet, few studies have directly assessed this pos-

sibility. The present study was designed to identify and

localize clearly the conventional PR isoforms in human

‘healthy’ spermatozoa and to examine a possible molecular

A

(a) (b) (c)

(d) (e) (f)

(g)

Varicocoele Neg

(h) (i)

B

C

Figure 3 Immunoelectron microscopic locali-

zation of progesterone receptors (PRs) in vari-

cocoele spermatozoa. Spermatozoa were

collected and prepared as described in ‘Mate-

rials and methods’. Micrographs of sections

from ejaculated spermatozoa of varicocoele

patients probed with rabbit polyclonal anti-

body (Ab) to human PR: panels a, b, d, e, g

and h, original magnification, a, ·50 000; b,

·40 000; d, ·40 000; e, ·63 000; g,

·62 000; h, ·50 000. Panels c, f and i are the

negative controls (Neg) carried out in the cor-

responding sections of spermatozoa that were

labelled with colloidal gold-conjugated sec-

ondary Ab with normal rabbit serum instead

of the primary Ab, original magnification, c,

·40 000; f, ·40 000; i, ·70 000. In all cases,

a secondary anti-rabbit antibody conjugated

to 10-nm colloidal gold particles was used for

labelling. (A) Longitudinal sections through

the head; (B) longitudinal and cross-sections

of the midpiece of the flagellum; (C) longitu-

dinal sections of the principal piece of the fla-

gellum. Representative of three similar

experiments.
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difference in ‘varicocoele’ spermatozoa to highlight the

pathophysiology of this condition. By assessing a more

profound approach on the role of PRG in sperm physiol-

ogy, we evaluated different events of capacitation and we

tested for the first time its action in the modulation of

lipid and glucose metabolism.

In spermatozoa, a large number of studies have

attempted to define the molecular mechanisms underlying

PRG action as well as to identify the receptors mediating

its effects. Despite many efforts, the identity of the sperm

receptor for the hormone remains uncertain and contra-

dictory. Most of the studies on the PR subtypes in sper-

matozoa have supported the original hypothesis that they

function as specific membrane receptors through which

progestins induce rapid, non-genomic responses in target

cells (Thomas et al., 2009). In fact, there is universal

agreement that the effects of PRG on spermatozoa occur

only via membrane-bound PRs and this reflects the

accepted description that spermatozoa are highly differen-

tiated, specialized cells of minimal cytoplasm and com-

pacted nucleus that is transcriptionally inactive. However,

in the recent years, a new picture of this cell is emerging:

it expresses various receptor types, including nuclear

receptors (Travis & Kopf, 2002; Aquila et al., 2005a,b,

2007), and it also produces their ligands, suggesting that

through an autocrine short loop, it may modulate its
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Figure 4 Effects of progesterone on capaci-

tation. Purified spermatozoa were incubated

in the unsupplemented Earle’s medium for

30 min at 37 �C and 5% CO2, in the absence

(NC) or in the presence of indicated treat-

ments. (A) Cholesterol in culture medium

from human ejaculated spermatozoa was

measured by enzymatic colorimetric assay.

Columns are mean ± SEM of 10 independent

experiments performed in duplicate. Data are

expressed in mg ⁄ 107 spermatozoa. *p £ 0.05

vs. control ; **p < 0.02 vs. control : , nor-

mal; , varicocoele. (B) Exactly 70 lg of

sperm lysates was used for Western blot anal-

ysis of protein tyrosine phosphorylations in

normal samples. Actin was used as loading

control. On the right, quantitative representa-

tion after densitometry of the double

95 ± 97-kDa band, representative of protein

tyrosine phosphorylations in human spermato-

zoa. (C) Protein tyrosine phosphorylation in

varicocoele samples. On the right, quantitative

representation after densitometry of the dou-

ble 95 ± 97-kDa band. The autoradiographs

presented are representative examples of

experiments that were performed at least

eight times with repetitive results. *p < 0.05

vs. control; **p < 0.01 vs. control;

***p < 0.001 vs. control.
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own functions independently by the systemic regulation.

Intriguingly, it has been demonstrated that spermatozoa

is able to translate de novo by mitochondrial-type

ribosomes (Gur & Breitbart, 2006). Despite this, while

questions linger, different intriguing avenues remain to be

extended on the biology of this cell. However, it is well

established that post-translational modifications are the

major means by which spermatozoa acquire full function-

ality (Ross et al., 1990; Baker et al., 2004).

It has been reported that the membrane fraction analy-

sis shows the existence of PRG-binding proteins (Luconi

et al., 1998) and that spermatozoa lack genomic PRs

(Castilla et al., 1995). Several attempts have been made to

identify the sperm membrane PR protein (Buddhikot
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Figure 5 Progesterone (PRG) increases src, AktS and AktT phosphorylations. Washed spermatozoa were incubated in the unsupplemented Earle’s

medium for 30 min at 37 �C and 5% CO2, in the absence (NC) or in the presence of increasing PRG concentrations (3, 30 and 60 lm). Some

samples were treated with 10 lm RU486 (RU) alone or combined with 30 lm PRG. Exactly 70 lg of sperm lysates were used for Western blot

analysis of src (A), AktS and AktT (B) phosphorylations. (A) Upper panel represents p-src evaluated in normal samples, while the lower panel in

varicocoele samples. Total src was used as loading control. (B) Upper panel represents AktS and AktT phosphorylations evaluated in normal sam-

ples, while the lower panel in varicocoele samples. Total Akt was used as loading control. On the right, quantitative representation after densitom-

etry. *p < 0.05 vs. control; **p < 0.01 vs. control: , normal; , varicocoele.
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et al., 1999; Luconi et al., 2002; Zhu et al., 2003; Thomas

et al., 2004) and specific PRs have been discovered in the

plasma membrane of human spermatozoa by Western

blotting analysis and ligand blot analysis (Luconi et al.,

1998). The classic PRs are not seen with antibodies to the

DNA-binding domain (DBD) or the amino-terminal

domains. Using antibodies directed against the C-terminal

region of the conventional PR, proteins of 5l–57 kDa in

sperm lysate have been revealed by Western blot analysis

(Blackmore & Lattanzio, 1991; Sabeur et al., 1996; Luconi

et al., 1998), a 52-kDa antigen has been found on the

spermatozoa head (Thomas et al., 2004); the same Ab

detected four bands of molecular masses of 28, 54, 57

and 66 kDa in human spermatozoa preparations (Luconi

et al., 1998). The presence of a 55-kDa protein in testicu-

lar and sperm lysates using another Ab that recognized

the epitopes encompassing the DBD and the hormone

binding domain (HBD) regions of conventional PR was

also reported (Shah et al., 2005a).

In our study, an Ab produced against the C-terminal

region of the human PR revealed the expression of the

conventional PRB and PRA. Classically, PRB (116 kD)

and PRA (94 kD) have been considered nuclear receptors

controlling gene transcription. PRA is a truncated version

of B, lacking the first 164 amino acids. It is now clear that

there are two main kinds of cellular effects mediated by

nuclear receptors. One involves the alteration in gene

expression (De Amicis et al., 2009) and the other is associ-

ated with a rapid onset of cellular effects. This latter model

of action appears to be the more appropriate modality of

PRG in spermatozoa as it happens too quickly because of

gene regulation. The apparent contradiction among previ-

ous studies and our study probably originates from the

real presence of different types of PRs in the spermatozoa

and ⁄ or from different methods of sperm processing.

Intriguingly, the expression of conventional PRs was

evidenced concomitantly in semen samples from healthy

volunteer donors of proven fertility, semen samples of

OAT patients with or without varicocoele, but both with

similar semen parameters. A decreased expression of PRs

seems to be related only to varicocoele as it distinguishes

healthy and OAT spermatozoa from those with varico-

coele, suggesting that the stress caused by this pathology

impairs spermatogenesis bringing a reduced PR expres-

sion. It was reported that glucocorticoid receptor is rap-

idly degraded in heat-shocked cells (Vedeckis et al.,

1989); therefore, it may also be possible that the increased

testicular temperature in varicocoele subjects determines

this effect.

An nPR-like form A of 55 kDa has been localized to

the posterior head and the acrosome region of spermato-

zoa (Blackmore & Lattanzio, 1991); this observation is

consistent with three other studies: the first reporting that

only 30% of spermatozoa have detectable PRs on their

heads (Sabeur et al., 1996; Benoff, 1998), the second

localizing PRs at the equatorial region of the sperm head

(Luconi et al., 1998) and the third in the mid-head region

(Buddhikot et al., 1999). In the present study, TEM with

immunogold analysis improved understanding of the

human spermatozoa anatomical regions containing the

PRs and confirmed the abated expression of the receptors

in the varicocoele spermatozoa. In fact, in ‘healthy’ sper-

matozoa, numerous gold particles decorated the head
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Figure 6 Progesterone (PRG) induces acrosin activity and acrosome

reaction in human spermatozoa. Washed spermatozoa were incu-

bated in unsupplemented Earle’s medium for 30 min at 37 �C and

5% CO2, in the absence (NC) or in the presence of PRG (from 3 lm

to 60 lm) and 1 lm RU486 alone or in combination with 30 lm

PRG. (A) Acrosin activity was determined as described in ‘Materials

and methods’. Columns represent mean ± SEM of 10 independent

experiments each performed in duplicate. *p < 0.05 and **p < 0.01

vs. control: CAP, capacitated spermatozoa; , normal; , varicocoele.

(B) Acrosome reaction was determined as described in ‘Materials and

methods’ and the values are expressed as percentage of acrosome-

reacted cells. Columns represent mean ± SEM of three independent

experiments each performed in duplicate. *p < 0.05 and **p < 0.02

vs. control; ***p < 0.001 vs. control; CAP, capacitated spermatozoa;

, normal; , varicocoele.
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both at the membrane and at the nucleus. Interestingly,

PR expression was progressively reduced from the princi-

pal piece of the flagellum up to the end piece. Particu-

larly, the midpiece comprising mitochondria contains

PRs. Therefore, the receptors were present not only on

the sperm membrane but also inside the body spermato-

zoa as component of the nucleus and the flagellum,

between the mitochondria, the ribs of the fibrous sheath,

outer dense fibres and axoneme. The high polarization in

the structure and function of spermatozoa requires a

compartmentalization of metabolic and signalling path-

ways in the regions where they are needed. Altogether,

based on these observations, the PRs could be implicated

in different sperm activities according to their specific cel-

lular localization. Interestingly, in ‘varicocoele’ spermato-

zoa, a reduction in the PR expression was noticed,

confirming Western blotting data and suggesting that the

PRs could be involved in the diminished functionality of

the male gamete under this pathological condition.

The presence of PRs in all the spermatozoa body sup-

ports earlier evidence that the responses to progestins in

mammals involve different signalling pathways many of

which result in the capacitation and the AR (Kay et al.,

1994; Cheng et al., 1998a; Shah et al., 2005b). During its

life, spermatozoa goes through two different physiological

conditions: uncapacitated condition during which sper-

matozoa remain in a resting state accumulating and ⁄ or

economizing energy substrates, which are going to be suc-

cessively spent, and the capacitated condition, which

allows spermatozoa to achieve the final competence to

fertilize the oocyte. Capacitation implies striking changes

in all the sperm activities and many of these were tested

upon different PRG concentrations (Harper et al., 2004).

In this study, we evidenced PRG action on known hall-
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Figure 7 Effects of progesterone (PRG) on lipid and glucose metabolism in human spermatozoa. Washed spermatozoa were incubated in the

unsupplemented Earle’s medium for 30 min at 37 �C and 5% CO2, in the absence (NC) or in the presence of increasing PRG concentrations (3,

30 and 60 lm). Some samples were treated with 10 lm RU486 (RU) alone or combined with 30 lm PRG. (A) Triglycerides assay was performed

as reported in ‘Materials and methods’. Columns represent mean ± SEM. *p < 0.05 vs. control; **p < 0.01 vs. control. (B) Lipase activity was per-

formed as reported in ‘Materials and methods’. Columns represent mean ± SEM. *p < 0.05 vs. control; **p < 0.01 vs. control. (C) Octanoyl-CoA

dehydrogenase activity was performed as reported in ‘Materials and methods’. Columns represent mean ± SEM. *p £ 0.05 vs. control;

**p < 0.001 vs. control. (D) G6PDH activity was performed as reported in ‘Materials and methods’. Columns represent mean ± SEM.

**p < 0.001 vs. control: , normal; , varicocoele.
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marks of capacitation by evaluating its effects on choles-

terol efflux and tyrosine phosphorylations as well as on

two key kinases such as src and Akt. During capacitation,

an increase in the cholesterol efflux and tyrosine phos-

phorylation of sperm proteins occurs. From our results, it

could be observed that PRG was able to induce these

activities considered priming events of the process, there-

fore confirming a role of the hormone in capacitation.

Following capacitation-associated cholesterol efflux and

its consequent increase in membrane fluidity, spermato-

zoa show a rise in cyclic AMP, which precedes an upregu-

lation of sperm motion parameters and tyrosine

phosphorylation (Luconi et al., 2005). It was speculated

that the sperm dysfunction associated with varicocoele

may be related to an alteration in plasma membrane

dynamic, which causes tyrosine phosphorylation insuffi-

ciency and the consequent alteration in sperm function

(Buffone et al., 2006). Therefore, our data reporting a

decreased cholesterol efflux, which in turn decreases

sperm membrane fluidity and reduces protein tyrosine

phosphorylation, are consistent with the study of Buffone

et al. (2006) in considering these hallmarks of capacita-

tion as two pathophysiological defects associated with

grade II ⁄ III infertile varicocoele. Interestingly, in addition

in our research, we demonstrated that the mechanism

through which this effect occurs may be related to a

diminished expression of the PRs in varicocoele.

In somatic cells, activation of src is an extranuclear

function of the PR (Boonyaratanakornkit et al., 2007)

and PRG potentiates IP3-mediated calcium signalling

through Akt ⁄ PKB (Koulen et al., 2008). Therefore, these

two kinases are involved in the PRG signalling and in

spermatozoa src was found to play an important role in

capacitation (Pujianto et al., 2010), whereas Akt in sur-

vival (Aquila et al., 2004, 2007). From our data, given the

activation of src and Akt by PRG, it may be supposed

that the hormone concurs in these activities during sper-

matozoa life. The negligible or absence of action of PRG

on src and Akt activities in varicocoele samples may be

explained by the reduced expression of the PRs.

When we performed the acrosin activity and AR to give

biological evidence of the data obtained at the molecular

level, a reduced enzymatic activity and percentage of

reacted spermatozoa, both in the basal levels and in PRG-

treated varicocoele sperm were observed. Few reports in

the literature showed the relationship between acrosin

activity and varicocoele. Although the acrosin activity pre-

viously described in varicocoele was measured by a differ-

ent method, it was significantly lower in the varicocoele

group than in the normal samples (El Mulla et al., 1995),

in agreement with our data. Besides, the RU486 did not

completely reverse the PRG-induced effect in normal sper-

matozoa, suggesting that different factors other than PRs

are involved in mediating PRG action in this sperm

activity.

The sperm energy management is an intriguing issue

and it appears that this cell is able to regulate its own

metabolism independently by the systemic regulation. A

role of PRG in lipid metabolism was observed in somatic

cells (Correia et al., 2007; Wada et al., 2010); however,

this action was not investigated in spermatozoa cells.

From our data, it could be observed that PRG was able

to reduce the triglycerides content, whereas it induced

lipase and acyl-CoA dehydrogenase activities, suggesting a

lipolytic effect on human spermatozoa metabolism. Dur-

ing capacitation, energy demand increases and capacitated

spermatozoa shows an increased metabolism and overall

energy expenditure, and therefore it may be assumed of

the possibility of PRG co-working with other factors to

stimulate such enzymatic activities providing additional

metabolic fuel to sustain capacitation process. Nature has

endowed spermatozoa with striking cellular peculiarities

given its essential role in the propagation of life, but with

a single, irreversible chance to fertilize an egg; therefore,

its metabolism needs to be fine-tuned and probably inde-

pendent of the systemic regulation. Interestingly, PRG

strongly increased G6PDH activity and this is in agree-

ment with its reported insulinotropic effect (Landau &

Poulos, 1971; Beck, 1977). Previous data from our labora-

tory lead us to speculate that insulin might be considered

an endogenous factor involved in the autocrine induction

of the capacitation (Aquila et al., 2005a) and that the

insulin secretion by spermatozoa may provide an auto-

crine regulation of glucose metabolism as proved on

G6PDH activity. The induced G6PDH activity, as we

found in this study, confirms the importance of PRG ⁄ PRs

in human spermatozoa functional maturation.

Our results of PRG action on metabolism in varico-

coele spermatozoa renew the role of PR expression in the

human male gamete, also indicating that a metabolic dys-

function is present in these cells.

To strengthen the idea that the PRG effects are ‘extra-

nuclear’ and ‘non-genomic’ and happen through a mem-

brane receptor in spermatozoa, there is general consensus

that the effects of the hormone are not counteracted by

classical PRG antagonists such as mifepristone, RU486

(Schatz et al., 2003). From our data, it emerges that

RU486 was not able to abolish all the PRG-induced

effects tested, and this may be imputable to different

mechanisms in the hormone action and ⁄ or that different

proteins responding to PRG exist. Particularly, the PRG-

induced action was reversed by RU486 on metabolic

studies, suggesting that in this context, the conventional

PRs mediate PRG action in spermatozoa.

In conclusion, varicocoele affects testicular function in

a variety of ways, in spermatogenesis, in semen quality, in

F. De Amicis et al. Conventional PRs in human spermatozoa
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sperm functions and in morphology. From our data, it

emerges that this pathology may induce damage in the

gamete at molecular level, opening a new chapter in the

already multifactorial pathophysiology of the varicocoele

and complicating this issue. By the time of ovulation,

PRG is almost everywhere in the egg microenvironment

affecting ability of the spermatozoa to fertilize. Therefore,

the reduced expression of PRs in varicocoele spermato-

zoa, as we evidenced, may negatively affect different

sperm activities. Undoubtedly, there is a need for more

molecular and genetic studies to clarify the pathophysiol-

ogy of this condition.
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Caprio M, Zennaro MC, Fève B, Mammi C, Fabbri A & Rosano G.

(2008) Potential role of progestogens in the control of adipose tissue

and salt sensitivity via interaction with the mineralocorticoid recep-

tor. Climateric 11, 258–266.

Castilla JA, Gil T, Molina J, Hortas ML, Rodriguez F, Torres-Muñoz J,
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ABSTRACT

The mechanisms by which varicocele affects fertility remain undetermined. Estrogens play a key 

role in the human male reproduction and human sperm expresses the estrogen receptors (ERs) and 

aromatase. In this study, by western blotting we evidenced the ERs content concomitantly in 

healthy sperm and in oligoastenoteratozoospermic (OAT) samples without and with varicocele. In 

varicocele a strong reduction of the ER  was observed, while the ER  was almost absent. Besides, 

transmission electron microscopy (TEM) confirmed the reduction of ERs expression in 

‘varicocele’ sperm, indicating that varicocele has a detrimental effect on sperm structure at 

molecular level. To further define the estrogen significance in male gamete and the 

pathophysiology of varicocele we investigated both the expression of ER  and ER  in normal and 

pathologic sperm samples as well as we evaluated estradiol (E2) action on lipid and glucose sperm

metabolism. Responses to E2 treatments on cholesterol efflux, protein tyrosine phosphorylations, 

motility and acrosin activity in varicocele sperm were reduced or absent. The evaluation of the 

triglycerides content, lipase and acyl-CoA dehydrogenase activities, suggest that E2 exerts a 

lipolytic effect on human sperm metabolism. Concerning glucose metabolism, it appears that E2 

induces G6PDH activity concomitantly to the insulin secretion. In ‘varicocele’ sperm, the E2 did 

not induce energy expenditure. OAT sperm had E2-responsiveness but in a lesser extent with 

respect healthy sperm. This study discovered a novel role for E2/ERs in human sperm physiology, 

since they modulate sperm metabolism and new detrimental effects related to the pathophysiology 

of the varicocele condition.

Key words: ER , Estradiol, ER , human ejaculated spermatozoa, male reproduction. 
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INTRODUCTION

Varicocele, a pathologic dilatation of the venous pampiniform plexus of the spermatic cord, 

accounts for about a third of all cases of male factor infertility (Koksal et al., 2007). The 

detrimental role of varicocele in fertility is supported by the presence of a higher frequency of 

affected men among the infertile population (World Health Organization, 1992; Practice 

Committee of American Society for Reproductive Medicine, 2008). The precise mechanism by 

which the pathology impairs male fertility remains uncertain (Mohammed et al., 2009). Many 

efforts have been made to find semen indicators of varicocele, nonetheless, its management

continues to stimulate controversy among reproductive experts. The ambiguity of the results may

be due to lack of uniformity in patient selection since varicocele may be associated with different 

spermatogenic conditions. Studies using light microscopy have shown that ejaculated spermatozoa

from men with varicocele show an altered morphology (Portuondo et al., 1983), however the 

relation between sperm cell quality and varicocele is poorly understood. 

The development of male transgenic mice lacking estrogen receptors (ERs) (Eddy et al., 1996) or 

aromatase enzyme (Robertson et al., 1999) as well as the discovery of mutations in both the human

estrogen receptor (ER) (Smith et al., 1994) and aromatase (Carani et al., 1997) genes have 

reinforced the idea that estrogens play a key role in the human male reproductive system. ER  and 

 are detected in germ cells from spermatogonia to spermatozoa (Hess et al., 1995; Aquila et al., 

2004). In human sperm, ERs were found differently located being both receptors in the midpiece,

while ER  continues to be expressed in the flagellum.

Sperm are able to synthesize estrogen (Aquila et al., 2002) raising the possibility that they not only 

will be exposed to estrogens in female genital tract but provide themselves a persisting local source 

of estrogen. This autocrine loop E2/ERs may modulate the extra-ejaculation sperm acquisition of 

fertilizing ability. In ejaculated sperm, E2 stimulates various sperm functions including motility,
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longevity, capacitation and acrosome reaction (Idaomar et al., 1987; Adeoya-Osiguwa SA et al.,

2003; Aquila et al., 2003). The biochemical changes during capacitation induced by estrogens 

occur rapidly, addressing the nongenomic action of ERs as demonstrated in other cell types and in 

sperm (Aquila et al., 2004). On the other hand, the fast ERs responses, instead to their classic 

genomic action, may represent the exclusive modality of ERs action in spermatozoa because they 

are considered transcriptionally inactive. During its life, sperm goes across two different 

physiological conditions: uncapacitated, during which it remains in a quiescent state accumulating

and / or economizing energy substrates; capacitated, that allows the sperm to achieve the final 

competence to fertilize the oocyte. Capacitation involves physiological changes including an 

increased metabolic rate and overall energy expenditure (Visconti et al., 1998; Baldi et al., 2000; 

Aquila et al., 2005a; Andò et al., 2005), however, sperm energy management is only beginning to 

be understood. Estrogens have been reported to affect adiposity by modulating lipogenesis, 

lipolysis or adipogenesis (Pallottini et al., 2008) and also play an important role in glucose 

homeostasis and modulate insulin sensitivity (Bryzgalova et al., 2006). The mechanisms involved 

in ER-actions on these issues are only now being unveiled and they had never been studied in 

human sperm .

In this study we evidenced a different ERs expression between normal and varicocele sperm and 

showed the ultrastructural location of the two receptors in these cells. To further define estrogen 

significance in sperm we evidenced its action on lipid and glucose metabolism. Interestingly, 

‘varicocele’ sperm showed a reduced expression of both ERs and a different response to E2 with 

respect ‘healthy’ sperm on capacitation, acrosin activity, motility and metabolism.
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MATERIALS AND METHODS

Chemicals

Percoll (colloidal PVP coated silica for cell separation), Estradiol (oestra-1,3,5,(10)-triene-3,17 -

diol) (E2), Earle’s balanced salt solution and all other chemicals were purchased from Sigma

Chemical (Milan, Italy). Acrylamide bisacrylamide was from Labtek Eurobio (Milan, Italy). Eosin 

Y was from Farmitalia Carlo Erba. ICI 182, 780 (ICI) was purchased from Zeneca 

Pharmaceuticals (Cheshire, UK). Monoclonal mouse antibody (Ab) to human ER  (F-10), rabbit 

polyclonal Abs to human ER  (H-150), to -actin (AC-15), to phosphotyrosine proteins (PY99), 

peroxidase-coupled anti-rabbit, anti-mouse IgG, normal rabbit serum (NRS) and normal mouse

serum (NRS) were from Santa Cruz Biotechnology (Heidelberg, Germany). Colloidal gold 

conjugated goat anti-mouse and anti-rabbit IgG secondary Abs were from Sigma Aldrich (Milan, 

Italy). Cholesterol-oxidase (CHOD) - peroxidase (POD) enzymatic colorimetric assay, 

triglycerides assay, lipase activity, glucose-6-phosphate dehydrogenase (G6PDH) activity and 

insulin RIA assay kits were from Inter-Medical (Biogemina Italia Srl, Catania, Italy). E2 and ICI 

were dissolved in ethanol (0.02% final concentration) and used as solvent controls did not induce 

any positive result in all in vitro assays (data not shown). Detailed methods for each assay are 

reported as supplementary data.

Semen samples and spermatozoa preparations

Human semen was collected, according to the World Health Organization (WHO) Laboratory 

Manual (World Health Organization, 2010), from healthy volunteer donors of proven fertility. 

Varicocele samples of patients who consulted us for fertility investigation were also placed in the 

study. Reflux of blood in the pampiniform plexus was determined by palpation employing the 

Valsalva manoeuver. Additional radiologic imaging is not necessary to diagnose subclinical
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varicocele, because only a varicocele detected by physical examination should be considered 

potentially significant (Pryor et al., 1987). Varicocele samples used in this study were from

oligoastenoteratozoospermic (OAT) patients with diagnosed varicocele of grade III (visible 

without palpation) on the left testis and their ejaculates were found to have total sperm count of 

18x10
6
 sperm cells per ejaculate, percentage of motility a+b of 32%, percentage of normally

formed features of 30% and viability percentage of 70%. Samples of OAT patients without 

varicocele but with similar semen parameters with respect to that with varicocele, were also 

considered in this report to evaluate if eventual differences observed between normal and 

varicocele samples are related to other infertility problems. The study has been approved by the 

local medical-ethical committee and all participants gave their informed consent.

Processing of ejaculated sperm 

For each experiment three normozoospermic samples or four OAT or four varicocele samples were 

pooled. After liquefaction, semen samples were pooled and then subjected to centrifugation (800 

g) on a discontinuous Percoll density gradient (80:40 % v:v) (Aquila et al., 2002). The 80 % 

Percoll fraction was examined using an optical microscope equipped with a x100 oil objective to 

ensure that a pure sample containing only spermatozoa was obtained. These sperms had a motility

of about 65% (World Health Organization, 2010) and a viability of 80% both for normal or 

pathologic samples. Particularly, the same number for both normal, OAT and varicocele samples

of Percoll-purified sperm were washed with unsupplemented Earle’s medium (uncapacitating 

medium) and were incubated in unsupplemented Earle’s balanced salt solution for 30 minutes

(min) at 37 °C and 5 % CO2, without (NC) or with the following treatments: increasing E2 

concentrations (1 nM, 10 nM, 100 nM and 1 M) and ICI (1 M) alone or combined with 10 nM 

or 100 nM E2 ( i.e. the concentration at which we evidenced the E2 effect on the considered 

activity). When the cells were treated with ICI, a pre-treatment of 15 min was performed. From 0.1 

6



nM to 1 nM E2 levels are in a range of previously reported physiological E2 concentrations in 

human male serum and  in spermatic vein respectively (Pentikainen et al., 2000; Nakazumi et al., 

1996). The other concentrations we used are supraphysiologic. It deserves to be mentioned that in 

males, the E2 can be extraordinarily high in the spermatic vein (about 1 nM), similar to that 

observed in the female during the onset of ovulation (Nakazumi et al., 1996).

Evaluation of sperm viability 

Viability was assessed by using Eosin Y method. Spermatozoa were washed in uncapacitating 

medium and centrifuged at 800g for 20 min. To test androgen effects on sperm viability, 

spermatozoa 10 ml of Eosin Y [0.5% in phosphate-buffered saline (PBS)] were mixed with an 

equal volume of sperm sample on a microscope slide. The stained dead cells and live cells that 

excluded the dye, were scored among a total of 200 cells and by an independent observer. Sperm

viability was calculated as percentage of total motile sperm, to exclude some toxic effects of the 

treatments.

Western blot analysis of sperm proteins 

Percoll-purified sperm samples, washed twice with uncapacitating medium, were incubated as 

mentioned above and then centrifuged for 5 min at 5000 g. The pellet was resuspended in lysis 

buffer and western blotting analysis was performed as previously described (Aquila et al., 2004; 

Aquila et al., 2002). As internal control, all membranes were subsequently stripped (glycine 0.2 M, 

pH 2.6 for 30 min at room temperature) and reprobed with anti -actin Ab. The protein bands were 

quantified by scanning densitometry (Imaging Densitometer GS-700 BIO–RAD USA).

Immunogold labeling for ER  and ER .

Immunogold assay by TEM was performed as previously described (Aquila et al., 2008; Aquila et 

al., 2010a). The mouse anti-human ER  Ab or the rabbit polyclonal to human ER  Ab and 10 nm
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colloidal gold conjugated anti-mouse or anti-rabbit IgG secondary Abs were used. To assess the 

specificity of the immunolabeling, negative controls were carried out in corresponding sections of 

sperm from fertile men that were labelled with colloidal gold conjugated secondary Ab without the 

primary Ab.

Measurement of cholesterol efflux 

Cholesterol was measured in duplicate by a CHOD - POD enzymatic colorimetric method

according to manufacturer’s instructions in the incubation medium from human spermatozoa, as 

previously described (Aquila et al 2006; Aquila et al 2009a). Percoll-purified sperm samples,

washed twice with uncapacitating medium, were incubated in the absence (NC, control) or in the 

presence of increasing concentrations of E2 (from 1 nM to 1 M ) or with 1 M ICI alone or 

combined with 10 nM E2, for 30 min at 37 °C and 5 % CO2. At the end of the sperm incubation 

the culture media were recovered by centrifugation, lyophilized and subsequently dissolved in 1 ml

of buffer reaction. The samples were incubated for 10 min at room temperature, then the 

cholesterol content was measured spectrophotometrically at 505 nm. Cholesterol standard used 

was 200 mg/dl. The limit of sensitivity for the assay was 0.05 mg/dl. Inter- and intraassay 

variations were 0,04 % and 0,03 % respectively. Cholesterol results are presented as mg per 10 x 

10
6
 number of spermatozoa.

Evaluation of sperm motility

Sperm motility was assessed by means of light microscopy examining an aliquot of each sperm

sample in absence or in the presence of increasing E2 (from 1 nM to 1 M ) or with 1 M ICI 

alone or combined with 10 nM E2. Sperm motility was expressed as percentage of total motile

sperm. An independent observer scored at least 200 cells.
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Acrosin activity assay 

Acrosin activity was assessed by the method of Kennedy et al. (1989) and as previously described 

(Aquila et al., 2003). Sperm were washed in Earle’s medium and centrifuged at 800 g for 20 min,

then were resuspended (final concentration of 10 x 10
6
 sperm/ml) in different tubes containing no 

treatment (NC, control) or in the presence of increasing E2 concentrations (from 1 nM to 1 M ) or 

with 1 M ICI alone or combined with 10 nM E2 incubated for 30 min under uncapacitating 

conditions. 1 ml of substrate-detergent mixture (23 mmol/l BAPNA in DMSO and 0.01% Triton 

X-100 in 0.055 mol/l NaCl, 0.055 mol/l HEPES at pH 8.0 respectively) was added and incubated 

for 3 hours at room temperature. Aliquots (20 µl) were removed at 0 and 3 hours and the 

percentages of viable cells were determined. After incubation, 0.5 mol/l benzamidine was added 

(0.1 ml) to each of the tubes and then centrifuged at 1000 g for 30 min. The supernatants were 

collected and the acrosin activity measured with the spectrophotometer at 410 nm. In this assay, 

the total acrosin activity is defined as the amount of the active (nonzymogen) acrosin associated 

with sperm plus the amount of active acrosin that is obtained by proacrosin activable. The acrosin 

activity was expressed as µIU/10
6
 sperms. Quantification of acrosin activity was performed as 

previously described (Aquila et al., 2003). 

Triglycerides Assay 

Triglycerides were measured in duplicate by a GPO-POD enzymatic colorimetric method

according to manufacturer’s instructions in sperm lysates and as previously described (Aquila et 

al., 2006; Aquila et al., 2009a; Aquila et al., 2009b). Data are presented as g/10
6
 sperms.

Assay of acyl-CoA dehydrogenase activity 

Acyl-CoA dehydrogenases are a class of enzymes which function to catalyze the initial step in 

each cycle of fatty acid -oxidation. Assay of acyl-CoA dehydrogenase was performed on sperm,
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using a modification of the method described by Lehman et al. (Lehman et al., 1990) as previously 

described (Aquila et al., 2006).

Lipase activity assay

Lipase activity was evaluated, by the method of Panteghini et al.(Panteghini et al., 2001) based on 

the use of 1,2-o-dilauryl-rac-glycero-3-glutaric acid-(6'-methylresorufin) ester (DGGR) as 

substrate, as previously described (Aquila et al., 2006; Aquila  et al., 2009).

Assay of the G6PDH activity 

The conversion of NADP
+
 to NADPH, catalyzed by G6PDH, was measured by the increase of 

absorbance at 340 nm as previously described (Aquila et al., 2005b).

Measurement of insulin secreted by human spermatozoa 

A competitive RIA was applied to measure insulin in the sperm culture medium as previously 

described (Aquila et al., 2005b). The limit of sensitivity for the assay was 0.02 µIU/ml. Inter- and 

intra-assay variations were 3.2 % and 3.4 %, respectively. Insulin results are presented as the 

original concentrations of the supernatants and are expressed as micro international units per 

millilitre.

STATISTICAL ANALYSIS 

The experiments for TEM assay were performed in at least three independent experiments. The 

experiments for Western blotting analysis were performed in at least six independent experiments.

The data obtained from cholesterol efflux, motility, acrosin activity, triglycerides assay, lipase 

activity, acyl-CoA dehydrogenase activity, G6PDH activity, insulin assay (six replicate 

experiments using duplicate determinations), were presented as the mean ± SEM. The differences 
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in mean values were calculated using analysis of variance (ANOVA) with a significance level of 

P 0.05.

RESULTS

ER  and ER  expression in normal, OAT and varicocele sperm samples 

First we investigated the ERs expression in normal, OAT and varicocele sperm. Interestingly, ER

content appears strongly reduced only in varicocele samples (Fig. 1A), while ER  was almost

undetectable (Fig. 1B). Therefore, the ERs content might distinguish men with normozoospermia

and OAT from those with varicocele. The bands were not detected by non-immune rabbit serum

(panel A1) or by non-immune mouse serum (panel B1) indicating that these proteins are specific 

for ER  and ER  respectively. 

Immunogold localization of ER  in human sperm 

By TEM, ultrastructural analysis revealed well preserved outer dense fibers, axoneme and 

mitochondria. The sperm head showed no ER  label (Fig. 2a), while the midpiece with the 

mitochondria was decorated with gold particles (Fig. 2d). Strong label was seen throughout the 

principal piece of the flagellum, including fibrous sheath and the outer dense fibers (Fig. 2g). ER

appears to be also present in sperm membranes. Simultaneous negative control experiments

performed with sperm from fertile men did not show any label in the corresponding regions (Figs. 

2c, 2f and 2i). In ‘varicocele’ sperm, the ER  was absent in the head (Fig. 2b) and a strong 

reduction of the labelling was noticed along the midpiece and the tail (Fig. 2e and Fig. 2h). 
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Immunogold localization of ER

Low levels of ER  labelling were confined to the midpiece (mitochondria, between outer dense 

fibers and axoneme) (Fig. 3d and 3g). Labelling was completely absent from the head (Fig 3a) and 

no gold particles were seen lower down the midpiece, in all the sperm observed. Immunogold

labelling was not observed in negative control experiments in the corresponding sperm regions 

(Fig. 3c, 3f and 3i). Consistent with western blot experiments, in the ‘varicocele’ sperm the ER

was almost absent in the majority of the sperm observed (3b, 3e and 3h).

E2 induces capacitation in human normal sperm 

Then we evaluated E2 effects on two hallmarks of capacitation process, sperm membrane

cholesterol efflux and protein tyrosine phosphorylation in normozoospermic, OAT and varicocele 

samples. Capacitation encompasses different features and sperm membrane cholesterol efflux 

contributes to one signalling mechanism that controls the process (Aquila et al 2006; Visconti et al 

1998; Travis et al 2002). Our results showed a dose-dependent increase in the cholesterol efflux 

from 1nM to 100 nM E2 (Fig. 4A), while 1 µM did not give further increase. This effect was 

abrogated by using ICI combined with 100 nM E2. It deserved to be mentioned that ICI is a potent 

steroidal antiestrogen, which can bind to both ER subtypes (Vladusic et al., 2000; Roger et al., 

2005). The OAT sperm showed a similar pattern of E2-response although in a lesser extent. In 

varicocele samples, no increase upon E2 treatment was observed. 

Cholesterol efflux initiates signalling events leading to tyrosine phosphorylation of sperm proteins 

(Visconti et al 1995; Osheroff et al 1999). In our study, it appears that an increase in the protein 

tyrosine phosphorylation was obtained from 1 nM to 100 nM E2 (Fig 4B). A similar response to 

E2 was observed in OAT samples, however in a lesser extent. The combination of ICI with 100 

nM E2 reduced this action. In varicocele samples, no significant increase upon E2 was observed. 
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E2 induces sperm motility and acrosin activity 

The sperm cell uses its flagellum to move itself through the female reproductive tract. In our 

experiments, E2 induced sperm motility at 1 nM and 10 nM, after then it significantly decreased at 

1 µM (Fig. 5A), showing a biphasic effect. OAT showed an increase at 1 nM and 10 nM E2 as it 

occurs in healthy sperm, albeit in a lesser extent. In varicocele samples, an increase upon 10 nM 

E2 was observed. The acrosin activity significantly increased upon E2 in normal samples (Fig. 

5B), while a weak not significant enhancement was obtained in varicocele sperm. OAT sperm had 

a similar response to that of healthy sperm. Besides, in normal samples, the ICI didn’t completely

reverse the E2-induced effect in both motility and acrosin activity, suggesting that other factors 

other than ERs are involved in mediating these sperm activities.

E2 modulates the triglycerides content, lipase and acyl-CoA dehydrogenase activities in human 

sperm

An action of estrogen on lipid and glucose metabolism was demonstrated in adipocyte cells. In 

sperm, we first investigated triglycerides intracellular content upon increasing E2 levels. As shown 

in Fig. 6A, E2 was able to significantly decrease the triglycerides content in a dose-dependent 

fashion and the combination of 100 nM E2 with 1 µM ICI reduced the E2-induced action. OAT 

samples displayed a significantly decrease at 100 nM and 1 µM E2. In varicocele, on the contrary 

an increase of triglycerides was obtained at 100 nM and 1 µM E2.

To further investigate the mechanism through which E2 may influence sperm lipid metabolism, we 

evaluated its role on lipase and acyl-CoA dehydrogenase activities. The E2-induced increase in 

lipolysis was recently suggested in somatic cells, however an E2 regulation of lipase activity in 

sperm was never studied. Interestingly, lipase activity was enhanced by E2 in a dose-dependent 

manner and 100 nM E2 plus 1 µM ICI reduced the E2-induced effect (Fig. 6B). The E2-induced 

13



action in OAT samples was evidenced at 100 nM. The effect was not observed in ‘varicocele’ 

sperm.

In aromatase-deficient mouse which lacks intrinsic estrogen production, an altered expression of 

acyl-CoA dehydrogenase was observed (Nemoto et al., 2000). In sperm, it appears that E2 induces 

-oxidation of the fatty acids from 1 nM to 100 nM (Fig. 6C), while 1 µM E2 didn’t give further 

effect. The combined treatment of 100 nM E2 with 1 µM ICI attenuated the effect. OAT samples

had similar results although in a minor order of magnitude. In varicocele samples, E2 didn’t induce 

the enzymatic activity. 

E2 regulates G6PDH activity in human sperm 

A role of E2 in glucose metabolism was investigated in somatic cells, however this possible E2-

action in sperm was not studied yet (Puah et al., 1985). The effect of glucose on the sperm

fertilizing ability appears to be mediated by its metabolism through the Pentose Phosphate 

Pathway, therefore we evaluated whether E2 is able to modulate the G6PDH activity, as it is the 

key factor of this pathway. As shown in Fig. 7A, E2-induced this activity. When 100 nM E2 were 

combined with 1 µM ICI a reversion was obtained. OAT sperm mirror the E2-induced effect in 

normal sperm, but in a lesser extent. Similarly to the other enzymatic activities, the ‘varicocele’ 

sperm did not respond to E2. 

E2 affects insulin secretion by sperm

The ER plays an important role in the regulation of insulin biosynthesis, secretion and -cell

survival (Nadal et al., 2009). We previously demonstrated that insulin is expressed in and secreted 

from human spermatozoa (Aquila et al., 2005b). In this study, from 1 nM to 100 nM E2 induced a 

dose-dependent increase in insulin secretion, reaching levels that were similar to that elicited upon 

glucose stimulation in human sperm (Aquila et al., 2005b), while 1 µM E2 didn’t give further 
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increase (Fig. 7B). 100 nM E2 combined with 1 µM ICI attenuated the effect. OAT samples

resemble the E2-induced effect in normal sperm, but in a lesser extent. Interestingly, the 

‘varicocele’ sperm seems to be sensitive to E2 on insulin secretion in a similar behaviour to that of

normal sperm, however with a different order of magnitude that is similar to that observed in 

uncapacitated sperm (Aquila et al., 2005b). 

DISCUSSION

Despite current knowledge in the pathophysiology of varicocele-associated male infertility, the 

exact mechanism/s by which it impairs fertility remains elusive. In the male reproductive tract, a 

key action of estrogens was observed in the regulation of the spermatogenesis, spermiogenesis and 

gamete functional maturation (Robertson et al., 1999; Sharpe, 1998; O’Donnel et al., 2001). In the 

present study, we evidenced the sperm ultrastructural compartmentalization of the ER  and ER .

Interestingly, we discovered a new role of E2 in the regulation of lipid and glucose metabolism in 

human male gamete. Intriguingly, comparing ‘healthy’ and ‘varicocele’ sperm at molecular and 

functional levels, differences in the amount of the two receptors and in the response to the 

hormone were observed.

First, we examined the expression of ERs simultaneously in semen samples from healthy donors 

and from OAT patients with or without varicocele. Worthy, a reduced expression of the ERs 

appears to be related only to varicocele since it discriminates healthy and OAT sperm from those 

with varicocele. Therefore, this pattern of ERs expression in varicocele may be considered a 

molecular marker of the damaging effects of the pathology on spermatogenesis and/or sperm

maturation. It was reported that glucocorticoid receptor is rapidly degraded in heat-shocked cells 

(Vedeckis et al., 1989), therefore it may also be possible that the increased testicular temperature

in varicocele subjects determinates this effect.
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We previously demonstrated that ER  is prevalently expressed in the mid-piece, while ER  is 

distributed along the tail with an overlap of the two proteins in the proximal region of the tail 

(Aquila et al., 2004). In the present finding, to gain an improved understanding of the human

sperm anatomical region containing the ERs we employed TEM with immunogold analysis. 

Ultrastructural analysis revealed ER  label in the midpiece with the mitochondria  and a strong 

label throughout the principal piece of the flagellum, including fibrous sheath and the outer dense 

fibers. Low levels of ER  labelling were confined to the midpiece (mitochondria, between outer 

dense fibers and axoneme). From an overview of the ERs localization and abundance in the male

genital tract, ER  seems to be the predominant ER subtype in male reproductive system,

conversely ER  appears to be very weakly expressed, as we found in our study. Intriguingly, in 

‘varicocele’ sperm, a strong reduction of the ER  labelling was noticed while the ER  was almost

absent. These data are consistent with western blotting results, and may suggest, at least in part, a 

link between the expression of ERs, the reduced motility and survival of the gametes in subjects 

suffering of varicocele, taking also into account our previously reported roles of ERs on human

sperm (Aquila et al., 2004). The reduced expression of both proteins in ‘varicocele’ sperm, may be 

brought back to the spermatogenesis during which some factor related to the varicocele condition 

interferes with a production of the ERs correct amount, or during the spermiogenesis when the 

formation of the flagellum occurs. This varicocele-induced damage may also happen during the 

transit of the sperm along the male reproductive tract (epididymus and sex accessory glands), 

where it undergoes modifications in the macromolecules composition. It was previously 

demonstrated that E2 stimulates various sperm functions including motility, longevity, capacitation 

and acrosome reaction (Idaomar et al., 1987; Adeoya-Osiguwa SA et al., 2003; Aquila et al.,

2003). Our report confirmed some of these data, such as the capacitation and ascrosin activity, 

besides evidenced that the varicocele sperm did not seem to be responsive to E2 and this may be 

due to the reduced expression of both the ERs.
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The highly polarization in the structure and function of spermatozoa compartmentalize specific

signalling pathways to the regions were they are needed. The massive presence of ER  in the 

flagellum may indicate an important role in the sperm motility. In this regards, it was previously 

reported that estrogens affect sperm motility (Aquila et al., 2003), however in the present study we 

highlight that the ERs may be involved. In sperm, flagellum serves dual functions: in addition to 

being a basic engine for locomotion it is involved in physiological functions such as capacitation 

and acrosome reaction (Breitbart et al., 2005). Besides, most of the glycolytic enzymes have been 

localized to the flagellum and the central role of mitochondria in energy production is well known. 

The concomitant location of the two ERs in the flagellum and midpiece, where mitochondria are 

present, led us to hypothesize that these receptors could be involved in sperm metabolism.

Estrogens have been reported to affect adiposity either directly, by modulating lipogenesis, 

lipolysis or adipogenesis, or indirectly, by modulating energy expenditure. Capacitation involves 

numerous physiological changes including an increased metabolic rate and overall energy 

expenditure to accomplish all the necessary changes. Our recent data suggest that sperm has the 

ability to modulate itself the energetic substrate availability on the basis of its energy needs 

independently of the systemic regulation (Aquila et al., 2005a; Aquila et al., 2005b). Besides, our 

previous studies demonstrated that the substances which induced capacitation had the effect to 

reduce the triglycerides content while concomitantly some enzymatic activities related to the 

energy expenditure increased (Aquila et al., 2006; Aquila et al., 2009a; Aquila et al., 2009b; 

Aquila et al., 2010b). These data also implicate that the uncapacitated sperm is involved in the 

accumulation of energy substrates, which will be spent during capacitation when the energy is used 

to accomplish sperm’s mission to fertilize the oocyte. Although the relationship between the 

signalling events associated with capacitation and the changes in sperm metabolism energy is only 

beginning to be understood, it may be generalized that uncapacitated sperm is associable with an 

anabolic metabolism while capacitation with a catabolic metabolism. Particularly, from this new 
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manuscript it appears that E2 is able to induce both capacitation and acrosin activity in normal

sperm in agreement with other studies, therefore the increased lipid and carbohydrate metabolism

upon E2 well fit with the role of estrogens in the sperm acquisition of fertilizing ability. 

We would like to point out that in our study, the E2 induces G6PDH activity concomitantly to the 

insulin secretion. From our previous data, insulin can be considered an endogenous factor involved 

in the autocrine induction of the capacitation and the high insulin secretion by sperm may be 

considered another feature of this process (Aquila et al., 2005a); here we found that E2 is able to 

modulate insulin secretion, confirming the importance of E2/ER in sperm functional maturation. In 

‘varicocele’ sperm, the E2 did not induce energy expenditure thereby signifying a metabolic

dysfunction. It may be also deduced that the ‘varicocele’ sperm did not respond to estrogen since it 

doesn’t have enough ERs. Particularly, it appears that E2 was able to induce insulin secretion also 

in varicocele sperm, however the levels were comprised in the typical range of the uncapacitated 

status (0.1– 0.73 µIU/ml) (Aquila et al., 2005a). Altogether, it may be presumed that ‘varicocele’ 

sperm has difficulty to switch into capacitation. 

Undoubtedly, there is a need for more molecular and genetic studies to clarify the pathophysiology 

of varicocele. Besides, from our data, ICI was not able to completely revert all the sperm activities 

studied, suggesting that different factors induced by E2 other than ERs are involved. To strengthen 

the idea that the steroid hormones effects are “extranuclear” and “nongenomic” and happen 

through a membrane receptor in sperm, there is a general consensus that their effects are not 

counteracted by the classical antagonists (Schatz et al 2003). However, from our previous data, by 

using antagonists or inhibitors for some nuclear receptors including ICI for the ERs (Aquila et al., 

2004), GW9662 for the Peroxisome proliferator-activated receptor (PPAR) gamma (Aquila et al., 

2006), Casodex and hydroxy-flutamide for androgen receptors (Aquila et al., 2007), it emerges that 

these substances were able to abolish or to attenuate different sperm actions induced activating the 

receptor by its specific ligand. Mechanistic studies have shown that ICI, possesses high ER-

18



binding affinity and has multiple effects on ER signalling: it blocks dimerisation and nuclear 

localisation of the ER, reduces cellular levels of ER and blocks ER-mediated gene transcription 

(Anthony Howell, 2006). In different cell types fulvestrant has also been shown to abolish rapid, 

‘nongenomic’ estrogen signaling (Fatehi et al., 2006). For example, the activation of the MAPK 

pathway and a mobilization of intracellular calcium stores via estrogen stimulation of ER is 

abolished by ICI in vitro (Improta-Brears et al. 1999). All these observations, corroborated by the 

identification of the classical ERs in sperm, indicate that the receptor action may be blocked by ICI 

also when some rapid effects were taken into account, both in somatic cells and in the sperm.

The steroid hormone estrogen has been long known to exert both genomic and nongenomic effects. 

Although the identity of all the receptors that might mediate the latter effects remains unclear, 

substantial evidence now indicates that both types of the effects can be mediated  through the 

classical estrogen receptors, ER  and ER . Because many of these estrogen-stimulated pathways 

are typically initiated at the plasma membrane, many investigators have sought to determine the 

existence of a membrane-associated ER. In many instances, rapid signalling are stimulated by the 

classical steroid/nuclear receptor (Hammes and Levin, 2007), but may be also mediated by 

membrane-associated ER (Hanstein et al. 2004) or by structurally unrelated receptors of the 7-

transmembrane G protein-coupled receptor family such as GPR30 that has also been shown to be 

capable to mediate signaling following E2 stimulation (Prossnitz et al., 2008). In CHO cells, 

expression of a single cDNA for either ER  or ER  produces both membrane and nuclear receptor 

populations and results in E2 activation of signal transduction from the membrane (Razandi et al.,

1999). Another proposed mechanism for membrane-initiated signaling by ER involves receptor 

association with membrane caveolae favoring the idea that the membrane and nuclear ER are the 

same protein. However, there is still substantial evidence arguing for the existence of novel 

membrane estrogen receptors (mER) that mediate the rapid effects of estrogen. It is likely that both 

populations of receptors play a role in rapid signaling. It is generally accepted that the sperm
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nucleus is transcriptional inactive due to the highly condensed architecture of its chromatin,

therefore the rapid actions appears to be more appropriate in sperm as the hormone’s effects 

happen too quickly to be due to gene regulation. Anyway, it is well established that the 

conventional estrogen receptors induce rapid effects both in somatic and in sperm cells.

Going along our previous studies, the presence of both ERs and aromatase in sperm, create the 

conditions for an autocrine estradiol short loop. It may be hypothesised that the E2 produced by 

sperm may act on its own receptors triggering or modulating various sperm activities, comprising

the metabolism. Intriguingly, in almost all the performed assays, the OAT cases not associated 

with varicocele are sensitive to E2, although in a lesser extent with respect to the healthy sperm.

The OAT samples seem to contain a major ERs amount with respect normal sperm, anyway they 

exhibited a reduced sensibility to E2. This may be due to the fact that in the cells a fine regulation 

and a balanced content of the various proteins is needed, even more in a cell with peculiar features

like sperm. OAT with varicocele greatly lose the responsiveness to E2. This supports that 

varicocele is an additional factor to decrease the acquisition of sperm fertilizing ability and denotes 

that the ERs may be involved in this detrimental action.

Concluding, varicocele has a negative effect on sperm structure at molecular level and this go 

beyond the abnormal sperm morphology described to date, complicating this issue. 
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FIGURE & LEGENDS 

FIG. 1 ER  and ER expression is reduced in varicocele sperm 

Extracts of pooled purified ejaculated spermatozoa were subjected to electrophoresis on 11% SDS-

polyacrylamide gels,blotted onto nitrocellulose membranes, and probed with rabbit polyclonal 

antibody to human ER  (A) or with mouse monoclonal antibody to human ER  (B). A: Norm,

expression of ER  in ejaculated sperm from normal men. OAT1 and OAT2 expression of ER  in 

ejaculated sperm from two oligoastenoteratozoospermic patients. V1 and V2 expression of ER  in 

two samples of ejaculated sperm from varicocele men. A1: Immunoblot of the negative control 

membrane incubated with normal rabbit serum). B: Norm, expression of ER  in ejaculated sperm

from normal men. OAT1 and OAT2 expression of ER  in ejaculated sperm from two 

oligoastenoteratozoospermic patients. V1 and V2 expression of ER  in two samples of ejaculated 

sperm from varicocele men. The number on the left corresponds to molecular masses (kilodaltons) 

of the marker proteins. B1: Immunoblot of the negative control membrane incubated with normal

mouse serum).The experiments were repeated at least six times, and the autoradiographs of the 

figure show the results of one representative experiment.

FIG. 2 Immunoelectron localization of ER  in human spermatozoa

Sperm were collected and prepared as described in Materials and Methods. Panels a, d and g are

micrographs of sections from ejaculated sperm of normozoospermic patients probed with rabbit 

polyclonal Ab to human ER : original magnification, a x30000; d x40000; g x50000. Panels b, e 

and h are micrographs of sections of the corresponding regions from sperm of varicocele patients 

probed with rabbit polyclonal Ab to human ER , original magnification, b x20000; e x40000; h

x50000. Panels c, f and i, samples from fertile men, are the negative controls (N) of the 

corresponding regions obtained without the incubation with the primary Ab, original 
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magnification, c x30000; f x40000; i x20000. In all cases, a secondary anti-rabbit antibody 

conjugated to 10-nm colloidal gold particles was used for labelling. A: Longitudinal sections 

through the head; B: Cross-sections of the midpiece of the flagellum; C: Longitudinal sections of 

the principal piece of the flagellum. Representative of 3 similar experiments.

FIG. 3 Immunoelectron microscopic localization of ER  in human spermatozoa

Sperm were collected and prepared as described in Materials and Methods. Panels a, d and g are

micrographs of sections from ejaculated sperm of normozoospermic patients probed with mouse

monoclonal Ab to human ER , original magnification, a x30000; d x80000; g x50000. Panels b, 

e and h are micrographs of sections of the corresponding regions from sperm of varicocele 

patients probed with mouse monoclonal Ab to human ER , original magnification, b x30000; e

x50000; h x60000. Panels c, f and i, are the negative controls (N) of the corresponding regions 

obtained without the incubation with the primary Ab, original magnification, c x30000; f x60000; i

x70000. In all cases, a secondary anti-mouse antibody conjugated to 10-nm colloidal gold particles 

was used for labelling. A: Longitudinal sections through the head; B: Longitudinal sections of the 

midpiece of the flagellum; C: Cross-sections of the midpiece of the flagellum. Representative of 3 

similar experiments.

FIG. 4 Effects of E2 on capacitation

Purified spermatozoa were incubated in the unsupplemented Earle’s medium for 30 min at 37 °C 

and 5% CO2, in the absence (NC) or in the presence of indicated treatments. A: Cholesterol in 

culture medium from human ejaculated spermatozoa was measured by enzymatic colorimetric

assay. Columns are mean ± SEM of six independent experiments performed in duplicate. Data are 

expressed in mg ⁄ 107 spermatozoa. *p<0.05 vs. control ; **p < 0.02 vs. control. B: 70 g of sperm

lysates were used for western blot analysis of protein tyrosine phosphorylations in normal samples.
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Actin was used as loading control. C: protein tyrosine phosphorylation in OAT samples without 

varicocele. D: protein tyrosine phosphorylation in varicocele samples. The autoradiographs 

presented are representative examples of experiments that were performed at least six times with 

repetitive results. On the right, quantitative representations after densitometry of the double 95±97 

kDa band, representative of the protein tyrosine phosphorylations in human sperm. *P = 0.05 

versus control, **P = 0.01 versus control. 

Fig. 5 E2 effects on sperm motility and acrosin activity in human sperm

Purified spermatozoa were incubated in the unsupplemented Earle’s medium for 30 min at 37 °C 

and 5% CO2, in the absence (NC) or in the presence of increasing E2 concentrations (1 nM, 10 

nM, 100 nM and 1 µM). Some samples were treated with 1 µM ICI alone or combined with 10 nM 

E2. Sperm motility and acrosin activity were assessed as reported in Materials and methods. A:

Data are expressed as % of sperm motility. *P < 0.05 versus control; ** P=0.02, versus control. B: 

The acrosin activity was expressed as µIU/10
6
 sperms;*P < 0.05 and **P = 0.01 versus control. 

Columns represent mean ± SEM of six independent experiments each done in duplicate.

Fig. 6 E2 affects triglycerides content, lipase and acyl-CoA dehydrogenase activities in 

human sperm 

Purified spermatozoa were incubated in the unsupplemented Earle’s medium for 30 min at 37 C 

and 5% CO2, in the absence (NC) or in the presence of increasing E2 concentrations (1 nM, 10 

nM, 100 nM and 1 µM). Some samples were treated with 1 µM ICI alone or combined with 100 

nM E2. A: Triglycerides content was measured as reported in Materials and Methods. Columns

represent mean ± SEM of six independent experiments each done in duplicate. *P < 0.05 versus 

control, **P < 0.02 versus control. Lipase (B) and octanoyl-CoA dehydrogenase (C) activities 

were performed as reported in Materials and Methods. Columns represent mean ± SEM of six 
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independent experiments each done in duplicate. B: *P < 0.05 versus control; **P < 0.01 versus 

control. C: *P < 0.05 versus control; **P < 0.01 versus control.

Fig. 7 E2 effects on sperm glucose metabolism 

Purified sperm were incubated in the uncapacitating medium (control) for 30 min at 37 C and 5 % 

CO2. Sperm were treated with 1 nM, 10 nM, 100 nM and 1 µM E2. Some samples were treated 

with 1 µM ICI alone or combined with 100 nM E2. A: G6PDH activity was performed as reported 

in Materials and Methods. B: Insulin secretion by sperm was evaluated as reported in Materials

and Methods. Columns represent mean ± SEM of six independent experiments each done in 

duplicate, *P < 0.01 versus control, **P < 0.001 versus control.
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The farnesoid X receptor (FXR) is a member of the nuclear
receptor superfamily that regulates bile acid homeostasis. It is
expressed in the liver and the gastrointestinal tract, but also in
several non-enterohepatic tissues including testis. Recently,
FXR was identified as a negative modulator of the androgen-
estrogen-converting aromatase enzyme in human breast cancer
cells. In the present study we detected the expression of FXR in
Leydig normal and tumor cell lines and in rat testes tissue. We
found, in rat Leydig tumor cells, R2C, that FXR activation by the
primary bile acid chenodeoxycholic acid (CDCA) or a synthetic
agonist GW4064, through a SHP-independent mechanism,
down-regulates aromatase expression in terms of mRNA, pro-
tein levels, and its enzymatic activity. Transient transfection
experiments, using vector containing rat aromatase promoter
PII, evidenced that CDCA reduces basal aromatase promoter
activity.Mutagenesis studies, electrophoreticmobility shift, and
chromatin immunoprecipitation analysis reveal that FXR is able
to compete with steroidogenic factor 1 in binding to a common
sequence present in the aromatase promoter region interfering
negatively with its activity. Finally, the FXR-mediated anti-pro-
liferative effects exerted by CDCA on tumor Leydig cells are at
least in part due to an inhibition of estrogen-dependent cell
growth. In conclusion our findings identify for the first time the
activators of FXR as negative modulators of the aromatase
enzyme in Leydig tumor cell lines.

The farnesoidX receptor (FXR)3 (NR1H4) is amember of the
nuclear receptor superfamily of ligand-dependent transcrip-
tion factors, normally produced in the liver and the gastrointes-

tinal tract, where it acts as a bile acid sensor (1–3). FXR regu-
lates the expression of a wide variety of target genes involved in
bile acid, lipid, and glucose metabolism by binding either as
monomer or as a heterodimer with the retinoid X receptor
(RXR) to FXR response element (FXREs) (4–7). FXR induces
the up-regulation of nuclear receptor SHP (small heterodimer
partner), which interacts with other nuclear receptors prevent-
ing their activation (8–10).
Recently, new functions of FXR beyond its roles in metabo-

lism were discovered in several nonenterohepatic tissues,
including its control in regulating cell growth and carcinogen-
esis (11–14). For instance, it has been demonstrated that FXR
activation inhibits breast cancer cell proliferation and nega-
tively regulates aromatase activity reducing local estrogen pro-
duction, which sustains tumor growth and progression (13).
Estrogen dependence is also a feature of testicular tumor,

which is the most frequent solid malignant tumor diagnosed in
young men (20–40 years old) accounting for up to 20% of all
malignancies diagnosed at this age. Ninety-five percent of all
human testicular neoplasms arise from germinal cells, whereas
Leydig cell tumors are themost common tumors of the gonadal
stroma (15). The molecular basis of testicular cell malignant
transformation is poorly defined. It has been reported that
estrogen serum levels are elevated in patients with testicular
germ cell cancer as a consequence of increased local estrogen
production reflecting an higher aromatase activity present in
Sertoli and Leydig cells (16). Several studies on both rodents
and humans indicate that prenatal, early postnatal, and adult
exposure to an excess of estrogens might have a central role in
the mechanism leading to male reproductive tract malforma-
tions such as testicular and prostatic tumors (17). The biologi-
cal significance of estrogen-induced testicular tumorogenesis
has been suggested by transgenic mice overexpressing aro-
matase and exhibiting enhancement of 17�-estradiol (E2)
circulating levels (18). About half of these male mice were
infertile and/or had enlarged testis and showed Leydig cell
hyperplasia and Leydig cell tumors (18). Recently, we dem-
onstrated aromatase and ERs expression in testis from
patients affected by Leydigioma in which high estradiol lev-
els in the presence of ER� could significantly contribute to
tumor cell growth and progression (19). Besides, we also
reported that one of the molecular mechanisms determining
Leydig cell tumorogenesis is an excessive estrogen produc-
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tion that stimulates a short autocrine loop determining cell
proliferation (20).
Aromatase activity is regulated primarily at the level of gene

expression by tissue-specific promoters and is present in testic-
ular somatic cells and along thematurative phases ofmale germ
cells (21, 22). A promoter proximal to the translation start site,
called promoter II (PII) regulates aromatase expression in fetal
and adult testis, R2C and H540 rat Leydig tumor cells, and in
purified preparations of rat Leydig, Sertoli, and germ cells
(23, 24). Specific sequences seem to be mainly involved in
aromatase expression: cAMP-responsive element (CRE)-like
sequences binding CREB/ATF protein families (25, 26) and
a sequence containing half-site binding nuclear receptors
(AGGTCA) in position �90 binding steroidogenic factor 1
(SF-1) (27), which is essential for sex differentiation and
development of gonads (28).
On the basis of all these observations, in this study we inves-

tigated in rat tumor Leydig cells R2Cwhether FXR activation by
specific ligand chenodeoxycholic acid (CDCA) or a synthetic
agonist GW4064 may modulate aromatase expression and
antagonize estrogen signaling, inhibiting testicular tumor
growth and progression. We demonstrated that the molec-
ular mechanism by which FXR ligands inhibit aromatase
gene expression in R2C cells is mediated by a direct binding
of FXR to the SF-1 response element present in the aro-
matase promoter region.

EXPERIMENTAL PROCEDURES

Reagents—Nutrient mixture Ham’s F-10, Dulbecco’s modi-
fied Eagle’s medium/Ham’s F-12 nutrient mixture, Dulbecco’s
modified Eagle’s medium, L-glutamine, penicillin, streptomy-
cin, fetal bovine serum (FBS), horse serum, phosphate-buffered
saline, aprotinin, leupeptin, phenylmethylsulfonyl fluoride,
bovine serum albumin, and sodium orthovanadate were pur-
chased by Sigma. TRIzol and Lipofectamine 2000 were from
Invitrogen and FuGENE 6 by RocheApplied Science.TaqDNA
polymerase, RETROscript kit, 100-bp DNA ladder, Dual Lucif-
erase kit, TNT master mixture, and thymidine kinase Renilla
luciferase plasmid were provided by Promega (Madison, WI).
SYBR Green Universal PCR Master Mix was from Bio-Rad.
Antibodies against FXR, �-actin, GAPDH, cyclin D1, cyclin E,
and lamin B were from Santa Cruz Biotechnology (Santa Cruz,
CA), antibody against Aromatase from Serotec (Raleigh, NC),
antibody against SF-1 was kindly provided from Dr. K. Moro-
hashi (National Institute Basic Biology, Myodaiji-cho, Okazaki,
Japan), and anti-LRH-1 antibody was kindly provided by Dr.
Luc Belanger (Laval University, Quebec, Canada). The ECL sys-
tem and Sephadex G-50 spin columns were from Amersham
Biosciences. [1�-3H]Androst-4-ene-3,17-dione, [�-32P]ATP,
and [3H]thymidine were from PerkinElmer Life Sciences.
Salmon sperm DNA/protein A-agarose was from UBI (Chi-
cago, IL).
Plasmids—The plasmids containing different segments of

the rat aromatase PII sequence ligated to a luciferase reporter
gene (�1037/�94 (p-1037), �688/�94 (p-688), �475/�94
(p-475), �183/�94 (p-183), and �688/�94 mut (p-688m)
(SF-1 site mutant)) were previously described (27). The FXR-
responsive reporter gene (FXRE-IR1) and FXR-DN (dominant

negative) expression plasmids were provided by Dr. T. A.
Kocarek (Institute of Environmental Health Sciences, Wayne
State University) (29). The FXR expression plasmid was pro-
vided by Dr. D. J. Mangelsdorf (Southwestern Medical Center,
TX). SF-1 expression plasmid and the CYP17 gene reporter
were obtained fromDr.W. E. Rainey (Medical College of Geor-
gia). XETL plasmid is a construct containing an estrogen-re-
sponsive element from the Xenopus vitellogenin promoter,
driving expression of the luciferase gene.
Cell Cultures and Animals—Rat Leydig tumor cells (R2C)

were cultured in Ham’s F-10 supplemented with 15% horse
serum, 2.5% FBS, and antibiotics. Mouse Leydig cells (TM3)
were cultured in Dulbecco’s modified Eagle’s medium/Ham’s
F-12 supplemented with 5% horse serum, 2.5% FBS, and anti-
biotics. Human cervix tumor cells (HeLa) and hepatoma cells
(HepG2) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS, 1% L-glutamine and antibiotics.
The cells were starved in serum-free medium 24 h before treat-
ments. Male Fisher 344 rats (a generous gift of Sigma-Tau), 6
(FRN) and 24 (FRT) months of age, were used for studies.
Twenty-four-month-old animals presented spontaneously
developed Leydig cell tumors, which were absent in younger
animals. Testes of all animals were surgically removed by qual-
ified, specialized animal care staff in accordance with theGuide
for Care and Use of Laboratory Animals (NIH) and used for
experiments.
Aromatase Activity Assay—The aromatase activity in sub-

confluent R2C cells culture medium was measured by the triti-
ated water release assay using 0.5 �M [1�-3H]androst-4-ene-
3,17-dione as substrate (30). The incubations were performed
at 37 °C for 2 h under an air/CO2 (5%) atmosphere. The results
obtained were expressed as picomole/h and normalized to mg
of protein (pmol/h/mg of protein).
Total RNA Extraction and Reverse Transcription-PCR Assay—

Total RNAwas extracted fromR2C andTM3 cells usingTRIzol
reagent and evaluation of gene expression was performed by
the reverse transcription-PCR method using a RETROscript
kit. The cDNAs obtained were amplified by PCR using the fol-
lowing primers: forward 5�-CAGCTATACTGAAGGAATCC-
ACACTGT-3� and reverse 5�-AATCGTTTCAAAAGTGTA-
ACCAGGA-3� (P450 aromatase); forward 5�-TTTCTACCCG-
CAACAACCGGAA-3� and reverse 5�-GTGACAAAGAAGC-
CGCGAATGG-3� (FXR); forward 5�-CAGCCACCAGACCC-
ACCACAA-3� and reverse 5�-GAGGCACCGGACCCCATT-
CTA-3� (rat-SHP); forward 5�-CGTCCGACTATTCTGTA-
TGC-3� and reverse 5�-CTTCCTCTAGCAGGATCTTC-3�
(mouse-SHP); or forward 5�-GAAATCGCCAATGCCAA-
CTC-3� and reverse 5�-ACCTTCAGGTACAGGCTGTG-3�
(L19). The PCRwas performed for 25 cycles for P450 aromatase
(94 °C for 1 min, 58 °C for 1 min, and 72 °C for 2 min), 35 cycles
for FXR (94 °C for 1 min, 65 °C for 1 min, and 72 °C for 2 min),
28 cycles for SHP (94 °C for 1min, 65 °C for 1min, and 72 °C for
2 min), and 25 cycles for L19 (94 °C for 1 min, 60 °C for 1 min,
and 72 °C for 2min) in the presence of 1�l of first strand cDNA,
1 �M each of the primers, 0.5 mM dNTP, TaqDNA polymerase
(2 units/tube), and 2.2 mM magnesium chloride in a final vol-
ume of 25 �l. DNA quantity in each lane was analyzed by scan-
ning densitometry.
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Immunoblot Analysis—R2C, TM3, HepG2 cells, or total tis-
sue of FRNT and FRTTwere lysed in 500�l of 50mMTris-HCl,
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 2
mM sodium fluoride, 2 mM EDTA, 0.1% SDS, containing a mix-
ture of protease inhibitors (aprotinin, phenylmethylsulfonyl
fluoride, and sodium orthovanadate) for protein extraction.
Nuclear extracts were prepared as previously described (31).
Equal amounts of proteins were resolved on a 11% SDS-polyac-
rylamide gel, transferred to a nitrocellulose membrane, and
probedwith FXR, aromatase, cyclinD1, and cyclin E antibodies.
To ensure equal loading allmembraneswere stripped and incu-
bated with anti-lamin B antibody for nuclear extracts or anti-
GADPH and anti-�-actin antibodies for total extracts. The
antigen-antibody complex was detected by incubation of the
membranes with peroxidase-coupled goat anti-mouse, goat
anti-rabbit, or donkey anti-goat IgG and revealed using the ECL
system. The bands of interest were quantified by the Scion
Image laser densitometry scanning program.
Immunofluorescence—R2C cells seeded on glass coverslips

were treated with 50 and 100 �M CDCA for 24 h, washed with
PBS, and then fixed with 4% paraformaldehyde in PBS for 20
min at room temperature. Next, cells were permeabilized with
0.2% Triton X-100 in PBS for 5 min, blocked with 5% bovine
serum albumin for 30 min, and incubated overnight with anti-
aromatase antibody (1:100) in PBS overnight at 4 °C. The day
after the cells were washed three times with PBS and incubated
with the secondary antibody anti-mouse IgG-fluorescein iso-
thiocyanate (1:200) for 1 h at room temperature. To check the
specificity of immunolabeling the primary antibody was re-
placed by normalmouse serum (negative control). Immunoflu-
orescence analysis was carried out on a OLYMPUS BX51
microscope using a �40 objective.
Transient Transfection Assay—R2C cells were transiently

transfected using FuGENE 6 reagent with the FXR reporter
gene (FXRE-IR1) in the presence or absence of FXR-DN or
XETL plasmid. A set of experiments was performed transfect-
ing rat aromatase PII constructs p-1037, p-688, p-475, p-183,
and p-688m. HeLa cells were transiently cotransfected with the
CYP17 gene promoter and FXR or SF-1 expression plasmids.
After transfection, R2C andHeLa cells were treated with 50 �M

CDCA or 3 �M GW4064 for 24 h. Empty vectors were used to
ensure that DNA concentrations were constant in each trans-
fection. Thymidine kinase Renilla luciferase plasmid was used
to normalize the efficiency of the transfection. Firefly and
Renilla luciferase activities were measured by the Dual Lucifer-
ase kit. The firefly luciferase data for each sample were normal-
ized based on transfection efficiencymeasured by Renilla lucif-
erase activity.
RNA Interference (RNAi)—R2C cells were transfected with

the RNA duplex of the stealth RNAi targeted rat SHP mRNA
sequence, 5�-ACUGAACUGCUUGAAGACAUGCUUU-3�,
with RNA duplex of stealth RNAi targeted for the rat FXR
mRNA sequence, 5-UCUGCAAGAUCUACCAGCCCGA-
GAA-3 (Invitrogen), with RNA duplex of the validated RNAi-
targeted rat aromatase mRNA sequence, 5-GCUCAUCUU-
CCAUACCAGGtt-3 (Ambion), or with a stealth RNAi control
to a final concentration of 50 nM using Lipofectamine 2000 as
recommended by the manufacturer. After 5 h the transfection

medium was changed with serum-free medium and then the
cells were exposed to treatments.
Electrophoretic Mobility Shift Assay—Nuclear extracts from

R2C cells were prepared as previously described (31). The
probe was generated by annealing single-stranded oligonucleo-
tides, labeled with [�-32P]ATP using T4 polynucleotide kinase,
and purified using Sephadex G-50 spin columns. The DNA
sequences used as probe or as cold competitors were (nucleo-
tide motifs of interest are underlined and mutations are shown
as lowercase letters): SF-1, CAGGACCTGAGTCTCCCAAG-
GTCATCCTTGTTTGACTTGTA; andmutated SF-1, TCTC-
CCAAtaTCATCCTTGT. In vitro transcribed and translated
SF-1 and FXR proteins were synthesized using the T7 polymer-
ase in the rabbit reticulocyte lysate system.The protein-binding
reactions were carried out in 20 �l of buffer (20 mmol/liter of
HEPES (pH 8), 1 mmol/liter of EDTA, 50 mmol/liter of KCl, 10
mmol/liter of dithiothreitol, 10% glycerol, 1 mg/ml of bovine
serum albumin, 50 �g/ml of poly(dI-dC)) with 50,000 cpm of
labeled probe, 20 �g of R2C nuclear protein, or an appropriate
amount of SF-1 or FXR proteins and 5 �g of poly(dI-dC). The
mixtures were incubated at room temperature for 20min in the
presence or absence of unlabeled competitor oligonucleotides.
For experiments involving anti-SF-1 and anti-FXR antibodies,
the reaction mixture was incubated with these antibodies at
4 °C for 12 h before addition of labeled probe. The entire reac-
tionmixture was electrophoresed through a 6% polyacrylamide
gel in 0.25 � Tris borate-EDTA for 3 h at 150 V.
Chromatin Immunoprecipitation and Re-ChIP Assays—R2C

cells were treated with 50 �M CDCA for 1 h and then cross-
linkedwith 1% formaldehyde and sonicated. Supernatants were
immunocleared with salmon sperm DNA/protein A-agarose
for 1 h at 4 °C. The precleared chromatin was immunoprecipi-
tated with specific anti-FXR or anti-polymerase II antibodies,
and re-immunoprecipitated with anti-SF-1 or anti-LRH-1 anti-
bodies. A normal mouse serum IgG was used as negative con-
trol. Pellets were washed as reported, eluted with elution buffer
(1% SDS, 0.1 MNaHCO3), and digestedwith proteinase K. DNA
was obtained by phenol/chloroform/isoamyl alcohol extrac-
tions and precipitated with ethanol; 3 �l of each sample were
used for PCR amplification with the primers flanking the SF-1
sequence present in the P450arom PII promoter region: 5�-
ATGCACGTCACTCTACCCACTCAA-3� and 5�-TAGCAC-
GCAAAGCAGTAGTTTGGC-3� and 5-CAGAGGAGAACA-
GGAAGAGTG-3 and 5-TGATAACGACTCCAGCGTCTT-3
upstreamof the SF-1 site. The amplification productswere ana-
lyzed in a 2% agarose gel and visualized by ethidium bromide
staining. Moreover, a 5-�l volume of each sample and input
were used for real time PCR.
PCR were performed in the iCycler iQ Detection System

(Bio-Rad), using 0.1 �M of each primer, in a total volume of 50
�l of reaction mixture following the manufacturer’s recom-
mendations. SYBR Green Universal PCR Master Mix with the
dissociation protocol was used for gene amplification. Negative
controls contained water instead of DNA. Final results were
calculated using the DDCt method as previously reported (20),
using input Ct values instead of the 18 S. The basal sample was
used as calibrator.
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[3H]Thymidine Incorporation—R2C cells were treated with
50 and 100 �M CDCA for 24 and 48 h, respectively. For the last
6 h, [3H]thymidine (1 �Ci/ml) was added to the culture
medium. After rinsing with PBS, the cells were washed once
with 10% and three times with 5% trichloroacetic acid, lysed by
adding 0.1 N NaOH, and then incubated for 30 min at 37 °C.
Thymidine incorporation was determined by scintillation
counting. In other experiments R2C cells were transiently
transfected with FXR-DN expression plasmid or transfected
with siRNA for FXR or aromatase before starting with the same
treatments mentioned above.
Anchorage-independent Soft Agar Growth Assays—R2C cells

were plated in 4 ml of Ham’s F-10 with 0.5% agarose and 5%
charcoal-stripped FBS, in 0.7% agarose base in six-well plates.
Two days after plating, medium containing hormonal treat-
ments (androst-4-ene-3,17-dione and CDCA) was added to the
top layer, and the appropriate medium was replaced every 2
days. After 14 days, 150 �l of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide was added to each well and
allowed to incubate at 37 °C for 4 h. Plates were then placed at
4 °C overnight and colonies �50 �m diameter from triplicate
assays were counted. Data are themean colony number of three
plates and representative of two independent experiments.
Statistical Analysis—Each data point represents the mean �

S.D. of three different experiments. Statistical analysis was per-
formed using analysis of variance followed by Newman-Keuls
testing to determine differences inmeans. p� 0.05 was consid-
ered as statistically significant.

RESULTS

FXR Expression in Normal and Tumor Testicular Cells—We
first aimed to evaluate, byWestern blotting analysis, the expres-
sion of FXR receptor in Leydig normal (TM3) and tumor (R2C)
cell lines and in testes tissue from younger (FRNT) and older
(FRTT) Fisher rats. The latter group have a high incidence of
spontaneous Leydig cell neoplasma (32, 33), a phenomenon not
observed in younger animals. Immunoblot analysis revealed the
presence of a FXR-immunoreactive protein band at�60 kDa in
all samples examined, particularly, the FXR receptor seems to
be more expressed in R2C cells with respect to TM3 and in
FRTT with respect to its control FRNT (Fig. 1A). Human hepa-
tocyte cells (HepG2) were used as a positive control for FXR
expression. InR2C cells, incubation for 24 hwith 50 and 100�M

CDCA, a natural ligand of FXR, increased the level of the recep-
tor at both mRNA and protein levels (Fig. 1, B and C). Because
CDCA may also exert FXR-independent effects (34), the influ-
ence of GW4064, a synthetic FXR agonist, was also investi-
gated.We observed thatGW4064 (3�M) increased FXRmRNA
andprotein levels to a similar order ofmagnitude asCDCA (Fig.
1, B and C). Moreover, to assess the ability of CDCA and
GW4064 to transactivate endogenous FXR, we transiently
transfected R2C cells with the FXR-responsive reporter gene
(FXRE-IR1). As reported in Fig. 1D, CDCA and GW4064
induced a significant enhancement in transcriptional activation
of the reporter plasmid to a higher extent underGW treatment.
In the presence of dominant negative FXR the GW-induced
transactivation was completely abrogated.

Inhibitory Effects of FXRAgonists on Aromatase Expression in
R2C Cells—Starting from previous findings showing that FXR
activation represses aromatase expression in breast cancer cells
(13) we investigated the ability of FXR agonists to modulate
aromatase enzyme in R2C cells that have been shown to have
high aromatase expression and activity (27). Treatment with 50
and 100 �M CDCA for 24 h showed a down-regulation of aro-
matase mRNA and protein content in a dose related manner
(Figs. 2,A andB). Similar results were observed upon treatment
with GW4064 (3 �M) for 24 h (Fig. 2, A and B). The down-
regulatory effects of CDCA on the expression of aromatase was
further confirmed by immunofluorescence analysis. The strong
P450 aromatase immunoreactivity was detected in the cyto-
plasm aswell as in the perinuclear region of untreated R2C cells
and was drastically decreased upon CDCA at the doses of 50
and 100 �M for 24 h (Fig. 2C). Next, we evaluated the effects of
CDCA on aromatase enzymatic activity by tritiated water
release assay. As reported in Fig. 2D, exposure to 50 and 100�M

CDCA for 24 h reduced enzymatic activity in a dose-dependent
manner in R2C cells.
A direct involvement of FXR in modulating aromatase

expression was provided by the evaluation of aromatase
mRNA, protein content, and its enzymatic activity after knock-
ing downFXR inR2Ccellswith a specific siRNA. In preliminary
experimentswe evaluated, after 24, 48, and 72 h of siRNA trans-
fection, that FXR protein expression was effectively silenced as
revealed byWestern blotting (Fig. 3A). As shown in Fig. 3,B–D,
silencing the FXR gene reversed the down-regulatory effects
induced by CDCA on aromatase expression and its enzymatic
activity, whereas no change was observed after transfection of
cells with scramble siRNA upon identical experimental
conditions.
SHP Is Not Involved in the Down-regulatory Effects Induced

by FXR Ligand on Aromatase—Induction of SHP expression is
considered one of the canonical features of FXR transactiva-
tion. SHP has been shown to be expressed in the interstitial
compartment of the adult testis, including steroidogenic Leydig
cells (35).
We evidenced that SHP mRNA expression was significantly

higher in R2C cells compared with very low levels detected in
the TM3 cell line, but administration of CDCA or GW4064 did
not induce an increase of SHPmRNA in both cell lines (data not
shown). However, to explore the role of SHP in CDCA-medi-
ated repression of the aromatase gene, we knocked SHP by
siRNA. SHP mRNA expression was effectively silenced as
revealed by reverse transcription-PCR after 24, 48, and 72 h of
siRNA transfection (Fig. 4A). As shown in Fig. 4, B and C,
silencing of the SHP gene failed to reverse the inhibition of
aromatase expression induced by the specific FXR ligand in
R2C cells ruling out any SHP involvement in the inhibitory
effects of CDCA on aromatase expression.
CDCADown-regulates Aromatase Promoter Activity through

SF-1 Site—The aforementioned observations led us to ascertain
if the down-regulatory effects of CDCA on aromatase expres-
sion were due to its direct inhibitory influence in regulating
aromatase gene transcriptional activity. Thus, we transiently
transfected in R2C cells plasmids containing different segments
of rat PII aromatase (Fig. 5A). A significant reduction of pro-

FXR Regulates Aromatase Expression in Tumor Leydig Cells

5584 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 8 • FEBRUARY 19, 2010

 by guest, on A
ugust 29, 2011

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


FIGURE 1. FXR expression and activation in R2C cells. A, Western blot analysis of FXR was done on 50 �g of total proteins extracted from normal (TM3), tumor
Leydig cells (R2C), and human hepatocytes cells (HepG2), or from tissues of normal (FRNT) and tumor (FRTT) Fisher rat testes. �-Actin was used as a loading
control. B, total RNA was extracted from R2C cells treated with vehicle (�) or 50 and 100 �M CDCA or 3 �M GW4064 for 24 h and reverse transcribed. cDNA was
subjected to PCR using primers specific for FXR or L19 (ribosomal protein). NC, negative control, RNA sample without the addition of reverse transcriptase. The
histograms represent the mean � S.D. (error bars) of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary
units and expressed as percentages of the control, which was assumed to be 100%. *, p � 0.05; **, p � 0.01 compared with vehicle. C, nuclear proteins were
extracted from R2C cells treated with vehicle (�), 50 and 100 �M CDCA, or 3 �M GW4064 for 24 h and then Western blotting analysis was performed using
anti-FXR antibody. Lamin B was used as loading control. The histograms represent the mean � S.D. of three separate experiments in which band intensities
were evaluated in terms of optical density arbitrary units and expressed as percentages of the control, which was assumed to be 100%. *, p � 0.05 compared
with vehicle. D, R2C cells were transiently transfected with the FXR reporter gene (FXRE-IR1) and treated as reported above or co-transfected with FXR-DN and
treated with vehicle (�) or 3 �M GW4064. The values represent the mean � S.D. of three different experiments performed in triplicate. *, p � 0.01 compared
with vehicle.
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moter activity was observed in cells transfected with p-1037,
p-688, p-475, and p-183 exposed to 50 �M CDCA for 24 h. It is
worth noting that the construct p-688m bearing the SF-1
mutated site displays significantly lower basal activity com-
pared with the p-688 plasmid, whereas no inhibitory effects
were noticeable upon CDCA treatment (Fig. 5B). This latter
result highlights the importance of the SF-1 binding site in reg-
ulation of aromatase expression in the R2C cells and suggests
that the inhibitory effect ofCDCArequiresAGGTCAsequence
motif.
SF-1 is closely related to liver receptor homologue-1 (LRH-1)

and both proteins recognize the same canonical DNA motif
(36). However, because LRH-1 is not expressed in R2C cells
(supplemental Fig. S1) we focused our attention on the SF-1
transcriptional factor.
To further demonstrate the functional interaction of FXR

with SF-1 binding site, we transiently cotransfected HeLa cells,
which do not express significant levels of SF-1 (37) with the
CYP17 promoter construct containing multiple SF-1 response
elements (38) with or without SF-1 plasmid in the presence of
increasing amounts of the FXR expression plasmid. The SF-1
expression vector strongly increased the CYP17 promoter
activity, which was progressively reduced by increasing
amounts of FXR (Fig. 5C). We observed a similar result also
in HeLa cells overexpressing FXR and treated with CDCA
(data not shown). These data support the competitive role of
FXR in the SF-1 binding site.
FXR Protein Binds to SF-1 RE in Vitro and in Vivo—On the

basis of the evidence that the inhibitory effect of CDCA on
aromatase requires the crucial presence of SF-1 RE, electro-
phoretic mobility shift assay experiments were performed
using the SF-1 motif present in the aromatase promoter as
probe. We observed the formation of a complex in nuclear
extract fromR2C cells (Fig. 6A, lane 1), which was abrogated by
100-foldmolar excess of unlabeled probe (Fig. 6A, lane 2) dem-
onstrating the specificity of the DNA binding complex. This
inhibition was no longer observed whenmutated oligodeoxyri-
bonucleotide was used as competitor (Fig. 6A, lane 3). 50 �M

CDCA for 6 h induced an increase in theDNAbinding complex
compared with control samples (Fig. 6A, lane 4). The inclusion
of anti-SF-1 and anti-FXR antibodies in the reactions attenu-
ated the specific bands, suggesting the presence of SF-1 and
FXRproteins in the complex (Fig. 6A, lanes 5 and 6). Using SF-1
and FXR proteins transcribed and translated in vitro, we
obtained complexes migrating at the same level as that of R2C
nuclear extracts (Fig. 6A, lanes 7 and 8). Competition binding
studies revealed that both transcribed and translated SF-1 and
FXR DNA binding complexes were abrogated by 100-fold
molar excess of unlabeled probe (Fig. 6B, lanes 2 and 7). Finally
the specificity of these bands was proved by drastic attenuation
of the complex in the presence of the anti-SF-1 antibody,
whereas the inclusion of anti-FXR antibody completely immu-
nodepleted the binding (Fig. 6B, lanes 3 and 8). IgG did not

FIGURE 2. Effects of CDCA on aromatase expression and activity in R2C
cells. A, total RNA was extracted from R2C cells treated with vehicle (�), 50
and 100 �M CDCA or 3 �M GW4064 for 24 h and reverse transcribed. cDNA was
subjected to PCR using primers specific for P450 aromatase or L19. NC, neg-
ative control, RNA sample without the addition of reverse transcriptase. The
histograms represent the mean � S.D. (error bars) of three separate experi-
ments in which band intensities were evaluated in terms of optical density
arbitrary units and expressed as percentages of the control, which was assumed
to be 100%. *, p � 0.05; **, p � 0.01 compared with vehicle. B, total proteins
extracted from R2C cells treated with vehicle (�), 50 and 100 �M CDCA, or 3 �M

GW4064 for 24 h were used for immunoblot analysis of aromatase. GAPDH was
used as a loading control. The histograms represent the mean � S.D. (error bars)
of three separate experiments in which band intensities were evaluated in terms
of optical density arbitrary units and expressed as percentages of the control,
which was assumed to be 100%. *, p � 0.01 compared with vehicle. C, R2C cells
were treated with vehicle (�) or 50 and 100 �M CDCA for 24 h and aromatase
expression was determined by immunofluorescence analysis. 4�,6-Dia-
midino-2-phenylindole (DAPI) staining was used to visualize the cell nucleus.
Each experiment is representative of at least 4. D, R2C were cultured in the
presence of vehicle (�) or 50 and 100 �M CDCA for 24 h. Aromatase activity
was performed as described under “Experimental Procedures.” The

results obtained were expressed as picomole of [3H]H2O/h of release and
were normalized for milligrams of protein (pmol/mg of proteins/h). The val-
ues represent the mean � S.D. (error bars) of three different experiments each
performed with triplicate samples. *, p � 0.01 compared with vehicle.
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FIGURE 3. Effects of FXR silencing on aromatase expression in R2C cells. A, FXR protein in R2C cells that were not transfected (�) or transfected with siRNA
targeted rat FXR mRNA sequence as reported under “Experimental Procedures” for 24, 48, and 72 h. GAPDH was used as loading control. The histograms
represent the mean � S.D. (error bars) of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary units and
expressed as percentages of the control, which was assumed to be 100%. *, p � 0.01 compared with not transfected cells. B–D, R2C cells were transfected with
control siRNA or FXR siRNA for 24 h, and then treated with vehicle (�), 50 �M CDCA, or 3 �M GW4064 for 24 h. B, total RNA was extracted and reverse
transcription-PCR analysis was performed to evaluate the expression of aromatase. L19 was used as loading control. NC, negative control, RNA sample without
the addition of reverse transcriptase. C, total proteins were extracted and Western blotting analysis was performed. GAPDH was used as loading control. The
histograms represent the mean � S.D. of three separate experiments in which band intensities were evaluated in terms of optical density arbitrary units and
expressed as percentages of the control, which was assumed to be 100%. *, p � 0.01 compared with vehicle. D, aromatase activity was performed as described
under “Experimental Procedures.” The results obtained were expressed as picomole of [3H]H2O/h of release and were normalized for milligrams of protein
(pmol/mg of proteins/h). The values represent the mean � S.D. of three different experiments each performed with triplicate samples. *, p � 0.01 compared
with vehicle.
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affect either SF-1 or FXR complex formation (Fig. 6B, lanes 4
and 9).
The interaction of FXR with the aromatase gene promoter

was further investigated by the ChIP assay. Using specific anti-
body against FXR and RNA-POL II, formaldehyde cross-linked
protein-chromatin complexes were immunoprecipitated from
R2C cells cultured with or without 50 and 100 �M CDCA. The
resulting genomic DNA precipitated by using anti-FXR was
then reprecipitated with the anti-SF-1 antibody. The results
analyzed by PCR indicated that FXR was weakly constitutively
bound to the aromatase promoter in untreated cells and this
recruitment was increased upon CDCA treatment, which was
correlated with a reduced association of RNA polymerase II
(Fig. 6C). Interestingly, by a re-ChIP assay, we observed upon
CDCA stimulation a significant reduction in SF-1 recruitment
to the aromatase promoter (Fig. 6C).Moreover, as expected, no
involvement of LRH-1 was observed in the re-ChIP experiment
(data not shown). Next, the anti-FXR antibody did not immu-
noprecipitate a region upstream of the SF-1 site located within
the aromatase promoter gene (Fig. 6C). The ChIP assay was
quantified by real time PCR as shown in Fig. 6D.
CDCA Inhibits R2C Cell Proliferation through FXR

Activation—Finally, we evaluated the effect of CDCA on
growth of R2C cells by measuring changes in the rate of DNA
synthesis ([3H]thymidine incorporation). As shown in Fig. 7A,
treatment with CDCA for 24 and 48 h reduced R2C cell prolif-
eration in a dose- and time-dependent manner. The specific
involvement of FXR in the antiproliferative response of R2C
cells to CDCA was demonstrated by evidence that such inhib-
itory effects were completely reversed in the presence of the
FXR dominant negative plasmid as well as after knocking down
FXR with a specific siRNA (Fig. 7, B and C).
It is well known that aromatase overexpression in tumor Ley-

dig cells leads to a consequent excess of in situ estradiol pro-
duction that sustains tumor cell growth and proliferation (18).
Because we demonstrated the ability of CDCA to down-regu-
late aromatase expression and activity in R2C cells, we won-
dered if CDCA was able to antagonize the effect of an aroma-
tizable androgen androst-4-ene-3,17-dione (AD) on estradiol/
ER� signaling in R2C cells. To this aim we performed a
transient transfection experiment using the XETL plasmid,
which carries firefly luciferase sequences under control of an
estrogen response element upstream of the thymidine kinase
promoter. As shown in Fig. 8Aweobserved that the exposure to
CDCA (50 �M) per se did not elicit any changes in luciferase
activity but completely reversed XETL activation induced by
AD. CDCA antagonizes the effect of AD on estradiol/ER� sig-

FIGURE 4. SHP is not involved in CDCA-mediated down-regulation of aro-
matase. A, SHP mRNA expression in R2C cells that were not transfected (�) or
transfected with the siRNA-targeted rat SHP mRNA sequence as described
under “Experimental Procedures” for 24, 48, and 72 h. L19 was used as loading
control. NC, negative control, RNA sample without the addition of reverse
transcriptase. The histograms represent the mean � S.D. (error bars) of three
separate experiments in which band intensities were evaluated in terms of
optical density arbitrary units and expressed as percentages of the control,
which was assumed to be 100%. *, p � 0.01 compared with not transfected
cells. B, R2C cells were transfected with control siRNA or SHP siRNA for 24 h, and
then treated with vehicle (�) or 50 and 100 �M CDCA for 24 h. Total RNA was

extracted and reverse transcription-PCR analysis was performed to evaluate
the expression of aromatase. L19 was used as loading control. The histograms
represent the mean � S.D. of three separate experiments in which band
intensities were evaluated in terms of optical density arbitrary units and
expressed as percentages of the control, which was assumed to be 100%. *,
p � 0.01 compared with vehicle. C, in the same experimental condition as
B, total proteins were extracted and Western blotting analysis was performed.
GAPDH was used as loading control. The histograms represent the mean �
S.D. of three separate experiments in which band intensities were evaluated
in terms of optical density arbitrary units and expressed as percentages of the
control, which was assumed to be 100%. *, p � 0.05; **, p � 0.01 compared
with vehicle.
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naling by a FXR-dependent pathway because this effect was not
observed when the FXR gene was knocked down (Fig. 8A).
Moreover, we examined if CDCA was able to inhibit the effect
of AD on R2C cell proliferation using two experimental
approaches, thymidine incorporation and anchorage inde-
pendent soft agar growth assay. As expected, treatment with
100 nM AD, through its conversion into estradiol, increased

thymidine incorporation as well as the number of colonies
present in soft agar (Fig. 8, B and C) concomitantly with
increased levels of cell cycle regulators cyclin D1 and cyclin E
(Fig. 8D). All these events were completely reversed by
CDCA exposure (Fig. 8, B–D). Finally, we evaluated the
effects of AD and/or CDCA on the R2C cell proliferation
assay by thymidine incorporation after knocking down aro-
matase with a specific siRNA (Fig. 8E). As shown in Fig. 8F,
as expected AD does not exert proliferative effects on R2C
cells, whereas the addition of CDCA can only slightly
decrease cell growth. These data demonstrated that the FXR
ligand, through a down-regulation of aromatase activity,
plays an important role in inhibiting R2C cell proliferation.

DISCUSSION

FXR is highly expressed in the enterohepatic system where
it drives bile acid absorption and secretion, lipid, glucose
metabolism, and immunological response to intestinal bacte-
rial overgrowth (2, 4, 39–41). In hepatocytes, activation of FXR
causes both feedback inhibition of cholesterol 7�-hydroxylase
(CYP7A1), the rate-limiting enzyme in bile acid biosynthesis
from cholesterol, and activation of intestinal bile acid-binding
protein (42). In addition, several observations suggest that
FXR may also be involved in control of steroid metabolism
(13, 43). Indeed, FXR activation results in modulation of
genes encoding androgen precursor-synthesizing enzymes,
namely dehydroepiandrosterone sulfotransferase (SULT2A1),
5�-reductase, and 3�-hydroxysteroid dehydrogenase in the
liver (44, 45). Recently, FXR was shown to inhibit androgen
glucuronidation in prostatic cancer cell lines (46) and sup-
press the activity of aromatase in human breast cancer cells
(13). The enzyme aromatase coded by the CYP19 gene, con-
verts androgens into estrogens and is involved in progression
and growth of various estrogen hormonal-induced neo-
plasms. For instance, overexpression of aromatase plays a
significant role in excessive estrogen production sustaining
tumorogenesis in Leydig cells (18).
Here,we have documented that FXR is expressed in tissues of

normal and tumor Fisher rat testis and in Leydig normal and
tumor cell lines. In R2C cells, FXR activators CDCA and
GW4064 down-regulate aromatase expression at both mRNA
and protein levels, together with the inhibition of its enzymatic
activity. Moreover, we demonstrated a direct involvement of
FXR in regulating aromatase expression using a specific FXR
siRNA.
One of the well characterized mechanisms by which FXR

down-regulates gene expression is through induction of
SHP (10), an atypical nuclear receptor lacking both a DNA-
binding domain and the NH2-terminal ligand-independent
activation domain (8). This receptor interacts with other
nuclear receptors, including peroxisome proliferator-acti-
vated receptor, RXR, ER, and LRH-1, preventing their acti-
vation of gene transcription (8–10). In preadipocytes of can-
cerous breast tissue, LRH-1 can regulate via an alternate
promoter (II) the expression of aromatase induced by pros-
taglandin E2 (47, 48). Moreover, SHP can inhibit LRH-1
induction of aromatase (49). LRH-1 is most homologous to
SF1, which is essential for sex differentiation and develop-

FIGURE 5. Functional interaction between FXR and the SF-1 site.
A, schematic map of the P450arom proximal promoter PII constructs used
in this study. All of the promoter constructs contain the same 3� boundary
(�94). The 5� boundaries of the promoter fragments varied from �1037 to
�183. Three putative CRE motifs (5�-CRE at �335; 3�-CRE at �231; XCRE at
�169) are indicated as squares. The AGGTCA site (SF-1 RE at-90) is indi-
cated as a rectangle. A mutated SF-1 binding site (SF-1 mut) is present in
p-688m (black rectangle). B, aromatase transcriptional activity of R2C cells
transfected with promoter constructs are shown. After transfection, cells
were treated in the presence of vehicle (�) or 50 �M CDCA for 24 h. These
results represent the mean � S.D. (error bars) of three different experi-
ments performed in triplicate. *, p � 0.01 with respect to the vehicle; **,
p � 0.01 with respect to the control of p688. C, HeLa cells were transiently
cotransfected with the CYP17 promoter and SF-1 plasmid or empty vector
(EV) in the presence of increasing amounts of FXR expression plasmid.
These results represent the mean � S.D. of three different experiments
performed in triplicate. In each experiment, the activities of the trans-
fected plasmids were assayed in triplicate transfections. *, p � 0.01 with
respect to the EV; **, p � 0.01 with respect to the SF-1 alone.
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ment of gonads (28), because they share a highly conserved
DNA-binding domain (DBD) (�90% identity) and a moder-
ately conserved ligand-binding domain (56% identity). SHP
is detected in the interstitial cells of the adult testis and its
expression has been shown to be induced by FXR (35).
Our current study revealed that FXR activation does not

induce SHP expression in Leydig tumor cells in which inhibi-
tion of the aromatase protein by CDCA occurs even when this
nuclear receptor was knocked down. These results suggest that
SHP is not required for the effect of the FXR ligand to down-
regulate aromatase expression, at least in R2C cells. On the
basis of these observations, we focused our attention on the
direct effect of FXR on the transcriptional activity of aromatase
gene.
Distinctive tissue-specific promoters are employed to

direct the expression of aromatase mRNA driving from a
single aromatase gene. The promoter located immediately
upstream of the transcriptional initiation site (PII) regulates
aromatase expression in rat Leydig, Sertoli, and germ cells
and in R2C Leydig tumor cells (23, 24). A number of func-
tional motifs have been identified in the PII aromatase pro-
moter: three motifs resembling CRE and an SF-1 binding site
(27, 28).
We demonstrated by functional studies, using constructs

containing different 5�-deleted regions of rat PII aromatase
promoter, thatCDCA treatment induces a decreased transcrip-
tional activity. The observed inhibitory effect of CDCA was
abrogated when a promoter fusion containing a mutated SF-1
element was employed. These results clearly suggest that the
integrity of the SF-1 sequence is a prerequisite for the down-
regulatory effects of the FXR ligand on aromatase promoter
activity. These findings raise the possibility that FXR and SF-1
are competing for binding to a common site within this regula-
tory region. This assumption is further supported by the obser-
vation that FXR expression vector is able to abrogate the induc-
tion of SF-1 on the human CYP17 promoter, which contains
multiple SF-1 response elements. As a transcription factor, FXR
binds to a specific consensus sequence (inverted repeat of 2
AGGTCA half-sites) either as a monomer or as a heterodimer
with a common partner for NRs, as RXR to regulate the expres-
sion of various genes (6, 7).
Location of an AGGTCA sequence at the �90 position sup-

ports a possible binding of FXR to this promoter region, which
we verified by electrophoretic mobility shift assay experiments.
Nuclear extracts fromR2C cells treatedwithCDCA revealed an
increase in the DNA binding complex that was immunode-

FIGURE 6. FXR binds to SF-1 site within the aromatase promoter region. A, nuclear extract from R2C cells were incubated with a double-stranded SF-1-
specific sequence probe labeled with [�-32P]ATP and subjected to electrophoresis in a 6% polyacrylamide gel (lane 1). Competition experiments were per-
formed adding as competitor a 100-fold molar excess of unlabeled probe (lane 2) or a 100-fold molar excess of unlabeled oligonucleotide containing a mutated
SF-1 RE (lane 3). Lane 4, nuclear extracts from CDCA (50 �M)-treated R2C cells. Lanes 5 and 6, CDCA-treated nuclear extracts were incubated with anti-SF-1 or
anti-FXR antibodies, respectively. We used as positive controls transcribed and translated in vitro SF-1 (lane 7) and FXR (lane 8) proteins. Lane 9 contains probe
alone. B, SF-1 protein (lane 1) and FXR protein (lane 6) was incubated with a double-stranded SF-1 sequence probe labeled with [�-32P]ATP and subjected to
electrophoresis in a 6% polyacrylamide gel. Competition experiments were performed adding as competitor a 100-fold molar excess of unlabeled probe (lanes
2 and 7). SF-1 and FXR proteins were incubated with anti-SF-1 antibody (lane 3), anti-FXR antibody (lane 8), or IgG (lanes 4 and 9). Lanes 5 and 10 contain probe
alone. C, R2C cells were treated in the presence of vehicle (�) or 50 and 100 �M CDCA for 1 h, then cross-linked with formaldehyde, and lysed. The precleared
chromatin was immunoprecipitated with anti-FXR, and anti-RNA Pol II antibodies and normal mouse serum (NC) as negative control. Chromatin immunopre-
cipitated with the anti-FXR antibody was re-immunoprecipitated with anti-SF-1 antibody. The PII promoter sequence including the SF-1 site and that located
upstream of the SF-1 site were detected by PCR with specific primers, as described under “Experimental Procedures,” and D, a 5-�l volume of each sample and
input were used for real time PCR. To determine input DNA, the PII promoter fragment was amplified from 30 �l of initial preparations of soluble chromatin
before immunoprecipitations. Similar results were obtained in multiple independent experiments. *, p � 0.01 compared with vehicle.

FIGURE 7. CDCA effects on R2C cell proliferation. A, R2C cells were treated
with vehicle (�) or 50 and 100 �M CDCA for 24 and 48 h, or B, transiently
transfected with FXR dominant negative (FXR-DN) for 24 h and then treated
as reported above, or C, transfected with control siRNA or FXR siRNA for 24 h
and treated for 24 h with 50 and 100 �M CDCA. Thymidine incorporation assay
was performed. The results represent the mean � S.D. (error bars) of three
different experiments each performed with triplicate samples, and expressed
as percentage of growth versus control, which was assumed to be 100%. *,
p � 0.01 compared with vehicle.
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pleted by both anti-SF-1 and anti-
FXR antibodies suggesting how
the two proteins are able to bind the
AGGTCA sequence located in the
PII aromatase promoter. The speci-
ficity of the binding was proved by
the attenuation, in the presence of
anti-SF-1 and anti-FXR antibodies,
of theDNA complex observed using
SF-1 and FXR transcribed and
translated in a cell-free system. In
addition, the in vivo interaction
between FXR and the aromatase
promoter was further supported by
ChIP assay, where upon CDCA
treatment we observed a reduced
recruitment of RNA-POLII to this
promoter addressing a negative tran-
scriptional regulation mediated by
FXR. All together these data suggest
that FXR is able to compete with
SF-1 in binding to a common
sequencewithin the PII promoter of
aromatase interfering negatively
with its activity. Finally, in our study
we demonstrated that FXR activa-
tor CDCA induces growth inhibi-
tion in R2C cells, which was
reversed in the presence of FXR
dominant negative as well as after
knocking down FXR with a specific
siRNA addressing a FXR depen-
dence of this event. However, it is
worth mentioning, on the basis of
our recent findings, that aromatase
overexpression, in Leydig tumor
cells, determines an excessive local
estradiol production that is able to
stimulate the expression of genes
involved in cell cycle regulation sus-
taining cell proliferation (20).
Here, we evidenced the ability of

CDCA to reverse the stimulatory
effects of an aromatizable androgen
AD at three different levels: 1)
E2/ER� signaling; 2) an anchorage
dependent and independent R2C
cell growth proliferation; and 3)
expression of cell cycle regulators
cyclin D1 and cyclin E. Finally,
knocking down aromatase enzyme
reduces estradiol production by
R2C cells upon AD exposure and
exhibits as biological counterpart a
decreased cell proliferation. In the
same experimental condition the
addition of CDCA can only slightly
decrease cell growth demonstrating

FIGURE 8. CDCA reverses the effects of AD on R2C cell proliferation. A, R2C cells were transfected with
control siRNA or FXR siRNA for 24 h and then transiently transfected with the XETL promoter plasmid. Cells
were treated with 50 �M CDCA in the with or without 100 nM AD for 24 h. These results represent the mean �
S.D. of three different experiments. In each experiment, the activities of the transfected plasmids were assayed
in triplicate transfections. *, p � 0.01 with respect to the vehicle. **, p � 0.01 CDCA � AD treated versus AD
alone. B, R2C cells were treated with 100 nM AD in the presence or not of 50 �M CDCA for 24 h. Thymidine
incorporation assay was performed. The results represent the mean � S.D. of three different experiments each
performed with triplicate samples. *, p � 0.01 AD treated compared with vehicle. **, p � 0.01 CDCA � AD
treated versus AD alone. C, R2C cells were seeded (10,000/well) in 0.5% agarose and treated as described above.
Cells were allowed to grow for 14 days and then the number of colonies �50 �m were quantified and the
results graphed. The results represent the mean � S.D. of three different experiments each performed with
triplicate samples. *, p � 0.01 AD treated compared with vehicle. **, p � 0.01 CDCA � AD treated versus AD
alone. D, total proteins extracted from R2C cells treated with vehicle (�), 100 nM AD, 50 �M CDCA, and AD �
CDCA for 24 h were used for immunoblot analysis of cyclin D1 and cyclin E. �-Actin was used as a loading
control. The histograms represent the mean � S.D. of three separate experiments in which band intensities
were evaluated in terms of optical density arbitrary units and expressed as percentages of the control, which
was assumed to be 100%. *, p � 0.01 AD treated compared with vehicle. **, p � 0.01 CDCA � AD treated versus
AD alone. E, aromatase protein in R2C cells that were not transfected (�) or transfected with siRNA targeted rat
aromatase mRNA sequence as described under “Experimental Procedures” for 24, 48, and 72 h. GAPDH was
used as loading control. F, R2C cells were transfected with control siRNA or Arom siRNA for 48 h and then
treated with 100 nM AD in the presence or not of 50 �M CDCA for 24 h. Thymidine incorporation assay was
performed. The results represent the mean � S.D. of three different experiments each performed with tripli-
cate samples. *, p � 0.01 AD treated compared with vehicle. **, p � 0.01 CDCA � AD treated versus AD alone.
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that the FXR activator through an inhibition of aromatase
expression exerts an important role in reducing R2C cell pro-
liferation. In conclusion, our results elucidate, for the first time,
a new molecular mechanism through which FXR antagonizes
estrogen signaling and inhibits Leydig tumor growth and
progression.
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The endocannabinoid system and the presence of CB1 receptor (CB1-R) target of the anandamide were identified in human sperm,
however the anandamide action in this context needs to be further elucidated. At this purpose we analyzed the effects of anandamide on
human sperm capacitation and motility. Afterwards, we focused on lipid and glucose sperm metabolism and also investigated the
interrelationship between anandamide and insulin secretion by sperm. By intracellular free Ca2þ content assay and proteins tyrosine
phosphorylation, we evidenced that anandamide did not induce capacitation process and a negative effect was obtained on sperm motility.
The blockage of CB1-R by the specific antagonist SR141716 increased both capacitation and sperm motility suggesting an involvement of
the CB1-R in the acquisition of sperm fertilizing activity. The evaluation of the triglycerides content, lipase and acyl-CoA dehydrogenase
activities, suggest that anandamide exerts a lipogenetic effect on human sperm lipid metabolism. Concerning the glucose metabolism,
anandamide increases GSK3 phosphorylation indicating that it is involved in the accumulation of energy substrates. G6PDH activity was
not affected by anandamide. Interestingly, AEA is involved in insulin secretion by sperm. As insulin had been demonstrated to be an
autocrine factor that triggers capacitation, the endocannabinoid might be inserted in the signaling cascade that induces this process.
Altogether these findings highlight a pivotal involvement of the CB1-R in the control of sperm energy homeostasis and propose a new site
of action for endocannabinoids in the control of energy metabolism.
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Cannabinoids are the main constituents of the marijuana plant
(Cannabis sativa), and it is well known that
delta-9-tetrahydrocannabinol, the primary psychoactive
substance in marijuana, has marked adverse effects on male and
female reproductive systems (Habayeb et al., 2002; Wang et al.,
2006). Beside cannabinoids, a family of unsaturated fatty acid
derivatives, have been identified and are known as
endocannabinoids (ECs); the main ones are anandamide
(N-arachidonoylethanolamine, AEA), 2-arachidonoylglycerol
(2-AG), and 2-arachidonoylglycerylether (noladin ether)
(Hanus et al., 1993; Sugiura et al., 1995; Di Marzo et al., 1998,
2004). Cannabinoids and ECs exert their effects through the
activation of specific cannabinoid receptors (CB-Rs), the
brain-type CB1-R and the spleen-type CB2-R (Devane et al.,
1988; Matsuda et al., 1990; Galiegue et al., 1995). CB-Rs are
linked to inhibitory and stimulatory guanine nucleotide binding
proteins (Gi and Gs proteins) and are widely distributed in many
other tissues including placenta, uterus and testis (Schuel et al.,
2002; Wang et al., 2006). They regulate several
signal-transduction pathways in cells, by modulating ionic
currents, activating focal adhesion kinase and mitogen-activated
protein kinase (Mackie and Hille, 1992; Bouaboula et al., 1996;
Glass and Felder, 1997).

Studies demonstrating the expression of functional CB-Rs in
sea urchin sperm, provided the first evidence that cannabinoids
could directly affect fertilization (Schuel et al., 1987; Wang et al.,
2006). In sea urchin, it has been shown that sperm synthesizes
AEA (Bisogno et al., 1997), AEA binds to CB-Rs and reduces
fertilizing capacity of sperm (Schuel et al., 1994; Schuel and
Burkman, 2005). Human seminal plasma contains nanomolar
� 2 0 0 9 W I L E Y - L I S S , I N C .
concentrations of AEA and human sperm expresses CB1-R
(Wang et al., 2006). It has been shown that AEA reduces human
sperm motility by reducing mitochondrial activity (Rossato
et al., 2005). In addition, AEA inhibits acrosome reaction and its
effects are prevented by the CB1 antagonist SR141716
(rimonabant, SR) (Rossato et al., 2005; Bifulco et al. 2007).
Altogether, these findings suggest that the control of
endogenous tone of ECs and its interaction with the CB-Rs are
checkpoints in reproduction (Wang et al., 2006). To date the
effects of ECs and the role of EC system in male fertility are still
largely unexplored.
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In the present study we evaluated the effects of a stable
analogue of AEA, Met-F-anandamide
(2-methylarachidonyl-20-fluoro-ethylamide, Met-F-AEA) on
different aspects of human sperm biology, such as capacitation
and motility. Sperm capacitation, a complex and not
well-elucidated series of physiological changes, induces an
increase of metabolism and energy expenditure, however the
mechanisms through which these events occur are poorly
understood (Andò and Aquila, 2005). Interestingly, we focused
on lipid and glucose sperm metabolism since it was never
investigated, in order to shed light on the possible
pathophysiological role of the EC system in male fertility and to
correlate the energy metabolism profile of human sperm
with EC-induced events. With this respect we also investigated
the interrelationship between AEA and insulin secretion by
sperm.

Materials and Methods
Chemicals

BSA protein standard, Laemmli sample buffer, prestained
molecular weight markers, Percoll (colloidal PVP coated silica
for cell separation), Sodium bicarbonate, Sodium lactate,
Sodium pyruvate, Earle’s balanced salt solution
(uncapacitating medium), stable analogue of anandamide,
2-methylarachidonyl-20-fluoro-ethylamide (Met-F-AEA) and all
other chemicals were purchased from Sigma Chemical
(Milan, Italy). Acrylamide bisacrylamide was from Labtek Eurobio
(Milan, Italy). Triton X-100, Eosin Y was from Farmitalia Carlo
Erba (Milan, Italy). ECL Plus Western blotting detection system,
HybondTM ECLTM, Hepes Sodium Salt were purchased from
Amersham Pharmacia Biotech (Buckinghamshire, UK).
Triglycerides assay kit, lipase activity kit, calcium (Ca2þ) assay kit,
Glucose-6-phosphate dehydrogenase (G6PDH) activity assay and
insulin RIA kit were from Inter-Medical (Biogemina Italia Srl,
Catania, Italy). Goat polyclonal actin antibody (Ab), monoclonal
mouse anti-p-Tyr Ab, rabbit anti-insulin Ab, peroxidase-coupled
anti-mouse, anti-rabbit and anti-goat IgG secondary Abs were from
Santa Cruz Biotechnology (Heidelberg, Germany). CB1-R
antagonist SR141716 (rimonabant, SR) was kindly provided by
Sanofi-Aventis (Montpellier, France).

Semen samples and spermatozoa preparations

Human semen was collected, according to the World Health
Organization (WHO) recommended procedure by masturbation
from semen samples from healthy volunteer donors of proven
fertility undergoing semen analysis in our laboratory.
Spermatozoa preparations were performed as previously
described (Aquila et al., 2006). Briefly, sperm samples with normal
parameters of semen volume, sperm count, motility, vitality and
morphology, according to the WHO Laboratory Manual
(World Health Organization, 1999), were included in this study.
For each experiment three normal samples were pooled. Washed
pooled sperm were subjected to the indicated treatments and
incubated for 30 min (min) at 378C and 5% CO2. Then, samples
were centrifuged and the upper phase was used to determinate
the insulin levels, while the pellet containing sperm was lysed to
perform western blots, triglycerides assay, Ca2þ assay, acyl-CoA
dehydrogenase assay, G6PDH activity, lipase activity. Prior the
centrifugation several aliquots were used to perform sperm
motility. The study was approved by the local medical-ethical
committees and all participants gave their informed consent.
MET-F-AEA was dissolved in ethanol (EtOH), while SR in
dimethylsulfoxide (DMSO). EtOH (0.02% final concentration in
culture) and DMSO (0.1% final concentration in culture) used as
solvent controls did not induce any positive result in all in vitro
assays.
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Processing of ejaculated sperm

After liquefaction, normal semen samples were pooled and
subjected to centrifugation (800 g) on a discontinuous Percoll
density gradient (80:40%, v:v) (World Health Organization, 1999).
The 80% Percoll fraction was examined using an optical microscope
equipped with a 100� oil objective to ensure that a pure sample of
sperm was obtained. An independent observer, who observed
several fields for each slide, inspected the cells. Percoll-purified
sperm was washed with unsupplemented Earle’s medium
(uncapacitating medium, Earle’s balanced salt solution medium
without supplementation with BSA sodium bicarbonate or
calcium) and were incubated for 30 min at 378C and 5% CO2,
without (control, NC) or with increasing MET-F-AEA (10 nM,
100 nM, and 1mM). When the cells were treated with the CB1-R
antagonist SR (1mM), a pre-treatment of 15 min was performed,
and then 100 nM MET-F-AEA were added.

Evaluation of Ca2R in sperm

Intracellular Ca2þ concentration has been estimated
spectrophotometrically with the indicator Arsenazo III using
disrupted spermatozoa (Thomson and Wishart, 1989), according
to the manufacturer instructions. At a neutral pH, the Ca2þ forms
with arsenazo III a complex, the color intensity of which is directly
proportional to the concentration of Ca2R in the sample. Ca2R

content was measured at 600 nm. The Ca2þ standard used was
2.5 mM (100 mg/L). Inter- and intra-assay variation were 0.24% and
0.37%. Ca2þ results are presented as mM per 10� 106 number of
spermatozoa.

Western blot analysis of sperm proteins

Sperm samples, washed twice with Earle’s balanced salt solution
(uncapacitating medium), were incubated in the presence and
absence of the test substances and then centrifuged for 5 min at
5,000g. The pellet was resuspended in lysis buffer as previously
described (Aquila et al., 2002). An equal amount of protein (80mg)
were boiled for 5 min, separated on a 10% polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes and
probed with an appropriate dilution of the indicated primary
antibody. The bound of the secondary antibody was revealed with
the ECL Plus Western blotting detection system according to the
manufacturer’s instructions. As internal control, all membranes
were subsequently stripped (glycine 0.2 M, pH 2.6 for 30 min at
room temperature) and reprobed with anti-b actin antibody. The
protein bands were quantified by scanning densitometry (Imaging
Densitometer GS-700 Bio-Rad, Milan, Italy).

Evaluation of sperm motility

Sperm motility was assessed by means of light microscopy
examining aliquots of each sperm sample in absence (NC) or in the
presence of increasing concentrations of MET-F-AEA (10 nM,
100 nM, and 1mM). Some samples were treated with 1mM SR
alone or combined with 100 nM MET-F-AEA. A blinded observer
scored at least 200 cells. Sperm motility was expressed as
percentage of total motile sperm.

Triglycerides assay

Triglycerides were measured in duplicate by a GPO-POD
enzymatic colorimetric method according to manufacturer’s
instructions in sperm lysates and as previously described (Aquila
et al., 2006). Sperm samples, washed twice by centrifugation with
uncapacitating medium, were incubated in the same medium
(control) for 30 min at 378C and 5% CO2. Other samples were
incubated in the presence of the indicated treatments. At the end of
the sperm incubation 10ml of lysate were added to the 1 ml of
buffer reaction and incubated for 10 min at room temperature.
Then the triglycerides content was measured at 505 nm by using a
spectrophotometer. Data are presented as mg/106 sperms.
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Assay of acyl-CoA dehydrogenase activity

Assay of acyl-CoA dehydrogenase was performed on sperm, using
a modification of the method described by Lehman et al. (1990). In
brief, after protein lysis, 70mg of sperm proteins were added to the
buffer containing 20 mM Mops, 0.5 mM EDTA, and 100mM FADþ

at pH 7.2. Reduction of FADþ to FADH was read at 340 nm upon
addition of octanoyl-CoA (100mM) every 20 sec for 1.5 min. Data
are expressed as nmol/min/mg protein. The enzymatic activity was
determined with three control media: one without octanoyl-CoA
as substrate, one without the coenzyme (FADþ), and the third
without either substrate or coenzyme (data not shown).

Lipase activity assay

Lipase activity was evaluated, by the method of
Panteghini (Panteghini et al., 2001) based on the use of
1,2-o-dilauryl-rac-glycero-3-glutaric acid-(60-methylresorufin)
ester (DGGR) as substrate. Fifty micrograms of sperm extracts
were loaded into individual cuvettes containing buffer for
spectrophotometric determination. DGGR is cleaved by lipase,
resulting in an unstable dicarbonic acid ester which is
spontaneously hydrolyzed to yield glutaric acid and
methylresorufin, a bluish-purple chromophore with peak
absorption at 580 nm. The absorbance of samples was read every
20 sec for 1.5 min. The rate of methylresorufin formation is directly
proportional to the lipase activity in the sample. Analysis of total
imprecision gave a coefficient of variation of between 0.01% and
0.03%. The estimated reference interval was 6-38 U/L
(mmol/min/mg protein). The enzymatic activity was determined
with three control media: one without the substrate, one without
the co-enzyme (colipase) and the third without either substrate or
co-enzyme (data not shown).

G6PDH activity

The conversion of NADPþ to NADPH, catalyzed by G6PDH, was
measured by the increase of absorbance at 340 nm. Sperm samples,
washed twice with uncapacitating medium, were incubated in the
same medium (control) for 30 min at 378C and 5% CO2. Sperm
samples, washed twice with uncapacitating medium, were
incubated in the same medium (control) or in capacitating medium
for 30 min at 378C and 5% CO2. Other samples were incubated in
the presence of the indicated treatments. After incubation, 50ml of
sperm extracts were loaded into individual cuvettes containing
buffer (100 mM triethanolamine, 100 mM MgCl2, 10 mg/ml
glucose-6-phosphate, 10 mg/ml NADPþ, pH 7.6) for
spectrophotometric determination. The absorbance of samples
was read at 340 nm every 20 sec for 1.5 min. Data are expressed in
nmol/min/106 sperms. The enzymatic activity was determined with
three control media: one without glucose-6-phosphate as
substrate, one without the coenzyme (NADPþ), and the third
without either substrate or coenzyme (data not shown).

Measurement of insulin secreted by human spermatozoa

A competitive RIA was applied to measure insulin in the sperm
culture medium. Spermatozoa were washed twice with
unsupplemented Earle’s medium and incubated in the same
medium for 30 min at 378C in 5% CO2. A final concentration of
10� 106 sperm/500 ml was used. Sperm were treated with 10 nM,
100 nM, and 1mM MET-F-AEA. Some samples treated with 1mM
SR alone or combined with 100 nM MET-F-AEA.

At the end of the sperm incubations, the culture media were
recovered by centrifugation. Human insulin concentrations were
determined in duplicate using an insulin RIA kit according to
manufacturer’s instructions. Insulin standards ranged from 0 to
300mIU/ml. The limit of sensitivity for the assay was 0.01mIU/ml.
Inter- and intraassay variations were 4.4% and 5.1%, respectively.
JOURNAL OF CELLULAR PHYSIOLOGY
Insulin results are presented as the original concentrations of
the supernatants and are expressed as micro international units per
milliliter.

Statistical analysis

The experiments for Western blot analysis were performed in at
least four independent experiments. The data obtained from Ca2þ

assay, Triglycerides Assay, G6PDH activity, acyl-CoA
dehydrogenase activity, lipase activity, insulin assay, acrosin activity
and motility (six replicate experiments using duplicate
determinations), were presented as the mean� SEM. The
differences in mean values were calculated using analysis of variance
(ANOVA) with a significance level of P� 0.05.

Results
MET-F-AEA effects on intracellular free Ca2R content
and on tyrosine phosphorylation of the proteins in
human sperm

A first functional assessment of the sperm biological activities
under increasing MET-F-AEA concentrations was performed
on the capacitation process. To evaluate whether AEA was able
to influence the sperm extratesticular maturation, we studied
its potential action on intracellular free Ca2þ content and
proteins tyrosine phosphorylation. Recently, it was
demonstrated that internal sperm Ca2þ stores provide
sufficient Ca2þ for the induction of hyperactivated motility
(Kong et al., 2007), which is indicative of the capacitation status.
It appears that 100 nM MET-F-AEA were able to produce an
increase in the intracellular free Ca2þ while 10 nM and 1mM did
not (Fig. 1A). Surprisingly, the combined treatment of
MET-F-AEA with 1mM of the CB1-R antagonist SR, significantly
increased the Ca2þ content.

Human sperm capacitation is correlated with an augment in
intracellular cAMP levels that in turn induces an increase in
tyrosine phosphorylation of a variety of substrates, while the
AEA generally inhibits adenylate cyclase activity (Bifulco and Di
Marzo, 2002). In order to assess this issue, the status of the
proteins phosphorylation was investigated in human sperm
after the treatment with increasing MET-F-AEA. A significant
decrease in the sperm proteins phosphorylation (Fig. 1B) was
observed by using different MET-F-AEA doses, while the
treatment with 100 nM MET-F-AEA plus 1mM SR induced a
significant increase of tyrosine phosphorylated proteins.

MET-F-AEA has the ability to modulate human
sperm motility

Motility is a critical sperm biological function that at the time of
fertilization allows or at least facilitates passage of the sperm
through the zona pellucida. A non-motile or abnormally motile
sperm is not going to fertilize. Hence, assessing the fraction of a
sperm population that is motile is perhaps the most widely used
measure of semen quality. In our experiments, sperm motility
decreased from 10 to 100 nM MET-F-AEA in a dose-dependent
manner (Fig. 2), while it was enhanced by using 1mM SR plus
100 nM MET-F-AEA.

MET-F-AEA effects on the triglycerides content in
human sperm

During sperm extra-testicular maturation an overall increase in
sperm metabolism occurs, however, the mechanisms that
govern this event are still poorly understood. MET-F-AEA in
somatic cells is an important lipid metabolism regulator (Wang
et al., 2006) and in sperm its role in this issue was never
evaluated. We first investigated triglycerides intracellular
content. As shown in Figure 3, MET-F-AEA was able to
significantly increase the triglycerides content and the



Fig. 2. MET-F-AEA effects on sperm motility. Washed
spermatozoa were incubated in the unsupplemented Earle’s medium
for 30 min at 37-C and 5% CO2, in the absence (NC) or in the presence
of increasing MET-F-AEA concentrations (10 nM, 100 nM, and 1mM).
Some samples were treated with 1mM SR alone or combined with
100 nM MET-F-AEA. Sperm motility was assessed as reported in
Materials and Methods Section. Columns represent mean W SEM.
Data are expressed as % of sperm motility MP < 0.05 versus control;
MMP < 0.02 versus control.

Fig. 3. MET-F-AEA effects on the triglycerides content in human
sperm. Washed spermatozoa were incubated in the unsupplemented
Earle’s medium for 30 min at 37-C and 5% CO2, in the absence (NC) or
in the presence of increasing MET-F-AEA concentrations (10 nM,
100 nM, and 1mM). Some samples were treated with 1mM SR alone or
combined with 100 nM MET-F-AEA. Triglycerides content was
measured as reported in Materials and Methods Section. Columns
represent mean W SEM. MP < 0.05 versus control, MMP < 0.02 versus
control.Fig. 1. MET-F-AEA influences free intracellular Ca2R and protein

tyrosine phosphorylations in sperm. Washed spermatozoa were
incubated in the unsupplemented Earle’s medium for 30 min at 37-C
and 5% CO2, in the absence (NC) or in the presence of increasing
MET-F-AEA concentrations (10 nM, 100 nM, and 1mM). Some
samples were treated with 1mM SR alone or combined with 100 nM
MET-F-AEA. A: Free intracellular calcium was measured as reported
in Materials and Methods Section. Columns represent mean W SEM
MP < 0.05 versus control, MMP < 0.02 versus control. B: Eighty
micrograms of sperm lysates were used for Western blot analysis
performed to determine protein tyrosine phosphorylations. Actin
was used as a loading control. On the right, quantitative
representation after densitometry evaluation of the 95-kDa band.
Autoradiograph presented is a representative example of
experiments that were performed at least four times with repetitive
results. MP < 0.05 versus control, MMP < 0.01 versus control.
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combination with SR was able to attenuate the effect of
MET-F-AEA.

MET-F-AEA effects on acyl-CoA dehydrogenase and
lipase activities

To further investigate the role of AEA in sperm lipid
metabolism, we evaluated both acyl-CoA dehydrogenase and
lipase activities. It appears that MET-F-AEA treatment alone did
not produce effects on lipase activity (Fig. 4A) as well as on
b-oxidation of the fatty acids (Fig. 4B). Interestingly, the
combined treatment of 100 nM MET-F-AEA plus 1mM SR
increased both fatty acids-b oxidation and lipase activity.

MET-F-AEA effects on sperm glucose metabolism

It was recently demonstrated that human sperm express the
GSK-3 and that the enzymatic activity is higher in uncapacitated
than in capacitated sperm (Aquila et al., 2005a). In the present
study, MET-F-AEA induced a dose-dependent increase in the
GSK3 phosphorylation (Fig. 5A).

To gain insight into the MET-F-AEA regulation of sperm
glucose metabolism we evaluated the G6PDH activity upon
increasing MET-F-AEA concentrations. G6PDH, the rate-
limiting enzyme in the pentose phosphate pathway (PPP), has
been shown to be crucial in the acquisition of fertilizing
capability as well as to mediate gamete fusion (Aquila et al.,
2005b). From our results it emerges that MET-F-AEA was
unable to significantly induce G6PDH activity (Fig. 5B).

MET-F-AEA effects on insulin secretion by sperm

In mouse pancreatic b-cells, cannabinoids inhibit insulin
secretion via CB1-R (Nakata and Yada, 2008). In our recent
study, we had shown that insulin is expressed in and secreted
from human ejaculated spermatozoa, leading us to suppose an
autocrine regulation of glucose metabolism according to the
sperm energetic needs independently of the systemic insulin
(Aquila et al., 2005b). In our cellular type, MET-F-AEA induced a
very weak dose-dependent increase in insulin secretion
reaching a maximal level of 0.6mIU/ml of the hormone



Fig. 5. MET-F-AEA effects on sperm glucose metabolism. Sperm
samples, washed twice with uncapacitating medium, were incubated
in the same medium (control) for 30 min at 37-C and 5% CO2.
A: Western blotting evaluating GSK3 phosphorylation. Actin was
used as a loading control. Autoradiograph presented is a
representative example of experiments that were performed at least
four times with repetitive results. B: G6PDH activity was performed
as reported in Materials and Methods Section. Columns represent
mean W SEM. MMMP < 0.01 versus control.

Fig. 4. MET-F-AEA effects on acyl-CoA dehydrogenase and lipase
activities. Washed spermatozoa were incubated in the
unsupplemented Earle’s medium for 30 min at 37-C and 5% CO2, in
the absence (NC) or in the presence of increasing MET-F-AEA
concentrations (10 nM, 100 nM, and 1mM). Some samples were
treated with 1mM SR alone or combined with 100 nM MET-F-AEA.
A: Lipase activity and (B) octanoyl-CoA dehydrogenase activity were
performed as reported in Materials and Methods Section. Columns
represent mean W SEM. MMP < 0.01 versus control.
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concentration (Fig. 6A). These results indicate that in sperm,
similarly to the endocrine pancreatic cells, CB1-R is involved in
modulating insulin secretion. We also performed insulin
western blot on sperm lysates to evidence that the increase in
insulin secretion is related to a decrease in insulin sperm
content (Fig. 6B).

Discussion

The EC system first emerged as a major neuromodulatory
system in the brain, however, it has also been shown to play an
important role in various peripheral organs, including testis.
Recently, EC system was identified in boar sperm and CB1-R
was demonstrated in human sperm (Rossato et al., 2005),
suggesting a possible physiological role of the AEA in controlling
male fertility. In our study, we evidenced the AEA role in
different aspects of sperm biology, such as capacitation and
motility. Particularly, we focused our researches on lipid and
glucose metabolism and we also evaluated AEA action on insulin
secretion by sperm.

The physiological changes that confer to the sperm the ability
to fertilize a metaphase II-arrested egg are collectively called
‘‘capacitation.’’ This extratesticular maturation is a complex
process and a functional change that involves different sperm
activities. During capacitation, spermatozoa become
JOURNAL OF CELLULAR PHYSIOLOGY
responsive to the stimuli that induce the acrosome reaction and
prepare the male gamete to the penetration of the egg
investments prior fertilization. Many gaps exist in our
knowledge on the capacitation at molecular levels. It appears
that the process involves modifications of intracellular Ca2þ,
lipid remodeling in sperm plasma membrane as well as changes
in proteins phosphorylation. Therefore, we first aimed to
evaluate AEA action in some events that characterize the
capacitation process, such as intracellular Ca2þ levels and
tyrosine phosphorylation of sperm proteins.

Ca2þ signaling in sperm is critical for fertilization and recently
it was demonstrated that internal Ca2þ stores provide
sufficient Ca2þ for the induction of motility hyperactivation,
whereas Ca2þ influx is required to maintain intracellular Ca2þ

levels to sustain hyperactivation (Florman et al., 1998; Suarez
and Ho, 2003). From our results it emerges that MET-F-AEA is
able to slightly increase free intracellular Ca2þ levels and the
inactivation of the CB1-R significantly enhanced this effect
suggesting that the CB1-R status is implicated in the regulation
of intracellular free Ca2þ and then in the induction of
hyperactivated motility. Our data are not in agreement with
previous studies concerning the AEA effects on Ca2þ levels in
sperm (Rossato et al., 2005), however we may to take into
account that different method and medium were used.

It has been demonstrated that proteins tyrosine
phosphorylation is tightly associated to the initial stage the
capacitation process (Visconti et al., 1995a,b). In somatic cells a
major CB1-R-dependent signaling pathway involves the
down-regulation of adenylate cyclase activity (Bifulco and Di
Marzo, 2002). In our study, MET-F-AEA decreases sperm
proteins tyrosine phosphorylation, while this effect was
prevented by the CB1-R antagonist SR, leading to the



Fig. 6. MET-F-AEA effects on insulin secretion by sperm.
Spermatozoa were washed twice with unsupplemented Earle’s
medium and incubated in the same medium for 30 min at 37 C in
5%CO2. A final concentration of 10 T 106 sperm/500 ml was used.
Sperm were treated with 10 nM, 100 nM, and 1mM MET-F-AEA. At
the end of the sperm incubations, the culture media were recovered
by centrifugation. A: Human insulin concentrations were determined
in duplicate using an insulin RIA kit according to manufacturer’s
instructions. Columns represent mean W SEM, MP < 0.05 versus
control, MMMP < 0.01 versus control. B: Western blotting to evaluate
insulin inside sperm after the indicated treatment. Actin was used as a
loading control. Autoradiograph presented is a representative
example of experiments that were performed at least four times with
repetitive results.
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suggestion that this receptor is involved in the modulation of an
important early event of the capacitation process. These results
are in keeping with previous data demonstrating that the
inhibitory effect of AEA on capacitation depends on its ability to
reduce intracellular levels of cAMP (Bifulco and Di Marzo,
2002).

Sperm cell features comprise a high polarization of structure
and functions, including motility that is a crucial requisite for the
male gamete to reach the oocyte. In our study we observed that
AEA induces a dose-dependent reduction of sperm motility and
that SR was able to significantly enhance this effect addressing an
important role of CB1-R in this sperm function. Our results
confirm those of previous studies reporting that AEA negatively
affects human sperm motility (Rossato et al., 2005). However, it
deserves to be mentioned that different concentrations were
used in our finding, in fact we have chosen the nanomalar doses
of 10 nM to mimic the AEA levels observed in human seminal
plasma (12.3 nM) and in mid-cycle oviductal fluid (10.5 nM)
(Schuel et al., 2002), while 100 nM and 1mM are
supraphysiological levels. Particularly, we would like to point
out that the spermatozoa used in our experiments are
washed from seminal plasma and then they are deprived of
the decapacitating factors, reproducing in some manner the
sperm physiological conditions as they have in the female genital
tract.
JOURNAL OF CELLULAR PHYSIOLOGY
The mechanisms controlling the interaction between energy
balance and reproduction are the subject of intensive
investigations. Capacitated sperm display an increased
metabolic rate and overall energy expenditure, presumably to
affect the changes in sperm signaling and function during
capacitation process. The EC system has been recognized as a
new crucial player in energy balance control. In general the net
effect at diverse sites in the brain and throughout the body is
anabolic, facilitating increased energy intake, decreased energy
expenditure and increased accumulation of body fat. An
increase of the EC tone has been reported in the hypothalamus
of obese animals and the administration of ECs has been shown
to increase food intake and to promote weight gain (Després,
2007). In white adipocytes, CB1-R activation stimulates
lipogenesis, while in contrast, CB1-R antagonists in vitro and in
vivo reduce the expression of enzymes involved in lipogenesis
(Pagotto et al., 2005). Similarly, MET-F-AEA seems to exert a
lipogenetic effect on human sperm lipid metabolism, since the
augment in the triglycerides content is compatible with the
behavior of both lipase and acyl-CoA dehydrogenase activities.
Our data clearly evidenced that the blockage of CB1-R induces
an increase in the energy expenditure, corroborating the idea
that the receptor activation in sperm is related to the
uncapacitated status.

In the majority of the experiments performed, the 1mM SR
alone displayed a neutral antagonism, while in combination with
MET-F-AEA it behaves as inverse agonist. SR has been shown to
act as neutral antagonism, competitive antagonist and inverse
agonist in host cells transfected with exogenous CB1 receptor,
as well as in biological preparations endogenously expressing
CB1 (Hurst et al., 2005; Pertwee, 2005). As inverse agonist, SR
produces effects in some CB1 containing bioassay systems that
are opposite in direction from those produced by agonists for
these receptors. It was proposed that inverse agonism at the
CB1 receptor may be explained in terms of a three-state model
in which the receptor can switch between two receptor
conformational states, a ground or inactive R state and an active
R� state, which are in equilibrium with each other (Leff, 1995).
An agonist has higher affinity for R� and agonist binding is
thought to shift the equilibrium toward R�, resulting in G
protein activation with an increase in GDP/GTP exchange. An
inverse agonist has higher affinity for R and its binding shifts the
equilibrium toward R, resulting in a decrease in the activation of
the signaling pathway. The binding of a neutral/null antagonist is
thought not to alter the equilibrium between R and R� because
the neutral antagonist has equal affinity for both states. It is likely
that the efficacy for the production of inverse cannabimimetic
effects will be governed by the degree of ongoing
endocannabinoid release onto CB1 receptors.

In our previous study, we demonstrated that sperm express
and secrete insulin, the classical hormone involved in the body
energy homeostasis (Aquila et al., 2005b). Moreover in
uncapacitated sperm, insulin increased GSK-3 S9
phosphorylation, while during capacitation the kinase is not
phosphorylated. These results suggested that the hormone
modulates sperm energetic substrates availability on the basis of
sperm energy needs (Ballester et al., 2000). We observed that
under MET-F-AEA, GSK3 phosphorylation increases indicating
that the endocannabinoid in uncapacitated sperm is involved in
the accumulation of energy substrates, which would be spent
during capacitation and thus mirroring the insulin behavior in
this context. In fact, in uncapacitated sperm the GSK3 is tightly
blocked, whereas during capacitation there is an activation of
the enzyme. Intriguingly, glycogen deposits and GSK3 enzyme
are present in the head and midpiece of spermatozoa where
CB1-R is also localized and this support a physiological
relevance of our finding. Although glycolysis is important for
sperm functions this metabolic pathway does not appear to be
responsible for successful gamete fusion (Urner and Sakkas,
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1996; Travis et al., 2001). Instead, the beneficial effect of glucose
on the acquisition of fertilizing ability as well as on gamete fusion
is mediated by glucose metabolism through the PPP (Urner and
Sakkas, 1999a; Urner et al., 2001) where G6PDH is the key rate
limiting enzyme that regulates the production of NADPH
(Urner and Sakkas, 1999b). Accordingly, with the above-
mentioned results on GSK3, MET-F-AEA was unable to
significantly increase the G6PDH activity.

In our previous study we have showed that sperm express
and secrete insulin and we have demonstrated that a great
difference in insulin secretion between incapacitated and
capacitated sperm exists, therefore relating the hormone
concentration to the different gamete physiological conditions.
In mouse pancreatic islets it was shown that cannabinoids
inhibit insulin secretion via CB1-R (Nakata and Yada, 2008).
From the present work it emerges that MET-F-AEA induce an
increase in insulin secretion, although the concentrations
obtained are comprised in the typical range showed by sperm
during uncapacitated status (0.1–0.73mIU/ml). Insulin
secretion is significantly higher in sperm during capacitation
(4–12mIU/ml), Our previous data lead us to speculate that
insulin might be considered an endogenous factor involved in
the autocrine induction of the capacitation, here we found that
MET-F-AEA is able to modulate insulin secretion, therefore the
EC could be considered a regulator of the capacitation process.
On the other hand, the presence of AEA at higher
concentration in seminal plasma prevents premature
capacitation activating CB1-R, instead in the female genital tract
spermatozoa are exposed to a progressively reduced
concentration of AEA (Schuel et al., 2002) and sperm
capacitation might occur as a consequence of reduced action of
AEA on CB1-R. These observations, together with our findings,
raise the possibility that defective AEA-signaling may likewise
impair sperm acquisition of fertilizing ability and thus male
fertility.

Apart from classical hormones like leptin and insulin, the
AEA ability to modulate both lipid and glucose metabolism
highlights also a pivotal involvement of this EC in the control of
sperm energy homeostasis. Concluding, the present finding
discovered a new site of action for ECs in the control of energy
metabolism.

Acknowledgments

Our special thanks to Dr. Vincenzo Cunsolo (Biogemina SAS,
Catania, Italy) for the technical and scientific assistance. We also
thank Serena and Maria Clelia Gervasi for the English language
review of the manuscript. This work was supported by MURST
- Ex 60% -2008, and Associazione Educazione e Ricerca Medica
Salernitana (ERMES).

Literature Cited
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secretion in human ejaculated spermatozoa. Endocrinology 146:552–557.

Aquila S, Bonofiglio D, Gentile M, Middea E, Gabriele S, Belmonte M, Catalano S, Pellegrino M,
Ando S. 2006. Peroxisome proliferator-activated receptor (PPAR)gamma is expressed by
human spermatozoa: Its potential role on the sperm physiology. J Cell Physiol 209:77–986.

Ballester J, Fernandez-Novell JM, Rutllant J, Garcia-Rocha M, Jesus Palomo M, Mogas T, Pena
A, Rigau T, Guinovart JJ, Rodriguez-Gil JE. 2000. Evidence for a functional glycogen
metabolism in mature mammalian spermatozoa. Mol Reprod Dev 56:207–219.

Bifulco M, Di Marzo V. 2002. Targeting the endocannabinoid system in cancer therapy: A call
for further research. Nat Med 8:547–550.

Bifulco M, Grimaldi C, Gazzerro P, Pisanti S, Santoro A. 2007. ‘‘Rimonabant: Just an
antiobesity drug? Current evidence on its pleiotropic effects’’. Mol Pharmacol
71:1445–1456.

Bisogno T, Ventriglia M, Milone A, Mosca M, Cimino G, Di Marzo V. 1997. Occurrence and
metabolism of anandamide and related acyl-ethanolamides in ovaries of the sea urchin
Paracentrotus lividus. Biochim Biophys Acta 1345:338–348.
JOURNAL OF CELLULAR PHYSIOLOGY
Bouaboula M, Poinot-Chazel C, Marchand J, Canat X, Bourrie B, Rinaldi-Carmona M,
Calandra B, Le Fur G, Casellas P. 1996. Signaling pathway associated with stimulation of
CB2 peripheral cannabinoid receptor. Involvement of both mitogen-activated protein
kinase and induction of Krox-24 expression. Eur J Biochem 237:704–711.

Després JP. 2007. The endocannabinoid system: A new target for the regulation of energy
balance and metabolism. Crit Pathw Cardiol 6:46–50.

Devane WA, Dysarz FA, Johnson MR, Melvin LS, Howlett AC. 1988. Determination and
characterization of a cannabinoid receptor in rat brain. Mol Pharmacol 34:605–613.

Di Marzo V, Melck D, Bisogno T, De Petrocellis L. 1998. Endocannabinoids: Endogenous
cannabinoid receptor ligands with neuromodulatory actions. Trends Neurosci
21:521–528.

Di Marzo V, Bifulco M, De Petrocellis L. 2004. The endocannabinoid system and its
therapeutic exploitation. Nat Rev Drug Discov 3:771–784.

Florman HM, Arnoult C, Kazam IG, Li C, O’Toole CM. 1998. A perspective on the control of
mammalian fertilization by egg-activated ion channels in sperm: A tale of two channels. Biol
Reprod 59:12.

Galiegue S, Mary S, Marchand J, Dussossoy D, Carriere D, Carayon P, Bouaboula M, Shire D,
Le Fur G, Casellas P. 1995. Expression of central and peripheral cannabinoid receptors in
human immune tissues and leukocyte populations. Eur J Biochem 232:54–61.

Glass M, Felder CC. 1997. Concurrent stimulation of cannabinoid CB1 and dopamine D2
receptors augments cAMP accumulation in striatal neurons: Evidence for a Gs linkage to
the CB1 receptor. J Neurosci 17:5327–5333.

Habayeb OMH, Bell SC, Konje JC. 2002. Endogenous cannabinoids:Metabolism and their role
in reproduction. Life Sci 70:1963–1977.

Hanus L, Gopher A, Almong S, Mechoulam R. 1993. Two neu unsaturated fatty acid
ethanolamides in brain that bind to the cannabinoid receptor. J Med Chem
36:3032–3034.

Hurst DP, Lynch DL, Barnett-Norris J, Hyatt SM, Seltzman HH, Zhong M, Song Z, Nie J,
Lewis D, Reggio PH. 2005. N-(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamide (SR141716A) interaction with LYS 3.28(192) is
crucial for its inverse agonism at the cannabinoid CB1 receptor. Mol Pharmacol
62:1274–1287.

Kong LJ, Yang YY, Wang GL. 2007. CatSper and sperm hyperactivation. Zhonghua Nan Ke
Xue 13:164–167.

Leff P. 1995. The two-state model of receptor activation. Trends Pharmacol Sci 16:89–97.
Lehman TC, Hale DE, Bhala A, Thorpe C. 1990. An acyl-coenzyme A dehydrogenase assay

utilizing the ferricenium ion. Anal Biochem 186:280–284.
Mackie K, Hille B. 1992. Cannabinoids inhibit N-type calcium channels in

neuroblastoma-glioma cells. Proc Natl Acad Sci USA 89:3825–3829.
Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. 1990. Structure of a cannabinoid

receptor and functional expression of the cloned cDNA. Nature 346:561–564.
Nakata M, Yada T. 2008. Cannabinoids inhibit insulin secretion and cytosolic Ca2þoscillation

in islet beta-cells via CB1 receptors. Regul Pept 14:49–53.
Pagotto U, Vicennati V, Pasquali R. 2005. The endocannabinoid system and the treatment of

obesity. Ann Med 37:270–275.
Panteghini M, Bonora R, Pagani F. 2001. Measurement of pancreatic lipase activity in serum by

a kinetic colorimetric assay using a new chromogenic substrate. Ann Clin Biochem
38:365–370.

Pertwee RG. 2005. Inverse agonism and neutral antagonism at cannabinoid CB1 receptors.
Life Sci 76:1307–1324.

Rossato M, Ion Popa F, Ferigo M, Clari G, Foresta C. 2005. Human sperm express cannabinoid
receptor Cb1, the activation of which inhibits motility, acrosome reaction, and
mitochondrial function. J Clin Endocrinol Metab 90:984–991.

Schuel H, Burkman LJ. 2005. A tale of two cells: Endocannabinoid-signaling regulates functions
of neurons and sperm. Biol Reprod 73:1078–1086.

Schuel H, Schuel R, Zimmerman AM, Zimmerman S. 1987. Cannabinoids reduce fertility of
sea urchin sperm. Biochem Cell Biol 65:130–136.

Schuel H, Goldstein E, Mechoulam R, Zimmerman AM, Zimmerman S. 1994. Anandamide
(arachidonylethanolamide), a brain cannabinoid receptor agonist, reduces sperm fertilizing
capacity in sea urchins by inhibiting the acrosome reaction. Proc Natl Acad Sci USA
91:7678–7682.

Schuel H, Burkman LJ, Lippes J, Crickard K, Mahony MC, Giuffrida A, Picone RP, Makriyannis
A. 2002. Evidence that Anandamide-signaling regulates human sperm functions required
for fertilization. Mol Reprod Dev 63:376–387.

Suarez SS, Ho HC. 2003. Hyperactivation of mammalian sperm. Cell Mol Biol 49:351–356.
Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A, Waku K. 1995.

2-Arachidonoyl-glycerol: A possible endogenous cannabinoid receptor ligand in brain.
Biochem Biophys Res Commun 215:88–97.

Thomson MF, Wishart GJ. 1989. Elucidation of the mechanism responsible for the
temperature-dependent reversible inactivation of the motility of fowl spermatozoa.
Br Poult Sci 30:687–692.

Travis AJ, Jorgez CJ, Merdiushev T, Jones BH, Dess DM, Diaz-Cueto L, Storey BT, Kopf GS,
Moss SB. 2001. Functional relationships between capacitation-dependent cell signaling and
compartmentalized metabolic pathways in murine spermatozoa. J Biol Chem
276:7630–7636.

Urner F, Sakkas D. 1996. Glucose is not essential for the occurrence of sperm binding
and zona pellucida-induced acrosome reaction in the mouse. Int J Androl
19:91–96.

Urner F, Sakkas D. 1999a. Characterization of glycolysis and pentose phosphate pathway
activity during sperm entry into the mouse oocyte. Biol Reprod 60:973–978.

Urner F, Sakkas D. 1999b. A possible role for the pentose phosphate pathway of spermatozoa
in gamete fusion in the mouse. Biol Reprod 60:733–739.

Urner F, Leppens-Luisier G, Sakkas D. 2001. Protein tyrosine phosphorylation in sperm
during gamete interaction in the mouse: The influence of glucose.
Biol Reprod 64:1350–1357.

Visconti PE, Baley JL, Moore GD, Pan D, Olds-Clarke P, Kopf GS. 1995a. Capacitation in
mouse spermatozoa I. Correlation between the capacitation state and protein
phosphorylation. Development 121:1129–1137.

Visconti PE, Moore GD, Bailey JL, Leclerc P, Connors SA, Pan D, Olds-Clarke P, Kopf GS.
1995b. Capacitation of mouse spermatozoa. II. Protein tyrosine phosphorylation and
capacitation are regulated by a cAMP-dependent pathway. Development
121:1139–1150.

Wang H, Dey SK, Maccarrone M. 2006. Jekill and Hyde: Two faces of cannabinoid signaling in
male and female fertility. Endo Rev 27:427–448.

World Health Organization. 1999. Laboratory manual for the examination of human semen
and sperm-cervical mucus interactions. 4th edition. Cambridge, UK: Cambridge University
Press.


