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Summary 

The expression of estrogen receptor alpha (ERα) is generally associated with a less 

invasive and aggressive phenotype in breast carcinoma. In an attempt to understand the 

role of ERα in regulating breast cancer cells invasiveness, we have demonstrated that 

cell adhesion on Fibronectin (Fn) and type IV Collagen (Col) induces ERα-mediated 

transcription and reduces cell migration in MCF-7 and in MDA-MB-231 cell lines 

expressing ERα. Analysis of deleted mutants of ERα indicates that the transcriptional 

activation function (AF)-1 is required for ERα-mediated transcription as well as for the 

inhibition of cell migration induced by cell adhesion on extracellular matrix (ECM) 

proteins. In addition, the nuclear localization signal region and some serine residues in 

the AF-1 of the ERα are required for the regulation of cell invasiveness as we have 

observed in HeLa cells. It is worth noting that c-Src activation is coincident with 

adhesion of cells to ECM proteins and that the inhibition of c-Src activity by PP2 or the 

expression of a dominant-negative c-Src abolishes ERα-mediated transcription and 

partially reverts the inhibition of cell invasiveness in ERα-positive cancer cells. These 

findings address the integrated role of ECM proteins and ERα in influencing breast 

cancer cell motility through a mechanism that involves c-Src and it seems not to be 

related to a specific cell type. 

Furthermore, to explain the mechanisms by which ERα regulates cell adhesion, we have 

evaluated the expression of α5β1 integrin, prevalently expressed in stationary cells, in 

response to 17β-estradiol (E2). Here we show that E2 increases the expression of 

integrin α5β1 through ERα, which interacts with the regulatory region of α5 gene. We 

evidenced an enhanced binding of Sp1 protein to a GC-rich Sp1 region located 
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upstream to an ERE half-site in the 5’-flanking region of the α5 gene. Estrogen 

responsiveness of α5 gene promoter defines a general mechanism of regulation not 

strictly linked to the cell type, as we observed in HeLa cells. Our data provides 

fundamental insight into the molecular mechanisms underlying the negative modulation 

of the invasive process in ERα positive cancer cells. 
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Introduction 

Several clinical studies have demonstrated that estrogen receptor alpha (ERα)-

positive tumors have lower metastatic potential than ERα-negative tumors (Fraker et al., 

1984; Osborne et al., 1985; McGuire, 1986; Price et al., 1990). Many reports correlate 

ERα expression to lower matrigel invasiveness and to a reduced metastatic potential of 

breast cancer cell lines (Liotta et al., 1991; Thompson et al., 1992; Rochefort et al., 

1998); however, the molecular mechanisms that define this process are still unclear. The 

interaction of cells with the extracellular matrix (ECM) influences many aspects of cell 

behavior, including growth, morphology, migratory properties and differentiation 

(Hynes, 1990; Clark and Brugge, 1995; Giancotti and Ruoslahti, 1999). The adhesion to 

ECM is mediated by integrin receptors that are reported to control growth factor 

signaling pathways. Specifically, cells adherent to ECM show an enhanced activation of 

the p42 and p44 forms of the mitogen-activated protein kinase (MAPK) (Miyamoto et 

al., 1996; Lin et al., 1997; Renshaw et al., 1997; Aplin and Juliano, 1999). In addition, 

binding of the integrin receptor with ECM proteins causes a direct transient activation 

of MAP kinase in the absence of growth factors (Chen et al., 1994; Schlaepfer et al., 

1994; Zhu and Assoian, 1995). The transcriptional activation function (AF)-1 of the N-

terminal ERα is a target of various protein kinases such as MAPK, PI3-k, Akt and c-

Src, which are activated by growth factor pathways, either in the presence or in the 

absence of 17β-estradiol (E2) (Power et al., 1991; Chalbos et al., 1993; Aronica et al., 

1994; Kato et al., 1994; Couse et al., 1995; Ignar-Trowbridge et al., 1995; Bunone et al., 

1996; Weigel, 1996; Joel et al., 1998). c-Src is also one of the first protein kinases 

activated by cell adhesion to ECM (Guan, 1997; Schlaepfer et al., 1997; Schaller et al., 

1999) and it has been shown to play a significant role in several phases of outside–in 
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signaling in many cell types (Kaplan et al., 1995; Lowell et al., 1996; Suen et al., 1999). 

The overexpression and activation of Src family kinases have been identified in a range 

of human cancers (Irby and Yeatman, 2000) and these have been indicated to contribute 

not only to the growth and survival of breast cancer cells but also to increase their 

metastatic potential (Summy and Gallick, 2003). In this study, we have tested the 

hypothesis that cell adhesion on ECM modulates ERα transcriptional activity, 

producing a reduction of cell migration. Our results show that estrogen receptor 

activation function 1 (AF-1)/ERα is an effector of the adhesion protein signals. Cell 

adhesion on Fibronectin (Fn) and type IV collagen (Col) induces the transcriptional 

activation of ERα and the reduction of cell migration in MCF-7 cells, as well as in 

MDA-MB-231 and in HeLa cells both engineered to express ERα. In addition, we have 

found that c-Src is essential for ERα activation in response to cell adhesion. Focusing 

on the relationship between c-Src activity and ERα expression in breast cancer cells, we 

have shown that the transactivation of ERα upon cell adhesion on ECM proteins 

counteracts the action of c- Src on cell motility and invasiveness in cancerous cells. 

On the other hand it has well documented how E2/ERα up-regulates genes which 

reduce cell invasiveness like α1antichymotrypsin (Confort, C. et al., 1995) and down-

regulates genes involved in the enzymatic remodeling and degradation of ECM proteins 

like metalloproteinase-9 (Crowe, D.L., and Brown, T.N., 1999) and Collagenase type 

IV (Abbas Abidi, S.M. et al.,1997). 

Cell adhesion to ECM is mainly mediated by integrins which mostly control the 

physical strength of cell substratum attachment (Lynch, L., et al., 2005). Several studies 

have demonstrated that variations in integrin cell surface expression levels (Keely, P.J. 

et al., 1995), or in adsorbed concentration of its substratum, or its ligand (DiMilla, P.A. 
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et al., 1993), or in the integrin-ligand affinity (Huttenlocher, A. et al.,1996), could affect 

the adhesion strength and a speed of cell movement (Lynch, L., et al., 2005). 

A role of E2/ERα on integrin expression rises from physiological circumstances 

consistent with the evidence that α5β1 increases more than 2 times in breast tissues 

between puberty and sexual maturity and drops dramatically after ovariectomy 

(Woodward, T.L. et al., 2001). So, we assume that E2 dependence still producing lesser 

invasiveness and methastatic potential, may rise by a specific modulatory role of E2 on 

integrin expression which mostly regulate the adhesion of tumor cells to substrates. 

Fibronectin (Fn)-mediated attachment and signaling in cells occurs in response to Fn 

binding to cell surface integrins. Fn has been demonstrated to bind to different Fn 

specific integrins including α4β1, α5β1, αvβ1 β3, and αvβ6 (Yang, J.T. et al., 1999). 

However previous studies have shown that α4 subunit is not present in mammary cells 

(Delcommenne, M., and Streuli, C.H., 1995). Furthermore immunoistochemical 

analysis revealed little or not αv protein in mammary epithelia and in myoepithelia cells 

(Woodward, T.L. et al., 2000) at any stage of development examined. Other authors 

reported that α5 subunit appears to be the key receptor for Fn and α5 knockout mice 

most closely resemble Fn knockout mice (Yang, J.T. et al., 1999; Watt, F.M., and 

Hodivala, K.J., 1994). Besides, only the β1 subunit protein has been demonstrated to 

form an heterodimer with the α5 subunit, so the immunohistochemical detection of α5 

subunit, has been reported to mean that the α5β1 integrin was also detected herein. 

In the present study we elucidated the molecular mechanism by which E2/ERα 

signaling up-regulates the expression of α5 integrin subunit either in MCF-7 or HeLa 

cells ectopically expressing ERα. This event appears to occur through the functional 

interaction of E2/ERα on Sp1 protein at the site -420/-370 up-stream ATG and very 
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likely address a general modulatory mechanism induced by E2 not tightly linked to cell 

type investigated. 
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Results 

Cell adhesion on Fn or Col induces ERα translocation into the nuclear compartment 

First, we determined whether cell adhesion on either Fn or Col may infuence 

ERα expression. MCF-7 cells, serum-starved for 24 h, were plated onto Fn-, Col- and 

P-Lys- (negative control) coated dishes and incubated for 30 min, 1 h, 4 h and 8 h. 

Equal amounts of cytosolic and total (nuclear + cytosolic) protein lysates were resolved 

by SDS–PAGE and analysed by Western blot for ERα detection. Figure 1b shows a 

significant decrease of ERα content in the cytosol 30 min to 4 h after cell adhesion on 

Fn and Col with respect to the control reported in Figure 1a. No substantial changes in 

total ERα content were observed in our time course study (Figure 1b). These results 

support the conclusion that cell adhesion on either Fn or Col induced a translocation of 

ERα into the nuclear compartment. The observed compartmentalization of ERα was 

confirmed by immunocytochemistry using MCF-7 cells maintained in a serum-free 

medium for 96 h, then detached, plated onto Fn-, Col- and P-Lys-coated slides and 

incubated for 2 h (Figure 1c). No signal was detected in the control cells (P-Lys); this 

may be due to the binding of ERα with chaperon proteins that possibly mask the epitope 

for the ERα antibody 

 

Fn and Col induce estrogen-responsive element (ERE) transcription 

Since Fn and Col were able to translocate ERα into the nuclear compartment, we 

evaluated their ability to induce ERα-mediated transcription. MCF-7 cells were 

transfected with the ERE responsive reporter plasmid (XETL) and the pRL-Tk plasmid 

expressing Renilla luciferase, as an internal control. The cells were then serum starved 

for 24 h and exposed to E2, Fn, Col or P-Lys before luciferase assays. Figure 2a shows 
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a significant increase in ERE-mediated transcription induced by both Fn and Col in the 

absence of ER ligand. 

 

 

              

Figure 1. Cell adhesion on Fn or Col induces ERα translocation into the nuclear compartment. (A) 
MCF-7 cells serum-starved for 24 h were detached and an aliquot was lysed and used as control (time 0); 
(B) a further aliquot was plated in PRF-SFM on P-Lys- (2 µg/cm2), Fn- (30 µg/ml) or Col- (30 µg/ml) 
coated dishes. After 30 min, 1 h, 4 h and 8 h of incubation, cytosolic (Cyt) and total (cytosolic and 
nuclear) (Tot) protein lysates were subjected to Western blotting with an anti-ERα  monoclonal antibody. 
These results are representative of five independent experiments. (C) MCF-7 cells serum starved for 96 h 
were detached and plated in PRF-SFM on PLys- (2 µg/cm2), Fn- (30 µg/ml) and Col- (30 µg/ml) coated 
slides or plated on culture-treated slide and incubated with E2 (10 nM). After 2 h, cells were fixed, probed 
with anti-ERα antibody and stained as described in Materials and methods 
 

 

In contrast, P-Lys failed to induce ERα-mediated transcription, showing that the 

observed effect is specifically due to the integrin substrates. The same results were 

obtained in MDA-MB-231 cells transiently expressing ERα and the reporter gene, 

suggesting that the Fn/Col-induced transcriptional activation is specifically mediated by 

ERα (Figure 2c).  

A slight but significant increase in luciferase expression was observed in wild-

type MDA-MB-231 treated with both Fn and Col (Figure 2b), probably due to the 
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expression of ERβ (Lazennec et al., 2001), as we detected in the present study (data not 

shown). The antiestrogen ICI reversed this upregulatory effect induced by both ECM 

proteins in all the experimental conditions and in both cell lines. In addition, no 

substantial differences were observed in luciferase expression when transfected MCF-7 

and MDA-MB-231 were plated onto both Fn- and Col coated dishes (data not shown). 
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Figure 2. Fn and Col activate ERE-mediated transcription.  
MCF-7 (a) and MDA-MB-231 (b) cells were transfected with 0.3 µg/well of pSG5 and 0.6 µg/well of
XETL by calcium phosphate method. MDA-MB-231 were also cotransfected with 0.3 µg/well HeG0 and
0.6 µg/well of XETL (c). Cells were incubated in the transfection cocktail for 6 h, serum starved for an
additional 24 h and then incubated for 16 h in PRF-SFM (untreated) or in PRF-SFM containing either 10
nM estradiol (E2), 30 µg/ml Fn, 30 µg/ml Col or 15 µg/ml P-Lys. The same treatments were also carried
out in the presence of 100 nM ICI 182,780. Firefly luciferase activity was internally normalized to R.
luciferase and expressed as fold of increase with respect to the PRF-SFM (untreated) sample. Results
represent the mean ± s.d. of at least five independent experiments.  P< 0.001 vs PRF-SFM;  P< 0.05
vs PRF-SFM;  P< 0.001 vs the homologues samples without ICI 182,780 
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ERE-mediated transcription induced by Fn and Col upregulates pS2 and cathepsin D 

mRNA 

Owing to their ability to induce ERE-mediated transcription, Fn and Col were 

assessed for their capacity to regulate the expression of endogenous ERα-specific target 

genes as pS2 (Figure 3a) and cathepsin D (Figure 3b). 

The results show the ability of Fn and Col, but not of P-Lys, to upregulate both 

pS2 and cathepsin D mRNAs. 

 

 

 

 

 

 

 

 

Fn and Col induce ERE-mediated transcription through AF-1 activation 

Subsequently, we questioned which functional domain of ERα was affected by 

the adhesion protein signals. To exclude the influence of specific factors present in 

breast cancer cells, we transiently cotransfected HeLa cells with the reporter plasmid 

Figure 3. Adhesion of breast cancer cells on Fn and Col upregulates pS2 and cathepsin D mRNA
levels. Semiquantitative RT–PCR of pS2 mRNA (A) and cathepsin D (B). 
Serum-starved MCF-7 cells were detached and plated, in PRF-SFM, on dishes previously coated
with 2 µg/cm2 P-Lys, 30 µg/ml Fn (Fn), 30 µg/ml or plated on uncoated dishes and treated with 10
nM estradiol (E2). 
The 36B4 mRNA levels were determined in the same amplification tube as control. The quantitative
representation of three independent experiments expressing the optical density of pS2 (  ) and 36B4 (
) RT–PCR products (a) and of cathepsin D (  ) and 36B4 (  ) RT–PCR products (b) is reported in the
histograms 
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XETL and with either HeG0 (data not shown) or HE15 (Figure 4a) or HE19 (Figure 4b) 

coding for the carboxyl-terminal and amino-terminal truncated receptor, respectively. 

The treatment with either E2 or Fn and Col leads to an increase of luciferase activity in 

HeLa cells expressing ERα corresponding to that observed in MCF-7 (data not shown). 

Both ECM proteins induced ERE-mediated transcription only in HeLa cells transiently 

expressing the AF-1/DBD domains of ERα (Figure 4a), while the treatment with E2 

gave a significant increase of ERE-mediated transcription when the AF-2/DBD domains 

of ERα were expressed (Figure 4b). ICI abolished the upregulatory effects induced by 

Fn, Col and E2, while 4-OH tamoxifen (4OH-Tam) treatment was able to negatively 

interfere only with E2-induced activation in cells expressing either ERα (data not 

shown) or the AF-2/ DBD domains of ERα. In summary, these data demonstrate that 

either Fn or Col is able to activate ERα by targeting the AF-1 domain. 

 

Fn and Col activate ERa through c-Src 

On the basis of previous findings demonstrating that c- Src is activated by Fn 

(Schlaepfer et al., 1997) and that ERα is activated in its AF-1 domain by signals 

transduced from c-Src (Feng et al., 2001), we questioned whether c-Src might be 

involved in ERα activation induced by cell adhesion/treatment to Fn and Col. We 

investigated the role of c-Src in MCF-7 cells transfected with pcDNA3 as control 

vector, c-Src(+) and c-Src(-) (dominant negative of c-Src) (Figure 5a).  
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Figure 4. Fn and Col induce ligand-independent transcriptional activation of the ERα.  
HeLa cells were transfected with 0.3 µg/well HE15 and 0.6 µg/well XETL (a) or with 0.3 µg/well HE19 
and 0.6 µg/well XETL (b). At 6 h after transfection cocktail addition, cells were shifted in PRF-SFM for 
24 h and then incubated for 16 h in PRF-SFM containing either 15 µg/ml P-Lys, 10 nM estradiol (E2), 30 
µg/ml Fn or 30 µg/ml Col. The same treatments were also carried out in the presence of 100 nM 4-OH 
Tam and 100 nM ICI 182,780. Firefly luciferase activity was internally normalized to R. luciferase and 
expressed as fold of increase with respect to the PRF-SFM (untreated) samples. Results represent the 
mean ± s.d. of five independent experiments.  P<0.001 and  P<0.01 vs PRF-SFM (untreated);  
P<0.005 vs the homologues samples without 4-OH Tam and ICI 182,780 

 

The overexpression of c-Src potentiates ERα transactivation both in basal 

condition as well as upon E2, Fn and Col exposure. The expression of the dominant-

negative c-Src as well as the treatment with PP2-abrogated EREmediated transcription 

induced by both Fn and Col, however, only attenuated the response to E2. Altogether, 

these data suggest that c-Src is required for ERα activation by signals derived from cell 
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adhesion to ECM. Under the same experimental conditions, we evaluated the 

autophosphorylation of c-Src and the phosphorylation of the exogenous substrate 

enolase (Figure 5b) after 5 min of exposure. The indicated time was chosen after a time 

course study (here not reported) performed at 0, 5, 10 and 20 min displaying the 

maximal enzymatic activity at 5 min. The results provide evidence that both E2, Fn and 

Col activate c-Src, while either the expression of a dominant-negative c-Src or the 

presence of PP2 strongly reduces both the autophosphorylation of c-Src and the 

phosphorylation of enolase. 

 

E2, Fn and Col reduce cell motility 

Since previous studies have shown that ERα expression leads to a lower 

matrigel invasiveness and to a reduced metastatic potential in breast cancer cells 

(Rochefort et al., 1998; Platet et al., 2000), we investigated whether the activation of 

ERα by both ECM proteins was correlated with the motility of breast cancer cells. 

MCF- 7, MDA-MB-231 and HeLa cells were used to evaluate cell invasion on 

Transwell chambers previously coated with Fn, Col or P-Lys and incubated overnight in 

PRFSFM or in PRF-SFM containing E2. In agreement with previous studies (Rochefort 

et al., 1998), E2 treatment produced a marked reduction of cell migration in MCF- 7 

(Figure 6a) as well as in both MDA-MB-231 (data not shown) and HeLa cells 

expressing ERα (Figure 6b). Similar inhibition was observed after cell adhesion to 

either Fn or Col. To further clarify the contribution of the two ERα/AF domains in 

regulating cell motility, HeLa cells were transfected with either the AF-1- or AF- 2-

deleted constructs and plated onto transwells coated with both ECM proteins. Cells 
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expressing the AF-1/ DBD domains (Figure 6c) showed a strong reduction of cell 

invasion induced by both ECM proteins and reversed by ICI (data not shown).  

        

 
 
Figure 5. Fn and Col activate unliganded-ERα through c-Src. (a) MCF-7 cells were cotransfected with 
calcium phosphate precipitation method using 0.5 µg/well of XETL and 0.5 µg/well of pCMV empty 
vector or 0.5 µg/well of XETL plasmid with 0.5 µg/well of c-Src (+) or 0.5 µg/well of c-Src (-). At 6 h 
after transfection, cells were serum starved for 24 h and then incubated for 16 h in PRF-SFM (untreated) 
or PRF-SFM containing either 10 nM estradiol (E2), 30 µg/ml Fn, 30 µg/ml Col or 15 µg/ml P-Lys. The 
same treatments were also carried out in the presence of 3 µM of PP2. Firefly luciferase activity was 
internally normalized to R. luciferase and expressed as fold of increase with respect to the PRF-SFM 
(untreated) sample. Results represent the mean ± s.d. of five independent experiments. The inset pictures 
present the expression of c-Src and were assessed by Western blotting as described in Materials and 
methods using 30 µg of total cell lysates. (b) MCF-7 cells, transfected and treated as before for 5 min, 
were lysed and immunoprecipitated with an anti c-Src antibody/protein A/G complex and assayed for c-
Src-kinase activity using acid-treated enolase as described in Materials and methods. These results are 
representative of three independent experiments.  P < 0.001 vs the PRF-SFM (untreated);  P < 0.01 vs 
the homologues samples without PP2 and cSrc(-);  P < 0.05 vs the homologues samples without PP2 
and cSrc (-) 
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In contrast, only E2 treatment reduced cell migration when the AF-2/DBD domains of 

the ERα were expressed (Figure 6d). 
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Fas Ligand Expression in TM4 Sertoli Cells is
Enhanced by Estradiol ‘‘In situ’’ Production

STEFANIA CATALANO,1 PIETRO RIZZA,1 GUOWEI GU,1 INES BARONE,1 CINZIA GIORDANO,2

STEFANIA MARSICO,1 IVAN CASABURI,1 EMILIA MIDDEA,1 MARILENA LANZINO,1

MICHELE PELLEGRINO,1 AND SEBASTIANO ANDÒ2*
1DepartmentQ1of Pharmaco-Biology, University of Calabria 87036

Arcavacata di Rende (CS), Calabria, Italy
2Department of Cell Biology Faculty of Pharmacy, University of Calabria

87036 Arcavacata di Rende (CS), Calabria, Italy

The testis is an immunologically privileged site of the body where Sertoli cells work on to favor local immune tolerance by testicular
autoantigens segregation and immunosuppressive factors secretion. Fas/Fas Ligand (FasL) system, expressed prevalently in Sertoli
cells, has been considered to be one of the central mechanisms in testis immunological homeostasis. In different cell lines it has been
reported that the proapoptotic protein FasL is regulated by 17-b estradiol (E2). Thus, using as experimental model mouse Sertoli cells
TM4, which conserve a large spectrum of functional features present in native Sertoli cells, like aromatase activity, we investigated if
estradiol ‘‘in situ’’ production may influence FasL expression. Our results demonstrate that an aromatizable androgen like androst-
4-ene-3,17-dione (D4) enhanced FasL mRNA, protein content and promoter activity in TM4 cells. The treatment with N6,20-O-
dibutyryladenosine-30-50-cyclic monophosphate [(Bu)2cAMP] (simulating FSH action), that is well known to stimulate aromatase
activity in Sertoli cells, amplified D4 induced FasL expression. Functional studies of mutagenesis, electrophoretic mobility shift
(EMSA) and chromatin immunoprecipitation (ChIP) assays revealed that the Sp-1 motif on FasL promoter was required for E2
enhanced FasL expression in TM4 cells. These data let us to recruit FasL among those genes whose expression is up-regulated by E2
through a direct interaction of ERa with Sp-1 protein. Finally, evidence that an aromatizable androgen is able to increase FasL
expression suggests that E2 production by aromatase activity may contribute to maintain the immunoprivilege status of Sertoli
cells. J. Cell. Physiol. 9999: 1–9, 2007. � 2006 Wiley-Liss, Inc.

The immunoprivilege of male gonad lies on blood-
testis barrier, prevalently maintained by Sertoli cell
functions. This physical barrier between the general
circulation and testicular tissue probably conceals
antigens from the immune system and prevents effector
cell access (Filippini et al., 2001; Bart et al., 2002;
Ferguson et al., 2002). This immune protective function
together with the secretion of hormonal and nutritive
factors produced by Sertoli cells, under FSH control,
substain germ cells functional maturation along all
spermatogenesis process (Griswold et al., 1988; De
Cesaris et al., 1992).

The Fas/FasL system was first identified in T cells
(Suda et al., 1993; Lynch et al., 1995) where it plays a key
role in eliminating T cell populations following antigenic
stimulation and clonal proliferation. This system is also
functional in the testis (Bellgrau et al., 1995; Sanberg
et al., 1996) and in a variety of other tissues in which
these proteins are constitutively expressed to maintain
their immunoprivilege, such as eyes (Griffith et al.,
1995), placenta (Guller, 1997; Uckman et al., 1997) and
brain (Saas et al., 1997).

FasL is a type II trans-membrane protein that belongs
to the tumor necrosis factor (TNF) family of cytokines
and induces apoptosis in cells expressing Fas receptors
(Suda et al., 1993). Fas (CD95, APO-1) is a transmem-
brane receptor protein, sharing a high degree of
homology with the tumor necrosis factor/nerve growth
factor receptor family (TNF/NGF-Rs) (Watanabe-Fuku-
naga et al., 1992, Nagata and Goldstein, 1995). It is
characterized by an intracellular domain called ‘‘death
domain’’ responsible for the activation of the intracel-
lular signaling pathway following Fas-FasL interaction
(Nagata and Goldstein, 1995).

The Fas/FasL expression during testicular develop-
ment and its cell specific localization within the testis is

still a matter of debate, but it is generally assumed that
FasL is predominantly expressed in Sertoli cells (Suda
et al., 1993; Bellgrau et al., 1995; French et al., 1996; Lee
et al., 1997; Francavilla et al., 2000; D’Abrizio et al.,
2004).

Among the different factors influencing FasL, it has
been reported that 17-b estradiol (E2) is able to regulate
the expression of this proapoptotic protein in human
endometrial cells (Selam et al., 2001) and human
ovarian tissue (Sapi et al., 2002). Moreover, estrogen
treatment increases FasL expression in monocytes
through the interaction of estrogen receptor with FasL
promoter (Mor et al., 2003).

It has been well established that the estrogens
biosynthesis, in the testis, is catalyzed by the enzyme
complex referred to as aromatase cytochrome P450,
which aromatizes the A ring of C19 androgens to the
phenolic A ring of C18 estrogens (Armstrong and
Dorrington, 1977; Van der Molen et al., 1981). The
enzyme aromatase is composed of two polypeptides: an
ubiquitous non-specific flavoprotein NADPH-cytochrome
P450 reductase and a specific form of cytochrome P450
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A
(P450arom encoded by the CYP 19 gene) (Simpson et al.,
1994). In the testis an age-related change has been
observed in the cellular localization of the aromatization
event, primarily in Sertoli cells in immature animals,
but located in Leydig and germ cells in adults (Levallet
et al., 1998; Andò et al., 2001). Besides, the synthesis of
estrogens is regulated at the level of the aromatizing
enzyme system by Follicole-Stimulating Hormone
(FSH) and cyclic AMP (Dorrington and Armstrong, 1975).

In the mouse Sertoli cell line TM4 we previously
demonstrated P450arom immunocytochemical localiza-
tion together with its enzymatic activity (Catalano et al.,
2003).

In the present study, we investigated if an aromatiz-
able androgen like androst-4-ene-3,17-dione (D4), after
its conversion to E2, can modulate FasL expression in
TM4 cells.

Our results demonstrate that estradiol ‘‘in situ’’
production enhanced FasL mRNA, protein content and
promoter activity.

Many transcription factors have been reported to
regulate FasL promoter by DNA-protein interaction
upon diverse biological signals in different cells and
tissues (Latinis et al., 1997; Kasihatla et al., 1998;
Matsui et al., 1998; Mittelstadt and Ashwell, 1998;
Kavurma et al., 2001; Kirschhoff et al., 2002; Kavurma
and Khachigian, 2003).

Functional studies of mutagenesis, electrophoretic
mobility shift analysis and ChIP assay lead us to
demonstrate that the up-regulatory effects induced by
E2 on FasL expression are mediated by a direct
interaction of Estrogen Receptor alpha (ERa) with Sp-
1 protein.

MATERIALS AND METHODS
Materials

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12
Ham (DMEM/F12), Triazol Reagent and 100 bp DNA ladder
by Invitrogen (Carlsbad, CA), L-Glutamine, penicillin, horse
serum, Eagle’s non-essential amino acids, calf serum (CS),
streptomycin, bovine serum albumine (BSA), phosphate-
buffered saline (PBS) were purchased from Eurobio (Les Ullis
Cedex, France). FuGENE 6, Sephadex G50 spin columns and
poly (dI-dC) by Roche (Indianapolis, IN). GoTaq DNA poly-
merase, T4 polynucleotide Kinase, TNT master mix, Dual
luciferase kit, Sp-1 human recombinant protein and TK renilla
luciferase plasmid were provided by Promega (Madison, WI).
The RETROscript kit and DNase I were purchased from
Ambion (Austin, TX). Aprotinin, leupeptin, phenylmethylsul-
fonyl fluoride (PMSF), sodium orthovanadate, androst-4-ene-
3,17-dione (D4), 7a,19a-dimethyl-19-nortestosterone (miboler-
one), formaldehyde, NP-40, proteinase K, tRNA, Tamoxifen
(Tam), N6,20-O-dibutyryladenosine-30-50-cyclic monophosphate
[(Bu)2cAMP] and 1,3,5-Tris(4-Hydroxyphenyl)-4-propyl-1H-
pyrazole (PPT) by Sigma (Milan, Italy). Antibodies against
ERa, ERb, b-actin, Sp-1, and polymerase II (N20) were
provided by Santa Cruz Biotechnology (Santa Cruz, CA)
whereas anti-FasL antibody by BD biosciences (San Josè,
CA). ECL System and [g32P]ATP were purchased by Amer-
sham Pharmacia (Buckinghamshire, UK). Letrozole was
provided by Novartis Pharma AG (Basel, Switzerland),
Mithramycin by ICN Biomedicals, (Shelton, CT). Salmon
sperm DNA/protein A agarose by UBI (Chicago, IL). Diaryl-
propionitrile (DPN) and ICI 182,780 were purchased from
Tocris chemical (Bristol, UK). ABI Prism 7000 Sequence
Detection System, TaqMan Ribosomal RNA Reagent kit,
TaqMan Ribosomal RNA Control Reagent kit and SYBR Green
Universal PCR Master Mix by Biosystems (Forster City, CA).

Cell cultures

The TM4 cell line, derived from the testis of immature
BALB/c mice, was originally characterized based on its

morphology, hormone responsiveness, and metabolism of
steroids (Mather, 1980). This cell line was obtained from the
American Type Culture Collection (ATCC) (Manassas, VA) and
cultured in DMEM-F12 containing 2.5% fetal CS, 5% horse
serum, 1 mg/ml penicillin–streptomycin. Human uterin cervix
adenocarcinoma (HeLa) cells were obtained from the ATCC.
HeLa cells were cultured in DMEM/F12 containing 5% CS, 1%
L-Glutamine, 1% Eagle’s non essential amino acids and 1 mg/
ml penicillin–streptomycin.

Western blot analysis

TM4 cells were grown in 10 cm dishes to 70–80% confluence
and lysed in 500 ml of 50 mM Hepes (pH 7.5), 150 mM NaCl,
1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1% Triton X-100, a
mixture of protease inhibitors (Aprotinin, PMSF and Na-
orthovanadate). Equal amounts of total proteins were resolved
on a 11% SDS-polyacrylamide gel and then electroblotted onto
a nitrocellulose membrane. Blots were incubated overnight at
48C with: (1) mouse monoclonal ERa antibody, (2) rabbit
polyclonal ERb ??antibody, (3) mouse monoclonal FasL anti-
body, (4) mouse monoclonal b-actin antibody. The antigen-
antibody complex was detected by incubation of membranes 1 h
at room temperature with peroxidase-coupled goat anti-rabbit
IgG or goat anti-mouse IgG and revealed using the ECL
System. Blots were then exposed to film and bands of interest
were quantified by densitometer (Mod 620 BioRadQ2). The
results obtained as optical density arbitrary values were
transformed to percentages of the control (percent control)
taking the samples from cells not treated as 100%.

Real-time RTPCR

Total cellular RNA was extracted from TM4 cells using
‘‘TRIAZOL Reagent’’ as suggested by the manufacturer. All
RNA was treated with DNase I and purity and integrity of the
RNA were confirmed spectroscopically and by gel electrophor-
esis prior to use. Two micrograms of total RNA was reverse
transcribed in a final volume of 50 ml using a RETROscript kit
as suggested by the manufacturer. cDNA was diluted 1:5 in
nuclease free water, aliquoted and stored at�208C. The cDNAs
obtained were further amplified for FasL gene using the
following primers: forward 50-CGAGGAGTGTGGCCCATTT-
30 and reverse 50-GGTTCCATATGTGTCTTCCCATTC-30.

PCR reactions were performed in the ABI Prism 7000
Sequence Detection System, using 0.1 mM of each primer, in a
total volume of 30 mL reaction mixture following the manu-
facturer’s recommendations. SYBR Green Universal PCR
Master Mix for the dissociation protocol was used for FasL
and 18S. Negative control contained water instead of first-
strand cDNA. Each sample was normalized on the basis of its
18S ribosomal RNA content. The 18S quantification was
performed using a TaqMan Ribosomal RNA Reagent kit
following the method provided in the TaqMan Ribosomal
RNA Control Reagent kit. The relative FasL 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 FasL gene expression relative to 18S rRNA and
calibrator, calculated following the DDCt method, as follows:

n � fold ¼ 2�ðDCtsample�DCtcalibratorÞ

where DCt values of the sample and calibrator were deter-
mined by subtracting the average Ct value of the 18S rRNA
reference gene from the average Ct value of the different genes
analyzed.

Transfection assay

Transient transfection experiments were performed using
pGL2 vectors containing different deleted segments of human
FasL gene promoter (p-2365: �2365/�2; p-318: �318/�2; p-237:
�237/�2) ligated to a luciferase reporter gene (kindly provided
by Dr. Paya, Department of Immunology, Mayo Clinic
Rochester, Minnesota, USA). Deletion of Sp-1 sequence in
FasL gene promoter was generated by PCR using as template
p-318 construct. The resulting plasmid encoding the human
Fas-L gene promoter containing the desired deletion was
designed p-280 Sp-1 and the sequence was confirmed by
nucleotide sequence analysis.
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FuGENE 6 was used as recommended by the manufacturer

to transfect TM4 cells plated in 3.5 cm2 wells with pGL2 FasL
promoter constructs (0.5 mg/well).

Another set of experiments was performed in HeLa cells
cotransfecting p-318 FasL promoter (�318/�2) (0.5 mg/well)
and the wild-type human ERa expression vector (HEGO)
(0.5 mg/well) (Tora et al., 1989) or pCMV5-hERb, containing
human ERb gene (0.5 mg/well) (a gift from JA Gustafsson).

Empty vectors were used to ensure that DNA concentrations
were constant in each transfection. TK renilla luciferase
plasmid (25 ng/well) was used to normalize the efficiency of
the transfection. Twenty-four hours after transfection, the
medium was changed and TM4 cells were treated in serum
free medium (SFM) in the presence of D4, (Bu)2cAMP,
mibolerone, letrozole, PPT and DPN. HeLa cells, 24 h after
transfection, were treated in the presence or absence of E2
for 24 h.

The firefly and renilla luciferase activities were measured
using Dual Luciferase Kit. The firefly luciferase data for each
sample were normalized on the basis of transfection efficiency
measured by renilla luciferase activity.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from TM4 as previously
described (Andrews and Faller, 1991). Briefly, TM4 cells plated
into 60 mm dishes were scraped into 1.5 ml of cold PBS. Cells
were pelleted for 10 sec and resuspended in 400 ml cold buffer A
(10 mM HEPES-KOH pH 7.9 at 48C, 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin)
by flicking the tube. The cells were allowed to swell on ice for
10 min and then vortexed for 10 sec. Samples were then
centrifuged for 10 sec and the supernatant fraction discarded.
The pellet was resuspended in 50 ml of cold Buffer B (20 mM
HEPES-KOH pH 7.9, 25% glycerol, 1.5 mM MgCl2, 420 mM
NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM PMSF,
1 mM leupeptin) and incubated on ice for 20 min for high-salt
extraction. Cellular debris was removed by centrifugation for
2 min at 48C and the supernatant fraction (containing DNA
binding proteins) was stored at �708C. The yield was
determined by Bradford method (Bradford, 1976). The probe
was generated by annealing single stranded oligonucleotides
and labeled with [g32P] ATP and T4 polynucleotide kinase, and
then purified using Sephadex G50 spin columns. The DNA
sequences used as probe or as cold competitor are the following
(the nucleotide motifs of interest are underlined and mutations
are shown as lowercase letters): Sp1 50-AAATTGTGGGCG-
GAAACTTCCAGGGG-30, mutated Sp-1 50-AAATTGTGttCG-
GAAACTTCCAGGGG-30. Oligonucleotides were synthesized
by Sigma Genosys. The protein binding reactions were carried
out in 20 ml of buffer (20 mM HEPES pH 8, 1 mM EDTA, 50 mM
KCl, 10 mM DTT, 10% glicerol, 1 mg/ml BSA, 50 mg/ml poli dI/
dC) with 50,000 cpm of labeled probe, 10 mg of TM4 nuclear
protein and 5 mg of poly (dI-dC). The above-mentioned mixture
was incubated at room temperature for 20 min in the presence
or absence of unlabeled competitor oligonucleotide. For
experiments involving Sp-1, ERa and ERb antibodies, the
reaction mixture was incubated with these antibodies at 48C
for 12 h. For in vitro mithramycin treatment, mithramycin
(100 nM) was incubated with the labeled probe for 30 min at
48C before the addition of nuclear extract. As positive controls
we used Sp-1 human recombinant protein (1 ml) and in vitro
transcribed and translated ERa protein (1 ml) synthesized
using T7 polymerase in the rabbit reticulocyte lysate system as
direct by the manufacturer. The entire reaction mixture was
electrophoresed through a 6% polyacrylamide gel in 0.25 X Tris
borate-EDTA for 3 h at 150 V. Gel was dried and subjected to
autoradiography at �708C.

Chromatin immunoprecipitation (ChIP)

According to the ChIP assay procedure previously described
(Shang et al., 2000), TM4 cells were grown in 60 mm dishes to
50–60% confluence, shifted to SFM for 24 h and then treated
with E2 (100 nM), ICI 182,780 (10 mM), E2þ ICI for 1 h.
Thereafter, the cells were washed twice with PBS and cross-

linked with 1% formaldehyde at 378C for 10 min. Next, cells
were washed twice with PBS at 48C, collected and resuspended
in 200 ml of lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl pH 8.1) and left on ice for 10 min. Then, cells were
sonicated four times for 10 sec at 30% of maximal power
(Sonics, Vibra Cell 500W) and collected by centrifugation at
48C for 10 min at 14,000 rpm. The supernatants were diluted in
1.3 ml of IP buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCl pH 8.1, 16.7 mM NaCl) and
immunocleared with 80 ml of sonicated salmon sperm DNA/
protein A agarose for 1 h at 48C. The precleared chromatin was
immunoprecipitated with a specific anti-Sp-1, anti ERa and
anti polymerase II antibodies and with a normal mouse serum
IgG (Nms) as negative control. At this point, 60 ml of salmon
sperm DNA/protein A agarose were added and precipitation
was further continued for 2 h at 48C. After pelleting,
precipitates were washed sequentially for 5 min with the
following buffers: Wash A (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl pH 8.1, 150 mM NaCl), Wash B (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1,
500 mM NaCl), and Wash C (0.25 M LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8.1), and then
twice with TE buffer (10 mM Tris, 1 mM EDTA). The
immunocomplexes were eluated with elution buffer (1% SDS,
0.1 M NaHCO3), reverse crosslinked by heating at 658C and
digested with proteinase K (0.5 mg/ml) at 458C for 1 h. DNA
was obtained by phenol/chloroform/isoamyl alcohol extraction.
Two microliters of 10 mg/ml yeast tRNA were added to each
sample and DNA was precipitated with 70% EtOH for 24 h at
�208C, and then washed with 95% EtOH and resuspended in
20 ml of TE buffer. One microlitre of each sample was used for
PCR amplification with the following primers flanking Sp-1
sequence present in the Fas-L promoter region: 50-GCAACT-
GAGGCCTTGAAGGC-30 (forward) and 50-GCAGCTGGT-
GAGTCAGGCCAG-30 (reverse). The PCR conditions were
1 min at 948C, 1 min at 658C, and 2 min at 728C. The
amplification products obtained in 25 cycles were analyzed in a
2% agarose gel and visualized by ethidium bromide staining.

Statistical analysis

Each datum point represents the mean�SE of three
different experiments. Data were analyzed by ANOVA test
using the STATPAC computer program.

RESULTS
Estradiol ‘‘in situ’’ production, by aromatase

activity, enhances FasL expression in TM4 cell line

In TM4 cells, which exibit a spectrum of features in
common with native Sertoli cells, like the presence of
aromatase activity, we investigated if an aromatizable
androgen D4, through its conversion into E2, may
influence FasL mRNA and protein content by Real-time
RT-PCR and Western blot analysis. Since aromatase
expression and activity, in Sertoli cells, is under FSH
control (Dorrington and Armstrong, 1975) we also
evaluated the treatment with (Bu)2cAMP (simulating
FSH action) on FasL expression.

As shown in Figure 1A the treatment with D4
(100 nM) for 24 h resulted in an increase of FasL mRNA
expression more than 1.9-fold. The simultaneous treat-
ment with (Bu)2cAMP (1 mM) and D4, further enhanced
FasL mRNA expression compared with D4 treatment
alone (2.4-fold), suggesting that (Bu)2cAMP stimulates
E2 ‘‘in situ’’ production by its action on aromatase
activity. These up-regulatory effects were reversed by
addition of the aromatase inhibitor letrozole (1 mM)
(90%), while no significant difference was observed in
the presence of a non-aromatizable androgen miboler-
one (100 nM) with or without (Bu)2cAMP.

Next, we performed Western blot analysis using a
monoclonal antibody anti FasL. We detected a band of
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37 kDa which intensity was increased upon D4 treat-
ment. Exposure to (Bu)2cAMP combined with D4
enhanced the effect induced by D4 alone. The addition
of letrozole reversed these up-regulatory effects
(Fig. 1B,C).

To evaluate whether E2 ‘‘in situ’’ production was able
to activate FasL promoter we transiently transfected
TM4 cells with vector containing human FasL promoter
fused to the luciferase reporter gene. The treatment for
24 h with D4 or D4þ (Bu)2cAMP displayed a significant
increase of the basal promoter activity that was reversed
by letrozole (Fig. 1D).

Effects of D4 on expression of human
FasL promoter/luciferase
reporter gene constructs

in TM4 cells

To delimit the cis-elements involved in FasL tran-
scriptional activation by D4, we transiently transfected
TM4 cells with plasmids containing different deleted
segments of human FasL promoter. Schematic repre-
sentation of constructs is shown in Figure 2A. Trans-
fected cells were untreated (C) or treated with 100 nM of
D4 and 1 mM of letrozole.

Fig. 1. Effects of D4 on FasL expression. A: Total RNA was obtained
from TM4 cells untreated (control, C) or treated for 24 h with D4
(100 nM) mibolerone (mib 100 nM), (Bu)2cAMP (1 mM), (Bu)2cAMPþ
D4 and (Bu)2cAMPþmib. One micromolar of aromatase inhibitor
letrozole (Letro) was used. Real time RT-PCR was performed to
analyze mRNA levels of FasL. Data represent the mean�SE of values
from three separate RNA samples. Each sample was normalized to its
18S ribosomal RNA content. Final results are expressed as n-fold
differences of gene expression relative to calibrator (control) calculat-
ed with the DDCt method as indicated in the ‘‘Material and Methods’’
section. *P<0.01 compared to control. **P<0.01 compared to D4

treated samples; &P< 0.01 compared to (Bu)2cAMPþD4 treated
samples. B: Immunoblot of FasL from TM4 cells treated in the
absence (C) or in the presence of the above-mentioned treatments.
C: The histograms represent the mean�SE of three separate experi-

ments in which band intensities were evaluated in term of optical
density arbitrary units and expressed as percentage of the control
assumed as 100%. *P< 0.01 compared to control; **P< 0.01 compared
to D4 treated samples; &P< 0.01 compared to (Bu)2cAMPþD4
treated samples. D: Transcriptional activity of TM4 cells transfected
with p-2365 construct is shown. TM4 cells were treated in the absence
(C) or in the presence of D4 (100 nM), mibolerone (mib 100 nM),
(Bu)2cAMP (1 mM), (Bu)2cAMPþD4 and (Bu)2cAMPþmib. One
micromolar of aromatase inhibitor letrozole was used. The values
represent the means�SE of three different experiments. In each
experiment, the activities of the transfected plasmids were assayed
in triplicate transfections. pGL2: basal activity measured in cells
transfected with pGL2 basal vector. *P< 0.01 compared to control.
**P< 0.01 compared to D4 treated samples; &P< 0.01 compared to
(Bu)2cAMPþ&Delta;4 treated samples.
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p-318 plasmid showed a higher basal activity when

compared with the other plasmids (p-2365, p-237)
(Fig. 2B) suggesting the presence of a DNA sequences
upstream from�318 to which transcription factors with
repressor activity bind. These data well fit with previous
results demonstrating that FasL gene promoter region,
located between �318 and �237, plays a major role in

promoting basal transcription in TM4 Sertoli cells
(McClure et al., 1999).

In TM4 cells transfected with p-2365 and p-318
plasmids the treatment with D4 induced a significant
increase of the basal promoter activity that was
completely reversed by letrozole. In contrast, D4 was
unable to activate p-237 construct eliciting, in the region
from�318 to �237, the presence of cis-element involved
in estrogen responsiveness. In fact, this region contains
Sp-1 site, a potential target of ER. In order to explore the
role of the Sp-1 binding site in the regulation of FasL
expression by D4, functional experiments were per-
formed using the Sp-1 deleted plasmid (p-280 Sp-1).
Luciferase assay revealed that the inducibility by D4 on
FasL promoter was totally lost (Fig. 2D). These results
suggest that the up-regulatory effects of estradiol
production by aromatase activity require Sp-1 sequence
motif.

ERb is not involved in E2-modulating
FasL expression

Before exploring more closely the possible interaction
between E2/ER complex to Sp-1 and the role of this
binding in modulating FasL expression, we set out to
determine which functional ER(s) isoform was present
in TM4 cells. By Western blotting analysis, we demon-
strated in TM4 protein extracts the presence of both
ER(s) (Fig. 3A, lane 2), As positive control, the breast
cancer cell line MCF-7 (ERa positive) and human
prostate cancer cell line LNCaP (ERb positive) were
used (Fig. 3A, lane 1).

In the presence of the two different ER antagonists ICI
182,780 (10 mM) and tamoxifen (10 mM) (Tam) the up-
regulation of E2 on FasL expression was abrogated
demonstrating that this effect was specifically depen-
dent by ER (Fig. 3B,C).

To specify which isoforms of ER were mainly involved
in FasL transactivation, we cotransfected HeLa cells
(ER negative) with p-318 FasL promoter and the wild
type human ERa or ERb expression vector. The treat-
ment with E2 (100 nM) for 24 h showed an increased
transcriptional activation of FasL promoter only in cells
cotransfected with ERa (Fig. 3D).

Finally, to demonstrate further the direct involve-
ment of ERa in FasL transactivation we used 100 nM of
the selective agonists of ERa [1,3,5-Tris(4-Hydroxyphe-
nyl)-4-propyl-1H-pyrazole (PPT)] and ERb [diarylpro-
pionitrile (DPN)] in TM4 cells transiently transfected
with p-318 FasL promoter. The treatment with PPT
showed an increase of FasL promoter activity while no
change was observed in the presence of DPN (Fig. 3E).

Effects of 17-b estradiol treatment on Sp1 DNA
binding activity in TM4 cells

On the basis of the evidences that the up-regulatory
effects of E2 on FasL require the crucial presence of Sp-
1-RE, EMSA was performed using synthetic oligodeox-
yribonucleotides corresponding to the putative Sp-1
binding site. In the presence of TM4 nuclear extracts
(10 mg) we observed the formation of a specific complex
(Fig. 4A, lane 1), which was abrogated by a 100-fold
molar excess of unlabeled probe (Fig. 4A, lane 2). This
inhibition was not observed when a mutated Sp-1
oligonucleotide was used as competitor (Fig. 4A, lane
3). E2-treatment induced a strong increase in Sp-1 DNA
binding activity (Fig. 4A, lane 4) compared with basal
levels. In the presence of ICI 182,780 the Sp-1 DNA
binding activity was drastically reduced (Fig. 4A, lane
5). The addition of mithramycin (100 nM), that binds to

Fig. 2. Effects of estradiol ‘‘in situ’’ production on expression of
human FasLpromoter/luciferase reporter gene construts in TM4 cells.
A: Schematic map of the FasL promoter fragments used in this study.
All of the promoter constructs contain the same 30 boundary (�2). The
50 boundaries of the promoter fragments varied from �237 to �2,365.
Each fragment was subcloned into the pGL2 vector. B: Transcriptional
activity of TM4 cells with promoter constructs is shown. TM4 cells
were treated in the absence (C) or in the presence of D4 (100 nM), and
D4þ letrozole (1 mM) for 24 h. The values represent the means�SE of
three different experiments. In each experiment, the activities of the
transfected plasmids were assayed in triplicate transfections. pGL2:
basal activity measured in cells transfected with pGL2 basal vector.
*P< 0.01 compared to control; **P< 0.01 compared to D4 treated
samples. C: Schematic representation of the p-318 and p-280 Sp-1
constructs. The deletion of Sp-1 sequence is present in p-280 Sp-1
construct containing the region from �318 to �2 of FasL promoter
gene. Each fragment was subcloned into the pGL2 vector. D:
Transcriptional activity of TM4 cells with p-280 Sp-1 construct is
shown. TM4 cells were treated in the absence (C) or in the presence of
D4 (100 nM), and D4þ letrozole (1 mM) for 24 h. The values represent
the mean�SE of three different experiments. In each experiment, the
activities of the transfected plasmids were assayed in triplicate
transfections. *P< 0.01 compared to control; **P< 0.01 compared to
D4-treated samples.
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AGC boxes and prevents sequential Sp-1 binding,
decreased the binding of E2 treated TM4 nuclear
extracts on Sp-1 DNA sequence (Fig. 4A, lane 6). In a
cell free system we observed in the presence of Sp-1
reconbinant protein a single band that causes the same
shift respect to the complex revealed in TM4 nuclear
extracts (Fig. 4A, lane 7) which was abrogated by 100-
fold molar excess of unlabeled probe (Fig. 4A, lane 8).
Transcribed and translated in vitro ERa protein did not
bind directly to Sp-1 probe (Fig. 4A, lane 9). When the
nuclear extracts from TM4 cells treated with E2 were
incubated with either anti-Sp-1 or anti-ERa antibody,
the original band DNA-protein complex was immunode-
pleted (Fig. 4B, lanes 3 and 4), whereas anti-ERb
antibody gave no effects (lane 5).

Taken together these results suggest that ERa is
recruited by Sp-1 in our DNA binding complex.

17-b Estradiol enhances recruitment of Sp-1/ERa to
the promoter region of FasL gene in TM4 cells

Interaction of ERa and Sp-1 with the FasL gene
promoter was also investigated using a ChIP assay.
After sonication and immunoprecipitation by anti ERa

or anti Sp-1 antibodies, PCR was used to determine
binding of ERa/Sp-1 protein to the �317 to �2 DNA
region of the FasL gene promoter. Our results indicated
that treatment with E2 induced an increased recruit-
ment of Sp-1/ERa complex to the FasL promoter. The
latter event was reduced in the presence of E2þ ICI. The
enhanced recruitment of Sp-1/ERa was correlated with
greater association of polymerase II to the FasL
regulatory region (Fig. 5A). No PCR product was
observed using DNA immunoprecipitated with normal
mouse serum IgG.

DISCUSSION

In testis, Fas/FasL interaction has been thought to
play an important role in the establishment of immuno-
privilege.

Several reports have demonstrated that Sertoli cells
through FasL may trigger apoptotic cell death of
sensitive lymphoid cells, which express on their cell
surface Fas receptor. This has provided new insights
into the concepts of tolerance and immunoprivilege
(Bellgrau et al., 1995; Sanberg et al., 1996; Ferguson and
Griffith, 1997). For instance, testis grafts from mice

Fig. 3. 17b-Estradiol enhances FasL transcriptional activity through
ERa. A: Lysates from TM4 cells were used to evaluate by Western blot
analysis the expression of ERa and ERb (lane 2). The human breast
cancer cell line MCF-7 and human prostate cancer cell line LNCaP
were used as positive control for ERa and ERb respectively (lane 1).
B,C: Immunoblot of FasL from TM4 cells treated in the absence (C) or
in the presence of E2 (100 nM) for 24 h. The pure anti-estrogen ICI
182,780 (10 mM) and tamoxifen (Tam 10 mM) were used. The
histograms represent the means�SE of three separate experiments
in which band intensities were evaluated in term of optical density
arbitrary units and expressed as percentage of the control assumed as

100%. *P<0.01 compared to control; **P< 0.01 compared to E2
treated samples. D: HeLa cells were transiently cotransfected with p-
318 FasL promoter construct (�318/�2) and ERa or ERb plasmids.
The cells were untreated (C) or treated with E2 (100 nM) for 24 h. The
values represent the means�SE of three different experiments. In
each experiment, the activities of the transfected plasmids were
assayed in triplicate transfections. *P< 0.01 compared to control.
E: TM4 cells transfected with p-318 FasL promoter construct were
untreated (C) or treated with PPT (100 nM) and DPN (100 nM) for
24 h. *P< 0.01 compared to control.
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expressing FasL survived when transplanted into
allogeneic animals. On the contrary, grafts derived from
‘‘gld’’ mice, which lack functional FasL, were rejected
(Bellgrau et al., 1995).

In the present report, for the first time, we have
provided evidences that, in TM4 cell line, an aromatiz-
able androgen D4 induces a strong increase in FasL
mRNA, protein content and promoter activity. These
effects are reversed by addition of letrozole, an aroma-
tase inhibitor, addressing how E2 ‘‘in situ’’ production by
aromatase activity plays a crucial role in modulating the
immunoprivileged status of these somatic cells. A
further support to the specificity of the above described
results raises from the evidence that no noticeable effect
was produced by mibolerone, a non-aromatizable ster-
oid.

It is well known that postnatal development and
function of testicular Sertoli cells is regulated primarily
by FSH, a glycoprotein hormone secreted by the
pituitary gland (Dorrington and Armstrong, 1975). In

the prepubertal testis, FSH is required for Sertoli cells
proliferation to achieve the adult number of these cells
(Griswold, 1998). This proliferative stage of Sertoli
cells development is also characterized by the presence
of FSH-dependent cytochrome P450 aromatase activity
(Carreau et al., 2003; Sharpe et al., 2003). In our recent
work (Catalano et al., 2003) we have documented in TM4
cell line a strong dose-dependent stimulation of aroma-
tase activity induced by (Bu)2cAMP similar to that
described previously in immature Sertoli cells (Andò
et al., 2001). In the present study it is worth to
emphasize that FSH induced an increased FasL expres-
sion through the enhancement of aromatase activity.

To elucidate the molecular mechanism involved in D4
enhanced FasL expression, we transiently transfected
TM4 cells with different constructs containing deleted
segments of the human FasL promoter.

A maximal constitutive reporter gene activity was
observed with p-318 construct, containing the region
between �318 and �2 bp from the transcriptional start

Fig. 4. Electrophoretic mobility shift assay of the Sp-1 binding site in
the FasL promoter region. A: Nuclear extracts from TM4 cells were
incubated with a double-stranded Sp1-specific consensus sequence
probe labeled with [g-32P] ATP and subjected to electrophoresis in a
6% polyacrilamide gel (lane 1). Competition experiments were
perfomed adding as competitor a 100-fold molar excess of unlabeled
probe (lanes 2 and 8) or a 100-fold molar excess of unlabeled
oligonucleotide containing a mutated Sp-1 (lane 3). Nuclear extracts

were obtained from TM4 cells treated with 100 nM of E2 (lane 4),
E2þ ICI 182,780 (10 mM) (lane 5), E2þmithramycin (100 nM)
(lane 6) for 24 h. As control we used human Sp-1 recombinant protein
and transcribed and translated in vitro ERa protein (lane 7 and 9).
Lane 10 contains probe alone. B: Anti-ERa, anti Sp-1 and anti-ERb
antibodies (lanes 3–5) were incubated with E2-treated TM4 nuclear
extracts. Lane 6 contains probe alone.
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site of the human FasL promoter. This is in agreement
with previous results demonstrating that FasL gene
promoter region from 318 to �237 bp plays a major role
in promoting basal transcription in TM4 cells (McClure
et al., 1999). Moreover, the induced activation byD4 was
not observed in cells transfected with p-237 construct
(�237 to �2) suggesting that the region between �318
and �237 bp contains elements that mediate the
potentiating effects of estrogen on FasL expression.

A broadening number of transactivating factors has
been identified as regulators of FasL gene expression
(Kavurma and Khachigian, 2003), as nuclear factor in
activated T cells (NF-AT) (Latinis et al., 1997), nuclear
factor-kappa B (NF-KB) (Matsui et al., 1998), activator
protein-1 (AP-1) (Kasihatla et al., 1998), interferon
regulatory factor-1 (IFN-1) (Kirschhoff et al., 2002),
early growth response factor (Egr) (Mittelstadt
and Ashwell, 1998) and specificity protein-1 (Sp-1)
(Kavurma et al., 2001).

Sp-1 is involved in the transcriptional regulation of
many genes and has also been identified to be important

in the regulation of FasL gene expression and apoptosis.
Indeed, this transcription factor is able to activate
FasL promoter via a distinct recognition element, and
inducible FasL promoter activation is abrogated by
expression of the dominant-negative mutant form of Sp-1
(Kavurma et al., 2001). In addition, it has been recently
demonstrated that nuclear extracts of TM4 Sertoli cells
contain high levels of Sp-1 and Sp-3 that specifically
bind to the GGGCGG consensus sequence present in the
FasL gene, and overexpression of Sp-1 but not Sp-3 is
able to increase the basal transcription of the FasL
promoter (McClure et al., 1999).

The latter observation fits with our functional studies
demonstrating that Sp-1 is a crucial effector of estradiol
signal in enhancing FasL gene expression. For instance,
it is well known that ERs can transactivate gene
promoters without directly binding to DNA but instead
through interaction with other DNA-bound factors in
promoter regions lacking TATA box. This has been most
extensively investigated in relationship to protein
complexes involving Sp-1 and ERa at GC boxes, which
are classic binding sites for members of the Sp-1 family
of transcription factors. Sp-1 protein plays an important
role in the regulation of mammalian and viral genes, and
recent results have shown that E2 responsiveness of
c-fos, cathepsin D, retinoic acid receptor a1 and insulin-
like grow factor-binding protein 4 gene expression in
breast cancer cells is linked to specific GC rich promoter
sequences that bind ER/Sp-1 complex in which only Sp-1
protein binds DNA (Krishnan et al., 1994; Cowley et al.,
1997; Porter et al., 1997; Sun et al., 1998; Qin et al., 1998;
Saville et al., 2000).

In our work, the interaction between ERa and Sp-1 is
clearly evidenced by gel mobility shift analysis and
chromatin immunoprecipitation assay. Besides, the
functional assays performed in ER-negative HeLa cells
showed that ERa and not ERb mediates the estrogen-
induced increase in FasL gene expression. The specifi-
city of ERa to induce transcription of FasL in TM4 was
demonstrated using selective agonists for the ER sub-
types. For instance we evidenced that only PPT was able
to enhance FasL promoter activity.

Our results stemming from functional analysis,
EMSA and ChiP assays led us to recruit FasL among
those genes whose expression is upregulated by E2
through a direct interaction of ERa with Sp-1 protein.

In conclusion, the present study demonstrates that
aromatizable steroids, normally present in the testicu-
lar milieu, through their conversion into E2 by aroma-
tase activity, are able to increase FasL expression in
TM4 Sertoli cells. The aromatase enzyme assures that
estrogens through a short autocrine loop maintain
Sertoli cells proliferation before their terminal differ-
entiation. Thus, we propose that at the latter crucial
maturative stage, FasL may achieve an intracellular
content sufficient to protect Sertoli cells from any injury
induced by Fas expressing immunocells, then potentiat-
ing the immunoprivileged condition of the testis.
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2 

ABSTRACT 1 

Results from mice lacking the androgen receptor (AR) showed that it is critical for the proper 2 

development and function of the testes. The aim of this study was to investigate whether a 3 

functional AR is present in human sperm. By using RT-PCR and Western blot AR expression was 4 

demonstrated. by immunocytochemistry the AR was located at the head region. 5 

Dihydrotestosterone, in a dose-dependent manner, leads to the rapid phosphorylation of the AR on 6 

tyrosine, serine and threonine residues which was reduced by the AR antagonist OH-Flutamide.  7 

The effects of AR on PI3K/AKT pathway depend on androgen concentrations. Specifically, 0.1 and 8 

1 nM dihydrotestosterone stimulated PI3K activity, while 10 nM dihydrotestosterone produced a 9 

decrease of PI3K activity, p-AKT S473 and p-BCL2 in the presence of an enhanced PTEN 10 

phosphorylation. In addition, 10 nM DHT was able to induce the cleavage of caspases 8, 9 and 3 11 

which was reversed either by casodex or OH-Flutamide, confirming that the effect is mediated by 12 

the AR. By using wortmannin, a specific PI3K inhibitor, the cleavage of caspase 3 was reproduced 13 

confirming that in sperm the PI3K/AKT pathway is involved in caspase activation. 14 

In conclusion, human sperm express a functional AR that has the ability to modulate the 15 

PI3K/AKT pathway influencing sperm cell physiology. 16 

INTRODUCTION 17 

A functional androgen receptor (AR) is required for male embryonic sexual differentiation, 18 

pubertal development and regulation of spermatogenesis in mammals. The role of AR during 19 

spermatogenesis has been the subject of intense interest for many years (1). Several findings have 20 

shown that AR function is required for the completion of meiosis and the transition of 21 

spermatocytes to haploid round spermatids (2). Studies of androgen withdrawal and disruption of 22 

AR activity, either by surgical, chemical or genetic means, have demonstrated that spermatogenesis 23 

rarely proceeds beyond meiosis. In all of these model systems, very few round and even fewer 24 
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elongated spermatids are observed as clearly demonstrated in a previous study (3). However, the 1 

mechanisms by which androgens regulate male fertility are not fully understood and the sites of 2 

androgen action within the male reproductive system are not yet resolved. Whereas few studies 3 

have raised the intriguing possibility that some germ cells may exhibit immunoreactive AR (4, 5), 4 

other reports point to Sertoli cells or Leydig cells or peritubular/myoid cells as the exclusive 5 

androgen target cells in the testis (6, 7, 8, 9). Recently, the presence of the AR in human sperm was 6 

demonstrated by Western blot and by immunofluorescence assay (10). 7 

 It is generally accepted that androgens bind to intracellular androgen receptors resulting in 8 

mRNA and protein synthesis (11). Nevertheless, rapid responses to androgens have been observed 9 

in different tissues that cannot be explained by involvement of mRNA and protein synthesis (12, 10 

13). These rapid, nongenomic effects are also seen for other steroid hormones (14) and their 11 

importance as a complementary route for cell regulation has recently become evident. Different 12 

nuclear receptors (15, 16) were found to be present in human spermatozoa, regulating cellular 13 

processes through nongenomic mechanisms. This may represent the exclusive modality of action in 14 

spermatozoa since they are apparently transcriptionally inactive cells. 15 

In addition to stimulating cell growth, androgens and/or AR play important roles in the 16 

promotion of cell apoptosis (17, 18, 19, 20). The term apoptosis defines programmed cell death, 17 

which is executed by the activation of caspases, a family of cytoplasmic cysteine proteases (21) 18 

through two major pathways: the intrinsic and the extrinsic. The intrinsic pathway involves the cell 19 

sensing stress that triggers mitochondria-dependent processes, resulting in cytochrome c release and 20 

activation of caspase 9 (22). The extrinsic pathway involves the final cleavage of caspase 8 (23). 21 

Both caspases 8 and 9 can be directly regulated through protein phosphorylation from AKT (24, 22 

25). The PI3K signaling pathway is an important intracellular mediator of cell survival and 23 

antiapoptotic signals (26). PI3K activation leads to production of 3'-phosphoinositide second 24 

messengers, such as phosphatidylinositol 3,4,5-trisphosphate, which activate a variety of 25 
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downstream cell survival signals. Accumulation of phosphatidylinositol 3,4,5-trisphosphate at the 1 

membrane recruits a number of signaling proteins containing pleckstrin homology domains, 2 

including protein kinase B (also known as AKT). On recruitment, AKT becomes phosphorylated 3 

and activated and exerts its antiapoptotic activity through inactivation of proapoptotic proteins. In 4 

addition, the PI3K pathway has also been shown to be negatively regulated by Phosphatase and 5 

tensin homologue (PTEN), a lipid phosphatase that cleaves the D3 phosphate of the second 6 

messenger phosphatidylinositol 3,4,5-trisphosphate (27, 28). Recently in fibroblasts, it has been 7 

demonstrated that AR mediates androgen nongenomic function and that androgen activates 8 

PI3K/AKT through the formation of a triple complex between AR, the regulatory subunit p85 of 9 

PI3K (PIK3R1) and SRC tyrosine kinase. Indeed, this interaction is dependent on androgen 10 

concentration, particularly high androgen concentration which dissociates the AR-SRC tyrosine 11 

kinase-PI3K complex (29). 12 

The functional impact of programmed cell death in human sperm is poorly understood (30). Up 13 

to now it has been unclear whether apoptosis in ejaculated spermatozoa takes place in a similar way 14 

as in somatic cells or whether spermatozoa, which are thought to have a transcriptionally inactive 15 

nucleus, undergo abortive forms of this process (30). However, sperm constitutively express 16 

proteins required to execute apoptosis. Active caspases were observed predominantly in the 17 

postacrosomal region (caspases 8, 1, and 3) and caspase 9 was particularly localized in the 18 

midpiece, associated with mitochondria (31). Moreover, a wide spectrum of cell cytoskeletal 19 

proteins and membrane components are also targets of caspase 3 (31) and the proper regulation of 20 

the caspase cascade plays an important role both in sperm differentiation and testicular maturity 21 

(32). In addition, caspases have been implicated in the pathogenesis of multiple andrological 22 

pathologies such as impaired spermatogenesis, decreased sperm motility, increased levels of sperm 23 

DNA fragmentation, testicular torsion, varicocele and immunological infertility (32). Further studies 24 
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are needed to evaluate the full significance of caspases activation in spermatozoa. A direct link 1 

between AR and sperm survival has not been investigated previously. 2 

 In the present study we have demonstrated the presence of AR in sperm. It emerges from our 3 

data that low androgen concentrations stimulate PI3K activity that is inhibited at higher levels. It 4 

should be mentioned that in the latter circumstance increases in PTEN phosphorylation and 5 

caspases 8, 9 and 3 cleavages were evident.  6 

MATERIALS AND METHODS 7 

Chemicals 8 

PMN Cell Isolation Medium was from BIOSPA (Milan, Italy). Total RNA Isolation System kit, 9 

enzymes, buffers, nucleotides 100 bp ladder used for RT-PCR were purchased from Promega 10 

(Milan, Italy). Moloney Murine Leukemia Virus (M-MLV) was from Gibco BRL - Life 11 

Technologies Italia (Milan, Italy). Oligonucleotide primers and TA Cloning kit were made by 12 

Invitrogen (Milan, Italy). Gel band purification kit was from Amersham Pharmacia Biotech 13 

(Buckinghamshire, UK). DMEM-F12 medium, BSA protein standard, Laemmli sample buffer, 14 

prestained molecular weight markers, Percoll (colloidal PVP coated silica for cell separation), 15 

Sodium bicarbonate, Sodium lactate, Sodium pyruvate, Dimethyl Sulfoxide (DMSO), anti-rabbit 16 

IgG FITC conjugated, Earle’s balanced salt solution, Hoechst 33342, steroids and all other 17 

chemicals were purchased from Sigma Chemical (Milan, Italy). Acrylamide bisacrylamide was 18 

from Labtek Eurobio (Milan, Italy). Triton X-100, Eosin Y was from Farmitalia Carlo Erba (Milan, 19 

Italy). ECL Plus Western blotting detection system, HybondTM ECLTM, [ -32P]ATP, Hepes Sodium 20 

Salt were purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK). Goat polyclonal 21 

actin antibody (1-19), monoclonal mouse anti-AR (AR 441) and anti- PIK3R1 antibodies, 22 

monoclonal anti-p-tyrosine (PY99), normal mouse serum, peroxidase-coupled anti-rabbit and anti-23 

goat, Protein A/G-agarose plus were from Santa Cruz Biotechnology (Heidelberg, Germany). 24 

Monoclonal mouse anti-p-SRC tyrosine kinase was from Oncogene (Milan, Italy). Polyclonal rabbit 25 
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anti-p-serine, anti-p-threonine, anti-p-AKT1/AKT2/AKT3 S473, anti-p-BCL2, anti-p-PTEN, anti-1 

caspase 8, anti-caspase 9 and anti-caspase 3 antibodies were from Cell Signaling (Milan, Italy). 2 

Casodex  (Cax) was from Astra Zeneca (Milan, Italy) and Hydroxy-flutamide (OH-Flut) was from 3 

Schering (Milan, Italy). The specific caspases inhibitor Z-VAD-FMK (ZVF) was from R&D 4 

Systems (Milan, Italy). PCR 2.1 vector was from Promega (Milan, Italy) and the sequencing was by 5 

MWG AG Biotech (Ebersberg, Germany). 6 

Semen samples and spermatozoa preparations 7 

Semen specimens from normozoospermic men were obtained after 3 days of sexual 8 

abstinence. The samples were ejaculated into sterile containers and left for at least 30 minutes (min) 9 

in order to completely liquefy before being processed. Sperm from ejaculates with normal 10 

parameters of semen volume, sperm count, motility, vitality and morphology, according to the 11 

WHO Laboratory Manual (33), were included in this study. In each experiment, three normal 12 

samples were pooled. Spermatozoa preparation was performed as previously described (34). 13 

Briefly, after liquefaction, normal semen samples were pooled and subjected to centrifugation (800 14 

g) on a discontinuous Percoll density gradient (80:40 % v:v) (33). The 80 % Percoll fraction was 15 

examined using an optical microscope equipped with a x100 oil objective to ensure that a pure 16 

sample of sperm was obtained. An independent observer, who observed several fields for each slide, 17 

inspected the cells. Percoll-purified sperm were washed with unsupplemented Earle’s medium and 18 

were incubated in the same medium (uncapacitating medium) for 30 min at 37 °C and 5 % CO2, 19 

without (control) or with treatments (experimental). Some samples were incubated in capacitating 20 

medium (Earle’s balanced salt solution medium supplemented with 600 mg BSA /100 ml and 200 21 

mg sodium bicarbonate /100 ml). When the cells were treated with the inhibitors Cax, OH-Flut and 22 

ZVF, a pre-treatment of 15 min was performed. The study was approved by the local medical-23 

ethical committees and all participants gave their informed consent. 24 

RNA isolation and Reverse Transcriptase- Polymerase Chain Reaction (RT-PCR) 25 
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Total RNA was isolated from human ejaculated spermatozoa and purified as previously 1 

described (34). Before RT-PCR, RNA was incubated with ribonuclease-free deoxyribonuclease 2 

(DNAse) I in single-strength reaction buffer at 37 °C for 15 min. This was followed by heat 3 

inactivation of DNAse I at 65 °C for 10 min. Five micrograms of DNAse-treated RNA samples 4 

were reverse transcribed by 200 IU M-MLV reverse transcriptase in a reaction vol of 20 µl (0.4 µg 5 

oligo-dT, 0.5 mM deoxy-NTP and 24 IU RNAsin) for 30 min at 37 °C, followed by heat 6 

denaturation for 5 min at 95 °C. PCR amplification of cDNA was performed with 2 U of Taq DNA 7 

polymerase, 50 pmol primer pair for AR. These primers were chosen to amplify the region of the 8 

DNA binding domain plus the hinge region of the AR. Contamination by leucocytes and germ cells 9 

in the sperm preparations was assessed by amplifying PTPRC and KIT transcripts respectively. The 10 

applied PCR primers and the expected lengths of the resulting PCR products are shown in Table 1. 11 

PCR was carried for 40 cycles using the following parameters: 95°C/1 min, 55°C/1 min, 72°C/2 12 

min for AR; 95°C/1 min, 52°C/1 min, 72°C/2 min for KIT; 95°C/1 min, 55°C/1 min, 72°C/2 min for 13 

PTPRC. For all PCR amplifications, negative (reverse transcription-PCR performed without M-14 

MLV reverse transcriptase) and positive controls (LnCap for AR, human testis for KIT and human 15 

leucocytes for PTPRC) were included. The PCR-amplified products were subjected to 16 

electrophoresis in 2 % agarose gels stained with ethidium bromide and visualised under UV 17 

transillumination. 18 

Gel extraction and DNA sequence analysis 19 

The AR RT-PCR product was extracted from the agarose gel by using a gel band purification 20 

kit, the purified DNAs was subcloned into PCR 2.1 vector and then sequenced. 21 

Western blot analysis of sperm proteins 22 

Sperm samples washed twice with Earle’s balanced salt solution (uncapacitating medium), 23 

were incubated for 30 min without or with the treatments indicated in the figures. During Western 24 

blot analysis, sperm samples were processed as previously described (34). The negative control was 25 

performed using a sperm lysate that was immunodepleted of AR (i.e. preincubation of lysates with 26 
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anti-AR antibody for 1 hour (h) at room temperature and immunoprecipitated with Protein A/G-1 

agarose) (16). As internal controls, all membranes were subsequently stripped (glycine 0.2 M, pH 2 

2.6 for 30 min at room temperature) of the first antibody and reprobed with anti-actin antibody. As 3 

a positive control LnCap (prostate cancer cell line) was used. 4 

The intensity of bands representing relevant proteins was measured by Scion Image laser 5 

densitometry scanning program. 6 

 Immunofluorescence assay 7 

Sperm cells, were rinsed three times with 0.5 mM Tris-HCl buffer, pH 7.5 and were fixed 8 

using absolute methanol for 7 min at –20 °C. AR staining was carried out, after blocking with 9 

normal human serum (10 %), using the monoclonal anti-human AR (1:200) as primary antibody 10 

and an anti-mouse IgG FITC-conjugated (1:100) as secondary antibody. To stain DNA in living 11 

cells, Hoechst 33342 (Hoechst) was added at a final concentration of 10 µg/ml. The specificity of 12 

AR was tested by using normal mouse serum instead the primary antibody (Fig. 2 D); sperm cells 13 

incubated without the primary antibody were also used as negative controls (data not shown). The 14 

cellular localization of AR and Hoecst was studied with Bio-Rad MRC 1024 confocal microscope 15 

connected to a Zeiss Axiovert 135 M inverted microscope with 600 magnification. The 16 

fluorophores were imaged separately to ensure no excitation/emission wavelength overlap, scoring 17 

a minimum of 200 spermatozoa per slide.  18 

Immunoprecipitation of sperm proteins  19 

Spermatozoa were washed in Earle’s balanced salt solution and centrifuged at 800 x g for 20 20 

min. Sperm were resuspended in the same uncapacitating medium and incubated without (control, 21 

UC) or in the presence of DHT at increasing concentrations (0.1 nM, 1 nM, 10 nM, 100 nM) for 30 22 

min. Other samples were pretreated for 15 min with 10 µM OH-Flut. In order to evaluate the rapid 23 

effect of DHT on AR, spermatozoa were incubated in the unsupplemented Earle’s medium at 37 °C 24 

and 5 % CO2 at different times (5 min, 30 min, 1 h). To avoid non-specific binding, sperm lysates 25 
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were incubated for 2 h with protein A/G-agarose beads at 4 °C and centrifuged at 12,000 x g for 5 1 

min. The supernatants (each containing 600 µg total protein) were then incubated overnight with 10 2 

µl anti-AR and 500 µl HNTG (IP) buffer (50 mM HEPES, pH 7.4; 50 mM NaCl; 0.1% Triton X-3 

100; 10% glycerol; 1 mM phenylmethylsulfonylfluoride; 10 µg/ml leupeptin; 10 µg/ml aprotinin; 2 4 

µg/ml pepstatin). Immune complexes were recovered by incubation with protein A/G-agarose. The 5 

beads containing bound proteins were washed three times by centrifugation in immunoprecipitation 6 

buffer, then denaturated by boiling in Laemmli sample buffer and analyzed by Western blot to 7 

identify the coprecipitating effector proteins. Immunoprecipitation using normal mouse serum was 8 

used as negative control. Membranes were stripped of bound antibodies by incubation in glycine 9 

(0.2 M, pH 2.6) for 30 min at room temperature. Before reprobing with the different indicated 10 

antibodies, stripped membranes were washed extensively in TBS-T and placed in blocking buffer 11 

(TBS-T containing 5% milk) overnight. 12 

Evaluation of sperm viability 13 

Viability was assessed by using Eosin Y method. Spermatozoa were washed in 14 

uncapacitating medium and centrifuged at 800 x g for 20 min. To test androgen effects on sperm 15 

viability, spermatozoa were incubated in unsupplemented Earle’s medium at 37 °C and 5 % CO2 16 

without (control, UC) or in the presence of dihydrotestosterone (DHT) at increasing concentrations 17 

(0.1 nM, 10 nM, 100 nM) or 10 nM testosterone (T) for 2 h. In a different set of experiments, sperm 18 

were incubated in unsupplemented Earle’s medium at 37 °C and 5 % CO2 without (UC) or in the 19 

presence of 10 nM DHT or T at different times (0 min, 10 min, 30 min, 2 h, 6 h and 24 h). Some 20 

samples were pre-treated for 15 min with 10 µM OH-Flut. 10 µl of Eosin Y (0.5 % in PBS) were 21 

mixed with an equal volume of sperm sample on a microscope slide. The stained dead cells and live 22 

cells that excluded the dye, were scored among a total of 200 cells and by an independent observer. 23 

Further, viability was evaluated before and after pooling the samples. 24 
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PI3K activity 1 

Spermatozoa were washed in Earle’s balanced salt solution and centrifuged at 800 x g for 20 2 

min. Sperm were resuspended in the same uncapacitating medium and in different tubes containing 3 

no androgens (control, UC), T or DHT at the indicated concentrations for 30 min. Some samples 4 

were resuspended in capacitating medium (Earle’s balanced salt solution medium supplemented 5 

with 600 mg BSA / 100 ml and 200 mg sodium bicarbonate / 100 ml). Some samples were 6 

pretreated for 15 min with 10 µM OH-Flut alone or each combined with increasing (0.1 nM, 1nM, 7 

10 nM, 100 nM) DHT. The negative control was performed using a sperm lysate, where p110 8 

catalyzing subunit of PI3K was previously removed by preincubation with the respective antibody 9 

(1 h at room temperature) and subsequently immunoprecipitated with protein A/G-agarose. The 10 

PIK3R1 was precipitated from 500 µg of sperm lysates. The immunoprecipitates were washed once 11 

with cold PBS, twice with 0.5 M LiCl, 0.1 M Tris (pH 7.4) and finally with 10 mM Tris, 100 mM 12 

NaCl, 1 mM EDTA. The presence of PI3K activity in immunoprecipitates was determined by 13 

incubating the beads with reaction buffer containing 10 mM HEPES (pH 7.4), 10 mM MgCl2, 50 14 

µM ATP, 20 µCi [ -32P] ATP, and 10 µg L- -phosphatidylinositol-4,5-bis phosphate (PI-4,5-P2) for 15 

20 min at 37 °C. The reactions were stopped by adding 100 µl of 1 M HCl. Phospholipids were 16 

extracted with 200 µl CHCl3/methanol. Phase separation was facilitated by centrifugation at 5000 17 

rpm for 2 min in a tabletop centrifuge. The labelled products of the kinase reaction, the PI 18 

phosphates, in the lower chloroform phase were spotted onto trans-1,2-diaminocyclohexane-19 

N,N,N',N'-tetraacetic acid–treated silica gel 60 thin-layer chromatography plates state running 20 

solvent used for TLC. Radioactive spots were visualized by autoradiography. 21 

DNA laddering 22 

 DNA laddering was determined by gel electrophoresis. Spermatozoa were washed in Earle’s 23 

balanced salt solution and centrifuged at 800 x g for 20 min, then were resuspended in the same 24 

uncapacitating medium and in different tubes containing no androgens (control, UC), T or DHT  or 25 
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estrogen (E) or progesterone (PRG) or wortmannin (W) at the indicated concentrations for 30 min. 1 

Some samples were resuspended in capacitating medium (CAP). Some samples were pretreated for 2 

15 min with 10 µM Cax or 10 µM OH-Flut or ZVF alone or each combined with 10 nM DHT. 3 

After incubation cells were pelletted at 800 x g for 10 minutes. The samples were resuspended in 4 

0.5 ml of extraction buffer (50 mM Trios-HCl pH 8, 10mM EDTA, O.5% SDS) for 20 minutes in 5 

rotation at 4 °C. DNA was extracted with phenol/chloroform for 3 times and once with chloroform. 6 

The aqueous phase was used to precipitate acids nucleic with 0.1 volumes or of 3 M sodium acetate 7 

and 2.5 volumes cold EtOH overnight at -20 °C. The DNA pellet was resuspended in 15 µl of H2O 8 

treated with RNAse A for 30 minutes at 37 °C. The absorbance of the DNA solution at 260 and 280 9 

nm was determined by spectrophotometry. The extracted DNA (2 µg/lane) was subjected to 10 

electrophoresis on 1.5 % agarose gels. The gels were stained with ethidium bromide and then 11 

photographed.  12 

ST   STATISTICAL ANALYSIS 13 

                    The experiments for RT-PCR, Immunofluorescence and Immunoprecipitation assays were 14 

repeated on at least four independent occasions, Western blot analysis was performed in at least six 15 

independent experiments, PI3K activity was performed in at least four independent experiments. 16 

The data obtained from viability (six replicate experiments using duplicate determinations) were 17 

presented as the mean ± SEM. Statistical analysis was performed using analysis of variance 18 

(ANOVA) followed by Newman-Keuls testing to determine differences in means. p<0.05 was 19 

considered as statistically significant. 20 

RESULTS 21 

AR mRNA and protein were detected in human sperm 22 

To determine whether mRNA for AR is present in human ejaculated spermatozoa, RNA 23 

isolated from percoll-purified sperm samples from normal men was subjected to reverse PCR. The 24 



12 

nucleotide sequence of AR was deduced from the cDNA sequence of the human AR gene and our 1 

primers amplified a region from 1648 to 2055 bp corresponding to the DNA binding domain plus 2 

the hinge region of the AR. RT-PCR amplification of AR in human sperm revealed the expected 3 

PCR product size of 400 bp. This product was sequenced and found identical to the classical human 4 

AR. No detectable levels of mRNA coding either PTPRC, a specific marker of leucocytes, or KIT, a 5 

specific marker of germ cells, were found in the same semen samples (Fig 1 A), thus ruling out any 6 

potential contamination. 7 

The presence of AR protein in human ejaculated spermatozoa was investigated  by Western 8 

blot using a monoclonal antibody raised against the epitope mapping at the 299-316 aa in the N-9 

terminus of AR from human origin (Fig. 1B). The antibody revealed in sperm two protein bands 10 

with molecular weights of approximately 110 kDa and 85-87 kDa, the latter expressed to a greater 11 

extent. The negative control (N) was performed as described in Materials and method.  12 

Immunolocalization of AR in human sperm 13 

Using an immunofluorescence technique, we identified a positive signal for AR in human 14 

spermatozoa (Fig. 2A). No immunoreaction was detected either by replacing the anti-AR antibody 15 

by normal mouse serum (Fig. 2D) or when the primary antibody was omitted (data not shown), 16 

demonstrating the immunostaining specificity. AR immunoreactivity was specifically 17 

compartmentalized at the sperm head (Fig. 2A), where the DNA is packaged as it can be seen in 18 

Fig. 2B in which the DNA is stained by Hoechst. Fig. 2C  shows the merged images of A and B. 19 

AR is phosphorylated in human sperm 20 

It was reported that the function of AR is strongly correlated with the phosphorylation status 21 

(35) which is rapidly enhanced upon androgen exposure and it is able to activate signal transduction 22 

pathways. AR immunoprecipitates were blotted with three different antibodies: anti-p-tyrosine, anti-23 

p-threonine and anti-p-serine. As shown in Fig. 3, two major AR antibody reactive proteins 24 

corresponding to the 85-87 and 110 kDa were observed. To determine if the changes in 25 

phosphorylation status of AR under androgen treatments may occur in ejaculated sperm, these were 26 
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exposed for 30 min to varying concentrations of DHT (0.1 nM to 10 nM). We observed that the AR 1 

phosphorylation was enhanced in a dose related manner (Fig. 3 A) and was significantly reduced by 2 

OH-Flut, an AR antagonist. To investigate if the enhanced phosphorylation status may represent an 3 

early event we performed a time course study at the following times: 0 min, 5 min, 30 min, 1 h. The 4 

time course revealed that AR phosphorylation occurred rapidly as they were observed from time 0 5 

to 5 min and then dropped significantly after 1 h (Fig. 3 B). Moreover, all three phospho-antibodies 6 

demonstrated a prevalence for phosphorylation of the 110 kDa isoform. 7 

Androgens effect on sperm viability 8 

To evaluate sperm viability under androgen treatment we performed different sets of 9 

experiments. Sperm were incubated in the presence of 10 nM T or 10 nM DHT at the indicated 10 

times (Fig. 4 A). Other samples were incubated in uncapacitating medium for 2 hours in the absence 11 

or presence of different T or DHT concentrations (0.1 nM to 100 nM). As shown in Fig. 4 B the 12 

majority of cells remained viable in the control at 2 h. Cell viability significantly decreased with 10 13 

and 100 nM T or DHT. Interestingly, the effect of androgen was reversed by using OH-Flut, 14 

addressing an AR mediated effect. It deserves to be mentioned that 100 nM androgen concentration 15 

is much higher than that commonly found circulating in vivo in man while about 3 nM is detected in 16 

the seminal plasma (36). 17 

Androgen action on PI3K activity, p-AKT, p-BCL2 and pPTEN is mediated by AR 18 

As shown in Fig. 5A low androgen concentration induced PI3K activity, while 19 

concentrations from 10 to 100 nM reduced the enzymatic activity. Both 10 nM T and to a greater 20 

extent 10 nM DHT treatments decreased PI3K activity and this effect was reversed by OH-Flut 21 

(Fig. 5 A). Concomitantly, we obtained the reduction of the downstream p-AKT S473 (Fig. 5 B) 22 

and of p-BCL2 (Fig. 5 C), a known antiapoptotic protein (37). Specifically, DHT and not 23 

testosterone has a significant inhibitory effect on p-AKT S473 levels. Further, androgens 24 
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significantly increased the phosphorylation of PTEN, a specific inhibitor of PI3K (Fig. 5 D). All the 1 

above mentioned effects were reversed by two known antiandrogens, Cax and OH-Flut, that were 2 

added alone or combined with 10 nM DHT, indicating that the effects of androgens are mediated by 3 

the classic AR in sperm. Recently, it was found that estradiol (E) enhances sperm survival signaling 4 

(14). Therefore, we aimed to evaluate in sperm if a functional interaction exists between androgen 5 

and estrogen on PI3K activity. In sperm samples incubated with 100 nM E combined with 6 

increasing (0.1 nM, 1 nM and 10 nM) DHT concentrations, the estradiol-induced PI3K activity 7 

progressively decreases (Fig. 5 E).  8 

Androgens induce AR, PIK3R1 and phospho-SRC tyrosine kinase coimmunoprecipitation in 9 

human sperm 10 

It was reported that a triple complex between AR, PIK3R1, and SRC tyrosine kinase is 11 

required for androgen-stimulated PI3K/AKT activation (38, 29), therefore we investigated if it also 12 

occurs in sperm. At the 0.1 nM DHT concentration, phospho-SRC tyrosine kinase 13 

coimmunoprecipitated with the two proteins immunodetected by the C-19 anti-AR antibody in 14 

sperm that migrated at 110 and 85-87 kDa. Remarkably, no association of phospho-SRC tyrosine 15 

kinase with AR occurred at the 100 nM DHT concentration. Fig. 6 shows immunocomplexes 16 

blotted with anti-AR (A) or phospho-SRC tyrosine kinase (B) or anti- PIK3R1 (C) antibodies. The 17 

possibility that androgen treatment could modify the AR level was excluded since the same amount 18 

of AR was detected by immunoblot of sperm lysates, irrespective of DHT concentration.  19 

  Our results demonstrated that, in contrast to the 100 nM DHT concentration, the 0.1 nM 20 

concentration increases coimmunoprecipitation of phospho-SRC tyrosine kinase and PI3-kinase 21 

with AR. These data may explain the mechanism through which high DHT concentration reduced 22 

PI3k activity. 23 

Androgens effects on caspases are mediated by AR 24 
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On the basis of the abovementioned results we sought to evaluate androgen action on the 1 

caspases family (31), since these proteins are involved in cell death. Particularly, caspase 3 which is 2 

the main effector of both caspases 8 and 9, executes the final disassembly of the cell by cleaving a 3 

variety of cell structure proteins and generating DNA strand breaks. Our study revealed the 4 

caspases 8, 9 and 3 activation upon 30 min of 10 nM T or 10 nM DHT treatments. The DHT effect 5 

was reversed by both AR antagonists, 10 µM Cax or 10 µM OH-Flut (Fig. 7A). Notably, the effect 6 

on caspases is specific for androgen as it was not observed with estradiol or progesterone 7 

treatments. Particularly, progesterone treatment was performed because of the similarity in structure 8 

between Progesterone Receptor and AR. The cleavage of caspase 3 was increased by androgens in a 9 

dose-dependent manner (Fig. 7C). In the presence of wortmannin, a specific inhibitor of PI3K 10 

activity, the cleavage of caspase 3 was also observed, addressing a regulatory role of  PI3K in 11 

caspase activation in sperm. Furthermore, in order to demonstrate a specific effect on caspase 12 

activation an additional control experiment was included showing that activation of caspases by 13 

androgens can be inhibited with a specific caspases inhibitor such as ZVK. All these data were 14 

confirmed by DNA laddering assay (Fig. 7B and Fig. 7D). 15 

DISCUSSION 16 

Androgens and AR have been shown to play critical roles in testis function (39). AR has 17 

been detected in Sertoli, Leydig, peritubular myoid, and spermatid cells (round and elongated) (4, 5, 18 

6). The currently prevailing view is that sperm does not contain AR and this stems from previous 19 

studies reporting that no AR immunostaining of germ cells was observed both in rat and in human 20 

testis (6). However, several studies reported that in spermatozoa the binding capacity of androgens 21 

was greater than that of estrogens or progesterone (40, 41) and recently AR was shown to be present 22 

in sperm by Western Blot and Immunofluorescence assays (10). 23 

In this study we have demonstrated the presence of AR in human sperm at different levels: 24 

mRNA expression, protein expression and immunolocalization. By RT-PCR we amplified a gene 25 



16 

region corresponding to the DNA binding domain plus the hinge region of the human AR. This 1 

product was sequenced and found to be identical to the classical human AR. As it concerns the 2 

presence of mRNAs in mammalian ejaculated spermatozoa, originally it was hypothesized that 3 

these transcripts were carried over from earlier stages of spermatogenesis, however new reports re-4 

evaluate the significance of mRNA in these cells (42, 43) and the issue is currently under 5 

investigation. 6 

To date, multiple isoforms of the AR have been described and among them two proteins 7 

were well characterized: AR-B and AR-A (44). They are believed to be derived from the same gene 8 

and differ only in the NH2-terminal transactivation domain (44). Our antibody against an epitope 9 

(aminoacids 299–311) that is common to both the AR-A and AR-B isoforms detected two protein 10 

bands: one of 85-87 kDa and another one approximately of 110 kDa. Both, the AR-B and AR-A 11 

isoforms are expressed in a variety of fetal and adult (male and female) human tissues and 12 

especially in reproductive tissues (45). The B form migrates with an apparent mass of 110 kDa and 13 

constitutes more than 80% of the immunoreactive receptor in most cell types. The A form of the AR 14 

migrates with an apparent mass of 87 kDa. It was identified as an NH2-terminally (from 1 to 187 aa) 15 

truncated protein of AR-B and it was first described in human genital skin fibroblasts. The detection 16 

of two distinct forms of the AR raised a number of issues. AR-A is expressed at low levels in many 17 

androgen-responsive tissues; however, it appears to have functions similar to those of the full-length 18 

AR-B isoform. Functional activities of cDNAs containing the two isoforms, were assessed using 19 

cotransfection assays that employed two models of androgen-responsive genes (MMTV-luciferase 20 

and PRE2-tk-luciferase) in response to mibolerone, a potent androgen agonist, in three different cell 21 

lines (46). These studies demonstrated subtle differences in the activities of the A and B isoforms, 22 

which depended on the promoter and cell context. Additional studies failed to reveal any major 23 

differences in the responses of the AR-A and AR-B isoforms to a variety of androgen agonists and 24 

antagonists, suggesting that the previously reported functional defect of the AR-A is due principally 25 

to its level of expression. When assays of AR function are performed under conditions in which 26 
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levels of expression of the two isoforms are equivalent, the AR-A and AR-B possess similar 1 

functional activities. The ratio of AR-B:AR-A may vary among tissues and at different stages of 2 

development. However, it is unknown whether these isoforms have divergent biologic signal 3 

transduction capacities in humans, therefore we cannot predict what is the physiological correlate of 4 

a low AR-B:AR-A ratio as observed in sperm. 5 

By immunohistochemical assays we have demonstrated that AR protein is detectable in the 6 

sperm head. Solakidi et al. (10) reported AR prevalently localized in the midpiece region and the 7 

labelling pattern was similar to that of ERα. The apparent discrepancy between the latter finding 8 

and ours may be due to the different methods to process samples. 9 

An increasing body of evidence suggests that androgens and other steroid hormones can 10 

exert rapid, nongenomic effects (12, 14). Different nuclear receptors such as progesterone receptor 11 

(15), estrogen receptor α and estrogen receptor β (16) were found to be present in human ejaculated 12 

spermatozoa, regulating cellular processes through nongenomic mechanisms. All these findings 13 

strengthen the importance of the nuclear receptors in nongenomic signalling (14) which may 14 

represent their exclusive modality of action in spermatozoa since they are apparently 15 

transcriptionally inactive cells. Here we have demonstrated that in human ejaculated sperm short 16 

exposure to androgens produces an increase in AR phosphorylation in a dose-dependent manner, 17 

while the antagonist OH-Flut significantly reduces this effect. Furthermore, we observed the most 18 

prominent phosphorylation on the 110 kDa band which is the less expressed isoform in sperm. It is 19 

known that the function of nuclear receptors is strongly correlated with their phosphorylation status 20 

rather than the level of total receptor proteins. The 110 kDa isoform exhibits a major length of the 21 

N-terminal domain which is an important effector of the cell signalling (44, 45) This may explain 22 

why the phosphorylated status of the 110 kDa appears much more pronunced than the smaller 23 

isoform. From these findings it emerges that in sperm the 110 kDa is the most involved isoform in 24 

mediating AR trafficking signals.  25 
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 On the basis of our data androgens are able to modulate sperm survival depending on 1 

their concentration. To investigate the molecular mechanism involved in these effects we evaluated 2 

their action on the PI3K/AKT pathway, since it represents the main cell survival pathway and it 3 

was identified in sperm (16). 0.1 nM and 1 nM androgens induced PI3K activity which was 4 

reduced by higher concentrations (10 nM and 100 nM). 10 nM DHT was able to reduce the PI3K 5 

downstream signalling, while phosphorylation of PTEN, a proapoptotic marker which inhibits the 6 

PI3K pathway, was enhanced. To gain further insight into the mechanism involved in the 7 

PI3K/AKT modulation by AR, we investigated the association between AR/PIK3R1/p-SRC 8 

tyrosine kinase as it was reported depending on androgen concentration in somatic cells (38, 29). 9 

In our study high androgen concentrations (10 nM and 100 nM) produce a detachment of SRC 10 

tyrosine kinase from the PIK3R1 /AR complex, confirming that the triple complex is needed to the 11 

PI3K pathway activation.  Furthermore, sperm treatment with wortmannin, a specific PI3K/AKT 12 

inhibitor, induced caspase 3 cleavage showing that the PI3K/AKT pathway is involved in the 13 

modulation of the caspases activity. The sperm death under high androgens (10 nM T, 10 nM and 14 

100 nM DHT) was confirmed both by DNA laddering and cleavage of caspases 8, 9 and 3. In 15 

addition, increasing androgen concentrations were able to counteract estradiol-induced PI3K 16 

activity already previously documented (16). 17 

 It is well established that in men intratesticular testosterone levels are approximately 800 18 

nM (47), while they are ranging from 16 to 20 nM in serum (47, 36). The androgenic milieu in 19 

seminal plasma is dependent on circulating androgen levels and no longer intratesticular levels (48, 20 

49). The biologically active amount of T, represented by its free fraction, is mostly converted in 21 

the genital tract in DHT by 5 alpha-reductase which is particularly expressed in the epydidimus 22 

and in the adnexal glands (50). A careful evaluation of the total androgenic milieu in seminal 23 

plasma, prevalently represented by the two most important androgens T and DHT, reveals the 24 

presence of about 1 nM of T and 2 nM of DHT and their ratio is about T/DHT 0.61 (49). 25 

Therefore, the seminal androgenic milieu, prevalently represented by the total molar concentration 26 
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of T plus DHT corresponds to about 3 nM. The effects induced by the dose of 10 nM DHT were 1 

opposite to those induced by the lower dose of androgens. On the other hand, the same opposite 2 

pattern of androgen effects according to the doses tested on PI3K pathway was previously 3 

documented in other cellular type (29). 4 

  5 
 From all these findings, it emerges that an excess of androgens in the local hormonal 6 

milieu through a PI3K activity inhibition, may negatively interfere in the sperm survival. 7 

Concluding, in human sperm AR is able to modulate PI3K/AKT pathway on the basis of the 8 

androgen levels. Further work will be required to more fully elucidate the role that AR plays in 9 

male fertility. 10 
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FIGURE LEGENDS 4 

FIG 1 AR expression in human ejaculated spermatozoa 5 

A: Reverse transcription-PCR analysis of human AR gene, KIT and PTPRC in percolled human 6 

ejaculated spermatozoa (S1), negative control (no M-MLV reverse transcriptase added) (-), positive 7 

control (LnCap, prostate cancer cell; T, human testis and L, human leucocytes), marker (M). 8 

Arrows indicate the expected size of the PCR products; B: Western blot of AR protein by using a 9 

monoclonal antibody raised against the epitope 299-316 of the AR from human origin: Extracts of 10 

percolled sperm, were subjected to electrophoresis on 10% SDS-Polyacrylamide gels, blotted onto 11 

nitrocellulose membranes and probed with the above mentioned antibody. Expression of the 12 

receptors in three samples of ejaculated spermatozoa from normal men (S1, S2, S3). LNCap cells 13 

were used as positive control. (N), negative control performed as described in Materials and 14 

method. The experiments were repeated at least four times and the autoradiographs of the figure 15 

show the results of one representative experiment. 16 

FIG 2 Immunolocalization of AR in human ejaculated spermatozoa 17 

Spermatozoa were extensively washed and incubated in the unsupplemented Earle’s medium for 30 18 

min at 37 °C and 5 % CO2 . Spermatozoa were then fixed and analyzed by immunostaining as 19 

detailed in Materials and Methods. (A) AR localization in sperm; (B) Staining with Hoechst of 20 

spermatozoa nuclei; (C) Overlapping images of A/B; (D) Sperm cells incubated replacing the anti-21 

AR antibody by normal mouse IgG were utilized as negative control. The pictures shown are 22 

representative examples of experiments that were performed at least four times with reproducible 23 

results. 24 

FIG 3 AR is phosphorylated in human sperm 25 
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AR phosphorylation was determined by immunoprecipitation using an AR specific antibody. The 1 

immunoprecipitates were blotted with three different antibody: anti-p-tyrosine (pTyrAR), anti-p-2 

threonine (pThrAR) and anti-p-serine (pSerAR). A: Sperm were incubated without (control, UC) or 3 

in the presence of DHT at increasing concentrations (0.1 nM, 1 nM, 10 nM) for 30 min. Some 4 

samples were pre-treated for 15 min with 10 µM OH-Flut. The autoradiographs presented are 5 

representative examples of experiments that were performed at least four times with repetitive 6 

results. Molecular weight markers are indicated on the right of the blot. The histograms indicated on 7 

the right of each blot are the quantitative representation after densitometry of data (mean ± S.D.) of 8 

four independent experiments. •P < 0.05, ••P < 0.01 DHT-treated vs untreated cells and *p<0.05 10 9 

nM DHT vs 0.1 nM DHT. B: Time course of sperm incubated without (control, UC) or in the 10 

presence of 10 nM DHT. Six hundred micrograms of sperm lysates were immunoprecipitated using 11 

anti-AR and then blotted with specific antibodies raised to anti-p-tyrosine, anti-p-serine, anti-p-12 

threonine, anti-AR. Immunoprecipitation by using normal mouse serum was used as negative 13 

control (N). The autoradiographs presented are representative examples of experiments that were 14 

performed at least four times with repetitive results. Molecular weight markers are indicated on the 15 

right of the blot. The histograms indicated on the right of each blot are the quantitative 16 

representation after densitometry of data (mean ± S.D.) of four independent experiments. P < 0.05, 17 

••P < 0.01 DHT-treated vs untreated cells. 18 

FIG 4 Effect of androgen on sperm viability 19 

Viability was assessed by using Eosin Y as described in Materials and Method. A: Time course of 20 

sperm incubated in the unsupplemented Earle’s medium at 37 °C and 5 % CO2 without (UC) or in 21 

the presence of 10 nM T or 10 nM DHT. B: Sperm were incubated without (UC) or in the presence 22 

of T or DHT at increasing concentrations (0.1 nM, 10 nM, 100 nM) for 2 h. Some samples were 23 

pretreated for 15 min with 10 µM OH-Flut and then treated with 10 nM T or DHT. All experiments 24 



27 

were repeated at least six independent times with duplicate samples, and the values represent the 1 

mean ± SEM. •P < 0.05, ••P < 0.01, •••P < 0.005 versus control. 2 

FIG 5 Androgens action on PI3K activity, p-AKT , p-BCL2 and pPTEN is mediated by AR 3 

Washed pooled sperm from normal samples were incubated in the unsupplemented Earle’s medium 4 

at 37 °C and 5 % CO2, in the absence (UC) or in the presence of 10 nM T or in the presence of DHT 5 

at increasing concentrations (0.1 nM, 1 nM, 10 nM, 100 nM) for 30 min. 500 µg of sperm lysates 6 

were used for PI3K activity in sperm incubated at the indicated DHT concentatrions in the absence 7 

or in the presence of 10 µM OH-Flut (A). The autoradiograph presented is representative example 8 

of experiments that were performed at least four times with repetitive results. The histograms 9 

indicated on the bottom of the figure are the quantitative representation after densitometry of data 10 

(mean ± S.D.) of four independent experiments. ••P < 0.01 T and DHT-treated vs untreated cells, 11 

**p<0.01 10 nM and 100 nM DHT vs 0.1 nM and 1 nM DHT, �� p<0.01 and  � p<0.05 10 µM 12 

OH-Flut plus DHT-treated vs DHT treated cells. 50 µg of sperm lysates were used for western blot 13 

analysis of p-AKT S473 (B), p-BCL2 (C) and p-PTEN (D). The autoradiographs presented are 14 

representative examples of experiments that were performed at least six times with repetitive 15 

results. The histograms indicated on the right of each blot are the quantitative representation after 16 

densitometry of data (mean ± S.D.) of six independent experiments. ••P < 0.01 Capacitated (CAP) 17 

or DHT-treated vs untreated cells, •P < 0.05 T-treated vs untreated cells, � p<0.05 10 and �� 18 

p<0.01  µM OH-Flut plus DHT or Cax plus DHT-treated vs DHT treated cells. E: PI3K activity of 19 

sperm incubated with estradiol (E) and/or DHT at the indicated increasing concentrations. The 20 

negative controls were performed using a sperm lysate, where p110 catalyzing subunit of PI3K was 21 

previously removed by preincubation with the respective antibody (1 h at room temperature) and 22 

subsequently immunoprecipitated with protein A/G-agarose (N). The autoradiographs presented are 23 

representative examples of experiments that were performed at least four times with repetitive 24 
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results. The histograms indicated on the bottom of the figure are the quantitative representation after 1 

densitometry of data (mean ± S.D.) of four independent experiments. ••P < 0.01 DHT- and E-2 

treated vs untreated cells, � p<0.05 10, �� p<0.01 and ��� p<0.001 E plus DHT-treated vs DHT-3 

trated cells.    4 

Fig 6 AR, PIK3R1 and phospho-SRC tyrosine kinase coimmunoprecipitate in human sperm.  5 

Washed spermatozoa from normal samples were incubated in the unsupplemented Earle’s medium 6 

for 30 min at 37 °C and 5% CO2, without (UC) or in the presence of DHT at increasing 7 

concentrations (0.1 nM, 1 nM, 10 nM, 100 nM). 700 µg of sperm lysates were immunoprecipitated 8 

using anti-AR antibody and then blotted with specific antibodies raised to AR (A), p-SRC tyrosine 9 

kinase (B) and PIK3R1 (C). LnCap lysates were used as positive control (lane 1); 10 

Immunoprecipitation by using normal mouse serum was used as negative control (N). The 11 

autoradiographs presented are representative examples of experiments that were performed at least 12 

four times with repetitive results. Molecular weight markers are indicated on the left of the blot. 13 

Fig 7 Androgens effects on caspases are mediated by AR 14 

A: Washed pooled sperm from normal samples were incubated in the unsupplemented Earle’s 15 

medium at 37 °C and 5 % CO2 (UC) in the presence of 10 nM T or 10 nM DHT  or 100 nM E for 16 

30 min. Some samples were washed with the unsupplemented Earle’s medium and incubated in 17 

capacitating medium (CAP). Some samples were treated with Cax or Flut or ZVF each alone or 18 

combined with 10 nM DHT. The sperm were lysed and subjected to western blot analysis. 70 µg of 19 

sperm lysates were used for western blot analysis of caspase 8, caspase 9 and caspase 3. B: DNA 20 

laddering was performed in sperm treated as indicated. C: Effect of increasing DHT concentrations 21 

(0.1 nM to 100 nM), 100 nM PRG and 10 µM wortmanninn (W) on caspase 3 cleavage. The 22 

experiments were repeated at least six times and the autoradiographs of the figure show the results 23 

of one representative experiment. D: DNA laddering was performed in sperm treated as indicated. 24 
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Theperoxisomeproliferation-activated receptor gamma (PPARg) ismainly expressed in the adipose tissue and integrates the control
of energy, lipid, and glucose homeostasis. The present study, by means of RT-PCR, Western blot, and immunofluorescence
techniques, demonstrates that human sperm express the PPARg. The functionality of the receptor was evidenced by 15-deoxy-
12,14-prostaglandin J2 (PGJ2) and rosiglitazone (BRL) PPARg-agonists that were tested on capacitation, acrosome reaction, and
motility. Both treatments also increase AKT phosphorylations and influence glucose and lipid metabolism in sperm. The specificity
of PGJ2 andBRLeffects throughPPARgonhuman spermwasconfirmedbyan irreversible PPARg antagonist,GW9662.Our findings
provide evidence that human sperm express a functional PPARgwhose activation influences sperm physiology. In conclusion, the
presence of PPARg in male gamete broadens the field of action of this nuclear receptor, bringing us to look towards sperm as an
endocrine mobile unit independent of the systemic regulation. J. Cell. Physiol. 209: 977–986, 2006. � 2006 Wiley-Liss, Inc.

The peroxisome proliferator-activated receptor
gamma (PPARg) is member of the nuclear receptor
superfamily that integrates the control of energy, lipid,
and glucose homeostasis (Rangwala and Lazar, 2004;
Kota et al., 2005). Like all nuclear receptors, PPARg has
a modular structure that comprises: the N-terminal A/B
domain, harboring a ligand-independent transcrip-
tional activation function (AF-1), the DNA-binding
domain, which contains two zinc fingers, and the C-
terminal region, containing the ligand-binding domain
and the ligand-dependent activation domain AF-2. The
principal site of expression of PPARg is the adipose
tissue (Gurnell, 2005), but this receptor is also present,
albeit at lower levels, in many other tissues and cell
types such as epithelial cells (Pan et al., 2005), B- and T-
cells (Kostadinova et al., 2005), macrophages (Genolet
et al., 2004), endothelial cells (Nicol et al., 2005),
neutrophils (Standiford et al., 2005 and references
therein), and smooth muscle cells (Wang et al., 2006).

The activity of PPARg is governed by the binding to
small lipophilic ligands. Endogenous ligands include a
versatile array of compounds such as polyunsaturated
fatty acids and eicosanoids derived from nutrition or
metabolic pathways and comprising the prostaglandin
D2 metabolite 15-deoxy-12,14-prostaglandin J2 (PGJ2)
(Kobayashi et al., 2005). PPARg is also activated by
synthetic compounds termed thiazolidinediones (TZDs),
class of insulin-sensitizing agents that are used to treat
type II diabetes (Petersen et al., 2000). Uncertainty
surrounds, despite intensive investigation and years of
clinical use of TZDs, the mechanisms by which activa-
tion of PPARg promotes insulin sensitivity. In addition
to their anti-hyperglycemic effects, these compounds
also dramatically reduce circulating levels of triglycer-
ides and non-esterified free fatty acids. To date, much

still remains unclear and unknown about the specific
target tissues of TZDs. Adipose tissue is one likely
target, and other candidate sites for TZD action include
skeletal muscle, liver and pancreatic beta cells, and
tissue-specific conditional knockouts of PPARg are now
being used to address all these questions (Kintscher and
Law, 2005 and references therein). However, the
function of PPARg is not restricted to adipogenesis and
insulin sensitization. In peripheral monocytes and
macrophages, PPARg-agonists are reported to inhibit
the production of inflammatory cytokines (Skolnik et al.,
2002). PPARg ligands can also induce differentiation
and apoptosis in breast (Yee et al., 2003), prostate cancer
(Xu et al., 2003), and non-small cell lung cancer (Chang
and Szabo, 2000).

The mechanisms controlling the interaction between
energy balance and reproduction are the subject of
intensive investigations and compelling evidence
demonstrates a close link between energy status and
reproductive function (Quandt, 1984; Moschos et al.,
2002). The integrated control of those systems is
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University of Calabria, Arcavacata di Rende (Cosenza) 87036,
Italy. E-mail: sebastiano.ando@unical.it

Received 9 May 2006; Accepted 30 June 2006

DOI: 10.1002/jcp.20807



probably a multi-faceted phenomenon conducted by an
array of signals governing energy homeostasis, metabo-
lism, and fertility. Interestingly, it was documented that
augmented insulin sensitivity may improve ovulatory
function and fertility in women with polycystic ovary
syndrome (Seli and Duleba, 2002). In mice, the loss of the
PPARg gene in oocytes and granulosa cells resulted in
impaired fertility (Cui et al., 2002).

The energy homeostasis depends on very well tuned
machinery balancing energy storage and expenditure.
The transcriptional regulation, affecting the levels of
expression of key proteins is the most effective mechan-
ism on a longer time scale, however it is now quite
clear that some transcriptional factors as nuclear
receptors, in addition to their classic genomic action,
also regulate cellular processes through their non-
genomic mechanism (Cato et al., 2002). Different
nuclear receptors such as progesterone receptor (Shah
et al., 2005), estrogen receptor a, and estrogen receptor b
(Aquila et al., 2004) were found to be present in human-
ejaculated spermatozoa, regulating cellular processes
through their non-genomic mechanisms. All these
findings strengthen the importance of the nuclear
receptors non-genomic signaling, which may represent
their exclusive modality of action in spermatozoa as they
are apparently transcriptional inactive cells. Sperm
functionalities need to be rapidly activated to accom-
modate dynamic changes in the surrounding milieu.
These mechanisms would enable the sperm to use tools
which are already present and which get functionally
activated or repressed.

The significance of PPARg in male fertility is not yet
been investigated and no published reports are available
on the impact of PPARg agonists on male fertility. In the
current study, we showed the expression of PPARg in
human sperm providing a unique approach to study
lipid and glucose metabolism at molecular level in the
male gamete.

MATERIALS AND METHODS
Chemicals

PMN Cell Isolation Medium was from BIOSPA (Milan,
Italy). Total RNA Isolation System kit, enzymes, buffers,
nucleotides 100-bp ladder used for RT-PCR were purchased
from Promega (Milan, Italy). Moloney Murine Leukemia Virus
(M-MLV) was from Gibco BRL—Life Technologies Italia
(Milan, Italy). Oligonucleotide primers were made by Invitro-
gen (Milan, Italy). BSA protein standard, Laemmli sample
buffer, pre-stained molecular weight markers, Percoll (colloi-
dal PVP coated silica for cell separation), Sodium bicarbonate,
Sodium lactate, Sodium pyruvate, Dimethyl Sulfoxide
(DMSO), Earle’s balanced salt solution, 15-deoxy-12,14-pros-
taglandin J2 (PGJ2), the irreversible PPARg antagonist
GW9662 (GW), 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). Gel band purifica-
tion kit, ECL Plus Western blotting detection system,
HybondTM ECLTM, [-32P]ATP, HEPES Sodium Salt were
purchased from Amersham Pharmacia Biotech (Buckingham-
shire, UK). Triglycerides assay kit and Cholesterol-oxidase
(CHOD)–peroxidase (POD) enzymatic colorimetric kit were
from Inter-Medical (Biogemina Sas, Catania, Italy). Goat
polyclonal actin antibody (1–19), polyclonal rabbit anti-PPARg
antibody, polyclonal rabbit anti-phosphotyrosine antibody
(PY99), rabbit anti-p-Akt1/Akt2/Akt3 S473 antibody, total
anti-Akt1/Akt2 antibody, peroxidase-coupled anti-rabbit and
anti-goat, anti-rabbit IgG FITC-conjugated, Protein A/G-
agarose plus were from Santa Cruz Biotechnology (Heidelberg,
Germany). BRL49653 (BRL) was a kind gift from GlaxoS-
mithKline (West Sussex, UK).

Semen samples and spermatozoa preparations

Human semen was collected, according to the WHO-
recommended procedure by masturbation from men under-
going semen analysis for couple infertility in our laboratory.
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. In each experiment, three
normal samples were pooled. Washed pooled sperm were
subjected to the treatments and incubated for the indicated
times. Then, samples were centrifuged and the upper phase
was used to determinate the cholesterol levels, while the pellet
containing sperm was used for RT-PCR or lysed to perform
Western blots, triglycerides assay, acyl-CoA dehydrogenase
assay, G6PDH activity. At the beginning, prior the centrifuga-
tion, several aliquots were used to perform sperm motility,
viability, and acrosin activity. Spermatozoa preparations were
performed as previously described (Aquila et al., 2002). The
study was approved by the local medical–ethical committees
and all participants gave their informed consent.

Processing of ejaculated sperm

After liquefaction, normal semen samples were pooled and
subjected to centrifugation (800g) 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 were washed with unsupplemented
Earle’s medium and were incubated in the same medium
(uncapacitating medium) for 30 min at 378C and 5% CO2,
without (control) or with treatments (experimental). Some
samples were incubated in capacitating medium (Earle’s
balanced salt solution medium supplemented with 600 mg
BSA/100 ml and 200 mg sodium bicarbonate/100 ml). When the
cells were treated with an inhibitor, a pre-treatment of 15 min
was performed and subsequently the sperm were incubated
with the substances reported in the manuscript for 30 min.

Evaluation of sperm motility and viability

Sperm motility was assessed by means of light microscopy
examining an aliquot of each sperm sample in absence (NC) or
in the presence of increasing BRL or PGJ2 (1 to 20 mM) and/or
10 mM GW alone or combined with 10 mM BRL or 10 mM PGJ2.
Sperm motility was expressed as percentage of total motile
sperm. Viability was assessed by red-eosin exclusion test using
Eosin Y to evaluate potential toxic effects of the treatments. A
blinded observer scored 200 cells for stain uptake (dead cells) or
exclusion (live cells). Viability was evaluated before and after
pooling the samples and there were no adverse effects among
the different treatments on human sperm viability.

RNA isolation, reverse transcriptase-polymerase
chain reaction (RT-PCR)

Total RNA was isolated from human-ejaculated spermato-
zoa purified as previously described (Aquila et al., 2002). Before
RT-PCR, RNA was incubated with ribonuclease-free deoxyr-
ibonuclease (Dnase) I in single-strength reaction buffer at 378C
for 15 min. This was followed by heat inactivation of Dnase I at
658C for 10 min. Two micrograms of Dnase-treated RNA
samples were reverse transcribed by 200 IU M-MLV reverse
transcriptase in a reaction volume of 20 ml (0.4 mg oligo-dT,
0.5 mM deoxy-NTP and 24 IU Rnasin) for 30 min at 378C,
followed by heat denaturation for 5 min at 958C. PCR
amplification of complementary DNA (cDNA) was performed
with 2 U of Taq DNA polymerase, 50 pmol primer pair in 10 mM
Tris-HCL (pH 9.0) containing 0.1% Triton X-100, 50 mM KCl,
1.5 mM MgCl2, and 0.25 mM each dNTP. PCR amplification of
cDNA was performed with 2 U of Taq DNA polymerase,
50 pmol primer pair for PPARg. Contamination by leucocytes
and germ cells in our sperm cells preparations was assessed by
amplifying CD45 and c-kit transcripts respectively. The
applied PCR primers and the expected lengths of the resulting
PCR products are shown in Table 1. The cycle profiles used are
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described in Table 2. For all PCR amplifications, negative
(reverse transcription-PCR performed without M-MLV
reverse transcriptase) and positive controls were included
(MCF7 breast cancer cells for PPARg (Elstner et al., 1998),
human germ cells for c-Kit, and human leucocytes for CD45).
The PCR-amplified products were subjected to electrophoresis
in 2% agarose gels stained with ethidium bromide and
visualized under UV transillumination.

Gel extraction and DNA sequence analysis

The PPARgRT-PCR product was extracted from the agarose
gel by using a gel band purification kit, the purified DNA was
subcloned into PCR 2.1 vector and then sequenced by MWG AG
Biotech (Ebersberg, Germany).

Western blot analysis of sperm proteins

Sperm samples, washed twice with Earle’s balanced salt
solution (uncapacitating medium), were incubated without or
with the indicated treatments, and then centrifuged for 5 min
at 5,000g. The pellet was resuspended in lysis buffer as
previously described (Aquila et al., 2002). Equal amounts of
protein (70 mg) were boiled for 5 min, separated by 10%
polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose sheets, and probed with an appropriate dilution of the
indicated antibody. The bound of the secondary antibody was
revealed with the ECL Plus Western blotting detection system
according to the manufacturer’s instructions. The negative
control was performed using a sperm lysate that was
immunodepleted of PPARg (Aquila et al., 2004) (i.e., pre-
incubate lysate with anti-PPARg antibody, 1 h at room
temperature, and immunoprecipitate with Protein A/G-
agarose).

As internal control, all membranes were subsequently
stripped (glycine 0.2 M, pH 2.6 for 30 min at room temperature)
of the first antibody and reprobed with anti-b actin or total
Akt1/2 antibodies.

Immunofluorescence assay

Sperm cells, recovered from Percoll gradient, were rinsed
three times with 0.5 mM Tris-HCl buffer, pH 7.5 and fixed with
absolute methanol for 7 min at �208C. PPARg staining was
carried out, after blocking with normal horse serum (10%),
using a rabbit polyclonal anti-human PPARg as primary
antibody and an anti-rabbit IgG FITC-conjugated (1:100) as
secondary antibody. Sperm cells incubated without the
primary antibody or with normal rabbit serum instead of
the primary antibody were utilized as the negative controls.
The slides were examined under a fluorescence microscope
(Olympus BX41, Milan Italy), and a minimum of 200
spermatozoa for slide were scored.

Measurement of cholesterol in the
sperm culture medium

Cholesterol was measured in duplicate by a CHOD–POD
enzymatic colorimetric method according to manufacturer’s
instructions in the incubation medium from human spermato-
zoa. 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. Some
samples were incubated in the presence of increasing PGJ2
concentrations (1 to 20 mM). Other samples were incubated in
the presence of 10 mM GW alone or combined with 10 mM PGJ2.
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� 106 number of spermatozoa.

Acrosin activity assay

Acrosin activity was assessed by the method of Kennedy et al.
(1989). Percoll-purified sperms were washed in Earle’s medium
and centrifuged at 800g for 20 min. Sperms were resuspended
(final concentration of 10� 106 sperms/ml) in different tubes
containing no treatment (control) or the indicated treatments
(experimental). Then 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)
for 3 h at room temperature was added. Aliquots (50 ml) were
removed at 0 and 3 h, and the percentages of viable cells were
determined. No significant differences were detected between
the control and experimental conditions. After incubation,
0.5 mol/L benzamidine was added (0.1 ml) to each of the tubes
and then centrifuged at 1,000g for 30 min. The supernatants
were collected and the acrosin activity measured spectro-
photometrically at 410 nm. In this assay, the total acrosin
activity is defined as the amount of the active (non-zymogen)
acrosin associated with sperm plus the amount of active acrosin
that isobtainedbyproacrosinactivable.The acrosinactivitywas
expressed as mIU/106 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. 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. At the end of the sperm incubation,
10 ml of lysate was added to the 1 ml of buffer reaction and
incubated for 10 min at room temperature. Then the tri-
glycerides content was measured spectrophotometrically at
505 nm. Data are presented as mg/106 sperms.

Assay of acyl-CoA dehydrogenase activity

Assay of acyl-CoA dehydrogenase was performed on sperm
incubated in the presence of the indicated treatments, using a
modification of the method described by Lehman et al. (1990).
In brief, after lysis, 70 mg of sperm protein was added to buffer
containing 20 mM Mops, 0.5 mM EDTA, and 100 mM FADþ at
pH 7.2. Reduction of FADþ to FADH was read at 340 nm upon
addition of octanoyl-CoA (100 mM) every 20 sec for 1.5 min.
Data are expressed in nmol/min/mg protein. The enzymatic
activity was determined with three control media: one without
octanoyl-CoA as substrate, one without the co-enzyme (FADþ),
and the third without either substrate or co-enzyme (data
not shown). Every experiment was performed six times, in
duplicate within each experiment.

Glucose-6-phosphate dehydrogenase (G6PDH) activity

The conversion of NADPþ to NADPH, catalyzed by G6PDH,
was measured by the increase of absorbance at 340 nm. Sperm

TABLE 1. Oligonucleotide sequences used for RT-PCR

Gene Sequenze (50–30)
Size of PCR
product (bp)

PPARg 50–GAGTTCATGCTTGTCAAGGATGC–30
23350–CGATATCACTGGAGATCTCGCC–30

c-kit
50–AGTACATGGACATGAAACCTGG–30

78050–GATTCTGCTCAGACATCGTCG–30

CD45
50–CAATAGCTACTACTCCATCTAAGCCA–30

23050–ATGTCTTATCAGGAGCAGTACATG–30

TABLE 2. Cycling conditions for the different sets of pairs

Gene Cycle profile No. of cycles

Denaturation: 958C/1 min
PPARg Annealing: 608C/1 min 40

Extention: 728C/2 min
Denaturation: 958C/1 min

c-kit Annealing: 528C/1 min
Extention: 728C/2 min 40
Denaturation: 958C/1 min

CD45 Annealing: 558C/1 min 40
Extention: 728C/2 min
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samples, washed twice with uncapacitating medium, were
incubated in the same medium (control) for 30 min at 378C and
5% CO2. Some samples were treated with increasing concen-
tration of BRL or with 3.3 nM insulin, or 10 mM GW alone
or combined with 10 mM BRL. Other samples were treated with
10 mM BRL plus 3.3 nM insulin or 10 mM GW plus 10 mM BRL
and 3.3 nM insulin. After incubation, 50 ml 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 spectro-
photometric 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 co-enzyme (NADPþ), and the third
without either substrate or co-enzyme (data not shown). Every
experiment was performed eight times, in duplicate within
each experiment.

STATISTICAL ANALYSIS

The experiments for RT-PCR were repeated on at least three
independent occasions, whereas Western blot analysis was
performed in at least six independent experiments. The data
obtained from motility, viability (six replicate experiments
using duplicate determinations), CHOD–POD enzymatic
colorimetric method, Triglycerides Assay, acyl-CoA dehydro-
genase activity (six replicate experiments using duplicate
determinations), G6PDH (eight replicate experiments using
duplicate determinations) were presented as the mean�SD.
The differences in mean values were calculated using analysis
of variance (ANOVA) with a significance level of P< 0.05.

RESULTS
Expression of PPARg in human sperm

RT-PCR and western blot. To determine whether
mRNA for PPARg is present in human-ejaculated
spermatozoa, RNA isolated from percoll-separated
sperm of normal men was subjected to reverse PCR.
The primer sequences were based on the human PPARg

gene sequence and the RT-PCR amplification revealed
the expected PCR product size of 233 bp of the coding
region of the human PPARg cDNA (Fig. 1A). This
product was sequenced and found to be corresponding to
the classical human PPARg. No detectable levels of
mRNA coding either CD45, a specific marker of human
leucocytes, or c-kit, a specific marker of human germ
cells, were found in the same semen samples (Fig. 1A),
ruling out any potential contamination. In addition,
the RT-PCR products were not a result of any DNA
contamination as the RNA samples were subjected to
DNAse treatment before RT-PCR.

The presence of PPARg protein in human-ejaculated
sperm was investigated by Western blot using an
antibody raised against the carboxyl-terminus of the
human PPARg protein (Fig. 1B). One immunoreactive
band, corresponding to the molecular mass values of
70 kDa, was observed at the same mobility of the MCF-7
extract, used as positive control. The negative control
(lane 2) was performed using a sperm lysate, where
PPARg was previously removed by pre-incubation with
the respective antibody (1 h at room temperature) and
subsequently immunoprecipitated with protein A/G-
agarose.

Immunolocalization. Using a immunofluorescence
technique and the same antibody used for Western blot,
we obtained a positive signal for PPARg in human
spermatozoa. In the majority of population of uncapa-
citated sperm, immunoreactivity is predominantly
compartmentalized to the subacrosomial region and
the midpiece while the tail is almost completely
unstained (Fig. 2A). No fluorescent signal was obtained
when primary antibody was omitted (Fig. 2B) or when
the normal rabbit IgG was used instead of the primary
antibody (Fig. 2C), thus further confirming the specifi-
city of the antibody binding.

PPARg-agonists influence on capacitation,
acrosome reaction and motility is PPARg-mediated

We first investigated whether PPARg-agonists are
able to influence the sperm extratesticular maturation
evaluating their action on both capacitation and acro-
some reaction. Further, in all the experiments we used
both a natural PPARg-ligand, PGJ2 (1, 10, and 20 mM)
and a synthetic ligand BRL (1, 10, and 20 mM), obtaining
similar results, therefore in the text, we reported the
data relative to the natural PPARg-ligand.

Sperm membrane cholesterol efflux contributes to one
signaling mechanism that controls sperm capacitation
(Travis and Kopf, 2002) and it has been demonstrated
that it initiates signaling events leading to tyrosine
phosphorylation of sperm proteins, also representative
of the capacitation status (Visconti et al., 1995). Washed
sperm were treated with increasing concentration of
PGJ2 (1, 10, and 20 mM) and incubated under uncapa-
citating conditions (see Materials and Methods). At the
end of incubation, the samples were centrifuged, the
upper phase was used to determinate the cholesterol
levels, while the sperm were lysed to evaluate protein
tyrosine phosphorylation. Our results showed a sig-
nificant increase in both tyrosine phosphorylation
(Fig. 3A) and cholesterol efflux (Fig. 3B) upon 1 to
20 mM PGJ2 treatment. Both processes were inhibited
by using the specific PPARg-antagonist GW suggesting
an involvement of this receptor in the induction of
capacitation.

Acrosin activity, performed in the same experimental
conditions, showed an increase by PGJ2 reversed by GW

Fig. 1. PPARg expression in human-ejaculated spermatozoa. A: Rev-
erse transcription-PCR analysis of human PPARg, CD45, and c-Kit
genes in percolled human spermatozoa (S), negative control (no M-
MLV reverse transcriptase added) (�), positive controls (MCF7 breast
cancer cells for PPARg, human germ cells for c-Kit and human
leucocytes for CD45) (þ), marker (lane M). Arrows indicated the
expected size of the PCR products. B: Western blot of PPARg protein in
human sperm, expression in three samples of ejaculated spermatozoa
from normal men (S1, S2, S3). MCF-7 extract was used as control (þ).
The negative control (see Materials and Methods, is represented in
lane 2 (�). The experiments were repeated at least three times for RT-
PCR, six times for Western blot and the autoradiographs of the figure
show the results of one representative experiment.
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(Fig. 4A). BRL also significantly induced sperm motility
(data not shown). The PGJ2-induced effects on sperm
motility were antagonized by the specific GW antagonist
while the antagonist alone had no significant effect
(Fig. 4B).

PPARg affects lipid metabolism in human sperm

The favorable metabolic effects of PPARg-agonists are
supposedly related to the PPARg-driven changes in lipid

metabolism. Owing to the critical role that PPARg plays
in lipid metabolism, we evaluated both the intracellular
level of triglycerides and the b-oxidation of the fatty
acids under PPARg-agonists in sperm.

Stimulation with BRL induced a significant decrease
in sperm triglycerides levels however GW didn’t reverse
the effect addressing a PPARg-independent event
(Fig. 5A). While in the samples treated with PGJ2, GW
is able to block the PPARg-agonist effect (Fig. 5B). As it
concerns the b-oxidation of the fatty acids, a dose-
dependent increase under PGJ2 treatment was

Fig. 2. Immunolocalization of PPARg in human-ejaculated sperma-
tozoa. A: PPARg immunolocalization; (B) Sperm cells incubated
without the primary antibody were utilized as negative control.
C: Sperm cells incubated replacing the anti-PPARg antibody by
normal rabbit serum were utilized as negative control. The pictures
shown are representative examples of experiments that were
performed at least three times with reproducible results.

Fig. 3. PGJ2 effects on tyrosine phosphorylation of sperm proteins
and cholesterol efflux are PPARg-mediated. Washed spermatozoa
were incubated in the unsupplemented Earle’s medium for 30 min at
378C and 5% CO2, in the absence (NC) or in the presence of increasing
concentration of PGJ2 (1, 10, 20 mM) or with 10 mM GW alone or
combined with 10 mM PGJ2. Other samples were incubated in
capacitating medium (CAP). A: Sperm lysates (70 mg) were used for
Western blot analysis of protein tyrosine phosphorylation. On the
bottom, quantitative representation after densitometry. B: Choles-
terol in culture medium from human-ejaculated spermatozoa was
measured by enzymatic colorimetric assay. Columns are mean�SD of
six independent experiments performed in duplicate. Data are
expressed in mg/107 sperms. *P<0.05 versus control, **P< 0.01
versus control; ***P<0.001 versus control.
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observed (Fig. 5C) and GW was able to reverse PGJ2-
induced effect.

PPARg-agonist activates PI3K/Akt
pathway in human sperm

PPARg activation has been reported to regulate
components of the PI3K signaling cascade in various cell
types (Bonofiglio et al., 2005). We speculated that PPARg
may be involved in the control of some sperm functions,
perhaps by influencing the activity of PI3K. Therefore,
we examined the effects of PPARg-agonist treatment on
PI3K-mediated signaling by evaluating the phosphoryla-
tion of the major downstream signal transducer, AKT,
since its phosphorylation has been correlated with its
activity (Datta et al., 1999).

Increasing doses of BRL (1, 10, and 20 mM) resulted
in a significant increase in the AKT phosphorylation
(Fig. 6). To address whether PPARg-agonist stimulation
of AKT was specifically mediated through PPARg, we
treated sperm with 10mM GW in the presence or absence
of 10 mM BRL. BRL-stimulatory effect was reduced by

Fig. 4. PGJ2 effects on acrosin activity and sperm motility are
PPARg-mediated. Washed spermatozoa were incubated in the
unsupplemented Earle’s medium for 30 min at 378C and 5% CO2, in
the absence (NC) or in the presence of increasing concentration of
PGJ2 (1, 10, 20 mM) or with 10 mM GW alone or combined with 10 mM
PGJ2. Other samples were incubated in capacitating medium (CAP).
A: Acrosin activity was assessed as reported in Materials and
Methods. B: Sperm motility was expressed as percentage of total
motile sperm. Columns are mean�SD of six independent experiments
performed in duplicate. *P< 0.05 versus control; **P<0.01 versus
control.

Fig. 5. PPARg-agonists influence lipid metabolism in sperm.
A: Sperm samples, washed twice with uncapacitating medium were
incubated in the same medium (NC) or in capacitating medium (CAP)
for 30 min at 378C and 5% CO2. Other samples were incubated in the
presence of increasing BRL concentrations (1, 10, 20 mM) or in the
presence of 10 mM GW alone, or combined with 10 mM BRL. B: Sperm
samples were incubated with PGJ2 instead of BRL. Data are
presented as mg/106 sperms. C: Assay of acyl-CoA dehydrogenase
was performed on sperm lysates (see Materials and Methods) in the
same experimental conditions above mentioned. Columns are
mean�SD of six independent experiments performed in duplicate.
Data are presented as nmol/min/mg protein. Columns are mean�SD.
*P< 0.05 versus control; **P< 0.01 versus control.

982 AQUILA ET AL.

Journal of Cellular Physiology DOI 10.1002/jcp



GW. We also tested the effects of PI3K inhibitors, 10 mM
wortmannin, and 10 mM LY294002, confirming that the
action of PPARg on AKT is through PI3K activation.

AKT plays multifunction roles in insulin action and its
activation has been shown to be dependent on PI3K
(Datta et al., 1999). In addition, we recently showed that
in sperm insulin activates PI3K pathway (Aquila et al.,
2005b), therefore we aimed to investigate the interrela-
tion between insulin and PPARg. It was also reported
that BRL is an insulin-sensitizing agent since it belongs
to TZDs (Petersen et al., 2000). Insulin alone induced a
significant increase in AKT phosphorylation according
to our previous data (Aquila et al., 2005b). In the
presence of BRL, insulin displayed greater stimulatory
effect. Therefore BRL increased PI3K activation
induced by insulin (Fig. 6), suggesting an insulin-
sensitizing action also in sperm. All these treatments
were also used in combination with GW showing an
involvement of PPARg in BRL action.

PPARg affects glucose metabolism through the
pentose phosphate pathway (PPP) in human sperm

Given the beneficial effects of PPARg ligands in
therapies aimed at lowering glucose levels in type 2
diabetes, a role of PPARg in glucose metabolism has
been explored (Lenhard et al., 1997). An important
metabolic response to insulin in the regulation of glucose
homeostasis is related to the G6PDH activity (Stumpo
and Kletzien, 1984), while the effect of PPARg action on
this enzymatic activity was never investigated. In our
previous study, we demonstrated that insulin regulate
in autocrine fashion sperm G6PDH activity (Aquila
et al., 2005a). Thus, we speculated that in sperm, insulin
and PPARg are possibly interrelated and relevant on
glucose metabolism through the PPP.

As shown in Figure 7, 10 mM BRL activates G6PDH
activity and insulin in a higher extent. In the presence of
BRL, insulin action was further enhanced and this effect

was reversed by GW. Our results address a regulatory
role of PPARg in sperm glucose metabolism and worthy
evidence an insulin-sensitizing effect by BRL.

DISCUSSION

Lipid and carbohydrate homeostasis in higher organ-
isms is under the control of an integrated system that
has the capacity to rapidly respond to metabolic
changes. The PPARg is a nuclear fatty acid receptor
that has been implicated in energy homeostasis and in
many pathological processes (Knouff and Auwerx,
2004). Specifically, it modulates lipid homeostasis in

Fig. 6. BRL increases insulin-induced AKT phosphorylation in
human sperm. Washed spermatozoa were incubated in the unsupple-
mented Earle’s medium for 30 min at 378C and 5% CO2, in the absence
(NC) or in the presence of increasing BRL (1, 10, 20 mM). Some
samples were incubated in the presence of 10 mM GW alone or
combined with 10 mM BRL, in the presence of 3.3 nM Ins alone or
combined with 10 mM BRL or combined with 10 mBRL plus 3.3 nM

insulin (Ins), in the presence of 10 mM worthmannin (W) alone or
combined with 10 mM BRL, in the presence of 10 mM LY294002 (LY)
alone or combined with 10 mM BRL. In the upper part, is reported total
AKT. On the bottom, is reported the densitometric evaluation. The
autoradiographs presented are representative examples of experi-
ments that were performed at least four times with repetitive results.
*P<0.01 versus control, **P<0.001 versus control.

Fig. 7. BRL effect on G6PDH activity. Sperm were washed with
the unsupplemented Earle’s medium and were treated in the absence
(NC) or in the presence of increasing BRL (1, 10, 20 mM). Some
samples were incubated in the presence of 10 mM GW alone or
combined with 10 mM BRL, in the presence of 3.3 nM insulin alone or
plus 10 mM BRL or combined with 10 mM BRL plus 10 mM GW.
Columns are mean�SD of eight independent experiments performed
in duplicate. Data are expressed as nanomoles per minute per 106

sperms. *P<0.05 versus control; **P< 0.01 versus control,
***P<0.001 versus control.
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metabolically active sites, including the liver, adipo-
cytes, muscle, and macrophage (Desvergne and Wahli,
1999 and references therein). Here we show that PPARg
is also expressed in human-ejaculated spermatozoa. The
effects of both natural and synthetic PPARg ligands on
different sperm functions were investigated.

First, we have demonstrated the presence of PPARg
in human-ejaculated spermatozoa at different levels:
mRNA expression, protein expression, and immunolo-
calization. As it concerns the presence of mRNA in
mammalian ejaculated spermatozoa, originally it was
hypothesized that these transcripts were carried over
from earlier stages of spermatogenesis, however new
reports revaluate significance of mRNA in these cells
(Miller, 2000; Ostermeier et al., 2002) and the issue is
currently under investigation. In good agreement with
RT-PCR data, our immunohistochemical assays demon-
strated that PPARg protein is detectable in sperm, with
specific signals being located in the subacrosomial
region and in the middlepiece, to a lesser extent in the
tail. PPARg is highly expressed in adipose tissues but is
expressed at much lower levels in other tissues,
including major insulin target tissues, skeletal muscle,
and liver (Desvergne and Wahli, 1999 and references
therein). Expression of PPARg in the male gamete,
further confirmed by Western Blot, is a novel intriguing
finding since it may have an important role in the
regulation of sperm metabolism.

To investigate the functional role of PPARg in sperm,
we evaluated its action on different events that
characterize the sperm cell as capacitation, acrosome
reaction, and motility. PPARg is activated by endogen-
ous arachidonic acid metabolites such as PGJ2 (Des-
vergne and Wahli, 1999 and references therein) and it is
the target for binding to a class of synthetic compounds,
termed the TZD. In our experiments, we used both
natural and synthetic ligands obtaining similar results
on the abovementioned processes (in the figures are
showed only the results referred to PGJ2 treatment).
Particularly, we observed a significant increase in both
cholesterol efflux and tyrosine phosphorylation of sperm
proteins, this latter event tightly related to the capacita-
tion (Visconti et al., 1995) and resulting downstream the
cholesterol efflux. These effects were reduced by GW
indicating a PPARg involvement. PPARg has been
shown to be implicated in cholesterol export from
macrophages and the ability of TZDs to promote
cholesterol efflux is completely dependent on PPARg,
as assessed by the inability of these compounds to
augment the efflux of cholesterol from Pparg�/� macro-
phages (Chawla et al., 2001). The molecular route by
which TZDs promote cholesterol efflux involves a
transcriptional cascade that is controlled by PPARg
(Zhang and Chawla, 2004 and references therein). Here
we have to take into account that sperm are considered
transcriptionally inactive, therefore very likely PPARg
in sperm acts through a non-genomic action. As it
concerns acrosome reaction and motility, our results are
in concordance with recent studies on human sperma-
tozoa where prostaglandins are reported to enhance
both processes (Aitken et al., 1986; Aitken and Kelly,
1985), although in addition, we showed that the effects
of these compounds are PPARg-mediated.

Several investigators have identified a pivotal role for
PPARg in fat cell differentiation, lipid storage, vascular
function, and energy metabolism. Overall, the favorable
metabolic effects of TZDs are supposedly related to the
PPARg-driven changes in lipid metabolism. It has long
been recognized that capacitated sperm display an

increase metabolic rate presumably to affect the
changes in sperm signaling and function during capa-
citation process. The relationship between the signaling
events associated with capacitation and changes in
sperm energy metabolism is poorly understood. Under
PPARg-agonists treatment, our results evidenced a
reduction in triglycerides content in sperm while at
the same time, we observed an increased Fatty Acids
(FA) b-oxidation. Particularly, the behavior of the two
PPARg-agonists diverges when we tested their effects
on triglycerides levels: it appears that the action of PGJ2
is PPARg-mediated while BRL effect is PPARg-inde-
pendent. It is well known that BRL treatment reduces
hypertriglyceridemia however, it is not clear how TZDs
lower free FA levels. Since they seem to have little or no
effect on basal rates of lipolysis, it was supposed that the
decrease in plasma-free FA levels is probably due to an
increase in free FA clearance (oxidation and/or ester-
ification) (Ciaraldi et al., 2002). Supporting this notion,
we may hypothesize that during capacitation when
energy expenditure increases, lipid reserve is mobilized
and also used as energy substrate available.

The PPARg controls many different target genes
involved in both lipid metabolism and glucose home-
ostasis (Desvergne and Wahli, 1999). Given the bene-
ficial effects of PPARg ligands in therapies aimed at
lowering glucose levels in type 2 diabetes, a role of
PPARg in glucose metabolism has been explored. Sperm
energy metabolism is very complex because there
are many metabolic pathways where hexoses can be
diverted. In this sense, these cells not only have
the glycolysis and Krebs cycle catabolic pathways but
also the glycogen synthesis and pentose phosphate
cycle, a very complex system that allows for a fine
regulation of energy levels depending on their func-
tional status. It emerged from our recent studies that
insulin, one of the main regulators of energy home-
ostasis in somatic cells, may be also crucial in the
management of sperm glucose metabolism since in
autocrine fashion, it regulates G6PDH and glycogen
synthase activities (Aquila et al., 2005a, b). It is
generally accepted that TZDs exert their insulin
sensitizing action through PPARg, however, how
exactly this occurs, it remains to be clarified. We
previously showed that insulin activated G6PDH
in sperm and in this study that the activation is additive
or synergistic to that of BRL. In these circumstances,
G6PDH activity would theoretically increase glucose
utilization as a consequence of improved insulin
signaling in sperm as well as a cause of insulin
sensitization.

The enhanced activity of this enzyme produces an
increase of NADPH that is essential for fatty acid
synthesis from acetyl CoA. These fatty acids have two
possible fates: b-oxidation to produce ATP or reester-
ification back into triacylglycerol. Inter-relationships of
the classes of substrates of free FA and glucose utilized
for energy as first proposed by Randle (1964), has been
long established and also hypothesized in the sperma-
tozoa (Andò and Aquila, 2005). In this study, we
observed in ejaculated sperm that FA b-oxidation tested
utilizing the octanoil-CoA as substrate, appears to be
stimulated by PPARg agonists. It may be assumed that
PPARg works to stimulate such enzymatic activity
providing additional metabolic fuel to sustain capacita-
tion process. Therefore, the autonomous capability of
sperm to release insulin suggests that they through an
autocrine short loop may provide the recruitment of
energy substrate according to sperm metabolic needs
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and that PPARg may serve as a molecular means for
maintaining energy balance, regulating sperm energy
dissipation during capacitation.

The regulation of lipid and carbohydrate metabolism
might have important implications in male reproduction
for developing models of PPARg function as a therapeu-
tic target. In particular, TZDs are widely used in
patients with diabetes, who also have high risk of
infertility (Baccetti et al., 2002). The mechanisms
controlling the interaction between energy balance
and reproduction are the subject of intensive investiga-
tions. For example, negative energy balance caused by
inadequate nutrient supply or excessive consumption is
able to affect the fertility of female mammals. Interest-
ingly, insulin-sensitizing agents such as BRL were also
shown to ameliorate the ovulatory function of polycystic
ovarian syndrome patients (Froment et al., 2005).

The physiological significance of the present observa-
tions are still incomplete. Prostaglandins are involved in
the male reproductive tract, and high concentrations of
prostaglandins are reported to exist in seminal fluid
(Templeton et al., 1978) and cervical mucus (Charbonnel
et al., 1982). In addition, human spermatozoa have been
shown to synthesize prostaglandins (Roy and Ratnam,
1992). Prostaglandins treatment is reported to enhance
sperm fertilizing ability (Aitken et al., 1986; Aitken and
Kelly, 1985; Shimizu et al., 1998). On the basis of our
data, PPARg activation may induce both capacitation
and acrosome reaction; however, it is also possible that
prostaglandin, together with administration of BRL,
could increase PPARg activation in different pathologi-
cal conditions thus leading to sperm function
alterations.

Taken together, these results indicate that the role of
PPARg is more complex than was originally believed.
Our findings also showed that sperm is a new target
tissue for the lipid- and glucose-lowering effects of the
TZDs in humans. Thus, the modulation of levels of
PPARg and/or its ligands may afford novel therapeutic
opportunities for the treatment of the male fertility
disorders imputable to metabolic diseases. Further
work will be required to more fully elucidate the role
that PPARg plays in this area. Whatever the outcome,
however, it is clear that future studies of reproductive
regulation must take into account of this receptor.
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Abstract 

Aims: Insulin receptor substrate 1 (IRS-1), a cytoplasmic protein transmitting signals from the insulin 

and insulin-like growth factor 1 receptors, has been implicated in breast cancer. Previously, we 

reported that IRS-1 can be translocated to the nucleus and modulate estrogen receptor α (ERα) activity 

in vitro. However, the expression of nuclear IRS-1 in breast cancer biopsies has never been examined. 

Consequently, we assessed whether nuclear IRS-1 is present in breast cancer and non-cancer mammary 

epithelium and if it correlates with other markers, especially ERα. Parallel studies were done for 

cytoplasmatic IRS-1. 

Methods: IRS-1 and ERα expression was assessed by immunohistochemistry. Data were evaluated 

using Pearson correlation, linear regression, and ROC analysis.  

Results: Median nuclear IRS-1 expression was low in normal mammary epithelial cells (1.6%) and 

higher in benign tumors (20.5%), ductal grade 2 carcinoma (11.0%), and lobular carcinoma (~30%). 

Median ERα expression in normal epithelium, benign tumors, ductal cancer grade 2 and 3 and lobular 

cancer grade 2 and 3 was 10.5, 20.5, 65.0, 0.0, 80, and 15%, respectively. Nuclear IRS-1 and ERα 

positively correlated in ductal cancer (p<0.001) and benign tumors (p< 0.01), but were not associated 

in lobular cancer and normal mammary epithelium. In ductal carcinoma, both nuclear IRS-1 and ERα 

negatively correlated with tumor grade, size, mitotic index, and lymph node involvement. Cytoplasmic 

IRS-1 was expressed in all specimens and positively correlated with ERα  in ductal cancer.  

Conclusions: A positive association between nuclear IRS-1 and ERα is a characteristic for ductal 

breast cancer and marks a more differentiated, non-metastatic phenotype. 

Take-home messages 

1. This is the first report examining the expression of nuclear IRS-1 in normal mammary tissue, 

benign breast tumors and breast cancer in relation to ERα and clinicopathological features. 
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2. Nuclear IRS-1 is more prevalent in cancer specimens than in normal mammary tissues. 

3. Nuclear IRS-1 and ERα negatively correlated with tumor grade, size, mitotic index, and lymph 

node involvement.  

4. A positive association between nuclear IRS-1 and ERα is a characteristic for ductal breast cancer 

and marks a more differentiated, non-metastatic phenotype. 
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Introduction 

Recent experimental and clinical evidence suggests the involvement of the insulin-like growth 

factor I (IGF-I) receptor (IGF-IR) in breast cancer development and progression 1-6. The tumorigenic 

action of IGF-IR is executed through multiple antiapoptotic, growth promoting, and/or pro-metastatic 

pathways 5-9. Many of these pathways stem from IRS-1, a major IGF-I signaling molecule that 

becomes phosphorylated on multiple tyrosine residues upon IGF-IR activation. Tyrosine 

phosphorylated IRS-1 acts as a scaffolding protein sequestering downstream signaling molecules and 

propagating IGF-I signal through the PI-3K/Akt, Ras/Raf/ERK1/2, Jak2/Stat3 and other pathways 10-13.  

Overexpression or downregulation of IRS-1 in breast cancer cell models suggested that the 

molecule controls several aspects of the neoplastic phenotype, especially anchorage-dependent and -

independent cell growth and survival 14 15. In breast cancer cell lines, IRS-1 appears to be expressed at 

higher levels in ERα-positive than in ERα-negative cells and there is evidence supporting the 

existence of a crosstalk between IRS-1 and ERα systems 1 4 6 16-18. Overexpression of IRS-1 in MCF-7 

ERα-positive cells has been shown to induce estrogen-independence and mediate antiestrogen-

resistance 14 19 20. High expression of IRS-1 can be in part attributed to ERα activity, as 17β-estradiol 

(E2) can upregulate IRS-1 expression and function 16 21 22, while antiestrogens reduce IRS-1 mRNA 

and protein levels and inhibit IRS-1 signaling 19 20 23. In addition, ERα can directly interact with IRS-1, 

increasing its stability and potentiating its downstream signaling to Akt 24. Notably, increased activity 

of IRS-1 is likely to modulate ERα, via ERK1/2- and Akt-mediated phosphorylation of ERα on Ser-

118 and Ser-167, respectively 25-27. 

Recent reports suggested that in addition to its cytoplasmic signaling function, IRS-1 is able to 

regulate nuclear processes in different cell models 28-33. For instance, in mouse fibroblasts treated with 

IGF-I, a fraction of IRS-1 is translocated from the cytoplasm to the nuclear and nucleolar 
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compartments where it modulates the expression of genes controlling cell proliferation (i.e., Cyclin 

D1) and cell growth in size (i.e., rDNA) by physically interacting with transcriptional complexes of β-

catenin and upstream binding factor 1 (UBF1), respectively 31 32. Our recent work demonstrated that 

nuclear IRS-1 is also found in breast cancer cell lines. For instance, in MCF-7 cells treated with E2 

nuclear IRS-1 physically interacted with ERα modulating its transcriptional activity at estrogen 

response element (ERE) DNA motifs 33. The exact mechanism of nuclear IRS-1 transport is not clear, 

but most likely it involves other proteins containing nuclear localization signals (ERα, T antigen, 

importins).  

Despite the evidence that IRS-1 signaling may play a critical role in tumorigenesis, only limited 

studies examined the clinical significance of IRS-1 expression in human breast cancer specimens 18 34-

36. In one study, cytoplasmatic IRS-1 has been reported to correlate with poorly differentiated breast 

tumor phenotype (G3) and lymph node involvement 35. Another study correlated IRS-1 with shorter 

disease-free survival in patients with smaller tumors 18. In contrast, Schnarr et al. found that IRS-1 

marks a more differentiated phenotype and better prognosis 34. Furthermore, one study examining 

cancer and normal specimens reported similar IRS-1 tyrosine phosphorylation in all tissues 36, while 

other analysis found decreased IRS-1 levels in poorly differentiated cancers relative to normal tissue 

and benign tumors 34. 

Regarding nuclear IRS-1, its presence in breast cancer specimens has been noted by Schnarr et 

al. 34 and Koda et al. 35, but any association with the disease has never been formally addressed. 

Consequently, we examined the expression of nuclear IRS-1 in normal mammary tissue, benign breast 

tumors and breast cancer in relation to ERα and clinicopathological features. Parallel studies were 

done for cytoplasmatic IRS-1. 
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Materials and Methods 

Patients and tissue specimens 

Table 1 summarizes information on patient and specimen characteristics. The histopathological 

examination of sections was based on the WHO and pTN classification of breast tumors. Tumor size 

(pT) was scored as follows: 0, primary tumor not detectable; 1, tumor largest diameter <2cm; 2, 

diameter <5cm; 3, diameter >5cm; 4, inflammatory carcinoma of any size. Lymph node status (pN) 

was scored from 0, no node involvement; 1, proximal node involved; 2, distal node involved. The 

protocol of the present study was reviewed and approved by the local ethical committee. 

Table 1. Patient characteristics and clinical parameters of breast tissues and cancers  
 
Sample characteristics  

 Cancers Controls 
Total specimens 
     Ductal carcinoma 
     Lobular carcinoma 

60 
38 
22 

34 

Benign tumors 
Macromasty 

 19 
14 

 
Patient Age 

 Normal Benign Ductal Lobular 

Mean±SE 53.6±3.3 45.4±3.1 62.9±2.4 64.5±2.7 

Median (Range) 56.5 (33-68) 43 (20-68) 61.5 (43-94) 66 (48-78) 

Menopause (%) 64 39 87 82 

 
Clinical parameters of breast cancer tissues 

 Ductal (38) Lobular (22) 

 G2 (19) G3 (19) G2 (10) G3 (12) 

pT 1-4 0-4 2-4 0-4 

pN 0-2 0-2 0-1 0-2 

Ki67 
 7.7 ± 0.9  

(4-14) 
14.2±1.3  

(6-21) 
7.2±1.5 
(4-12) 

9.0±1.9  
(3-15) 

The age of patients in each group is given as mean value ± SE with median age (range) for each 

population. The percentage of postmenopausal patients is indicated in each group. The range is 
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reported for tumor size (pT), and lymph node involvement (pN); median frequency of expression ±SE 

(range) is shown for Ki67.  

 

Immunohistochemistry and confocal microscopy 

Samples preparation 

Immediately after excision, tissue samples were fixed in 10% buffered formaldehyde solution 

and embedded in paraffin blocks at 56°C. ERα and IRS-1 were analyzed by immunohistochemical 

(IHC) staining using 3µm-thick consecutive paraffin sections. The sections were dewaxed in xylene 

and rehydrated in graded alcohols. After antigen retrieval by boiling in 0.01M citrate buffer pH 6. 

Immunohistochemistry 

 Endogenous peroxidase was removed with 3% H2O2; nonspecific binding was blocked by 

incubating the slides for 30 min with 1.5% BSA in PBS. Next, the sections were incubated with the 

primary antibodies (Abs) for 1h at room temperature. ERα was detected using ERα mouse monoclonal 

Ab (mAb) (DakoCytomation, Denmark) at dilution 1:35. IRS-1 was detected using the C-terminus 

IRS-1 rabbit polyclonal Ab (pAb) (Upstate, USA) at a concentration 4µg/ml. Ab-antigen reactions 

were revealed using Streptavidin-biotin-peroxidase complex (LSAB kit, DakoCytomation, Denmark). 

All slides were counterstained with hematoxylin. Breast specimens previously classified as positive for 

the expression of the studied markers were used for control and protocol standardization. In negative 

controls, primary Abs were omitted. The expression of ERα and IRS-1 was independently scored by 

two investigators (CM and CG) by light microscopy in 10 different section fields. For all nuclear 

markers, mean and median percentage, and the range of epithelial cells displaying positive staining was 

scored. In some analyses, specimens were grouped into ERα-negative (less than 5% of epithelial cells 

exhibiting ERα expression) and ERα-positive (5% or more of cells with ERα). The expression of 

cytoplasmic IRS-1 was classified using a four-point scale: 0, <10% positive cells with any staining 
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intensity; 1+, 10-50% positive cells with weak or moderate staining; 2+, >50% positive cells with weak 

or moderate staining; 3+, >50% positive cells with strong staining. No samples with less than 50% of 

positive cells with strong staining were recorded.  

Confocal microscopy  

Tissues sections were incubated for 30 min with 3% BSA in PBS to avoid nonspecific bindin, 

then for 1 h with a mixture of primary Abs (pAbs) recognizing IRS-1 and ERα.  

The anti-IRS-1 pAb (UBI) at 4 µg/ml was used for IRS-1 staining; anti-ERa F-10 monoclonal Ab 

(mAb) (Santa Cruz) at 2 µg/ml was used to detect ERα. Following the incubation with primary Abs, 

the slides were washed three times with PBS, and incubated with a mixture of secondary Abs. A 

rhodamine-conjugated donkey anti-mouse IgG (Calbiochem) was used as a secondary Ab for ERα and 

a fluorescein-conjugated donkey anti-rabbit IgG (Calbiochem) was used for IRS-1. The cellular 

localization of IRS-1 and ERα was studied using the Bio-Rad MRC 1024 confocal microscope 

connected to a Zeiss Axiovert 135M inverted microscope with x1000 magnification. The optical 

sections were taken at the central plane. The fluorophores were imaged separately to ensure no 

excitation/emission wavelength overlap. In control samples, the staining was performed with the 

omission of the primary Abs. 

 

Statistical analysis 

Descriptive statistic for nuclear IRS-1 and ERα in normal, benign and tumor samples was 

reported as mean, standard error (±SE), median value and range. The relationship between nuclear IRS-

1 and ERα was analyzed by linear regression and the statistical significance was evaluated by the 

Pearson correlation test. The distribution of ERα and nuclear IRS-1 in respect to tumor size, grade, and 

lymph node involvement are reported in scatterplots. The correlations between nuclear IRS-1, ERα, 
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cytoplasmatic IRS-1 and selected clinicopathologic features were examined with the Pearson 

correlation test.  

The value of nuclear ERα or IRS-1 expression as diagnostic marker of tumor grade, pT, pN and 

Ki67 was evaluated calculating the areas under the receiver operating characteristic (ROC) curves 37, 

which assess the performance of a diagnostic test 38-40. In the graphical representation of the ROC curve, 

the X-axis is the false-positive rate (1-specificity) and the Y-axis is the true positive rate (sensitivity). 

The diagonal line (from 0,0 to 1,1) reflects the characteristics of a test with no discriminating power. 

ROC curve was analyzed using MedCalc (MedCalc Software, Mariakerke, B). 

 

Results 

Nuclear IRS-1and ERα expression in normal mammary epithelium and benign breast tumors. 

In general, the expression of nuclear IRS-1 in normal tissues was very low (~2% of positive 

cells) (Tab. 2). ERα was expressed in 11 of 14 samples; the median frequency of ERα in all samples 

was 10.5% (Fig. 1A, B and Tab. 2). Nuclear IRS-1 was found in 9 of 11 ERα-positive specimens at the 

median frequency 1.8%. Low expression (3.5%) of nuclear IRS-1 was also recorded in 2 specimens 

that did not express ERα (data not shown).  

Compared with normal epithelium, benign tumors expressed higher median levels of nuclear 

IRS-1 (20.5%) and ERα (20.5.0%) (Tab. 2). Nuclear IRS-1 was found in 16 of 19 ERα-positive 

specimens, but was not present in any of ERα-negative cases. (Fig. 1C, D and data not shown).   

Cytoplasmic IRS-1 was expressed in all epithelial cells of normal epithelium and benign tumors 

at the levels 1+ to 3+ (Fig. 1B, D and Tab. 3), while no evidence of cytoplasmic ERα staining was 

revealed in any of the specimens (Fig. 1A). The co-localization of nuclear IRS-1 and ERα was 

determined by confocal microscopy (Fig. 2).  
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Table 2. Descriptive statistics of nuclear IRS-1 and ERα in all samples. 
 

 Normal Epithelium Benign Tumors 
 ERα IRS-1 ERα IRS-1 

Mean±SE 21.7±6.1 2.3±0.6 23.4±4.2 23±4.5 
Median (Range) 10.5 (0-60) 1.6 (0-7) 20.5 (0-70) 20.5 (0-60) 

 
 

G2 G3 Ductal 
Carcinoma ERα IRS-1 ERα IRS-1 

Mean±SE 51.8±10.1 23.4±7.1 6.2±3.4 4.1±1.8 

Median (Range) 65 (0-92) 11 (0-72) 0 (0-40) 0 (0-20) 

  
 

G2 G3 Lobular 
Carcinoma ERα IRS-1 ERα IRS-1 

Mean±SE 64.8±11.3 32±9.7 26.7±8.9 30.7±4.7 
Median (Range)  80 (0-90) 35 (0-80) 15 (0-80) 33.5 (0-52) 

The mean (±SE) expression with median (range) values for nuclear IRS-1 and ERα in all specimens 

(ERα-positive and ERα-negative) is given. Cancer samples of ductal and lobular origin were grouped 

into separate G2 and G3 populations. 

 

Table 3. Descriptive statistics of cytoplasmatic IRS-1 in all samples 

Cytoplasmic IRS-1 Expression (% of Cases in Class) 
Class Normal Benign Ductal Lobular 

0 0 0 0 0 
1+ 29 21 16 0 
2+ 29 21 52 63 
3+ 42 58 32 37 

Samples are grouped in 4 classes as described in Materials and Methods. The percentage of specimens 

with cytoplasmic IRS-1 in each staining category is given. 

 

IRS-1 expression in ERα-positive and ERα-negative breast carcinoma.  
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In invasive ductal carcinoma, nuclear IRS-1 was found in 22 of 38 of specimens. The median 

level of expression in these samples was 13.7%. ERα was detected in 20 of 38 of specimens with a 

median expression of 29.2% (Fig. 1E, F). Twenty two specimens (15 of 19 in G2, and 7 of 19 in G3) 

expressed nuclear IRS-1 (Fig. 1F, Tab. 2). Among nuclear IRS-1-positive samples, 18 also expressed 

ERα, while 4 were ERα-negative. Thirteen of G2 ductal carcinomas and 5 of G3 cancers were positive 

for both IRS-1 and ERα. In 2 of 38 specimens, ERα was expressed in the absence of nuclear IRS-1.   

In lobular cancer, nuclear IRS-1 staining was observed in 16 of 22 samples with the median 

frequency 31.2% (Fig. 1H). Eleven of these 16 samples were also ERα-positive. Within G2 lobular 

carcinomas, 6 of 10 specimens displayed nuclear IRS-1 at the median level 35.0%; all these samples 

expressed ERα at the median frequency 80.0% (Tab. 2). In the G3 subgroup, 10 of 12 tumors 

expressed nuclear IRS-1 (median 33.5%) and 5 of 10 expressed ERα (median 15.0%). In 5 of 16 

lobular cancers, nuclear IRS-1 was found in the absence of ERα (Tab. 2).  

Cytoplasmatic IRS-1 was identified in all ductal and lobular cancer samples displaying a weak 

to strong staining intensity (Tab. 3). In all specimens, the neoplasm surrounding tissue appeared normal 

and the pattern of ERα and IRS-staining comparable to that of the normal samples. 

Correlation between nuclear IRS-1and ERα  in breast cancer, benign tumors, and normal mammary 

epithelium.  

A very strong positive correlation (p<0.001) between nuclear IRS-1 and ERα was found in 

invasive ductal breast cancer. The markers were also positively associated (p<0.01) in benign tumors 

cancer samples (Fig. 4). However, no correlations were found between nuclear IRS-1 and ERα in 

normal tissues (p=0.28) and lobular breast cancer (p=0.24) (Fig. 4). 

Nuclear IRS-1 and ERα are correlated with some clinicopathological features in invasive ductal 

carcinomas. 



 12 

The distribution of nuclear ERα and nuclear IRS-1 was analyzed with respect to tumor grade, 

tumor size, lymph node involvement, and proliferation index (Fig. 3). The frequency of both ERα and 

nuclear IRS-1 expression was the highest in node-negative G2 invasive ductal carcinomas of smaller 

size (Fig. 3). In the same group, a significant negative correlation between nuclear IRS-1 or ERα and 

differentiation grade, the tumor size, lymph node involvement and proliferation rate was found (Tab. 4).  

In contrast, in lobular breast carcinomas, the distribution of nuclear IRS-1 or ERα appeared to 

be independent of and not correlated with tumor grade, size, or Ki67 expression (Fig. 3 and Tab. 4). 

Interestingly, both nuclear IRS-1 and ERα were more abundant in lymph node-negative samples (Fig. 

3), but no significant associations were determined between these markers and lymph node status (Tab. 

4).  

The specificity and sensitivity of nuclear IRS-1 or ERα as a marker of tumor differentiation 

grade, tumor size and lymph node involvement was evaluated by the ROC curve analysis. The 

comparison of the areas under the ROC curves obtained for nuclear IRS-1 and ERα indicated that both 

nuclear IRS-1 and ERα are good markers for tumor grading in invasive ductal carcinomas, while in 

lobular carcinomas only ERα could be considered a marker for grading (Tab. 5 and Fig. 5). 

Neither ERα nor nuclear IRS-1 was a useful marker of tumor size, node involvement, or tumor 

proliferation (data not shown). The distribution of nuclear IRS-1 or ERα was not related to patient’s 

age and menopausal status in cancer, benign and normal samples (data not shown). 

 

 

 

Table 4. Correlation between nuclear IRS-1, ERα and selected clinicopathological tumor features. 
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  Ductal Carcinoma Lobular Carcinoma 

  ERα IRS-1 ERα IRS-1 

G 
r 
p 

-0.573 
0.0015 

-0.511 
0.0057 

-0.563 
0.065 

0.029 
0.94 

pT 
r 
p 

-0.393 
0.039 

-0.382 
0.044 

-0.326 
0.310 

0.153 
0.633 

pN 
r 
p 

-0.381 
0.044 

-0.454 
0.015 

-0.082 
0.797 

-0.122 
0.714 

Ki67 
r 
p 

-0.591 
0.0001 

-0.538 
0.003 

-0.329 
0.31 

-0.016 
0.94 

 The association between nuclear IRS-1 or ERa and tumor grade (G), size (pT), lymph node 

involvement (pN), and the expression of the proliferation marker Ki67 was statistically analyzed with 

Pearson correlation test; r, correlation coefficient; p, statistical significance. The statistically significant 

correlations are bolded. 

 

Table 5. Association between nuclear IRS-1, ERα and tumor grade.  
 

ROC analysis for tumor grade 
Diagnostic Marker AUC estimate 

(95% CI) 
Area under the 

ROC curve 
Mann-Whitney 

test (p value) 
Ductal Carcinoma    
                ERα 71.4 (41.9-91.4) 0.809 0.001 

IRS-1 78.6 (49.2-95.1) 0.778 0.001 
Lobular Carcinoma    
                ERα 80.0 (28.8-96.7) 0.817 0.02 

IRS-1 60.0 (15.4-93.5) 0.533 0.85 
The analysis was performed with ROC curves, as described in Materials and Methods. The area under 

the ROC (receiver operating characteristic) curve (AUC) describes the value of nuclear IRS-1 or ERα 

to discriminate between G2 and G3 tumors. AUC estimate reports the confidence intervals considering 

an error of 5%. The statistical significance was evaluated by Mann-Whitney test for an area =0.5. 

Statistical significances are bolded. 

Relationship between cytoplasmatic IRS-1 and clinicopathological features. 

In ductal carcinomas, cytoplasmic IRS-1 (each staining intensity group) positively correlated 

with ERα. Moreover, in ductal cancer low and moderate IRS-1 expression was positively associated 

with tumor size, while high IRS-1 levels negatively correlated with tumor grade (Tab. 6).  
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In lobular carcinomas, high expression of cytoplasmic IRS-1 directly correlated with Ki67 (Tab. 

6). In benign tumors, low expression of cytoplasmatic IRS-1 was negatively associated with ERα, 

while higher IRS-1 levels were not linked to ERα. No correlations between the two markers were 

found in normal samples (data not shown). Similarly, cytoplasmic IRS-1 expression was not related to 

age or menopausal status in all analyzed material (data not shown). 

 
Table 6. Correlations between cytoplasmatic IRS-1 and selected clinicopathological features in 
ERα-positive tumors. 
 

  Ductal Lobular 
  0 1+ 2+ 3+ 0+ 1+ 2+ 3+ 

ERα 
r 
p - 0.978 

0.025 
0.637 
0.019 

0.987 
0.013 

- - 
0.198 
0.671 

-0.029 
0.970 

G 
r 
p - 

0.375 
0.625 

-0.082 
0.790 

-0.962 
0.037 

- - 
0.204 
0.661 

-0.376 
0.624 

pT 
r 
p - 0.973 

0.026 
0.553 
0.050 

-0.577 
0.423 

- - 
0.009 
0.984 

-0.225 
0.775 

pN 
r 
p - 

0.00 
1.00 

0.301 
0.318 - - - 

-0.069 
0.883 

- 

Ki67 
r 
p - 

0.724 
0.276 

-0.241 
0.428 

-0.905 
0.095 

- - 
-0.223 
0.631 

0.978 
0.022 

The associations between cytoplasmatic IRS-1 and ERα positivity (ERα), tumor grade (G), tumor size 

(pT), lymph node involvement (pN), and the expression of the proliferation marker Ki67 were 

statistically analyzed with the Pearson correlation test; r, correlation coefficient; p, statistical 

significance. The statistically significant correlations are bolded. The absence of value is due to either 

the absence of samples in the group or to the homogeneity of samples (variance =0).  

 

Discussion 

Studies in cellular and animal models established that breast cancer cell growth is controlled by 

complex crosstalk between ERα and IGF-I systems 4-6 14 19 41-44. However, while ERα is an established 

marker for breast cancer diagnosis and prognosis and a target for breast cancer therapy and prevention, 

the value of critical IGF-I system components like IGF-IR and IRS-1 as breast cancer markers needs 
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further examination. Until now, analysis of breast cancer samples did not establish a clear association 

between IGF-IR and breast cancer progression. Several studies demonstrated higher expression of IGF-

IR compared with non-cancer mammary epithelium, however this feature has been associated with 

either favorable or unfavorable breast cancer prognosis 4 45-53. The value of cytoplasmatic IRS-1 as a 

breast cancer marker is even less clear. Some studies provided evidence that IRS-1 expression is higher 

in cancer than in non-cancer breast epithelium, while others (including this study) reported that IRS-1 

levels do not increase (but can decrease) during cancer development and progression 18 34 36. Moreover, 

cytoplasmatic IRS-1 has been found either to correlate with ERα and associate with a more 

differentiated phenotype or be independent from ERα and associated with a more aggressive phenotype 

16 34 41 52. The significance of nuclear IRS-1 in breast cancer has never been addressed. 

In view of the importance of cytoplasmatic and nuclear IRS-1 in breast cancer growth 

evidenced in vitro and conflicting or lacking data in vivo, we set out to investigate IRS-1 expression in 

normal mammary epithelium, benign tumors and breast cancer. Using IHC, we assessed cytoplasmic 

and nuclear IRS-1 abundance and examined its relations with some prognostic markers, especially 

ERα, and clinicopathological features.  

Our data on cytoplasmic IRS-1 are consistent with those reported by Schnarr et al. who noted 

moderate to strong IRS-1 expression in normal and benign tissues, and in well differentiated 

carcinomas of both ductal and lobular origin 34. Similarly, Finlayson et al. found no difference of IRS-1 

phosphorylation in homogenates of normal and breast cancer tissues 36. On the other hand, other groups 

reported low IRS-1 expression in normal tissue and overexpression in poorly differentiated tumors 18 35 

48. In agreement with Schnarr et al. we found a positive association between cytoplasmatic IRS-1 and 

ERα and a negative correlation between high expression of IRS-1 and tumor grade in ductal 

carcinomas. This observation is also consistent with coexpression of IRS-1 and ERα noted in less 
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invasive breast cancer cell lines 6. In other studies ERα and IRS-1 were not positively correlated in 

primary tumors 18 35. The causes for these different results are unclear, but could be related to different 

IHC protocols, including different Abs used. 

We did not find any correlation between cytoplasmic IRS1 and lymph node involvement in 

ductal and lobular cancers. This partially confirms data of Koda et al., who did not observe such a 

correlation in the whole group of primary tumours, but only in the subgroup of better differentiated 

(G2) cancers 35. Our results also suggested a positive correlation between cytoplasmatic IRS-1 (weak to 

moderate) and tumor size in ERα-positive ductal cancers. This association has not been noted by 

others. Regarding cell proliferation, we found a positive correlation of IRS-1 and Ki-67 only in ERα-

positive lobular cancers expressing high levels of IRS-1 and no associations in all other samples. 

Similarly, no link between cell proliferation and cytoplasmatic IRS-1 levels was reported by Rocha et 

al. In contrast, a negative correlation was reported by Schnarr et al., while  Koda et al., noted a positive 

IRS-1/Ki-67 correlation in ERα-positive primary tumors 34 35. Taken together, these data are still too 

few and inconsistent to suggest cytoplasmic IRS-1 as a marker for breast cancer prognosis and 

diagnosis.  

Instead, our results suggest that nuclear IRS-1 is tightly linked to ERα expression and might 

serve as an additional clinical breast cancer marker. As expected, ERα levels were low in normal 

mammary epithelium, higher in benign tumors, and strongly increased in moderately differentiated 

(G2) cancers. ERα expression was downregulated in poorly differentiated (G3) ductal cancers but not 

in G3 lobular cancers, confirming the value of ERα as a marker of differentiation in ductal carcinoma 

54-56. Notably, the levels of nuclear IRS-1 were very low in normal tissue, increased in benign tumors 

and G2 ductal cancer, and decreased in G3 ductal cancer, displaying an expression trend similar to that 

of ERα.  
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In lobular cancer, the levels of nuclear IRS-1 were relatively high in both G2 and G3 tumors 

(~30%) and were not related to the abundance of ERα. Indeed, statistical analysis of data confirmed a 

very strong correlation between nuclear IRS-1 and ERα  in ductal, but not lobular, cancers. 

Importantly, in ductal, but again not in lobular cancers, both nuclear IRS-1 and ERα negatively 

correlated with tumor grade, tumor size, lymph node involvement and proliferation rate, suggesting 

their association with a less aggressive phenotype. The ROC analysis confirmed that nuclear IRS-1 as 

for ERα, is highly reliable as diagnostic marker of differentiation grade. The observation that nuclear 

IRS-1 expression increases in benign as well as in highly and moderately differentiated tumors, 

compared to normal tissues, strongly supports this assumption.  

Taken together, our data indicate that nuclear IRS-1 could serve as a novel predictive marker of 

good prognosis in ductal cancer. The lack of association between nuclear IRS-1 and ERα in lobular 

cancer and benign tumors, might suggest that, in this settings, IGF-I and ERα systems are not tightly 

linked.  
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Figure Legends 

Fig. 1. ERα and IRS-1 expression in normal mammary epithelium, benign breast tumors and 

breast cancers. 

The expression of ERα (ER) and IRS-1 (IRS) were examined by IHC, as described in Materials and 

Methods. Normal breast tissue (A, B); benign breast tumor (C, D); invasive ductal ERα-positive 

carcinoma (E, F); ERα-positive lobular breast cancer (G, H). Negative control; IHC of lobular 

carcinomas with primary Abs substituted with PBS. Higher magnification of specific areas is reported 

as inset in the original images. 
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Fig. 2. Subcellular localization of IRS-1 and ERα in breast tumors. 

The localization of IRS-1 and ERα in ductal cancers was analyzed by immunostaining and 

confocal microscopy as detailed in Materials and methods. The captured images of IRS-1 (green 

fluorescence), ERα (red fluorescence) and merged IRS-1 and ERα (yellow fluorescence) are shown in 

a representative ductal cancer tissue section. 

Fig. 3. Correlations between nuclear IRS-1 and ERα in normal breast tissues, benign breast 

tumors and breast cancers. 

Associations between nuclear IRS-1 and ERα in different tissues were analyzed with Pearson 

correlation test. For each linear regression graph, the linear equation, the correlation coefficient (R), 

and the statistical significance (p) is reported. 

Fig. 4. Distribution of nuclear IRS-1 and ERα in ductal and lobular breast cancers.  

Distributions of nuclear IRS-1 (%) and ERα (%) relative to tumor grade (Grade), size (pT), and the 

lymph node involvement (pN) in ductal and lobular breast cancers are shown in scatterplots.  

Fig. 5. Value of nuclear IRS-1 and ERα as diagnostic markers of tumor grading. 

Graphic evaluation of ERα and nuclear IRS-1 in respect to tumor differentiation grade in invasive 

ductal and lobular carcinomas, showing the true-positive rate (sensitivity) and the false-positive rate 

(specificity) of the analysis as a function of all possible cut-points for the two markers. ERα, solid line;  

nuclear IRS-1, dotted line.  
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ABSTRACT 1 

The aim of the present study was to provide new mechanistic insight into the growth arrest and 2 

apoptosis elicited by Peroxisome proliferator-activated receptor (PPAR) γ  in breast cancer cells. 3 

We ascertained that PPARγ mediates the inhibition of cycle progression in MCF7 cells exerted by 4 

the specific PPARγ agonist rosiglitazone (BRL),  since this response was no longer notable in 5 

presence of the receptor antagonist GW9662 (GW). We also evidenced that BRL is able to up-6 

regulate in a time- and dose-dependent manner mRNA and protein levels of the tumor suppressor 7 

gene p53 and its effector p21
WAF1/Cip1

. Moreover, in transfection experiments with deletion mutants 8 

of the p53 gene promoter, we documented that the Nuclear
 
Factor kB (NFkB) sequence is required 9 

for the transcriptional response to BRL. Interestingly, electrophoretic mobility shift assay showed 10 

that PPARγ binds directly to the NFkB site located in the promoter region of p53 and chromatin 11 

immunoprecipitation experiments demonstrated that BRL increases the recruitment of PPARγ on 12 

the p53 promoter sequence. Next, both PPARγ  and p53 were involved in the cleavage of caspases-13 

9 and DNA fragmentation induced by BRL, given that GW and an expression vector for p53 14 

antisense blunted these effects. Our findings evidenced that the PPARγ agonist BRL promotes the 15 

growth arrest and apoptosis in MCF7 cells, at least in part, through a crosstalk between p53 and 16 

PPARγ which may be considered an additional target for novel therapeutic interventions in breast 17 

cancer patients. 18 
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INTRODUCTION 1 

 Peroxisome proliferator-activated receptor γ (PPARγ) is a prototypical member of
 
the 2 

nuclear receptor superfamily and integrates the control
 
of energy, lipid, and glucose homeostasis (1-3 

4). PPARγ regulates differentiation and induces cell growth arrest and apoptosis in a large variety of 4 

cells (5 and references therein), including both primary and metastatic breast malignancy (6-7). 5 

However, the molecular mechanisms involved in the inhibitory effects mediated by PPARγ remain 6 

to be elucidated. 7 

 It is well known that the p53 tumor suppressor gene regulates the transcription of effectors 8 

that are also responsible for growth arrest and apoptosis (reviewed in reference 8). Among the p53 9 

target genes,
 
the p21

WAF1/Cip1
 has been recognized to exert an essential role in mediating cell cycle 10 

arrest at both G1 and G2/M checkpoints (9-11). p21
WAF1/Cip1

 inhibits cyclin D1 or E/CDK in G1 and 11 

cyclin B/cdc2 in G2/M arrest, eliciting regulatory effects on DNA replication and repair (12). 12 

Moreover, it has been reported that p53 is able to promote apoptosis in certain cell types in a 13 

transcription independent manner
 
 (13). 14 

The function of p53 as a tumor suppressor is finely tuned through an interaction with other 15 

transduction pathways regulating the cell network (14-18). For instance, a striking evidence has 16 

recently emerged for a crosstalk between p53 and relevant transcription factors, such as the 17 

glucocorticoid, androgen and estrogen receptors (19). It was therefore proved that these nuclear 18 

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

 
and, consequently, 19 

its function (19). 20 

In the present study, we provide new insight into the molecular mechanisms by which the 21 

specific PPARγ ligand rosiglitazone (BRL) induces the growth arrest and apoptosis in MCF7 22 

human breast cancer cells. Performing a panel of different assays, we have demonstrated that the 23 

biological effects of BRL are triggered, at least in part, by PPARγ binding to the Nuclear Factor kB 24 
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sequence located within the p53 promoter region. Our findings have evidenced a crosstalk between 1 

p53 and PPARγ which assumes a biological relevance in order to suggest new pharmacological 2 

strategies in breast cancer. 3 
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RESULTS 1 

BRL induces G0/G1 cycle arrest in MCF7 cells 2 

On the basis of our (20) and other (21-22) studies demonstrating the inhibitory effects of the 3 

PPARγ-agonists on proliferation of breast cancer cells, we first investigated the activity of BRL on 4 

MCF7 cell cycle progression. A 48-h exposure to BRL caused in a dose-dependent manner the 5 

inhibition of G0-G1→S phase progression with concomitant decrease in the proportion of cells 6 

entering in S phase (TAB. 1). Of note, this effect was mediated by PPARγ, since it was no longer 7 

notable in presence of the specific antagonist GW9662 (GW).  8 

BRL up-regulates p53 and p21
WAF1/Cip1

 expression in MCF7 cells 9 

Considering that the tumor suppressor gene p53 is mainly involved in the growth arrest 10 

promoted by different factors, we aimed to examine the potential ability of PPARγ to modulate the 11 

expression of p53 along with its natural target gene p21
WAF1/CIP1

. The mRNA (Fig. 1) and protein 12 

(Fig. 2) levels of both p53 and p21
WAF1/CIP1

 were up-regulated in a time- and dose-dependent 13 

manner in MCF7 cells treated with BRL. These stimulations were abrogated by GW (figures 1 and 14 

2) suggesting a direct involvement of PPARγ. 15 

BRL transactivates  p53 gene promoter 16 

The aforementioned observations prompted us to investigate whether PPARγ is able to 17 

transactivate an expression vector encoding p53 promoter gene. Thus, MCF7 cells were transiently 18 

transfected with a luciferase reporter construct (named p53-1) containing
 
the upstream region of the 19 

p53 gene spanning from –1800
 
to +12 (Fig. 3A) and treated with increasing concentrations of BRL 20 

for 24-h. Interestingly, the dose-dependent activation of p53-1 by BRL was reversed in presence of 21 

GW indicating that a PPARγ-mediated mechanism was involved in the transcriptional response to 22 

BRL (Fig. 3B).  23 
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To identify the region within the p53 promoter responsible for transactivation, we used deletion 1 

constructs expressing different binding sites such as CTF-1/YY1,
 
nuclear factor-Y (NF-Y) and 2 

NFkB (Fig. 3A). In transfection experiments performed using the mutants p53-6 and p-53-13 3 

encoding the regions from -106 to +12 and from -106 to -40, respectively, the responsiveness to 4 

BRL was still observed, while using the mutant p53-14 encoding the sequence from -106 to -49 we 5 

did not detect increase in luciferase activity (Fig. 3C). Consequently, the region from -49 to -40, 6 

which corresponds to the NFkB site (Fig. 3A), was required for the transactivation of p53 by BRL. 7 

PPARγ  binds to NFkB sequence in EMSA 8 

In order to further evaluate whether the NFkB site is responsible for the action triggered by 9 

BRL, we performed EMSA experiments. Using synthetic oligodeoxyribonucleotides corresponding 10 

to the NFkB sequence, we observed in nuclear extracts from MCF7
 
cells the formation of a single 11 

band (Fig. 4A, lane 1) which was abrogated by 100-fold molar excess of unlabeled probe (Fig. 4A, 12 

lane 2), demonstrating the specificity of the DNA binding complex. Of note, BRL treatment 13 

induced a strong increase in the specific band (Fig. 4A, lane 3), which was immunodepleted and 14 

supershifted using anti-PPARγ (Fig. 4A, lane 4) and anti-NFkB (Fig. 4A, lane 5) antibodies. 15 

Interestingly, the PPARγ transcribed and translated protein was able to bind to [
32

P]-NFkB 16 

oligonucleotide (Fig. 4A, lane 6). The specificity of the band was proved by a 100-fold excess of 17 

cold probe (Fig. 4A, lane 7) and confirmed by a consensus PPRE used as a cold competitor (Fig. 18 

4A, lane 8). Besides, the immunodepleted band obtained using the anti-PPARγ antibody (Fig. 4A, 19 

lane 9), but not evidenced with the anti-NFkB antibody (Fig. 4A, lane 10), confirmed
 
that PPARγ 20 

binds in a specific manner to the NFkB site present in the promoter of p53. As next controls, we 21 

used NFkB protein alone (Fig. 4B, lane 1) and in combination with either cold competitor (Fig. 4B, 22 

lane 2) or the anti-NFkB antibody (Fig. 4B, lane 3). 23 

Functional interaction of PPARγ  with p53 in ChIP assay 24 



 

 

 

 

 

7 

The interaction of PPARγ with p53 was further
 
elucidated by ChIP experiments. MCF7 cells 1 

were treated with formaldehyde to form DNA-protein
 
cross-links and then sonicated. Thereafter, 2 

using anti-PPARγ, anti-NFkB and anti-RNA Pol II antibodies we immunoprecipitated the 3 

complexes and the binding of PPARγ,
 
NFkB and, respectively RNA Pol II, respectively, to the 4 

NFkB site within the p53 promoter
 
was revealed by PCR. As shown in panel A of figure 5, BRL 5 

increased the recruitment of PPARγ
 
to the promoter of p53. The BRL-induced effect was slightly 6 

reduced by TGFβ, but not altered in presence of the specific inhibitor of NFkB parthenolide (P) (23) 7 

(Fig. 5A). As it concerns the recruitment of NFkB to p53, evaluated using the anti-NFkB antibody, 8 

TGFβ enhanced such interaction which was abolished by P (Fig.5A). Moreover, P was able to 9 

prevent the binding of RNA Pol II to p53 induced by TGFβ, but not that determined by BRL (Fig. 10 

5A). These findings confirmed the ability of PPARγ to stimulate the transcription of p53 in a NFkB 11 

independent manner (Fig. 5A). Next, the anti-PPARγ antibody did not immunoprecipitate a region 12 

upstream the NFkB site located within the p53 promoter gene (Fig. 5B). 13 

BRL induces caspase-9 cleavage and DNA fragmentation in MCF7 cells 14 

Having demonstrated that PPARγ mediates p53 expression induced by BRL, we investigated 15 

the cleavage of caspase 9, which is an important component of the intrinsic apoptotic process (24). 16 

Notably, the treatment of MCF7 cells with BRL for 48-h promoted the caspase-9 activation which  17 

was prevented by GW and in presence of an expression vector encoding p53 antisense (AS/p53) 18 

(Fig. 6A), which abolished p53 expression (Fig. 6B). On the contrary, the effect of BRL on the 19 

cleavage of caspase 9 was still notable using the NFkB inhibitor P (Fig. 6A), which abrogating the 20 

NFkB protein levels (Fig. 6C) excluded the contribution of such factor in the action elicited by 21 

BRL.  22 
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As evidenced in DNA fragmentation assay, PPARγ was also involved in the apoptotic 1 

process triggered by BRL since this effect was completely and partially reversed by GW and the 2 

AS/p53, respectively (Fig. 6D). Again,  P did not modify the activity of BRL (Fig. 6D). Taken 3 

together, these results  indicate that, at least in part, a crosstalk between PPARγ and p53 may be 4 

responsible for the growth arrest and apoptosis induced by BRL in MCF7 cells. 5 
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DISCUSSION 1 

In recent years, a great deal of attention focused on the antiproliferative effects of PPARγ in 2 

a variety of cancer cell types. Treatments with PPARγ ligands have been demonstrated to induce 3 

cell cycle arrest and apoptosis in different cancer models (6-7, 25). Besides, an interaction between 4 

PPARγ and p53 was hypothesized but not clarified at molecular level in cholangiocarcinoma (26), 5 

in human gastric cancer cells (27) and even in rat vascular smooth muscle cells (28). In addition, 6 

from our and other studies emerged the ability of PPARγ to up-regulate the expression of the tumor 7 

suppressor gene PTEN which is required for both a negative modulation of PI3K/Akt-dependent 8 

cell proliferation (20, 29-30) and a p53-mediated regulation of cell survival and apoptosis (31). 9 

Consequently, PPARγ and p53 may converge in a tumor suppressor activity which remains to be 10 

further elucidated. 11 

In order to provide new insight into the inhibitory action exerted by the cognate PPARγ-12 

ligand BRL, we first demonstrated that PPARγ mediates the growth arrest in G0-G1 phase induced 13 

by BRL in MCF7 cells. Besides, considering the key role elicited by p53 in the growth inhibition 14 

and apoptosis (14, 17), we have evaluated whether PPARγ signalling converges on p53 transduction 15 

pathway in MCF7 cells. Of interest, we found that BRL exposure up-regulates both p53 mRNA and 16 

protein levels with a concomitant increase of p21
WAF1/Cip1 

expression. These effects were abrogated 17 

in presence of the specific antagonist GW, addressing a PPARγ-mediated mechanism. Therefore, 18 

investigating the potential ability of BRL to modulate p53 promoter gene, we performed transient 19 

transfections in MCF7 cells using diverse deletion mutants of p53 promoter gene (32). The dose-20 

dependent transactivation of p53 by BRL involved directly PPARγ
 
since the transcriptional activity 21 

was prevented by GW treatment. Moreover, we documented that the region spanning from -49 to -22 

40, which corresponds to the NFkB site, is required for the responsiveness to BRL.  23 
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It deserves to be mentioned that the transcription factor NFkB can regulate both pro- and 1 

antiapoptotic
 
signalling pathways depending on cell

 
type, the extent of NFkB activation and the 2 

nature of the apoptotic
 
stimuli (33). NFkB was reported to physically interact with PPARγ (34), 3 

which in some circumstances binds to DNA cooperatively with NFkB (35-36), further enhancing 4 

the NFkB-DNA
 
binding (37). Besides, PPARγ agonists were able to enhance the binding of NFkB 5 

to the upstream kB regulatory element site
 
of c-myc (38). Our EMSA experiments extended the 6 

aforementioned observations since nuclear extracts of MCF7 cells treated with BRL showed an 7 

increased binding to the NFkB sequence located in the p53 promoter region. Given that the anti-8 

PPARγ and anti-NFkB antibodies were both able to induce shifted bands, we performed an EMSA 9 

study using a cell free system to ascertain the potential direct interaction of PPARγ with NFkB site. 10 

Interestingly, we observed the formation of a single DNA-binding complex which was again shifted 11 

by the anti-PPARγ antibody. These findings were supported by ChIP assay in MCF7 cells 12 

demonstrating the ability of BRL to enhance the recruitment of PPARγ and RNA Pol II to the 13 

promoter of p53 even in presence of the NFkB inhibitor P. Overall, these data indicate that the 14 

PPARγ-mediated growth arrest upon addition of BRL in MCF7 cells involves, at least in part, the 15 

direct stimulation of p53 transcription.  16 

p53 acts
 
as a tumor suppressor depending on its physical

 
and functional interaction with 17 

diverse cellular proteins (39), like some nuclear
 
receptors that in turn exert an inhibitory activity on 18 

p53 biological outcomes (19). In Supplemental Data we show an evident co-immunoprecipitation 19 

and co-localization of PPARγ and p53 after BRL treatment. However, additional experiments are 20 

required to better characterize such interaction and its functional consequences. 21 

A large body of evidence has suggested the straightforward role of p53 signalling in the 22 

apoptotic cascades which include the activation of caspases, a family of cytoplasmic cysteine
 

23 

proteases (40). The
 
intrinsic apoptotic pathway involves

 
a

 
mitochondria-dependent process, which 24 



 

 

 

 

 

11 

results in cytochrome c
 
release and, thereafter, activation of caspase-9 (24). Besides, apoptosis is 1 

characterized by distinct morphological changes including the internucleosomal cleavage of DNA, 2 

which is recognized as a ‘DNA ladder’ (24 and references therein). Notably, we evidenced that in a 3 

consecutive series of events BRL i) up-regulates the expression of p53 and ii) its effector 4 

p21
WAF1/Cip1

, iii) triggers the cleavage of caspases-9, and iv) induces DNA fragmentation in a 5 

PPARγ-mediated manner. Given the ability of AS/p53 to reduce the last two biological effects of 6 

BRL, it may be argued an involvement of p53 in such PPARγ-dependent activity. On the contrary, 7 

the cleavage of caspase-9 and DNA fragmentation observed upon BRL treatment did not show 8 

changes suppressing the NFkB at protein level with P, suggesting that this factor is not required for 9 

the apoptotic events elicited by BRL. 10 

In the present study we have provided new insight into the molecular mechanism through 11 

which PPARγ mediates the growth arrest and apoptosis induced by BRL in MCF7 cells. Our 12 

findings suggest that a crosstalk between p53 and PPARγ may assume biological relevance in 13 

setting novel therapeutic interventions in breast cancer. 14 



 

 

 

 

 

12 

MATERIALS AND METHODS 1 

Reagents 2 

Rosiglitazone, BRL49653, was a gift from GlaxoSmithKline (West Sussex, UK), the 3 

irreversible PPARγ-antagonist GW9662 was purchased by Sigma (Milan, Italy), human 4 

recombinant TGFβ was obtained from ICN Biomedicals (DBA, Milan, Italy), and the Parthenolide  5 

was purchased by Alexis (San Diego, CA USA).  6 

Plasmids  7 

 The p53 promoter-luciferase reporters, constructed using pGL2 for cloning of p53–1
 
and -6, 8 

and TpGL2 for p53–13 and -14 were kindly provided by Dr. Stephen H. Safe (Texas A&M 9 

University, Texas, USA). The constructs used were generated by Safe (32) from the human p53 10 

gene promoter: p53-1 (containing the -1800 to +12 region), p53-6 (containing the – 106 to +12 11 

region), p53-13 (containing the – 106 to -40 region) and p53-14 (containing the – 106 to -49 12 

region). 13 

 As an internal transfection control, we co-transfected the plasmid pRL-CMV (Promega 14 

Corp., Milan, Italy) that expresses Renilla luciferase enzymatically distinguishable from firefly 15 

luciferase by the strong cytomegalovirus enhancer/promoter. The p53 antisense plasmid (AS/p53) 16 

and PPARγ expression plasmid were gifts from Dr. Moshe Oren (Weizmann Institute of Science, 17 

Rehovot, Israel) and Dr. R. Evans (The Salk Institute, San Diego, CA, USA), respectively. 18 

Cell cultures 19 

Wild-type human breast cancer MCF7 cells (a gift from Dr. Ewa Surmacz, Sbarro Institute 20 

for Cancer Research and Molecular Medicine, Philadelphia, USA) were grown in DMEM plus 21 

glutamax containing 10 % fetal calf serum (FCS) (Invitrogen, Milan, Italy) and 1 mg/ml penicillin-22 

streptomycin. 23 

 24 
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DNA Flow cytometry 1 

MCF7 cells at 50-60 % confluence were shifted to serum free medium (SFM) for 24 hours 2 

and then treatments were added in SFM for 48 hours. Thereafter, cells were trypsinized, centrifuged 3 

at 1500 rpm for 3 minutes, washed with PBS, and then treated with 20 µg/ml RNase A 4 

(Calbiochem, La Jolla, CA). DNA was stained with 100 µg/ml propidium iodide for 30 minutes at 5 

4°C protected from light, and cells were analyzed with the FACScan (Becton, Dickinson, NJ). 6 

RT-PCR assay 7 

MCF7 cells were grown in 10-cm dishes to 70-80 % confluence and exposed to treatments 8 

for 24 and 48 hours in SFM. Total cellular RNA was extracted using TRIZOL reagent (Invitrogen) 9 

as suggested by the manufacturer. The purity and integrity were checked spectroscopically and by 10 

gel electrophoresis before carrying out the analytical procedures. The evaluation of gene expression 11 

was performed by semiquantitative RT-PCR method as previously described (41). For p53, 12 

p21
WAF1/Cip1

, and the internal control gene 36B4, the primers were: 5’-13 

GTGGAAGGAAATTTGCGTGT-3’ (p53 forward) and 5’-CCAGTGTGATGATGGTGAGG-3’ 14 

(p53 reverse), 5’-GCTTCATGCCAGCTACTTCC-3’ (p21 forward) and 5’-15 

CTGTGCTCACTTCAGGGTCA-3’ (p21 reverse), 5’-CTCAACATCTCCCCCTTCTC-3’ (36B4 16 

forward) and 5’-CAAATCCCATATCCTCGTCC-3’ (36B4 reverse) to yield respectively products 17 

of 190 bp with 18 cycles, 270 bp with 18 cycles and 408 bp with 12 cycles. The results obtained as 18 

optical density arbitrary values were transformed to percentage of the control (percent control) 19 

taking the samples from untreated cells as 100 %. 20 

Transfection assay 21 

MCF7 cells were transferred into 24-well plates with 500 µl of regular growth medium/well 22 

the day before transfection. The medium was replaced with SFM on the day of transfection, which 23 

was performed using Fugene 6 reagent as recommended by the manufacturer (Roche Diagnostics, 24 
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Mannheim, Germany) with a mixture containing 0.5 µg of promoter-luc reporter plasmid, 5 ng of 1 

pRL-CMV. After 24 hours transfection, treatments were added in SFM as indicated and cells were 2 

incubated for further 24 hours. Firefly and Renilla luciferase activities were measured using the 3 

Dual Luciferase Kit (Promega, Madison, WI). The firefly luciferase values of each sample were 4 

normalized by Renilla luciferase activity and data were reported as Relative Light Units (RLU) 5 

values. 6 

MCF7 cells plated into 10-cm dishes were transfected with 5 µg of AS/p53 using Fugene 6 7 

reagent as recommended by the manufacturer (Roche Diagnostics, Mannheim, Germany). The 8 

activity of AS/p53 was verified utilizing western blot 
 
to detect changes in p53 protein levels. Time 9 

course analysis revealed that p53 levels
 
were effectively suppressed at 18 hours after transfection 10 

(data not shown). Empty vector was used to ensure that DNA concentrations were constant in each 11 

transfection. 12 

Electrophoretic Mobility Shift Assay (EMSA) 13 

Nuclear extracts from MCF7 cells were prepared as previously described for EMSA (42). 14 

Briefly, MCF7 cells plated into 10-cm dishes were grown to 70-80 % confluence shifted to SFM for 15 

24 hours and then treated with 10 µM BRL for 6 hours. Thereafter, cells were scraped into 1.5 ml of 16 

cold phosphate-buffered saline (PBS). Cells were pelleted for 10 seconds and resuspended in 400 µl 17 

cold buffer A (10 mM HEPES-KOH pH 7.9 at 4 °C, 1.5mM MgCl2, 10 mM KCl, 0.5 mM 18 

dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin) by flicking the tube. The cells were allowed to swell 19 

on ice for 10 minutes and then vortexed for 10 seconds. Samples were then centrifuged for 10 20 

seconds and the supernatant fraction discarded. The pellet was resuspended in 50 µl of cold Buffer 21 

B (20 mM HEPES-KOH pH 7.9, 25 % glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 22 

0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin) and incubated in ice for 20 minutes for 23 

high-salt extraction. Cellular debris were removed by centrifugation for 2 minutes at 4 °C and the 24 



 

 

 

 

 

15 

supernatant fraction (containing DNA binding proteins) was stored at –70 °C. In vitro transcribed 1 

and translated PPARγ was synthesized using the T7 polymerase in the rabbit reticulocyte lysate 2 

system from PPARγ plasmid as directed by the manufacturer (Promega). The probe was generated 3 

by annealing single stranded oligonucleotides and labeled with [γ
32

P] ATP (Amersham Pharmacia, 4 

Buckinghamshire, UK) and T4 polynucleotide kinase (Promega) and then purified using Sephadex 5 

G50 spin columns (Amersham Pharmacia). The DNA sequence of the nuclear
 
factor kB (NFkB) 6 

used as probe or as cold competitor is the following: NFkB, 5’-AGT TGA GGG
 
GAC TTT CCC 7 

AGG C-3’ (Sigma Genosys, Cambridge, UK). As cold competitor we also used PPRE 8 

oligonucleotide: 5’-GGGACCAGGACAAAGGTCACGTT-3’ (Sigma Genosys). The protein 9 

binding reactions were carried out in 20 µl of buffer [20 mM Hepes pH 8, 1 mM EDTA, 50 mM 10 

KCl, 10 mM DTT, 10% glicerol, 1mg/ml BSA, 50 µg/ml poly dI/dC] with 50000 cpm of labeled 11 

probe, 5 µg of MCF7 nuclear protein, or 2 µl of transcribed and translated in vitro PPARγ protein, 12 

or 1 µl of NFkB protein (Promega), and 5 µg of poly (dI-dC). The mixtures were incubated at room 13 

temperature for 20 minutes in the presence or absence of unlabeled competitor oligonucleotides. For 14 

the experiments involving anti-PPARγ and anti-NFkB antibodies (Santa Cruz Biotechnology, Santa 15 

Cruz, CA), the reaction mixture was incubated with these antibodies at 4 °C for 30 minutes before 16 

addition of labeled probe. The entire reaction mixture was electrophoresed through a 6 % 17 

polyacrylamide gel in 0.25 X Tris borate-EDTA for 3 hours at 150 V. Gel was dried and subjected 18 

to autoradiography at –70 °C. 19 

Chromatin immunoprecipitation (ChIP) 20 

MCF7 cells were grown in 10-cm dishes to 50-60 % confluence, shifted to SFM for 24 21 

hours and then treated with 10 µM BRL for 1 hour. Thereafter, cells were washed twice with PBS 22 

and crosslinked with 1 % formaldehyde at 37 °C for 10 minutes. Next, cells were washed twice 23 

with PBS at 4 °C, collected and resuspended in 200 µl of lysis buffer (1% SDS, 10 mM EDTA, 50 24 
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mM Tris-HCl pH 8.1) and left on ice for 10 minutes. Then, cells were sonicated four times for 10 1 

seconds at 30 % of maximal power (Sonics, Vibra Cell 500 W) and collected by centrifugation at 4 2 

°C for 10 minutes at 14,000 rpm. The supernatants were diluted in 1.3 ml of IP buffer (0.01 % SDS, 3 

1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 16.7 mM NaCl) followed by 4 

immunoclearing with 80 µl of sonicated salmon sperm DNA/protein A agarose (UBI, DBA Srl, 5 

Milan - Italy) for 1 hour at 4 °C. The precleared chromatin was immunoprecipitated with anti-6 

PPARγ, anti-NFkB and anti-RNA Pol II antibodies (Santa Cruz Biotechnology). At this point, 60 µl 7 

salmon sperm DNA/protein A agarose were added and precipitation was further continued for 2 8 

hours at 4 °C. After pelleting, precipitates were washed sequentially for 5 minutes with the 9 

following buffers: Wash A (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 10 

150 mM NaCl), Wash B (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.1, 11 

500 mM NaCl), and Wash C (0.25 M LiCl, 1 % NP-40, 1 % sodium deoxycholate, 1 mM EDTA, 12 

10 mM Tris-HCl pH 8.1), and then twice with TE buffer (10 mM Tris, 1 mM EDTA). The 13 

immunocomplexes were eluted with elution buffer (1 % SDS, 0.1 M NaHCO3). The eluates were 14 

reverse crosslinked by heating at 65 °C and digested with proteinase K (0.5 mg/ml) at 45 °C for 1 15 

hour. DNA was obtained by phenol/chloroform/isoamyl alcohol extraction. 2 µl of 10 mg/ml yeast 16 

tRNA (Sigma) were added to each sample and DNA was precipitated with 70 % ethanol for 24 17 

hours at –20 °C, and then washed with 95 % ethanol and resuspended in 20 µl of TE buffer. A 5 µl 18 

volume of each sample was used for PCR with primers flanking a sequence present in the p53 19 

promoter: 5’-CTGAGAGCAAACGCAAAAG-3’ (forward) and 5’-20 

CAGCCCGAACGCAAAGTGTC-3’ (reverse) containing the kB site from -254 to -42 region and 21 

5’-GAAAACGTTAGGGTGTGG-3’ (forward) and 5’-GGTGCAGAGTCAGGATTC-3’ (reverse) 22 

upstream of the kB site from -528 to -452 region (Gene Bank AC: J0423). The PCR conditions for 23 

the two p53 promoter fragments were respectively 45 seconds at 94 °C, 40 seconds at 57 °C, 90 24 
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seconds at 72 °C and 45 seconds at 94 °C, 40 seconds at 55 °C, 90 seconds at 72 °C. The 1 

amplification products obtained in 30 cycles were analysed in a 2 % agarose gel and visualized by 2 

ethidium bromide staining. The negative control was provided by PCR amplification without DNA 3 

sample. The specificity of reactions was ensured using normal mouse and rabbit IgG (Santa Cruz 4 

Biotechnology). 5 

Immunoblotting  6 

MCF7 cells were grown in 10-cm dishes to 70-80% confluence and exposed to treatments 7 

for 24 and 48 hours in SFM as indicated. Cells were then harvested
 
in cold PBS and resuspended

 
in 8 

lysis buffer containing 20 mM HEPES pH 8, 0.1mM EDTA, 5mM MgCl2, 0.5M NaCl, 20 % 9 

glycerol, 1 % NP-40, inhibitors (0.1mM Na3VO4, 1 % PMSF, 20 mg/ml aprotinin). Protein 10 

concentration was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). 11 

A 50 µg portion of protein lysates was used for Western Blotting (WB), resolved on a 10 % 12 

SDS-polyacrylamide gel, transferred to a nitrocellulose membrane and probed with an antibody 13 

directed against the p53, p21
WAF1/Cip1

, caspases-9 and NFkB (Santa Cruz Biotechnology). As 14 

internal control, all membranes were subsequently stripped (glycine 0.2 M, pH 2.6 for 30 minutes at 15 

room temperature) of the first antibody and reprobed with anti-β-actin antibody. 16 

The antigen-antibody complex was detected by incubation of the membranes for 1 hour at room 17 

temperature with peroxidase-coupled goat anti-mouse or anti-rabbit IgG and revealed using the 18 

enhanced chemiluminescence system (ECL system, Amersham Pharmacia). Blots were then 19 

exposed to film (Kodak film, Sigma).The intensity of bands representing relevant proteins was 20 

measured by Scion Image laser densitometry scanning program. 21 

DNA Fragmentation 22 
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 DNA fragmentation was determined by gel electrophoresis. MCF7 cells were grown in 10-1 

cm dishes to 70 % confluence and treated with 10 µM BRL and/or 10 µM GW and /or 15 µM P. 2 

After 72 hours cells were collected
 
and washed with PBS and pelletted at 1800 rpm for 5 minutes. 3 

The samples were resuspended in 0.5 ml of extraction buffer (50 mM Trios-HCl pH 8, 10mM 4 

EDTA, O.5% SDS) for 20 minutes in rotation at 4 °C. DNA was extracted with phenol/chloroform 5 

for 3 times and once with chloroform.
 
The aqueous phase was used to precipitate acids nucleic with 6 

0.1 volumes or of 3 M sodium acetate and 2.5 volumes cold EtOH overnight at -20 °C. The DNA 7 

pellet was resuspended
 
in 15 µl of H2O treated with RNAse A for 30 minutes at 37 °C. The 8 

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

 
The 9 

extracted DNA (40 µg/lane) was subjected to electrophoresis
 
on 1.5 % agarose gels. The gels were 10 

stained with ethidium bromide
 
and then photographed.

  
11 

STATISTICAL ANALYSIS  12 

Statistical analysis was performed using ANOVA followed by Newman-Keuls testing to 13 

determine differences in means. p<0.05 was considered as statistically significant. 14 
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FIGURE LEGENDS 1 

Table 1 BRL induces G0/G1 arrest of cell cycle progression in MCF7 cells. MCF7 cells were 2 

treated as indicated. DNA was stained with 100 µg/ml propidium iodide for 30 minutes at 4 °C 3 

protected from light and then the cells were analyzed with the FACScan (Becton, Dickinson, NJ). 4 

Each data point represents the percentage of three independent experiments performed in triplicate. 5 

The data are presented as mean ± S.D. *p<0.05 and **p<0.01 BRL-treated vs untreated cells. 6 

Figure 1 BRL up-regulates p53 and p21
WAF1/Cip1

 mRNA expression in MCF7 cells. 7 

Semiquantitative RT-PCR evaluation of p53 and p21
WAF1/Cip1 

mRNAs expression. MCF7 cells were 8 

treated for 24 (A) 
 
and 48 (B) hours with increasing concentrations of BRL as indicated, 10 µM GW 9 

alone or in combination with 1 µM BRL. 36B4 mRNA levels were determined as control. The side 10 

panels show the quantitative representation of data (mean ± S.D.) of three independent experiments 11 

after densitometry and correction for 36B4 expression. *p<0.05 and **p<0.01 BRL-treated vs 12 

untreated cells  13 

Figure 2 BRL up-regulates p53 and p21
WAF1/Cip1

 protein expression in MCF7 cells. 14 

Immunoblots of p53 and p21
WAF1/Cip1

 from MCF7 cells extracts treated for 24 h (A) and 48 (B) with 15 

increasing BRL concentrations, 10 µM GW alone or in combination with 1 µM BRL. β-actin was 16 

used as loading control. The side panels show the quantitative representations of data (mean ± S.D.) 17 

of three independent experiments performed for each condition. * p<0.05 and **p<0.01 BRL-18 

treated vs untreated cells  19 

Figure 3 Effects of BRL on p53-gene promoter-luciferase reporter constructs in MCF7 cells. 20 

A: Schematic map of the p53 promoter fragments used in this study. B: MCF7 cells were 21 

transiently transfected with p53 gene promoter-luciferase reporter construct (p53-1) and treated for 22 

24 hours with increasing BRL concentrations, 10 µM GW alone or in combination with 1 µM BRL. 23 

C: MCF7 cells were transiently transfected with p53 gene promoter-luc reporter constructs (p53-1, 24 
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p53-6, p53-13, p53-14) and treated for 24 hours with 1 µM BRL and/or 10 µM GW. The luciferase 1 

activities were normalized to the Renilla luciferase as internal transfection control and data were 2 

reported as  RLU values. Columns are mean ± S.D. of three independent experiments performed in 3 

triplicate. *p<0.05 BRL-treated vs untreated cells. pGL2: basal activity measured in cells transfected 4 

with pGL2 basal vector; RLU, Relative Light Units. CTF-1, CCAAT-binding transcription factor-1; 5 

NF-Y, nuclear factor-Y; NFkB, nuclear factor kB. 6 

Figure 4 PPARγγγγ binds to NFkB site in the p53 promoter region in EMSA.  7 

A: Nuclear extracts from MCF7 cells (lane 1) or 2 µl of PPARγ translated protein (lane 6) were 8 

incubated with a double-stranded NFkB sequence probe labeled with [γ
32

P] and subjected to 9 

electrophoresis in a 6% polyacrylamide gel. Competition experiments were performed adding as 10 

competitor a 100-fold molar excess of unlabeled NFkB probe (lanes 2 and 7) or as cold competitor 11 

PPRE (lane 8). In lane 3, nuclear extracts from MCF7 were treated with 10 µM BRL. Anti-PPARγ 12 

and anti-NFkB Abs were incubated with nuclear extracts from MCF7 cells treated with 10 µM BRL 13 

(lanes 4 and 5, respectively) or added to PPARγ protein (lanes 9 and 10, respectively). Lane 11 14 

contains probe alone, lane 12 contains 2 µl of unprogrammed rabbit reticulocyte lysate incubated 15 

with NFkB (URRL). B: 1 µl of NFkB protein (lane 1) was incubated with a double-stranded NFkB 16 

sequence probe labeled with [γ
32

P] and subjected to electrophoresis in a 6% polyacrylamide gel. A 17 

100-fold molar excess of unlabeled NFkB probe (lanes 2) or anti-NFkB antibody (lane 3) was added 18 

to NFkB protein. 19 

Figure 5 Functional interaction of PPARγγγγ and p53 in ChIP assay. . . .  MCF7 cells were treated for 20 

1 hour with 10 µM BRL, 10 ng/ml TGFβ, 15 µM Parthenolide (P), as indicated. The soluble 21 

chromatin was immunoprecipitated with anti-PPARγ, anti-NFkB and anti-RNA Pol II antibodies. 22 

The p53 promoter sequence including the NFkB site (panel A) and that located upstream the NFkB 23 
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site (panel B) were detected by PCR with specific primers, as described in Materials and Methods. 1 

To control input DNA, p53 promoter was amplified from 30 µl of initial preparations of soluble 2 

chromatin (before immunoprecipitations). Normal rabbit antiserum was used as negative control 3 

(N).  4 

Figure 6 BRL induces cleavage of caspase-9 and DNA laddering. A: MCF7 cells were treated 5 

with BRL alone or in combination with GW or parthenolide (P) for 48-h as indicated, or transfected 6 

with an expression plasmid encoding for p53 antisense (AS/p53). Positions of procaspase-9 and its 7 

cleavage products are indicated by arrowheads to the right. One of three similar experiments is 8 

presented. β-actin was used as loading control on the same stripped blot. B: p53 protein expression 9 

(evaluated by WB) in MCF7 cells transfected with an empty vector (v) or a AS/p53 and treated as 10 

indicated. β-actin was used as loading control. C: NFkB expression in MCF7 cells untreated or 11 

treated with P as indicated. β-actin was used as loading control. D: DNA laddering was performed 12 

in MCF7 cells treated for 72-h as indicated, or transfected with AS/p53. 13 
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Estrogen Receptor A Binds to Peroxisome Proliferator^Activated
Receptor Response Element and Negatively Interfereswith
Peroxisome Proliferator^Activated Receptor ; Signaling
in Breast Cancer Cells
Daniela Bonofiglio,1Sabrina Gabriele,1Saveria Aquila,1Stefania Catalano,1Mariaelena Gentile,2

Emilia Middea,1Francesca Giordano,2 and SebastianoAndo' 2,3

Abstract Purpose: The molecular mechanisms involved in the repressive effects exerted by estrogen
receptors (ER) on peroxisome proliferator ^ activated receptor (PPAR) g^mediated transcriptional
activity remain to be elucidated. The aim of the present study was to provide new insight into the
crosstalk between ERa and PPARg pathways in breast cancer cells.
Experimental Design: Using MCF7 and HeLa cells as model systems, we did transient trans-
fections and electrophoretic mobility shift assay and chromatin immunoprecipitation studies to
evaluate the ability of ERa to influence PPAR response element ^ mediated transcription. A pos-
sible direct interaction between ERa and PPARg was ascertained by coimmunoprecipitation
assay, whereas their modulatory role in the phosphatidylinositol 3-kinase (PI3K)/AKT pathway
was evaluated by determining PI3K activity and AKT phosphorylation. As a biological counter-
part, we investigated the growth response to the cognate ligands of both receptors in
hormone-dependent MCF7 breast cancer cells.
Results:Ourdata show for the first time that ERa binds toPPAR response element and represses
its transactivation. Moreover, we have documented the physical and functional interactions of
ERa and PPARg, which also involve the p85 regulatory subunit of PI3K. Interestingly, ERa and
PPARg pathways have an opposite effect on the regulation of the PI3K/AKT transduction
cascade, explaining, at least in part, the divergent response exerted by the cognate ligands
17h-estradiol and BRL49653 onMCF7 cell proliferation.
Conclusion: ERa physically associates with PPARg and functionally interferes with PPARg
signaling. This crosstalk could be taken into account in setting new pharmacologic strategies for
breast cancer disease.

Peroxisome proliferator–activated receptors (PPAR) are ligand-
activated transcription factors belonging to the nuclear receptor
superfamily (1). Activation of PPARs is a multistep process that
involves ligand binding, heterodimerization with retinoic X
receptor (RXR), interaction with cognate DNA sequences, and
recruitment of coregulatory proteins (1). Three PPAR isoforms,
a, h/y, and g, are expressed in multiple species in a tissue-
specific manner (2–4). As for PPARg, its involvement has been
reported in several metabolic pathways, in adipocyte differen-
tiation, and even in the growth inhibition of different cancer cell
lines (5–14). In addition, PPARg promoted terminal differen-

tiation of malignant breast epithelial cells in vitro and induced
morphologic changes associated with apoptosis and fibrosis in
breast tumor cells injected in mice (15, 16).

A large body of evidence has shown that estrogen receptor
(ER) a is involved in the development of breast cancer (17–20).
On ligand binding, ERa undergoes a conformational change
allowing chromatin interaction and the transcriptional regula-
tion of target genes (21). It has also been reported that ERa
binds to the p85 regulatory subunit of phosphatidylinositol
3-kinase (PI3K), leading to the activation of the protein kinase
B/AKT pathway, which in turn regulates diverse processes like
cell survival and proliferation (22, 23).

Recently, an increasing physiologic significance has been
attributed to the crosstalk among nuclear receptors, which was
observed at several levels of the signal transduction cascades
(24–28). As it concerns the interaction between PPAR and ER
pathways, the PPAR/RXR heterodimer has been shown to bind
to estrogen response element (ERE)–related palindromic
sequences; however, it cannot transactivate due to a nonper-
missive natural promoter structure (26). On the other hand,
ERs negatively interfere with PPAR response element (PPRE)–
mediated transcriptional activity (29); however, the molecular
mechanisms involved still remain to be elucidated.
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Herein, we have shown for the first time, to our knowledge,
that ERa binds to PPRE even in the context of the endogenous
phosphatase and tensin homologue deleted on chromosome
10 (PTEN) promoter sequence, physically interacts with PPARg,
and generates a ternary complex involving the p85 regulatory
subunit of PI3K. Moreover, ERa and PPARg induce opposite
effects on the regulation on the PI3K/AKT pathway eliciting
consequently divergent growth responses on treatment with the
respective cognate ligands 17h-estradiol and rosiglitazone
(BRL49653) in hormone-dependent MCF7 breast cancer cells.

Materials andMethods

Reagents. BRL49653 was a kind gift from GlaxoSmithKline (West
Sussex, United Kingdom). The irreversible PPARg antagonist GW9662,
17h-estradiol, and hydroxytamoxifen were purchased by Sigma (Milan,
Italy). ICI182780 was generously provided by Zeneca Pharmaceuticals
(Cheshire, United Kingdom). All compounds were solubilized in
DMSO or in ethanol (Sigma).

Plasmids. The pGL3 vector containing three copies of a PPRE
sequence upstream of the minimal thymidine kinase promoter ligated
to a luciferase reporter gene (3XPPRE-TK-pGL3) and the PPARg
expression plasmid were a gift from Dr. R. Evans (The Salk Institute,
San Diego, CA). The expression vector of ERa and androgen receptor
were previously described (30, 31). The ERh expression vector was
provided by Dr. J.A. Gustafsson (Karoliska Institute, Stockholm,
Sweden). The constitutively active myristilated AKT mutant (myr-AKT)
was kindly provided by Dr. T. Simoncini (University of Pisa, Pisa, Italy).

Cell cultures. Wild-type human breast cancer ERa-positive MCF7
cells (a gift from E. Surmacz, Sbarro Institute for Cancer Research
and Molecular Medicine, Philadelphia, PA) were grown in DMEM-F12
containing 10% FCS, 1% L-glutamine, 1% Eagle’s nonessential amino
acids, and 1 mg/mL penicillin-streptomycin. The ER-negative HeLa
cells were maintained with DMEM supplemented with 10% FCS, 1%
L-glutamine, and 1 mg/mL penicillin-streptomycin.

Transfection assay. Transient transfection experiments were done
using 3XPPRE-TK ligated to a luciferase reporter gene into the pGL3

vector. Cells were transferred into 24-well plates with 500 AL of regular
growth medium/well the day before transfection. The medium was
replaced with DMEM or DMEM-F12 lacking phenol red and serum on
the day of transfection, which was done using Fugene 6 reagent as
recommended by the manufacturer (Roche Diagnostics, Mannheim,
Germany) with a mixture containing 0.5 Ag of reporter plasmid, 5 ng
of pRL-CMV, and 0.1 Ag of effector plasmid where applicable. Empty
vectors were used to ensure that DNA concentrations were constant in
each transfection. After 6 hours of transfection, the medium was
changed and the cells were treated in serum-free DMEM or DMEM-F12
in the presence of 10 Amol/L BRL49653, 1 Amol/L ICI182780, 1 Amol/L
hydroxytamoxifen, and 10 Amol/L GW9662 for 18 hours.

Firefly and Renilla luciferase activities were measured using the Dual
Luciferase Kit (Promega, Madison, WI). The firefly luciferase values of
each sample were normalized by Renilla luciferase activity and data
were reported as relative light units.

HeLa cells were plated in 10 cm dishes and then transfected with 5 Ag
ERa expression plasmid using Fugene 6 reagent to perform the
electrophoretic mobility shift assay (EMSA). To determine PI3K activity,
MCF7 cells were plated in 10 cm dishes and then transfected with 5 Ag
PPARg and 5 Ag ERa expression plasmids using FuGENE 6 reagent. To
evaluate the role of PI3K/AKT pathway in MCF7 cell growth, 0.5 Ag
constitutively active myr-AKT was transfected using Fugene 6 reagent in
six-well plates every 2 days where applicable.

Electrophoretic mobility shift assay. Nuclear extracts from MCF7 and
HeLa cells were prepared as previously described (32). Briefly, MCF7
and HeLa cells plated into 10 cm dishes were scraped into 1.5 mL of
cold PBS. Cells were pelleted for 10 seconds and resuspended in 400 AL
cold buffer A [10 mmol/L HEPES-KOH (pH 7.9) at 4jC, 1.5 mmol/L

MgCl2, 10 mmol/L KCl, 0.5 mmol/L DTT, 0.2 mmol/L phenyl-
methylsulfonyl fluoride, 1 mmol/L leupeptin] by flicking the tube.
The cells were allowed to swell on ice for 10 minutes and then vortexed
for 10 seconds. Samples were then centrifuged for 10 seconds and
the supernatant fraction discarded. The pellet was resuspended in 50 AL
of cold buffer B [20 mmol/L HEPES-KOH (pH 7.9), 25% glycerol,
1.5 mmol/L MgCl2, 420 mmol/L NaCl, 0.2 mmol/L EDTA, 0.5 mmol/L
DTT, 0.2 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L leupeptin]
and incubated on ice for 20 minutes for high-salt extraction. Cellular
debris were removed by centrifugation for 2 minutes at 4jC and the
supernatant fraction (containing DNA binding proteins) was stored at
�70jC. In vitro transcribed and translated PPARg and ERa were
synthesized using the T7 polymerase in the rabbit reticulocyte lysate
system as directed by the manufacturer (Promega). The probe was
generated by annealing single-stranded oligonucleotides and labeled
with [g-32P]ATP (Amersham Pharmacia, Buckinghamshire, United
Kingdom) and T4 polynucleotide kinase (Promega), and then purified
using Sephadex G50 spin columns (Amersham Pharmacia).

A double-stranded PPRE was prepared by annealing the following

sense and antisense-oligonucleotides: 5V-GGGACCAGGACAAAGGT-

CACGTT-3V and 5V-GGGAACGTGACCTTTGTCCTGGTC-3V (Sigma

Genosys, Cambridge, United Kingdom). As control for nonspecific

binding, a cold PPRE competitor was included. The protein binding

reactions were carried out in 20 AL 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 bovine serum albumin, 50 Ag/mL poly(deoxyinosinic-

deoxycytidylic acid)] with 50,000 cpm of labeled probe, 5 Ag of

MCF7 and HeLa nuclear protein, or 2 AL of in vitro transcribed and

translated PPARg and ERa proteins, and 5 Ag of poly(deoxyinosinic-

deoxycytidylic acid). The mixtures were incubated at room temperature

for 20 minutes in the presence or absence of unlabeled competitor

oligonucleotides or in vitro transcribed and translated PPARg and ERa

proteins. For the experiments involving PPARg and ERa (F-10 and

D-12) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), the

reaction mixture was incubated with these antibodies at 4jC for 30

minutes before addition of labeled probe. Under the conditions

employed, cross-reactivity of the PPARg and ERa antibodies was not

observed in EMSA supershift assays (data not shown). The entire

reaction mixture was electrophoresed through a 6% polyacrylamide gel

in 0.25� Tris-borate-EDTA for 3 hours at 150 V. Gel was dried and

subjected to autoradiography at �70jC.
Chromatin immunoprecipitation. According to the chromatin

immunoprecipitation (ChIP) assay procedure previously described
(33), MCF7 cells were grown in 10 cm dishes to 50% to 60% con-
fluence, shifted to serum-free medium for 24 hours, and then treated
with 10 Amol/L BRL49653, 10 Amol/L GW9662, 100 nmol/L 17h-
estradiol, and 1 Amol/L ICI182780 for 1 hour. Thereafter, cells were
washed twice with PBS and cross-linked with 1% formaldehyde at 37jC
for 10 minutes. Next, cells were washed twice with PBS at 4jC, collected
and resuspended in 200 AL of lysis buffer [1% SDS, 10 mmol/L EDTA,
50 mmol/L Tris-HCl (pH 8.1)], and left on ice for 10 minutes. Then,
cells were sonicated four times for 10 seconds at 30% of maximal power
(Sonics, Vibra Cell 500 W) and collected by centrifugation at 4jC for
10 minutes at 14,000 rpm. The supernatants were diluted in 1.3 mL
of immunoprecipitation buffer [0.01% SDS, 1.1% Triton X-100,
1.2 mmol/L EDTA, 16.7 mmol/L Tris-HCl (pH 8.1), 16.7 mmol/L
NaCl] followed by immunoclearing with 80 AL of sonicated salmon
sperm DNA/protein A agarose (UBI, Lake Placid, NY) for 1 hour at 4jC.
The precleared chromatin was immunoprecipitated with specific
antibodies anti-PPARg (H-100, Santa Cruz Biotechnology) and anti-
ERa (F-10, Santa Cruz Biotechnology). At this point, 60 AL of salmon
sperm DNA/protein A agarose were added and precipitation was further
continued for 2 hours at 4jC. After pelleting, precipitates were
sequentially washed for 5 minutes with the following buffers: wash A
[0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl
(pH 8.1), 150 mmol/L NaCl], wash B [0.1% SDS, 1% Triton X-100, 2
mmol/L EDTA, 20 mmol/L Tris-HCl (pH 8.1), 500 mmol/L NaCl], and
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wash C [0.25 mol/L LiCl, 1% NP40, 1% sodium deoxycholate, 1 mmol/L
EDTA, 10 mmol/L Tris-HCl (pH 8.1)], and then twice with Tris-EDTA
buffer (10 mmol/L Tris, 1 mmol/L EDTA). The immunocomplexes were
eluted with elution buffer (1% SDS, 0.1 mol/L NaHCO3). The eluates
were reverse cross-linked by heating at 65jC and digested with
proteinase K (0.5 mg/mL) at 45jC for 1 hour. DNA was obtained by
phenol/chloroform/isoamyl alcohol extraction. Two microliters of
10 mg/mL yeast tRNA (Sigma) were added to each sample and DNA
was precipitated with 70% ethanol for 24 hours at �20jC, and then
washed with 95% ethanol and resuspended in 20 AL of Tris-EDTA
buffer. Five microliters of each sample were used for PCR amplification
with the following primers flanking a PPRE sequence present in the
PTEN promoter region: 5V-AGAGACTTATAACTGGGCAGG-3V(forward)
and 5V-CAAGTGATATCATATGTGATGCTG-3V (reverse). The PCR con-
ditions for PPRE in PTEN promoter fragment were 45 seconds at 94jC,
40 seconds at 57jC, and 90 seconds at 72jC. The amplification
products obtained in 30 cycles were analyzed in 2% agarose gel and
visualized by ethidium bromide staining. The negative control was
provided by PCR amplification without DNA sample. The specificity of
reactions was ensured using normal mouse and rabbit immunoglobulin
G (Santa Cruz Biotechnology).

Reverse chromatin immunoprecipitation. According to the reverse
ChIP procedure previously described (34), pellets obtained by
immunoprecipitation of soluble chromatin with PPARg antibody were
eluted with 500 AL of reverse-ChIP buffer [0.5 mmol/L DTT, 1% Triton
X-100, 2 mmol/L EDTA, 150 mmol/L NaCl, 20 mmol/L Tris-HCl
(pH 8.1)]. Next, the eluate from PPARg immunoprecipitation was
precipitated with anti-p85 (B-9, Santa Cruz Biotechnology) and anti-
ERa (F-10) antibodies. The presence of PPRE in the PTEN promoter
sequences in the resulting reverse-ChIP pellets was examined as
described above for one-step ChIP.

Reverse transcription-PCR assay. MCF7 cells were grown in 10 cm

dishes to 70% to 80% confluence and exposed to treatments for 24

hours in 1% charcoal-stripped FCS. Total cellular RNA was extracted

using TRIZOL reagent (Invitrogen, Carlsbad, CA) as suggested by the

manufacturer. The purity and integrity were checked spectroscopically

and by gel electrophoresis before carrying out the analytic procedures.

The evaluation of gene expression was done by semiquantitative reverse

transcription-PCR method as previously described (35). For PTEN and

the internal control gene 36B4 , the primers were 5V-CCACCACAGCTA-

GAACTTATC-3V(PTEN forward) and 5V-ATCTGCACGCTCTATACTGC-3V
(PTEN reverse), and 5V-CTCAACATCTCCCCCTTCTC-3V(36B4 forward)

and 5V-CAAATCCCATATCCTCGTCC-3V(36B4 reverse) to yield products

of 647 bp with 25 cycles and 408 bp with 12 cycles, respectively. The

results obtained as absorbance arbitrary values were transformed to

percentage of the control (percent control) taking the samples from

untreated cells as 100%.
Immunoprecipitation and immunoblotting. MCF7 cells were grown

in 10 cm dishes to 70% to 80% confluence and exposed to treatments
for 1 hour or 24 hours in 1% charcoal-stripped FCS before lysis in
500 AL of lysis buffer >[50 mmol/L HEPES (pH 7.5), 150 mmol/L
NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 10% glycerol, 1% Triton
X-100, a mixture of protease inhibitors (aprotinin, phenylmethylsul-
fonyl fluoride, and Na-orthovanadate)]. Cell lysates were centrifuged at
12,000 � g for 5 minutes and 500 Ag of total protein were incubated
overnight with the anti-PPARg antibody (1 Ag; Santa Cruz Biotechnol-
ogy) and 500 AL of HNTG (immunoprecipitation) buffer [50 mmol/L
HEPES (pH 7.4), 50 mmol/L NaCl, 0.1% Triton X-100, 10% glycerol,
1 mmol/L phenylmethylsulfonyl fluoride, 10 Ag/mL leupeptin, 10 Ag/mL
aprotinin, 2 Ag/mL pepstatin]. Immunocomplexes were recovered by
incubation with protein A/G-agarose. The beads containing bound
proteins were washed thrice by centrifugation in immunoprecipitation
buffer, then denatured by boiling in Laemmli sample buffer and
analyzed by Western blot to identify the coprecipitating effector
proteins. Membranes were stripped of bound antibodies by incubation
in 0.2 mol/L glycine (pH 7.6) for 30 minutes at room temperature.
Before reprobing with different primary antibodies (anti-ERa and anti-

p85; Santa Cruz Biotechnology), stripped membranes were extensively
washed in Tween 20 in TBS (TTBS) and placed in blocking buffer (TTBS
containing 5% milk) overnight.

Equal amounts of total protein were resolved on an 11% SDS-
polyacrylamide gel. Proteins were transferred to a nitrocellulose
membrane, probed with rabbit polyclonal antiserum directed against
PTEN, AKT, and phospho-AKT (Ser473) and with goat polyclonal
antiserum directed against h-actin (all purchased from Santa Cruz
Biotechnology). The antigen-antibody complex was detected by
incubation of the membranes for 1 hour at room temperature with
peroxidase-coupled goat anti-rabbit immunoglobulin G and revealed
using the enhanced chemiluminescence system (Amersham Pharmacia).
Blots were then exposed to film (Kodak film, Sigma).

p85-associated phosphatidylinositol 3-kinase activity. p85 was precip-
itated from 500 Ag of MCF7 cell lysates. The negative control was done
using a cell lysate where the p85 regulatory subunit of PI3K was
previously removed by preincubation with the respective antibody
(1 hour at room temperature) and subsequently immunoprecipitated
with protein A/G-agarose. As a positive control, MCF7 cells were treated
with 100 nmol/L insulin for 30 minutes before lysis and IRS-1 was
precipitated from 500 Ag of cell lysates. The immunoprecipitates were
washed once with cold PBS, twice with 0.5 mol/L LiCl, 0.1 mol/L Tris
(pH 7.4), and finally with 10 mmol/L Tris, 100 mmol/L NaCl, 1 mmol/L
EDTA. The presence of PI3K activity in immunoprecipitates was
determined by incubating the beads with reaction buffer containing

Fig. 1. ERa negatively regulates the PPRE-mediated transcriptional activity.
A , MCF7 cells were transfected with a PPRE reporter gene and treated with
10 Amol/L BRL49653 (BRL),10 Amol/LPPARg antagonist GW9662 (GW),
1 Amol/L ICI182780 (ICI), and1 Amol/L hydroxytamoxifen (OHT), as indicated.
B, HeLa cells were cotransfectedwith a PPRE reporter gene and expression vectors
of ERa and androgen receptor (AR), treated with10 Amol/L BRL49653,1 Amol/L
ICI182780, and1 Amol/L hydroxytamoxifen, as indicated. Columns, mean of three
independent experiments done in triplicate; bars, SD. *, P < 0.05, treated versus
untreated cells;o, P < 0.05, BRL49653-treated versus untreated cells transfected
with androgen receptor. RLU, relative light units.
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10 mmol/L HEPES (pH 7.4), 10 mmol/L MgCl2, 50 Amol/L ATP, 20 ACi
[g-32P]ATP, and 10 Ag of phosphatidylinositol for 20 minutes at 37jC.
The reactions were stopped by adding 100 AL of 1 mol/L HCl.
Phospholipids were extracted with 200 AL of CHCl3/methanol. Phase
separation was facilitated by centrifugation at 5,000 rpm for 2 minutes
in a tabletop centrifuge. The upper phase was removed, and the lower
chloroform phase was washed once more with clear upper phase. The
washed chloroform phase was dried under a stream of nitrogen gas and
redissolved in 30 AL of chloroform. The labeled products of the kinase
reaction, the phosphatidylinositol phosphates, were then spotted onto
trans-1,2-diaminocyclohexane-N,N,NV,NV-tetraacetic acid– treated silica
gel 60 TLC plates. Radioactive spots were visualized by autoradiography.

[3H]Thymidine incorporation. MCF7 and HeLa cells were seeded in
six-well plates in regular growth medium. On the second day, cells were
incubated in DMEM-F12 or DMEM supplemented with 1% charcoal-
stripped FCS for the indicated times in the presence of increasing
BRL49653 concentrations or GW9662, 17h-estradiol, and ICI182780.

The medium was renewed every 2 days together with the appropriate
treatments. [3H]Thymidine (1 ACi/mL; New England Nuclear, Newton,
MA) was added to the medium for the last 6 hours. After rinsing with
PBS, the cells were washed once with 10% and thrice with 5%
trichloroacetic acid. Cells were lysed by adding 0.1 N NaOH and then
incubated 30 minutes at 37jC. Thymidine incorporation was deter-
mined by scintillation counting.

Statistical analysis. Statistical analysis was done using ANOVA
followed by Newman-Keuls testing to determine differences in means.
P < 0.05 was considered as statistically significant.

Results

Estrogen receptor a negatively regulates the peroxisome
proliferator–activated receptor response element–mediated tran-
scriptional activity. We first aimed to evaluate in MCF7 cells
the response of a PPRE reporter gene to BRL49653, a synthetic
ligand of PPARg. As reported in Fig. 1A, BRL49653 activated
PPARg directly because the transcriptional activity was abro-
gated by the specific PPARg antagonist GW9662. Interestingly,
the ER antagonists ICI182780 and hydroxytamoxifen were able
to stimulate the PPRE transactivation, which was reversed by
GW9662 treatment (Fig. 1A). Furthermore, the response to
BRL49653 treatment was potentiated by both antiestrogens
(Fig. 1A).

To ascertain whether ERa is involved in the PPRE-mediated
transcriptional activity induced by ICI182780 and hydroxyta-
moxifen in MCF7 cells, we turned to the ER-negative HeLa cells.
Basal and BRL49653-stimulated reporter activity was higher

Fig. 2. ERa binds to PPRE in EMSA.A , nuclear extracts fromMCF7 cells (lane1) or
2 AL of PPARg and ERa (lanes 5 and 8, respectively) translated proteins were
incubated with a double-stranded PPRE consensus sequence probe labeled with
[g-32P] and subjected to electrophoresis in a 6% polyacrylamide gel. Competition
experiments were done, adding as competitor a100-fold molar excess of unlabeled
PPRE probe (lanes 2, 6, and 9). Anti-PPARg or anti-ERa antibodies were incubated
with nuclear extracts fromMCF7 cells (lanes 3 and 4, respectively) or added to
PPARg (lane 7) and ERa translated proteins (lanes10 and11). Lane12 contains
probe alone.B, nuclear extracts fromHeLa cells were subjected to similar
experimental conditions of MCF7 cells (lane1). Competition experiment was done,
adding as competitor a100-fold molar excess of unlabeled PPRE probe (lane 2).
Anti-PPARgor anti-ERa antibodies were incubated with nuclear extracts fromHeLa
cells (lanes 3 and 4, respectively). HeLa cells were transfected with 5 Ag of an ERa
expression vector (lane 5) and incubated with an anti-ERa antibody (lane 6).
Lane 7 contains probe alone. C, PPARg translated proteins were incubated in the
absence (lane1) or in the presence of increasing amounts of ERa translated proteins
(lanes 3-5). ERa translated proteins were incubated alone (lane 2) or together with
increasing amounts of PPARg translated proteins (lanes 6-8). Anti-ERa or
anti-PPARg antibodies were added to the reaction (lanes 9 and10, respectively).
Lane11contains probe alone; lane12 contains 2 AL of unprogrammed rabbit
reticulocyte lysate incubated with PPRE.
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in HeLa than in MCF7 cells, whereas both antiestrogens had
no effects alone or in combination with BRL49653 treatment
(Fig. 1B). According to a previous study (29), the PPARg
transactivation by BRL49653 was no longer noticeable trans-
fecting ERa (Fig. 1B) and ERh (data not shown) in HeLa cells,
whereas an expression vector encoding the androgen receptor
did not alter the PPRE-mediated transcriptional activity on
BRL49653 (Fig. 1B).

Estrogen receptor a binds to peroxisome proliferator–activated
receptor response element in electrophoretic mobility shift assay.
To provide further insight into the mechanisms by which ERa
negatively interferes with PPRE-mediated transcriptional activ-
ity, we did EMSA using a [g-32P]-labeled consensus sequence of
PPRE as probe. Nuclear extracts from MCF7 cells showed
strong DNA binding activity for PPRE (Fig. 2A, lane 1) in a
specific manner because a 100-fold molar excess of unlabeled
probe abrogated the formation of this complex (Fig. 2A,
lane 2). The inclusion in the reaction mix of an anti-PPARg
antibody attenuated the specific band and induced the
formation of a supershifted complex (Fig. 2A, lane 3).
Surprisingly, an anti-ERa antibody also caused a supershift of
the band together with a reduced intensity of the specific signal
(Fig. 2A, lane 4). On the basis of these observations, we aimed
to determine whether ERa is capable of binding directly to the
PPRE sequence. Thus, we did EMSA using the same radio-
labeled PPRE probe with PPARg and ERa proteins transcribed
and translated in vitro in a cell-free system. As expected, the
synthesized PPARg protein bound specifically to PPRE because
the complex was absent in the presence of a 100-fold molar
excess of unlabeled probe (Fig. 2A, lanes 5 and 6). Adding an
anti-PPARg antibody to the reaction, the signal was drastically
reduced due to the formation of a supershifted complex
(Fig. 2A, lane 7). Of note, using the synthesized ERa protein,
we obtained a single band migrating at the same level as that of
PPARg (Fig. 2A, lane 8). The incubation of a 100-fold excess of
unlabeled probe abrogated this signal, indicating its specificity
(Fig. 2A, lane 9). In addition, two distinct monoclonal
antibodies against ERa (see Materials and Methods) were both
able to form supershifts and showed a reduced intensity of the
ERa-PPRE band (Fig. 2A, lanes 10 and 11). To confirm the
above-mentioned results, we turned to HeLa cells which were
transfected with an ERa expression vector. Results obtained
were similar to those observed in MCF7 cells (Fig. 2B). Next,
using equal amounts of PPARg and increasing concentrations
of ERa and viceversa, a progressive enhancement of bands was
observed in both cases (Fig. 2C, lanes 3-8). Incubating the
highest amount of both ERa and PPARg in the presence of
anti-ERa or anti-PPARg antibodies, supershifted complexes
were formed together with an attenuation of the specific signals
(Fig. 2C, lanes 9 and 10).

Physical and functional interactions of peroxisome proliferator–
activated receptor g and estrogen receptor a. To determine
whether crosstalk between ERa and PPARg transduction
pathways may also occur at the protein-protein level, we did
coimmunoprecipitation assays in MCF7 cells. It is worth noting
that PPARg was constitutively associated with ERa (Fig. 3A).
Treatment with BRL49653 or 17h-estradiol slightly decreased
this association, whereas ICI182780 strongly inhibited the
interaction (Fig. 3A). Given that ERa binds to the p85
regulatory subunit of PI3K (22), we investigated a possible
association of ERa, PPARg, and p85. We observed the

formation of this ternary complex in an ERa-dependent
manner because ICI182780 was able to abrogate the copreci-
pitation (Fig. 3A).

Considering the above-mentioned observations, we investi-
gated whether ERa, alone or together with PPARg, binds to an
endogenous PPRE sequence like that contained in the
promoter region of the PTEN gene (36). Thus, we did a ChIP

Fig. 3. Physical and functional interactions of PPARg and ERa.A , MCF7 cells were
treated for 24 hours with10 Amol/LBRL49653,10 Amol/LGW9662,100 nmol/L
17h-estradiol (E2), and1 Amol/L ICI182780. Cell lysates were immunoprecipitated
with an antiserum against PPARg (IP: anti-PPARg) and then the immunocomplexes
were resolved in SDS-PAGE.Themembrane was probed with ERa and p85
antibodies.To verify equal loading, themembrane was probed with an antibody
against PPARg. B, MCF7 cells were treated for1hour with10 Amol/L BRL49653,
10 Amol/LGW9662,100 nmol/L17h-estradiol, and1 Amol/L ICI182780, then
cross-linked with formaldehyde and lysed.The soluble chromatin was
immunoprecipitatedwith either anti-PPARg (reverse ChIP with anti-ERa or
anti-p85) or anti-ERa.The immunocomplexes were reverse cross-linked, and DNA
was recoveredby phenol/chloroform extraction and ethanolprecipitation.The PTEN
promoter sequences containing PPRE were detected by PCRwith specific primers,
as described in Materials andMethods.To control input DNA, PTEN promoter
was amplified from 30 AL of initial preparations of soluble chromatin (before
immunoprecipitations). N, negative control provided by PCRamplificationwithout
DNA sample. C, quantitative representation of data of three independent
experiments including that of B.
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assay in MCF7 cells using agonists and antagonists of both
receptors. The results indicated that PPARg as well as ERa
bound to the PTEN promoter along with p85 in untreated cells
(Fig. 3B). Interestingly, on treatment with BRL49653 and
GW9662, we observed an enhanced and a decreased recruit-
ment of PPARg to the PTEN promoter sequence, respectively.
17h-Estradiol did not induce substantial changes whereas
ICI182780 reduced the recruitment of ERa (Fig. 3B). To
evaluate the specificity of the reactions, we also used normal
mouse and rabbit immunoglobulin G that did not reveal DNA
amplifications (data not shown).

BRL49653 down-regulates the phosphatidylinositol 3-kinase/
AKT pathway in MCF7 cells. To assess the influence of the
complex formed by PPARg/ERa/p85 on the PI3K/AKT trans-
duction cascade, we evaluated the short (30 minutes) and late
(24 hours) effects of BRL49653 on PI3K activity and AKT
phosphorylation. Interestingly, BRL49653 showed a dose-
dependent negative interference with this pathway at both
times (Fig. 4A-D). In agreement with previous reports (22, 37),
an opposite regulation was induced by 17h-estradiol (data not

shown). Besides, the overexpression of ERa in MCF7 cells
enhanced the PI3K activity, which was further potentiated in the
presence of 17h-estradiol (Fig. 4E, lanes 3 and 4). On the
contrary, the overexpression of PPARg in MCF7 cells reduced
the PI3K activity, which resulted to further repression with
BRL49653 (Fig. 4E, lanes 5 and 6). Of note, the latter inhibitory
effects were no longer noticeable with a combination of ERa
overexpression and 17h-estradiol treatment (Fig. 4E, lane 7).

17b-Estradiol reverses the up-regulation of PTEN by BRL49653
in MCF7 cells. It has been reported that PPARg up-regulates
PTEN expression through two cognate response elements
located upstream to the promoter region (36). It is worth
noting that PTEN controls several cell functions, including
survival and proliferation, by antagonizing the PI3K signaling
cascade (38). These observations and our findings prompted us
to evaluate the potential effects of both BRL49653 and 17h-
estradiol on PTEN expression. Both compounds had no rapid
effects (up to 3 hours; data not shown), whereas a 24-hour
exposure to 10 Amol/L BRL49653 induced a significant
enhancement of PTEN mRNA and protein levels, which was

Fig. 4. BRL49653 negatively interferes
with PI3K/AKT pathway inMCF7 cells.
MCF7 cells were treated for 30 minutes
(A) and 24 hours (C) with increasing
concentrations of BRL49653.
p85-associated PI3K activity was measured
in MCF7 lysates immunoprecipitated with
the anti-p85 antibody and incubated in the
presence of 200 Amol/L phosphatidylinositol
and10 ACi of [g-32P]ATP for 20 minutes
as described in Materials andMethods.
Protein lysates were immunoblotted for
phospho-AKT (Ser473) and total AKT.
Autoradiographs are representative of six
independent experiments, which are
cumulatively represented in B andD,
respectively (columns, mean; bars, SD).
E, MCF7 cells were transfected with an
empty vector (lane 2), with 5 Ag of an ERa
expression vector (lane 3) and in the
presence of100 nmol/L17h-estradiol
(lane 4), with 5 Ag of PPARg expression
vector (lane 5) and in the presence of
10 Amol/LBRL49653 (lane 6), with 5 Ag of
both ERa and PPARg plasmids in the
presence of100 nmol/L17h-estradiol and
10 Amol/L BRL49653 (lane 7). Cell
lysates were immunoprecipitated using the
anti-p85 antibody, incubated in the
presence of 200 Amol/L phosphatidylinositol
and10 ACi of [g-32P]ATP for 20 minutes.
As a positive control, we usedMCF-7 cells
treated with100 nmol/L insulin for 30
minutes before lysis and immunoprecipitated
with anti ^ IRS-1from 500 Ag of cell lysates
(lane1). As a negative control, we used
MCF7 cell lysates in which p85 was
previously removed by preincubation
with specific antibody (1hour at room
temperature) and subsequent
immunoprecipitation with protein
A/G-agarose (lane 8). F, quantitative
representations of dataof three independent
experiments including that of E .o, .,5,n:
P < 0.05, treated versus untreated cells.
PIP3, phosphatidylinositol
3,4,5-triphosphate.
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no longer noticeable in the presence of 17h-estradiol (Fig. 5A-C).
Collectively, our results argue that the rapid inhibition of the
PI3K/AKT pathway induced by BRL49653 does not directly
involve PTEN, which may only contribute to long-term
repression.

Growth inhibitory effects of BRL49653 in MCF7 cells. Having
shown a functional interaction between ERa and PPARg and
their ability to modulate the PI3K transduction pathway, we
evaluated the effects on cell proliferation as a biological
counterpart. BRL49653 treatments elicited a time- and dose-
dependent growth inhibition in MCF7 cells and, to a higher
extent, in HeLa cells (Fig. 6A). The PPARg antagonist GW9662
reversed the growth inhibitory effects induced by BRL49653,
indicating that the repressive action was directly PPARg-
mediated (Fig. 6B). Considering the ability of PPARg to
down-regulate the PI3K/AKT pathway, we did a growth assay
using as a model system MCF7 cells transfected with a
constitutively active myr-AKT. Notably, under these conditions,
the growth inhibition observed on BRL49653 was no longer
noticeable (Fig. 6B), suggesting the involvement of the PI3K/
AKT pathway in the biological effects triggered by PPARg
activation. Next, the antiproliferative activity exerted by
ICI182780 in MCF7 cells was potentiated in the presence of
BRL49653 irrespective of 17h-estradiol treatment (Fig. 6B).

Discussion

The present study shows for the first time, to our knowledge,
that ERa binds to PPRE sequences and forms a ternary complex
with PPARg and the p85 regulatory subunit of PI3K. As a
biological counterpart, the crosstalk between ERa and PPARg

signaling pathways modulates the growth response to cognate
ligands in hormone-dependent breast cancer cells.

A large body of evidence has been accumulated about the
mechanisms by which nuclear receptors interact at different
levels of the transduction cascades, including (a) utilization of
common response elements such as androgen receptors,
glucocorticoid receptors, progesterone receptors, and mineral-
ocorticoid receptors (39); (b) heterodimerization of RXR with
other receptors (40); and (c) receptor associations with several
transcription factors and/or other components of the signaling
systems located at the level of the cell membrane (41–44).

For PPARs, the heterodimers formed with RXR are able to
bind to diverse hormone responsive elements such as ERE
(26, 28, 45–47), which can occur independently of the ERs (47).
However, natural ERE-containing promoters including those for
PS2, the very-low-density apolipoprotein II, and the vitellogenin
A2 genes exhibited considerable differences in the binding to
PPAR/RXR heterodimers because the ERE flanking sequences
influence the binding affinity (26). On the other hand,
functional analysis of the vitellogenin A2 promoter showed that
the PPAR/RXR complex binds to ERE but cannot transactivate
due to a nonpermissive promoter structure (26). Hence, cross-
talk between the PPAR/RXR complex and ERE-mediated signals
requires further studies to be completely understood.

In the current study, we have provided new evidence on the
molecular mechanisms by which ERa negatively interferes with
PPRE-mediated transcriptional activity. Of note, in MCF7 cells
the ER antagonists ICI182780 and hydroxytamoxifen were
both able to stimulate PPRE transcription, which was
potentiated by the cognate ligand BRL49653 and reversed by
the PPARg-antagonist GW9662. To better define the inhibitory

Fig. 5. 17h-Estradiol reverses the
up-regulation of PTEN induced
by BRL49653 in MCF7 cells.A ,
semiquantitative reverse transcription-PCR
evaluation of PTENmRNA.MCF7 cells were
treated for 24 hours with10 Amol/L
BRL49653 and/or100 nmol/L17h-estradiol
as indicated. 36B4mRNA levels were
determined as a control. B, quantitative
representation of data of three independent
experiments including that of A after
densitometry and correction for 36B4.
C, immunoblots of PTEN fromMCF7 cells
treated as in A . h-Actin was used as loading
control.D, quantitative representations of
data of three independent experiments
including that of C. *,5: P < 0.05,
BRL49653-treated versus untreated cells;
o,n: P < 0.05, cells treatedwith BRL49653
and17h-estradiol versus cells treated with
BRL49653 alone.
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action of ERa on the PPARg transduction pathway, we did
EMSA experiments using a [g-32P]-labeled consensus sequence
of PPRE. Nuclear extracts of MCF7 and HeLa cells transfected
with an ERa expression vector showed a single band that, in
the presence of an anti-ERa antibody, supershifted and reduced
the signal intensity. These intriguing observations prompted us
to evaluate the binding of PPARg and ERa translated proteins
to the [g-32P]-labeled PPRE sequence. The band generated by
ERa was similar in size to that of PPARg and, using two distinct
ERa antibodies, seemed immunodepleted and supershifted.
Taken together, our data show that ERa binds to the PPRE

sequence mimicking the ability of the PPAR/RXR complex to
interact with ERE (26, 29). Hence, ERa and PPARg share the
ability to bind to the AGGTCA half-sites contained as a
palindrome and as a direct repeat in the ERE and PPRE
sequences, respectively (26). Consequently, both receptors can
potentially influence ERE- and PPRE-mediated responses, likely
depending on the cell and promoter context. In this respect,
our findings documented a functional interaction between ERa
and PPRE contained in an endogenous PTEN promoter
sequence. Besides, the crosstalk of ERa and PPARg involves
their physical association at the protein level, which is even
extended to p85, as we have shown. Such phenomenon may
provide an explanation for the opposite functional interplay on
PI3K/AKT signaling exerted by ERa and PPARg transduction
pathways. Previous studies have reported the ability of PPARg
to up-regulate the expression of the PTEN tumor suppressor
gene, which in turn antagonizes the PI3K/AKT cascade (48,
49). Of note, the binding of PPARg to a pair of PPRE sequences
located upstream to the transcription starting site of PTEN is
responsible for the modulation of its expression (37). Our data
confirmed that PPARg mediates the up-regulation of PTEN
because it was enhanced by a 24-hour exposure to BRL49653.
Interestingly, this effect was no longer noticeable in the
presence of 17h-estradiol, demonstrating the opposite action
of ERa in respect to PPARg on the PI3K pathway. On the basis
of our findings, the rapid inhibition of PI3K/AKT signaling
with BRL49653 is not mediated by PTEN; however, it may act
to prolong the PI3K/AKT repression.

The possible cellular localization of the complex formed
by ERa with PPARg and p85 remains an interesting open
question. In resting cells, inactive PI3K and AKT are located in
the cytoplasm and activator signals recruit p85 to cell
membrane through phosphatidylinositide phosphorylation
(50). This process induces the activation of AKT, which in turn
moves to the nucleus and other subcellular compartments. As
for ERa, its localization mainly at the nuclear level has been
clearly established; however, numerous studies have shown the
involvement of membrane-associated ER in several cellular
responses (ref. 22 and references therein). Our findings provide
further evidence on the intriguing interplay between the rapid
effects triggered at the membrane level and genomic events
requiring different mechanisms which control cell survival and
proliferation.

Indeed, the opposite functional role elicited by ERa and
PPARg was recapitulated in the biological responses provided by
the growth assay. BRL49653 repressed the PI3K/AKT pathway
and induced antiproliferative effects in MCF7 cells. The
constitutively active myr-AKT reversed the inhibitory action of
BRL49653, indicating that the PI3K/AKT pathway is involved in
the negative growth regulation mediated by PPARg. The ER
antagonist ICI182780 potentiated the antiproliferative activity
exerted by BRL49653 in MCF7 cells, suggesting that the
combination of such compounds could be considered as an
adjuvant pharmacologic tool in ERa-positive breast tumors.
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Fig. 6. Antiproliferative effects exerted by BRL49653 in MCF7 and HeLa cells.
A , MCF7 and HeLa cells were cultured in the presence of increasing concentrations
of BRL49653. Six hours before lysis, [3H]thymidine was added and cells were
counted. Columns, mean of three independent experiments; bars, SD. B, MCF7
cells were treated with10 Amol/L BRL49653,10 Amol/LGW9662,1 Amol/L
ICI182780, and100 nmol/L17h-estradiol as indicated, or transfectedwith an empty
vector (v) or with 0.5 Ag of myr-AKTwhere applicable (seeMaterials andMethods
for other details). On day 6, 6 hours before lysis, [3H]thymidinewas added and cells
were counted. Columns, mean of three independent experiments done in triplicate;
bars, SD.o,P < 0.05, treated versus untreatedcells;o,P < 0.05, BRL49653-treated
cells transfected with an empty vector versus cells transfected with a constitutive
active myr-AKT;n, P < 0.05, cells treated with17h-estradiol + ICI182780,
17h-estradiol + BRL49653, or17h-estradiol + BRL49653 + ICI182780 versus cells
treated with17h-estradiol alone.
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42. Schüle R, EvansRM.Cross-couplingof signal trans-
duction pathways-Zinc finger meets leucine zipper.
Trends Genet1991;7:377^81.
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Introduction: Leptin action is a dynamic area of investigation that
continues to broaden beyond the basic lipostatic model originally
envisaged. Here, we show that leptin is expressed in and secreted
from human ejaculated spermatozoa.

Methods: By RT-PCR, Western blot, and immunofluorescence tech-
niques, we have demonstrated that human sperm express leptin. RIA
method evidenced leptin secretion. Phosphatidyl-inositol-kinase-3
(PI3K)/Akt pathway was examined by PI3K activity assay and West-
ern blot. Leptin and insulin regulation of glycogen synthesis was
evaluated by glycogen synthase activity (GSA).

Results: The large differences of leptin secretion between uncapaci-
tated and capacitated sperm suggest a functional role for leptin in
capacitation. Indeed, in uncapacitated sperm, leptin enhances both
cholesterol efflux and protein tyrosine phosphorylation. In uncapaci-
tated sperm, both insulin and leptin increased PI3K activity, Akt

S473, and glycogen synthase kinase-3 S9 phosphorylation. Interest-
ingly, during capacitation, concomitantly to the massive release of
both hormones, we observed a strong reduction in the phosphoryla-
tion of glycogen synthase kinase-3 S9, kinase downstream of Akt that
regulates the glycogen synthase. Our results from GSA showed that
the enzymatic activity was significantly higher in uncapacitated than
in capacitated sperm. Particularly, in uncapacitated sperm, GSA ap-
peared to depend on the hormones concentration, because the enzy-
matic activity was stimulated at low doses, whereas it was inhibited
at high doses. Moreover, both leptin and insulin regulate in autocrine
fashion sperm glycogen synthesis.

Conclusion: Leptin secretion by sperm suggests that the male ga-
mete may be able to modulate its metabolism independently by sys-
temic leptin. These data open new considerations about leptin sig-
nificance in male fertility. (J Clin Endocrinol Metab 90:
4753–4761, 2005)

RECENT OBSERVATIONS SUGGEST that leptin plays
an important role in relaying energetic status to re-

production; to date, the molecular mechanisms underlying
the effects of leptin in this context remain elusive (1). Various
evidence has pointed to a direct role of leptin in the control
of testicular function (2). However, in contrast to its well-
proven effects in female fertility, the actual role of the hor-
mone in the regulatory network controlling male reproduc-
tive function has been a matter of debate.

The ob/ob mice (lacking of functional leptin) or OB-R/
OB-R mice (lacking of functional leptin receptor) are infertile
and fail to undergo normal sexual maturation. Importantly,
fertility of ob/ob mice is restored by leptin and not by simply
reducing body weight, indicating an effect of the hormone
per se on reproductive function (3, 4). Particularly, male mice
(ob/ob) had small testes, azoospermia, and multinucleated
spermatids. As in the female, hypogonadotropic hypogo-
nadism and infertility are common features in male ob/ob
mice (5). In line with results from experimental studies, in
humans the absence of endogenous leptin is associated with
hypogonadism and absence of pubertal development (6–8).

Leptin is expressed in the seminiferous tubules and in

seminal plasma (9), but its cellular origin in these contexts is
not exactly defined. Several studies support the role of serum
leptin in the regulation of gonadal functions in men (10)
indirectly via the central neuroendocrine system and directly
via peripheral tissue membrane receptors (11, 12). Besides,
compelling evidence indicates that leptin functional regula-
tion of the male gonadal axis appears to be a tightly regulated
action, carried out at different levels of the hypothalamic-
pituitary-testicular system, involving not only stimulatory,
but also inhibitory, effects. Recently (13), it was hypothesized
that the net effect of leptin upon male reproductive function
may depend on the circulating level of the molecule. Thus,
predominant stimulatory effects, primarily at the hypothal-
amus, are observed at physiological leptin levels above a
minimal threshold. In contrast, direct inhibitory actions at
the testicular level may take place in the presence of a sig-
nificantly elevated leptin concentration, as detected in obe-
sity (2).

Leptin in various cell types has a range of roles, but the
principal role is as a lipostat, signaling to other systems the
energy reserves available to the body, mediating fuel use,
and consequently energy expenditure. Recently, a new target
for leptin in the male genital tract was evidenced because
leptin receptor was found to be present in human sperma-
tozoa (9). It has long been recognized that capacitated sperm
display an increased metabolic rate and overall energy ex-
penditure, presumably to affect the changes in sperm sig-
naling and function during capacitation (14). However, the
relationship between the signaling events associated with
capacitation and the changes in sperm energy metabolism is
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poorly understood. Overall, there is a lack of information
regarding how mammalian spermatozoa manage their en-
ergy status. In somatic cells, both leptin and insulin play a
central role in regulation of energy homeostasis (15). Partic-
ularly, in vitro and in vivo evidence supports the hypothesis
that leptin may mimic insulin action on glycogen synthesis
(16). Sperm glycogen metabolism seems to be regulated by
modulation of glycogen synthase in a manner similar to that
observed in other tissues (17).

In the present study, we showed that leptin is expressed
in, and secreted from, human ejaculated spermatozoa, pro-
viding evidence for a role of the hormone in sperm
physiology.

Subjects and Methods
Chemicals

PMN cell isolation medium was from BIOSPA (Milan, Italy). Total
RNA Isolation System kit, enzymes, buffers, and nucleotides 100-bp
ladder used for RT-PCR were purchased from Promega Corp. (Milan,
Italy). Moloney murine leukemia virus (M-MLV) was from Life Tech-
nologies Italia (Milan, Italy). Oligonucleotide primers were made by
Invitrogen (Milan, Italy). DMEM-F12 medium, BSA protein standard,
Laemmli sample buffer, prestained molecular weight markers, Percoll
(colloidal polyvinylpyrrolidone-coated silica for cell separation), so-
dium bicarbonate, sodium lactate, sodium pyruvate, dimethylsulfoxide,
Earle’s balanced salt solution, and all other chemicals were purchased
from Sigma Chemical (Milan, Italy). Acryl amide 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, Hybond ECL, [�-32P]ATP, and HEPES sodium salt were pur-
chased from Amersham Pharmacia Biotech (Buckinghamshire, UK).
Human leptin RIA kit was from Linco Research, Inc. (St. Charles, MO-
Biogemini Sas, Catania, Italy). Cholesterol-oxidase (CHOD)-peroxidase
(POD) enzymatic colorimetric kit was from Inter-Medical (Biogemini
Sas, Catania, Italy). Monoclonal mouse p85-regulatory subunit of phos-
phatidyl-inositol-kinase-3 (PI3K) antibody, goat polyclonal actin anti-
body, polyclonal rabbit antileptin (A-20) antibody, rabbit antiinsulin
antibody, rabbit antiphosphotyrosine antibody (PY99), rabbit anti-p-
Akt1/Akt2/Akt3 S473 antibody, POD-coupled antirabbit and antigoat,
antirabbit IgG fluorescein isothiocyanate-conjugated were from Santa
Cruz Biotechnology (Heidelberg, Germany). Rabbit anti-p-glycogen
synthase kinase 3 (-GSK-3) S9 antibody was from Cell Signaling (Milan,
Italy). Nylon membranes were provided by Roche Diagnostics Corp.
(Indianapolis, IN). Uridine diphosphate (UDP) [U-14C]glucose (25 �Ci/
ml) was from Amersham.

Semen samples and spermatozoa preparations

Ejaculates were collected from healthy volunteers undergoing semen
analysis, by masturbation (18), after 3 d of sexual abstinence. The study
was approved by the local medical-ethical committees, and all partic-
ipants gave their informed consent. Sperm samples with normal pa-
rameters of semen as volume, sperm count, motility, vitality, and mor-
phology, according to the World Health Organization Laboratory
Manual (18), were included in this study. In each experiment, three
normal samples were pooled. Spermatozoa preparations were per-
formed as previously described (19).

Evaluation of sperm viability

Viability was assessed using Eosin Y to evaluate potential toxic effects
of different treatments. A blinded observer scored 100 cells for stain
uptake (dead cells) or exclusion (live cells). Viability was evaluated
before and after pooling the samples. There were no adverse effects
among the different treatments on human sperm viability (data not
shown).

RNA isolation, RT-PCR, and Southern blotting

Total RNA was isolated from human ejaculated spermatozoa purified
as previously described (19). PCR amplification of cDNA was performed
with 2 U Taq DNA polymerase, 50 pmol primer pair (forward, 5�-CAT
TGG GGA ACC CTG TGC GGA TTC-3�; reverse, 5�-TGG CAG CTC TTA
GAG AAG GCC AGC-3�) in 10 mm Tris-HCl (pH 9.0) containing 0.1%
Triton X-100, 50 mm KCl, 1.5 mm MgCl2, and 0.25 mm of each de-
oxynucleotide triphosphate. The conditions for PCR were: denaturation
at 95 C for 1 min, annealing at 55 C for 1 min, and extension at 72 C for
2 min (40 cycles). A DNA marker (100-bp DNA ladder) was used to
determine the size of amplified product, that is 348 bp. To check out the
presence of DNA contamination, a RT-PCR was performed without
M-MLV reverse transcriptase (negative control). The identity of the
PCR-amplified cDNA fragment of leptin transcript from human sper-
matozoa was verified using Southern hybridization. A total of 1–2 ng
cDNA probe (5�-CACGCAGTCAGTGTCCTCCA-3�, which corresponds
to nucleotide cDNA sequence for human leptin) was labeled with
[�-32P]ATP using polynucleotide kinase. Hybridization was performed
overnight at room temperature. Then, membranes were washed with
decreasing salt concentrations containing 0.1% sodium dodecyl sulfate,
and then exposed to autoradiography with intensifying screens.

Western blot analysis of sperm proteins

Sperm samples, washed twice with Earle’s balanced salt solution
(uncapacitating medium), were incubated without or with the indicated
treatments and then centrifuged for 5 min at 5000 � g. The pellet was
resuspended in lysis buffer as previously described (19). Equal amounts
of proteins (60 �g) were boiled for 5 min, separated by 10% PAGE,
transferred to nitrocellulose sheets, and probed with an appropriate
dilution of the indicated antibody. The bound of the secondary antibody
was revealed with the ECL Plus Western blotting detection system
according to the manufacturer’s instructions. The negative control was
performed using a sperm lysate that was immunodepleted of leptin (i.e.
preincubate lysate with antileptin antibody for 1 h at room temperature
and immunoprecipitate with protein A/G-agarose).

As internal control, all membranes were subsequently stripped (gly-
cine, 0.2 m, pH 2.6, for 30 min at room temperature) of the first antibody
and reprobed with antiactin antibody.

Immunofluorescence assay

Sperm cells, recovered from Percoll gradient, were rinsed three times
with 0.5 mm Tris-HCl buffer (pH 7.5) and fixed with absolute methanol
for 7 min at �20 C. Leptin staining was carried out, after blocking with
normal horse serum (10%), using a rabbit polyclonal antihuman leptin
as primary antibody and an antirabbit IgG fluorescein isothiocyanate
conjugated (1:100) as secondary antibody. Sperm cells incubated with-
out the primary antibodies were used as the negative controls. The slides
were examined under a fluorescence microscope (Olympus BX41; Olym-
pus Corp., Milan Italy), and a minimum of 200 spermatozoa per slide
were scored.

Measurement of leptin secreted by human
ejaculated spermatozoa

A competitive RIA was applied to measure leptin in sperm culture
media. Increasing numbers of spermatozoa were washed twice with
unsupplemented Earle’s medium (uncapacitating medium) and were
incubated in the same medium for 1 h at 37 C and 5% CO2. Besides, some
samples were incubated in Earle’s balanced salt solution medium sup-
plemented with 600 mg BSA/100 ml and 200 mg sodium bicarbonate/
100 ml (capacitating medium). At the end of the sperm incubation, the
culture media were recovered by centrifugation, lyophilized, and sub-
sequently dissolved in 120 �l kit buffer. Human leptin concentrations
were determined in duplicate by a human leptin RIA Kit according to
manufacturer’s instructions. Leptin standards ranged between 0.2–100
ng/ml. The limit of sensitivity for the assay was 0.05 ng/ml. Inter- and
intraassay variations were 5.4% and 5.1%, respectively. Leptin results
are presented as the original concentrations of the supernatants and are
given as nanograms per milliliter.

4754 J Clin Endocrinol Metab, August 2005, 90(8):4753–4761 Aquila et al. • Leptin Secretion by Sperm

 on September 1, 2005 jcem.endojournals.orgDownloaded from 

http://jcem.endojournals.org


Measurement of cholesterol in the sperm culture media

Cholesterol was measured in duplicate by a CHOD-POD enzymatic
colorimetric method according to manufacturer’s instructions in the
incubation medium of human spermatozoa. Sperm samples, washed
twice with uncapacitating medium, were incubated in the same medium
or in capacitating medium for 1 h at 37 C and 5% CO2. Other samples
were incubated without (control) or in the presence of increasing leptin
concentrations (10, 50, and 100 ng/ml). At the end of the sperm incu-
bation, the culture media were recovered by centrifugation, lyophilized,
and subsequently dissolved in 1 ml buffer reaction. The samples were
incubated for 10 min at room temperature; then the cholesterol content
was measured with the spectrophotometer at 505 nm. The cholesterol
standard used was 200 mg/dl. The limit of sensitivity for the assay was
0.05 mg/dl. Inter- and intraassay variations were 0.71% and 0.57%,
respectively. Cholesterol results are presented as the original concen-
trations and are given per 10 � 106 number of spermatozoa.

PI3K assay

Spermatozoa were washed twice in uncapacitating medium and cen-
trifuged at 800 � g for 20 min. Sperm samples were then incubated for
1 h at 37 C and 5% CO2 without or with the indicated treatments, and
the PI3K assay was performed as previously described (20). A p85
regulatory subunit of PI3K was precipitated from 500 �g sperm lysates.
The negative control was performed using a sperm lysate, where p110

catalyzing subunit of PI3K was previously removed by preincubation
with the respective antibody (1 h at room temperature) and subse-
quently immunoprecipitated with protein A/G-agarose.

Glycogen synthase activity (GSA)

The GSA was determined by the principle: glycogen � UDP[U-
14C]glucose3glycogen(14C) � UDP.

Washed spermatozoa were incubated for 1 h at 37 C under unca-
pacitating or capacitating conditions as described above. Both unca-
pacitated and capacitating sperm were treated with leptin (10 and 50
ng/ml), insulin (3.3 or 10 nm), antileptin (or normal) rabbit serum (1:100)
alone or combined with 10 ng/ml leptin, antiinsulin (or normal) rabbit
serum (1:100) alone or combined with 3.3 nm insulin, wortmannin (10
�m) alone or combined with 10 ng/ml leptin or 3.3 nm insulin, monensin
(25 �m), antileptin (1:100) plus antiinsulin (1:100) antibodies, LiCl (2
mm). After treatment, sperm extracts were performed in KCl (100 mm);
EDTA (2 mm); HEPES (20 mm), pH 7.1; phenylmethylsulfonyl fluoride
(1 mm). Aliquots of 100 �l were then assayed immediately in a reaction
mixture containing glycogen (20 mg/ml), EDTA (5 mm), NaF (50 mm),

FIG. 1. Leptin expression in human ejaculated spermatozoa. A, RT-
PCR analysis of human leptin gene in percolled human ejaculated
spermatozoa (S), negative control (no M-MLV reverse transcriptase
added) (N), and marker (lane M). Arrow, Expected size of the PCR
product. B, Southern blot analysis of human leptin gene in percolled
human ejaculated spermatozoa (S) and negative control (N). C, West-
ern blot of leptin protein: extracts of pooled purified ejaculated sper-
matozoa were subjected to electrophoresis on 10% SDS-PAGEs, blot-
ted onto nitrocellulose membranes, and probed with rabbit polyclonal
antibody to human leptin. Expression in three samples of ejaculated
spermatozoa from normal men (S1, S2, S3). Adipocytes extract was
used as control (A). The negative control performed using sperm
lysates, where leptin was previously removed by preincubation with
the antibody to human leptin (1 h at room temperature) and immu-
noprecipitated with protein A/G-agarose, is represented in lane 2. The
experiments were repeated at least three times for RT-PCR and at
least six times for the Western blot, and the autoradiographs of the
figure show the results of one representative experiment.

FIG. 2. Immunolocalization of leptin in human ejaculated sperma-
tozoa. Washed spermatozoa were extensively washed and incubated
in the unsupplemented Earle’s medium (NC) for 1 h at 37 C and 5%
CO2, or in the presence of capacitating medium for 2 h (CAP) under
the same experimental conditions. Spermatozoa were then fixed and
analyzed by staining with the polyclonal antibody to human leptin.
Sperm cells incubated without the primary antibody were used as
negative control (Neg). The pictures shown are representative exam-
ples of experiments that were performed at least three times with
repetitive results.
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UDP glucose (2.5 mm), Tris/HCl (25 mm), UDP [U-14C]glucose (0.0005
mCi/ml), and glucose 6-phosphate (8 mm). The assay was buffered at
pH 8.0. The reaction was performed at 37 C; after 15 min, 50 �l of the
homogenate/assay buffer was spotted on a Whatman filter paper (1
cm � 2.5 cm). The filters were dropped into cold (4 C) 66% ethanol for
30 min to precipitate glycogen; in addition, they were washed twice at
room temperature for 20 min each in 66% ethanol to remove [14C]glucose
1-phosphate. After being dried, the filters were transferred to scintilla-
tion vials; 3 ml scintillation solution was added to each, and mixtures
were counted for radioactivity. Data are expressed as milliunits UDP-
glucose incorporated per milligram protein.

Statistical analysis

The experiments for RT-PCR were repeated on at least three inde-
pendent occasions, whereas Western blot analysis was performed in at
least six independent experiments. The data obtained from RIA (six
replicate experiments using duplicate determinations), CHOD-POD en-
zymatic colorimetric method (six replicate experiments using duplicate
determinations), GSA (eight replicate experiments using duplicate de-
terminations) were presented as the mean � sem. The differences in
mean values were calculated using a paired t test, with a significance
level of P � 0.05. Regression analysis was performed using the SPSS
program (SPSS, Inc., Richmond, CA).

Results
RT-PCR, Southern blot, and Western blot showed leptin
expression in human sperm

To determine whether mRNA for leptin is present in hu-
man ejaculated spermatozoa, RNA, isolated from Percoll-
separated samples of normal men, was subjected to reverse
PCR and then to Southern blot analysis. The RT-PCR prod-
ucts for leptin in sperm were not a result of any DNA con-
tamination, because the RNA samples were subjected to de-
oxyribonuclease treatment before RT-PCR. The primer
sequences were based on the human leptin gene sequence,
and the RT-PCR amplification revealed the expected PCR
product size of 348 bp (Fig. 1A). To verify the identity of the
amplified products, we performed Southern blot analysis
(Fig. 1B). The presence of leptin protein in human ejaculated
spermatozoa was investigated by Western blot using an an-
tibody raised against the carboxyl terminus of the mature
human leptin protein (Fig. 1C). One immunoreactive band
was observed at the same mobility of the adipocytes extract
(lane A), used as positive control.

FIG. 3. Leptin secretion from human ejaculated spermatozoa. Washed human spermatozoa were incubated in unsupplemented Earle’s balanced
salt solution for 1 h at 37 C, 5% CO2. Leptin secretion in culture medium from human ejaculated spermatozoa was measured by RIA. A, Increasing
number of sperm were incubated in unsupplemented Earle’s balanced salt solution for 1 h at 37 C, 5% CO2. Linear regression analysis was
performed, and the r was calculated (r2 � 0.99). B, Time course of leptin secretion, at the indicated times, from human spermatozoa incubated
in uncapacitating medium (NC). C, Time course of leptin secretion, at the indicated times, from human spermatozoa incubated in capacitating
medium (CAP). D, Western blot analysis of protein lysates from sperm incubated under capacitating conditions at the indicated times. Values
are means � SEM of six determinations in a typical experiment. ● , P � 0.05; ●● , P � 0.005; ●●● , P � 0.01 vs. control.

4756 J Clin Endocrinol Metab, August 2005, 90(8):4753–4761 Aquila et al. • Leptin Secretion by Sperm

 on September 1, 2005 jcem.endojournals.orgDownloaded from 

http://jcem.endojournals.org


Immunolocalization of leptin in human ejaculated sperm

Using immunofluorescence technique, we identified a
positive signal for leptin in human spermatozoa (Fig. 2).
Leptin immunoreactivity is specifically compartmentalized
in uncapacitated sample at the equatorial segment and at the
midpiece (NC), whereas capacitated sperm showed an over-
all decrease and a more uniform distribution in the signal
intensity (CAP).

Measurement of leptin secretion by sperm

The RIA method was used to evaluate whether sperm are
able to secrete leptin. After the assay was validated for
sperm, we demonstrated that the increase in leptin secretion
was dependent on sperm concentration (Fig. 3A). The time
course of leptin secretion from spermatozoa into the unca-
pacitating medium is shown in Fig. 3B. Leptin secretion from
10 � 106 sperm incubated in uncapacitating medium (range,
0.2–2 ng/ml) was significantly lower than that obtained from
sperm incubated in capacitating conditions (range, 0.8–4.0
ng/ml) (Fig. 3C). We have attempted to measure the amount
of leptin remaining in the sperm after secretion; however, the
lysis buffer somehow interferes with the kit-system, altering
the binding between antigen and antibody. Then we per-
formed the Western blot analysis of sperm lysates. The time
course of capacitating sperm showed a decrease of the hor-
mone inside the sperm (Fig. 3D), according to the increased
secretion during capacitation.

Leptin affects both cholesterol efflux and protein tyrosine
phosphorylation in sperm

The increased leptin secretion during capacitation sug-
gests a possible role of the hormone in the process. Therefore,
we investigated leptin effect on two different and represen-
tative aspects of capacitation: cholesterol efflux and protein
tyrosine phosphorylation. The importance of the cholesterol
efflux in inducing capacitation is historical known, and it has
also been demonstrated that it initiates signaling events lead-
ing to tyrosine phosphorylation of sperm proteins (21, 22).
Washed pooled sperm from normal samples were treated
with increasing concentrations of leptin (0, 10, 50, and 100
ng/ml) and incubated under uncapacitating conditions.
Then, samples were centrifuged, the upper phase was used
to determinate the cholesterol levels, whereas the sperm
were lysed to evaluate protein tyrosine phosphorylation.
Our results showed a significant increase both in cholesterol
efflux (Fig. 4A) and in protein tyrosine phosphorylation (Fig.
4B) upon leptin treatment, suggesting its involvement in the
induction of capacitation. However, leptin induction of both
processes was not dose-dependent; indeed, concentration as
low as 10 ng/ml was able to sustain the greatest increase.

Leptin and insulin effects on PI3K/Akt pathway

The signaling events associated with capacitation and the
changes in sperm energy metabolism are issues that remain
to be resolved. In somatic cells, leptin and insulin play a
central role in regulation of energy homeostasis. In several
cell types, including muscle cells (23), adipocytes (24), and
hypothalamic neurons (25), both insulin and leptin activate

PI3K, which may account, at least in part, for similarities in
the metabolic effects of these hormones. Our results showed
that, in uncapacitated sperm, both leptin and insulin stim-
ulation increased PI3K activity (Fig. 5A) as well as the phos-
phorylation of Akt and GSK3, two of the major metabolic
intermediates downstream of PI3K (Fig. 5B). Intriguingly,
GSK3 phosphorylation was abolished in capacitating sperm,
suggesting that, during capacitation, there is a block in gly-
cogen synthesis. Concomitantly, in capacitating sperm, we
observed a reduction of both hormones inside the sperm (Fig.
5C).

Leptin and insulin effects on GSA

The above reported data led us to further investigate the
mechanism underlying the regulation of glycogen synthesis
in sperm. Therefore, we evaluated the action of the two
hormones on GSA. In somatic cells, in vitro and in vivo ev-
idence supports the hypothesis that leptin may mimic insulin
action on glycogen synthesis (16). Our results showed that

FIG. 4. Leptin affects both cholesterol efflux and protein tyrosine
phosphorylation of sperm. Washed spermatozoa were incubated in
the unsupplemented Earle’s medium for 1 h at 37 C and 5% CO2, in
the absence (NC) or in the presence of increasing concentrations of
leptin (Lep) (10, 50, and 100 ng/ml). A, Cholesterol in culture medium
from human ejaculated spermatozoa was measured by enzymatic
colorimetric assay. Values are means � SEM of six determinations in
a typical experiment. B, Fifty micrograms of sperm lysates were used
for Western blot analysis of protein tyrosine phosphorylation. The
autoradiograph presented is a representative example of experiments
that were performed at least six times with repetitive results. •• , P �
0.05; ••• , P � 0.001 vs. control.
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GSA was significantly higher in uncapacitated than in ca-
pacitated sperm (Figs. 6 and 7). Particularly, in uncapacitated
sperm, GSA appears to depend on the hormones concentra-
tion: low concentrations (leptin, 10 ng/ml; insulin, 3.3 nm)
stimulated the GSA, whereas high concentrations (leptin, 50
ng/ml; insulin, 10 nm) inhibited enzymatic activity. In ca-
pacitated sperm, the GSA was unable to discriminate be-
tween low and high hormone doses.

Besides, to ascertain whether, in sperm, insulin and leptin
regulation of GSA may occur through a short autocrine loop,
we used a variety of experimental approaches: immune neu-
tralization of the released hormones, blockage of the hor-
mones release, and blockage of the intracellular messengers
activity. To prove that insulin and leptin secreted by sperm
are acting on GSA, we absorbed the secreted hormones with
the respective antibody. In uncapacitated sperm, antileptin
rabbit serum (1:100) plus leptin (Fig. 6) and antiinsulin rabbit
serum (1:100) plus insulin (Fig. 7) significantly decreased
GSA, compared with sperm incubated in the same conditions
with normal rabbit serum (1:100) plus leptin or insulin. As
further evidence of autocrine regulation of the hormones on
glycogen metabolism, monensin (which blocks cell secretion)
(26, 27) significantly decreased GSA. Besides, wortmannin
plus leptin or wortmannin plus insulin disrupted the hor-
mones signaling through PI3K (24–26). LiCl, an inhibitor of
GSK3� (28), was used as positive control of GSA enzymatic

activity. In capacitating sperm, the decrease of GSA was not
observed during the same experimental conditions.

Finally, to evaluate whether, in sperm, the GSA was ex-
clusively regulated by insulin and leptin, we used both an-
tibodies simultaneously. Although we observed a significant
decrease, the enzymatic activity still persists, suggesting that
redundant actions of alternative pathways may exist in the
sperm.

Discussion

Animal (4) and human (7, 8) models of leptin resistance
and deficiency showed a severe impairment of the repro-
ductive function. However, the contribution of leptin to the
proper functioning of the male reproductive system is still
pending (2, 29). Leptin is found in the seminiferous tubules
and in seminal plasma (9, 30), but the origin of seminal
plasma leptin is not exactly defined. In this study, we in-
vestigated whether leptin is expressed in and secreted from
human ejaculated spermatozoa and whether the hormone
may affect their fertilizing ability.

Expression of leptin in the male gamete is a novel finding.
In our study, we have demonstrated the presence of leptin
in human sperm at different levels: mRNA expression, pro-
tein expression and immunolocalization. New reports firmly
establish the presence of messenger RNAs in mammalian

FIG. 5. Leptin and insulin action on PI3K/Akt
pathway in human ejaculated spermatozoa.
Washed spermatozoa were incubated in the un-
supplemented Earle’s medium for 1 h at 37 C and
5% CO2, in the absence (NC) or in the presence of
10 nM leptin (Lep) or in the presence of 3.3 nM
insulin (Ins) alone or combined with 10 nM leptin
(Ins � Lep). Some samples were washed with the
unsupplemented Earle’s medium and incubated
in capacitating medium for 1 h (CAP). A, A total
of 500 �g sperm lysates was immunoprecipitated
using anti-p85 regulatory subunit of PI3K incu-
bated in the presence of 200 �M phosphatidylino-
sitol and 10 �Ci [�-32P]ATP for 30 min. The neg-
ative control (Neg) was performed using a sperm
lysate, where p110 catalyzing subunit of PI3K
was previously removed by preincubation with
the respective antibody (1 h at room temperature)
and subsequently immunoprecipitated with pro-
tein A/G-agarose (lane 6). PI-3,4,5-P3, phospha-
tidylinositol 3,4,5-triphosphate; PI-3,5-P2, phos-
phatidylinositol 3,5-diphosphate. B and C, A total
of 50 �g sperm lysates was used for Western blot
analysis of p-AKT S473 or p-GSK3 S9 (B), leptin
or insulin (C). The autoradiographs presented are
representative examples of experiments that
were performed at least six times with repetitive
results. • , P � 0.05; *, P � 0.001 vs. control.
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ejaculated spermatozoa. Originally, it was hypothesized that
these transcripts were carried over from earlier stages of
spermatogenesis, but the analysis and significance of mRNA
in these cells are currently under investigation (31). Worthy
new findings suggest that some of these transcripts code for
proteins essential in early embryo development (32). In our
study, leptin expression has also been evidenced by Western
blot and by immunofluorescence. Particularly, immunocy-
tochemical analysis showed that the hormone is specifically
compartmentalized in uncapacitated sample at the equato-
rial segment and the midpiece, whereas capacitated sperm
showed an overall decrease and a uniform distribution in the
signal intensity. These data fit well with the RIA values that
showed a significant increase of leptin secretion from capac-
itating sperm, suggesting an involvement of the hormone in
capacitation.

Ejaculated spermatozoa require an extratesticular matu-
ration termed ‘capacitation’ (14) that in vivo occurs within the
female reproductive tract. It consists of several molecular
events that involve different aspects of sperm physiology
whose final aim is making the ejaculated sperm competent
to fertilize an egg. Intriguingly, capacitation in vitro occurs
spontaneously, after the removal of seminal plasma, without
a requirement for exogenous mediator, suggesting an auto-
crine induction of the process (14) by endogenous sperm-
derived factors. Despite the importance of capacitation, the
biochemical and molecular events of the phenomenon are
still poorly understood, and the identities of factors that
trigger gamete activation are still unknown.

The efflux of cholesterol is historically known to be one of
the first steps of capacitation, and most work has been con-
centrated on it (Ref. 21 and references therein). Our results

showed a significant increase in cholesterol efflux upon lep-
tin treatment in uncapacitated sperm. Moreover, leptin in-
creases the sperm proteins tyrosine phosphorylation, which
is an event tightly related to the capacitation and resulting
downstream cholesterol efflux (21). However, leptin action
on these two events was not dose dependent. These findings
may be in context with the hypothesis of a possibly double
role of leptin in the male gonads. So far, most studies indi-
cated both positive and negative effects of leptin in gonadal
functions (13, 33). Besides, seminal plasma leptin levels were
significantly lower in patients with normal spermiogram
parameters, compared with pathological semen samples,
and showed a negative correlation with the motility of hu-
man spermatozoa (9).

It has long been recognized that capacitated sperm display
an increased metabolic rate, presumably to affect the changes
in sperm signaling and function during capacitation (34). The
relationship between the signaling events associated with
capacitation and changes in sperm energy metabolism is
poorly understood. Recently, we have demonstrated that
insulin is expressed in and secreted from human ejaculated
spermatozoa (26). In somatic cells, both leptin and insulin
play a central role in regulation of energy homeostasis, acting
on PI3K/Akt pathway, which principally mediates their
metabolic effects (16). Similarly, in uncapacitated sperm,
both insulin and leptin increased PI3K activity, Akt S473 and
GSK-3 S9 phosphorylations, leading us to hypothesize a sim-
ilar action of the two hormones in modulating sperm ener-
getic substrates availability during capacitation. Interest-

FIG. 7. Effect of insulin, antiinsulin antibody, wortmannin, and mo-
nensin on GSA. Washed spermatozoa were incubated for 1 h at 37 C
under uncapacitating or capacitating conditions as described above.
Sperm were treated with insulin (3.3 nM) or 10 nM (Ins3,3 or Ins10),
antiinsulin (or normal, nrs) rabbit serum (1:100) (Ab Ins) alone or
combined with 3.3 nM Ins (Ab Ins�Ins3.3) (nrs�Ins3.3), wortmannin
10 �M (W) alone or combined with 3.3 nM Ins, 25 �M monensin (Mon),
antiinsulin plus antileptin rabbit serum (AbIns�AbL). Data are ex-
pressed in nanomoles per min per 106 sperm. Values are means � SEM
of eight determinations in a typical experiment. ● , P � 0.05 vs. control
(C); ● , P � 0.05 vs. control; ●● , P � 0.01 vs. control; ●●● , P � 0.005
vs. control; �, uncapacitated sperm (NC); f, capacitated sperm (CAP).

FIG. 6. Effect of leptin, antileptin antibody, wortmannin, and mo-
nensin on GSA. Washed spermatozoa were incubated for 1 h at 37 C
under uncapacitating or capacitating conditions as described above.
Sperm were treated with leptin (10 or 50 ng/ml) (L10 or L50), anti-
leptin antibody (1:100) (Ab L) with or without L10, normal rabbit
serum (1:100) (nrs) with or without L10, 10 �M wortmannin (W) with
or without L10, 25 �M monensin (Mon), 2 mM LiCl. Data are expressed
in nanomoles/min � 106 sperm. Values are means � SEM of eight
determinations in a typical experiment. ● , P � 0.05 vs. control (C);
●● , P � 0.01 vs. control; ●●● , P � 0.005 vs. control; �, uncapacitated
sperm (NC); f, capacitated sperm (CAP).
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ingly, during capacitation, when the insulin and leptin
secretions are maximal, we observed a strong decrease of
GSK-3 S9 phosphorylation, suggesting a potential role of
these hormones in modulating sperm glycogen synthesis. In
somatic cells, the regulation of glycogen metabolism involves
GSK-3 activity, which, in turn, is regulated by tyrosine and
serine/threonine phosphorylations, the latter mediated by
PI3K and Akt (35). Akt phosphorylates GSK3 on serine res-
idue 9 and then deactivates this enzyme, which, in turn,
reduces the phosphorylation and thus enhances the activity
of glycogen synthase (36, 37). The conversion of UDP-glucose
to glycogen by glycogen synthase is the rate-limiting step in
glycogen synthesis (38); and in somatic cells, both leptin and
insulin are central in the regulation of GSA.

Worthy, in our study, was the observation that GSA was
significantly higher in uncapacitated than in capacitated
sperm. Particularly, in uncapacitated sperm, the GSA was
stimulated at low levels of both leptin and insulin, whereas
it was inhibited at high concentrations. The outcome of sig-
naling activation can depend on differences in ligand con-
centration (40, 41). Besides, recently it was hypothesized that
the net effect of leptin upon male reproductive function may
depend on the circulating level of the molecule. Thus, pre-
dominant stimulatory effects are observed at leptin levels
above a minimal threshold; in contrast, direct inhibitory ac-
tions may take place in the presence of a significantly ele-
vated leptin concentration (2, 13).

Furthermore, we have showed an autocrine regulation of
GSA by both insulin and leptin in sperm. Particularly, the
autocrine blockage significantly decreased GSA in uncapaci-
tated sperm; whereas in capacitating sperm, it was not ob-
served in the same experimental conditions. Besides, be-
cause, during capacitation, hormones efflux and multiple
changes of the membrane structure rapidly occur, the auto-
crine blockage may be not appreciable. Our study suggests
that, in uncapacitated sperm, the GSK3 is tightly blocked;
whereas during capacitation, there is an activation of the
enzyme, which, in turn, blocks the GSA. This effect may have
physiological relevance in sperm because, during capacita-
tion, energy demand increases, and then sperm mobilizes the
glycogen reserves rather than produce it. Our results, to-
gether with the presence of leptin receptor in human ejac-
ulated spermatozoa, create the condition for an autocrine
leptin loop at this level. Upon achieving threshold concen-
trations, leptin may act on sperm receptors to induce signal
transduction and molecular changes of capacitation.

It also has to be mentioned that mammalian spermatozoa
have a fully functional glycogen metabolism, resulting in the
presence of glycogen deposits and of GSK3 in the head and
in the midpiece (17). Our results regarding the immunolo-
calization of leptin in uncapacitated sperm fit well with these
findings, given that leptin works in the same sites. Glucose
is needed for spermatozoa during zona pellucida penetration
and sperm-oocyte fusion and to ensure that tyrosine phos-
phorylation occurs during capacitation (42, 43). Glucose is
provided to sperm by the female reproductive tract fluid in
vivo or by the culture medium in vitro; besides, several stud-
ies have indicated that stores of glycogen are endogenous
sources of glucose in sperm allowing sperm to accommodate
glucose-free conditions (39). It may be hypothesized that

leptin in uncapacitated sperm is involved in the accumula-
tion of energy substrates, which would be spent during
capacitation.

This study shows a new possible endogenous mediator of
capacitation, because we found that human ejaculated sper-
matozoa secrete leptin able to affect some events tightly
related to this process. Leptin secretion suggests that the
sperm has the ability to modulate its metabolism, according
to its energy needs, independently by systemic leptin. In
other words, sperm is an alternative site of leptin expression
that may represent a protective mechanism in male repro-
duction to guarantee the accumulation of energy substrates
to maintain the gamete fertilizing capability.
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Department of Pharmaco-Biology (Faculty of Pharmacy) (S.A., E.M.), Department of Cell Biology (M.G., S.A.), and Centro
Sanitario (S.C.), University of Calabria, 87030 Arcavacata di Rende, Italy

A striking feature of insulin expression is its almost complete
restriction to �-cells of the pancreatic islet in normal mam-
mals. Here we show that insulin is expressed in and secreted
from human ejaculated spermatozoa. Both insulin transcript
and protein were detected. In addition, the large differences
in insulin secretion, assessed by RIA, between noncapacitated
and capacitated sperm suggest a role for insulin in capacita-
tion. Insulin had an oscillatory secretory pattern involving
glucose dose-dependent increases and significant decreases
during the blockage of an insulin autocrine effect. It appears
that the effect of glucose on the fertilizing ability of sperm is
mediated by glucose metabolism through the pentose phos-
phate pathway. Then we evaluated the autocrine effect of
sperm insulin on glucose metabolism by studying the activity
of glucose-6-phosphate dehydrogenase, the key rate-limiting

enzyme in the pentose phosphate pathway. The simultaneous
decrease in both insulin release and glucose-6-phosphate de-
hydrogenase activity induced by blocking the autocrine in-
sulin effect with three different procedures (blockage of in-
sulin release by nifedipine, immune neutralization of the
released insulin by antiinsulin serum, and blockage of an
insulin intracellular effector such as phosphotidylinositol 3-
kinase by wortmannin) strongly suggests a physiological role
of sperm insulin on these two events. Insulin secretion by
spermatozoa may provide an autocrine regulation of glucose
metabolism based on their energetic needs independent of
systemic insulin. In conclusion, these data open a new area of
study in male reproduction. (Endocrinology 146: 552–557,
2005)

INSULIN IS IMPORTANT for promoting and regulating
growth, differentiation, and metabolism. During embry-

onic development, extrapancreatic insulin gene expression is
detectable in the yolk sac (1) and brain (2) of rodents. In adult
mammals, apart from the thymus, insulin is thought to be
produced only in �-cells in the pancreas (3). In addition,
insulin has been shown to play a central role in the regulation
of gonadal function. However, the significance of insulin in
male fertility is not complete. It was reported that IGF-II and
insulin as well as IGF-I promote spermatogonial differenti-
ation into primary spermatocytes by binding to the IGF-I
receptor (4). It was also shown that both the sperm plasma
membrane and the acrosome represent cytological targets for
insulin (5). In men affected by insulin-dependent diabetes,
sperm have severe structural defects, significantly lower mo-
tility (6), and lower ability to penetrate hamster eggs (7). In
this study we show that insulin is expressed in and secreted
from human ejaculated spermatozoa.

Materials and Methods
Chemicals

The Total RNA Isolation System kit, enzymes, buffers, nucleotides,
and 100-bp ladder used for RT-PCR were purchased from Promega
Corp. (Milan, Italy). Moloney murine leukemia virus (M-MLV) was
obtained from Invitrogen Life Technologies, Inc., Italia (Milan, Italy).

Oligonucleotide primers were made by Invitrogen Life Technologies,
Inc., Italia. BSA protein standard, Laemmli sample buffer, prestained
molecular weight marker, Percoll (colloidal polyvinylpyrrolidone-
coated silica for cell separation), sodium bicarbonate, dimethylsulfoxide,
Earle’s balanced salt solution, triethanolamine buffer, MgCl2, glucose-
6-phosphate, NADP�, and all other chemicals were purchased from
Sigma-Aldrich Corp. (Milan, Italy). The ECL Plus Western blotting de-
tection system, Hybond ECL, was purchased from Amersham Bio-
sciences (Little Chalfont, UK). The human insulin RIA kit was purchased
from Diagnostic Systems Laboratories ICN (Biogemina Sas, Catania,
Italy). Antibodies (rabbit antiinsulin, peroxidase-coupled antirabbit, and
fluorescein isothiocyanate-conjugated antirabbit immunoglobulin G)
were obtained from Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany).

Semen samples and spermatozoa preparations

Sperm samples with normal parameters of semen volume as well as
sperm count, motility, vitality, and morphology, as specified in the
WHO Laboratory Manual (8), were pooled and included in this study.
In each experiment, four normal samples were pooled. Spermatozoa
preparations were performed as previously described (9).

Evaluation of sperm viability

Viability was assessed using Eosin Y to evaluate potential toxic effects
of different treatments. A blinded observer scored 100 cells for stain
uptake (dead cells) or exclusion (live cells). Viability was evaluated
before and after pooling the samples. There were no adverse effects of
the different treatments on human sperm viability (data not shown).

RNA isolation and RT-PCR

Total RNA was isolated from human ejaculated spermatozoa purified
as previously described (10). PCR amplification of cDNA was performed
using the following primer pair: forward, 5�-GCC TTT GTG AAC CAA
CAC CTG-3�; and reverse, 5�-GTT GCA GTA GTT CTC CAG CTG-3�.
The forward primer, located in exon II, and the reverse primer, located

First Published Online November 18, 2004
Abbreviations: G6PDH, Glucose-6-phosphate dehydrogenase;

M-MLV, Moloney murine leukemia virus; PPP, pentose phosphate
pathway.
Endocrinology is published monthly by The Endocrine Society (http://
www.endo-society.org), the foremost professional society serving the
endocrine community.

0013-7227/05/$15.00/0 Endocrinology 146(2):552–557
Printed in U.S.A. Copyright © 2005 by The Endocrine Society

doi: 10.1210/en.2004-1252

552

 on May 24, 2005 endo.endojournals.orgDownloaded from 

http://endo.endojournals.org


in exon III, produce a 261-bp cDNA. Because the primers span an intron,
the genomic product is about 1200 bp.

The conditions for PCR were: denaturation at 95 C for 1 min, an-
nealing at 62 C for 1 min, and extension at 72 C for 2 min (40 cycles). A
DNA marker (100-bp DNA ladder) was used to determine the size of the
amplified product. As a negative control, an RT-PCR was performed
without M-MLV reverse transcriptase.

Western blot analysis of sperm proteins

During Western blot analysis, sperm samples were processed as
previously described (10). The negative control was performed using a
sperm lysate that was immunodepleted of insulin [i.e. preincubate lysate
with antiinsulin antibody (1 h at room temperature) and immunopre-
cipitate with protein A/G-agarose].

Immunofluorescence assay

Sperm cells were rinsed three times with 0.5 mm Tris-HCl buffer, pH
7.5, and fixed with absolute methanol for 7 min at �20 C. Insulin staining
was carried out after blocking with normal horse serum (10%) using a
rabbit polyclonal antihuman insulin antibody (1:100) and an antirabbit
immunoglobulin G fluorescein isothiocyanate-conjugated antibody (1:
200). Sperm cells incubated without the primary antibodies were used
as negative controls. The slides were examined under a fluorescence
microscope (BX41, Olympus, Milan, Italy), and a minimum of 200 sper-
matozoa/slide were scored.

Measurement of insulin secreted by human ejaculated
spermatozoa

A competitive RIA was applied to measure insulin in the sperm
culture medium. Increasing numbers of spermatozoa were washed
twice with unsupplemented Earle’s medium and incubated in the same
medium for 1 h at 37 C in 5% CO2. In other experiments, sperm cultures
were split into two series, then incubated under noncapacitating (un-
supplemented Earle’s medium alone) or capacitating conditions (Earle’s
balanced salt solution medium supplemented with 600 mg BSA/100 ml
and 200 mg sodium bicarbonate/100 ml) for 1 h in a 37 C water bath at
a final concentration of 10 � 106 sperm/500 �l. Each group was treated
with 0.6, 8.3, and 16.7 mm glucose or with 3.3 or 10 nm insulin, antiinsulin
(or normal) rabbit serum (1:100) plus 16.7 mm glucose, 10 �m wort-
mannin plus 16.7 mm glucose, or 25 �m nifedipine. The antiinsulin (or
normal) rabbit serum and wortmannin were added 30 min before glu-
cose stimulation. The antiinsulin serum dilution of 1:100 was empirically
determined to neutralize 97% of the insulin released into the incubation
medium from 10 � 106 sperm (data not shown). Nifedipine (11) and
wortmannin (9) were used at concentrations tested by other researchers
or used in our previous experiments. At the end of the sperm incuba-
tions, the culture media were recovered by centrifugation. Human in-
sulin concentrations were determined in duplicate using an insulin RIA
kit according to manufacturer’s instructions. Insulin standards ranged
from 0–300 �IU/ml. The limit of sensitivity for the assay was 0.01
�IU/ml. Inter- and intraassay variations were 6.4% and 5.1%, respec-
tively. Insulin results are presented as the original concentrations of the
supernatants and are expressed as microinternational units per milliliter.

Glucose-6-phosphate dehydrogenase (G6PDH) activity

The conversion of NADP� to NADPH, catalyzed by G6PDH, was
measured by the increase in absorbance at 340 nm. Washed spermatozoa
were incubated for 1 h at 37 C under noncapacitating or capacitating
conditions as described above. Both noncapacitated and capacitated
sperm were treated with 0.6, 8.3, and 16.7 mm glucose or with insulin
(3.3 or 10 nm), antiinsulin (or normal) rabbit serum (1:100) plus 16.7 mm
glucose, 10 �m wortmannin plus 16.7 mm glucose, or 25 �m nifedipine.
The antibody and wortmannin were added 30 min before glucose stim-
ulation. After treatment, 50 �l sperm extracts were loaded into indi-
vidual cuvettes containing buffer (100 mm triethanolamine, 100 mm
MgCl2, 10 mg/ml glucose-6-phosphate, and 10 mg/ml NADP�, 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 as nanomoles
per minute per 106 sperm. The enzymatic activity was determined with

three control media: one without glucose-6-phosphate as substrate, one
without the coenzyme (NADP�), and the third without either substrate
or coenzyme (data not shown). Every experiment was performed six
times, including three replicates within each experiment.

Statistical analysis

The experiments for RT-PCR were repeated on at least three inde-
pendent occasions, whereas Western blot analysis was performed in at
least 10 independent experiments. The data obtained from RIA were
presented as the mean � sem, and differences in mean values were
calculated using a paired t test, with a significance level of P � 0.05.
Regression analysis was performed using the SPSS program (SPSS, Inc.,
Richmond, CA).

Results
RT-PCR and Western blot

To determine whether mRNA for insulin is present in
human ejaculated spermatozoa, RNA isolated from pooled
Percoll-separated samples from normal men was analyzed
by RT-PCR. The primer sequences were based on the human
insulin gene sequence, and RT-PCR amplification revealed
the expected PCR product size of 261 bp (Fig. 1A).

The presence of insulin protein in human ejaculated sper-
matozoa was investigated by Western hybridization using an
antibody raised against the carboxyl terminus of the mature
human insulin protein. Our antibody principally revealed
one immunoreactive band at 36 kDa in different lysates from
noncapacitated sperm (Fig. 1B), whereas no bands were ob-
served in the negative control. The 36-kDa protein corre-
sponds to the hexameric insulin form, which is present
within the storage granules.

Immunolocalization of insulin in human sperm

Using an immunofluorescence technique, we identified a
positive signal for insulin in human spermatozoa (Fig. 2).

FIG. 1. Insulin expression in human ejaculated spermatozoa. A, RT-
PCR analysis of human insulin gene in Percoll-separated human
ejaculated spermatozoa (S1). N, Negative control (no M-MLV reverse
transcriptase added); M, marker. The arrow indicates the expected
size of the PCR product. B, Western blot of insulin protein: expression
in three samples of ejaculated spermatozoa from normal men (S1, S2,
and S3). The negative control (N), performed using sperm lysates,
where insulin was previously removed by preincubation with the
antibody to human insulin (1 h at room temperature) and immuno-
precipitated with protein A/G-agarose, is represented in lane 2. The
experiments were repeated more than four times, and this autora-
diograph shows the results of one representative experiment.
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Insulin immunoreactivity showed a different distribution
between noncapacitated and capacitated sperm. It is worth
noting that the signal was less intense in capacitated sperm.

Measurement of insulin secretion

RIAs were used to evaluate whether sperm secrete insulin.
After the assay was validated for spermatozoa, experiments
showed that the increase in insulin secretion was dependent
on the sperm concentration (Fig. 3A). Insulin production
from 10 � 106 sperm incubated in noncapacitating medium
(range, 0.1–0.73 �IU/ml) was significantly lower than that

measured from sperm incubated under capacitating condi-
tions (range, 4–12 �IU/ml). The time courses of insulin se-
cretion from sperm incubated in noncapacitating and capac-
itating media are shown in Fig. 3, B and C, respectively.

Glucose is the main physiological secretagogue of insulin
in pancreatic �-cells (12). To evaluate whether insulin secre-
tion from sperm is also responsive to d-glucose, we gener-
ated a dose-response curve of exogenous glucose and eval-
uated insulin secretion from both noncapacitated and
capacitated sperm. These experiments used 0.6, 8.3, or 16.7

FIG. 2. Immunolocalization of insulin in human ejaculated sperma-
tozoa. Washed spermatozoa were incubated in unsupplemented Ear-
le’s medium for 1 h at 37 C in 5% CO2 (NC) or in capacitating medium
(CAP) at the same conditions. Sperm cells incubated without the
primary antibody were used as the negative control (NEG). The pic-
tures shown are representative examples of experiments that were
performed at least three times with consistent results.

FIG. 3. Insulin secretion from human ejaculated spermatozoa. Insu-
lin secretion in culture medium from human ejaculated spermatozoa
was measured by RIA. A, An increasing number of washed sperm
were incubated in unsupplemented Earle’s balanced salt solution for
1 h at 37 C in 5% CO2. Linear regression analysis was performed, and
the correlation coefficient (r) was calculated (r2 � 0.97). B, Time
course of changes in insulin secretion from noncapacitated sperm
(NC) at the indicated times. C, Time course of changes in insulin
secretion from capacitated sperm (CAP) at the indicated times. Values
are the mean � SEM of 10 replicates. •, P � 0.05; ••, P � 0.01 (vs.
control).
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mm glucose so that results could be compared with previ-
ously published reports. As shown in Fig. 4, glucose signif-
icantly stimulated insulin secretion in a dose-dependent
fashion. Pretreatment with 10 �m wortmannin significantly
decreased the amount of insulin released in response to 16.7
mm glucose. A similar decrease was observed in the presence
of antiinsulin serum (1:100) or 25 �m nifedipine. These data
suggest that insulin secretion is regulated in sperm.

Insulin effects on G6PDH activity

We evaluated possible autocrine regulation of G6PDH
activity by sperm insulin, because the effect of glucose on the
fertilizing ability of sperm appears to be mediated by the
pentose phosphate pathway (PPP) (13–15). The production of
NADPH from glucose-6-phosphate by sperm increased sig-
nificantly when the concentration of exogenous insulin (3.3
and 10 nm) was increased and when the glucose concentra-
tion in the incubation medium was raised from 0.6 to 16.7 mm
(Fig. 5). To prove that insulin secreted by sperm is acting on
G6PDH activity, we stimulated insulin secretion with 16.7
mm glucose, but absorbed the secreted insulin with antiin-
sulin antibody. Antiinsulin rabbit serum (1:100) significantly
decreased G6PDH activity in sperm lysates compared with
sperm incubated under the same conditions, with normal
rabbit serum (1:100). As additional evidence of autocrine
regulation of insulin on glucose metabolism, nifedipine sig-
nificantly decreased insulin secretion in sperm. This protocol
has been shown to abolish the Ca2� influx via L-type Ca2�

channels and to completely block insulin secretion (11). Fi-
nally, insulin signaling in sperm was disrupted using wort-
mannin, which inhibits the activity of phosphotidylinositol

3-kinase, the kinase principally involved in the insulin sig-
naling cascade (11).

Discussion

In the present study we reported the novel finding that
insulin is expressed in human sperm, as demonstrated by
evaluation of mRNA expression, protein expression, and
protein immunolocalization. In addition, we detected insulin
secretion by sperm and the existence of an autocrine feed-
back of insulin on its own secretion and on G6PDH activity.

New reports firmly establish the presence of mRNA in
mammalian ejaculated spermatozoa. To date about 14 tran-
scripts have been identified. Originally, it was hypothesized
that these transcripts were carried over from earlier stages of
spermatogenesis, but the analysis and significance of mRNA
in these cells are currently under investigation (16). Worthy
new findings suggest that some of these transcripts code for
proteins essential in early embryo development (17). In our
study insulin expression has been evidenced by Western blot
and immunofluorescence. In particular, immunocytochem-
ical analysis of insulin showed a heterogeneous expression
pattern, implying different degrees of energetic status among
sperm. In a majority of the sperm in noncapacitated samples,
insulin was located at the subacrosomial level, in the mid-
piece, and throughout the tail. Moreover, insulin is arranged
within granules, similar to the insulin storage granules
within pancreatic �-cells. An overall decrease and uniform
distribution in the signal intensity for insulin were observed
in capacitated sperm. This result can be attributed to a major
release of hormone in accordance with the high levels (RIA
values) of insulin in the medium of capacitating sperm. In
pancreatic �-cells, changes in insulin release are accompa-
nied by simultaneous changes in glucose metabolism.

FIG. 4. Effects of glucose, antiinsulin serum, wortmannin, and ni-
fedipine on insulin secretion from human ejaculated spermatozoa.
Washed sperm pooled from normal seminal samples was split into two
samples and incubated under noncapacitating (f) or capacitating (�)
conditions. Each group was treated with 0.6, 8.3, and 16.7 mM glucose
(Gluc) or with antiinsulin [or normal (nrs)] rabbit serum (1:100) plus
16.7 mM glucose (Ab anti-ins � gluc), 10 �M wortmannin plus 16.7 mM
glucose (W � gluc), or 25 �M nifedipine (Nif). Values are the mean �
SEM of 10 replicates. •, P � 0.05; ••, P � 0.01; •••, P � 0.005 (vs.
control).

FIG. 5. Effects of insulin, glucose, antiinsulin serum, wortmannin,
and nifedipine on G6PDH activity in human ejaculated spermatozoa.
Washed spermatozoa were incubated for 1 h at 37 C under nonca-
pacitating (f) or capacitating conditions (�) as described previously.
Both groups were treated with 0.6, 8.3, and 16.7 mM glucose (Gluc) or
with insulin (3.3 nM or 10 nM[SCAP]; Ins), antiinsulin [or normal (nrs)]
rabbit serum (1:100) plus 16.7 mM glucose (Ab anti-ins � gluc), 10 �M
wortmannin plus 16.7 mM glucose (W � gluc), or 25 �M nifedipine
(Nif). Data are expressed as nanomoles per minute per 106 sperm. •,
P � 0.05; ••, P � 0.01; •••, P � 0.005 (vs. control).
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Changes in insulin release are also related to different phys-
iological conditions, such as when sperm switch from non-
capacitated to capacitated status. It is worth noting that in-
sulin secretion from spermatozoa into the capacitating
medium takes place immediately (at time zero), suggesting
a possible involvement of insulin in the induction of
capacitation.

Our time-course studies showed that insulin from sperm
is released in a pulsatile manner that results in oscillatory
concentrations in the incubation medium in both noncapaci-
tated and capacitated sperm. Similarly, under basal as well
as stimulated conditions, pancreatic �-cells secrete insulin in
a pulsatile manner, and the oscillatory pattern is believed to
improve release control and to enhance hormonal action (18).
Glucose is the main secretagogue of insulin in pancreatic
�-cells (12), and we now have shown that insulin secretion
from sperm is also responsive to glucose.

Moreover, our results indicate that insulin exerts a phys-
iological autocrine stimulatory effect on glucose-induced in-
sulin release. Specifically, the blockage of insulin release,
immune neutralization of the released insulin, or blockage of
the activity of intracellular insulin messenger significantly
decreased insulin secretion (�50%) in both noncapacitated
and capacitated sperm. These data address an autocrine reg-
ulation of insulin on its own secretion in sperm, which is in
agreement with recent data in pancreatic �-cells showing
that secreted insulin may have a positive effect on insulin
exocytosis (19).

In pancreatic islets, the release of insulin requires hexose
metabolism mediated by glucokinase (20), which has also
been identified in sperm (21). Insulin secretion is triggered by
ATP generated in the course of glucose metabolism that
depolarizes the �-cell membrane and increases the cytosolic
concentration of Ca2� (22). Of note, these latter events are
also important in the initiation of capacitation (23), such as
when insulin efflux was detected. In addition, the IGF-I re-
ceptor has been found in human sperm (24), and sperma-
tozoa have been reported to bind radioinsulin in a time- and
concentration-dependent manner (5). These conditions cre-
ate the potential for an autocrine insulin loop during the
induction of capacitation.

The insulin secretion by spermatozoa suggests an auto-
crine regulation of glucose metabolism. Glucose is provided
to sperm by seminal plasma, by female reproductive tract
fluid in vivo (25), or by culture medium in vitro (26, 27), and
several studies have indicated that stores of glycogen are
endogenous sources of glucose in sperm, allowing sperm to
accommodate glucose-free conditions (27). Hexokinase, in
the initial step of glycolysis, generates glucose-6-phosphate
from glucose, supplying this substrate to both glycolysis and
the PPP. Although glycolysis is important for sperm func-
tions such as hyperactivated motility, this metabolic path-
way does not appear to be responsible for successful gamete
fusion (28, 29). 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 (13–15).
We evaluated the possible autocrine insulin modulatory ef-
fect on G6PDH activity, because G6PDH is the key rate-
limiting enzyme in the PPP, which has been shown to be
functional in human spermatozoa (29). G6PDH regulates the

production of NADPH by controlling the metabolism of
glucose (14). Insulin induction of G6PDH activity has been
studied both in vivo and in vitro (30). In our study the block-
age of insulin release, immune neutralization of the released
insulin, or blockage of intracellular insulin signaling signif-
icantly decreased G6PDH activity in sperm in both nonca-
pacitated and capacitated sperm. A similar decrease in the
effect of insulin on glucose metabolism was recently obtained
in pancreatic islets (19).

Ejaculated spermatozoa require extratesticular matura-
tion, termed capacitation, that allows them to become com-
petent to fertilize an egg. Capacitation is a multifaceted pro-
cess that has been shown to correlate with changes in
spermatozoal metabolism, intracellular ion concentrations,
plasma membrane fluidity, intracellular pH, intracellular
cAMP concentration, and reactive oxygen species (23). In-
triguingly, capacitation in vitro occurs spontaneously after
the removal of seminal plasma and without a requirement for
an exogenous mediator, suggesting autocrine induction (31)
by endogenous sperm-derived factors. Despite the impor-
tance of capacitation, the biochemical and molecular events
of the phenomenon are still poorly understood, and the iden-
tities of factors that trigger gamete activation are as yet un-
known. On the basis of our results, sperm-derived insulin
might be considered a factor involved in the induction of
capacitation. Upon achieving threshold concentrations, in-
sulin may act on sperm receptors to induce the signal trans-
duction and molecular changes of capacitation.

This study showed a new possible endogenous mediator
of capacitation, because we found that human ejaculated
spermatozoa are able to secrete insulin during this process.
Using a variety of experimental approaches, we found abun-
dant pancreatic �-cell features, most notably insulin secre-
tion. It is unexpected that insulin expression would be found
in sperm, considering the limited cell types that produce
insulin and considering the differences between sperm and
pancreatic �-cells. However, given the essential role in the
propagation of life, it would be conceivable that metabolic
and signaling pathways expressed in terminally differenti-
ated cells might be subsumed into a sperm cell. The sper-
matozoon leaves the testis and moves through the female
genital tract in the host body of the opposite gender, so sperm
needs to be autonomous.

The secretion of insulin by spermatozoa may provide an
autocrine regulation of glucose metabolism according to
their energetic needs independent of systemic insulin. Given
the simultaneous decrease in both insulin release and hexose
metabolism by blocking the autocrine effect of sperm insulin,
we have shown a modulatory effect of the hormone on these
two events. Insulin, in addition to other candidates, may be
implicated in control of the energy status in the various
sperm compartments as well as during the different stages
of fertilization.

In conclusion, the findings of insulin expression and se-
cretion from human sperm open a new area of study in male
reproduction.
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Estrogen Receptor (ER)� and ER� Are Both Expressed
in Human Ejaculated Spermatozoa: Evidence of Their
Direct Interaction with Phosphatidylinositol-3-OH
Kinase/Akt Pathway

SAVERIA AQUILA, DIEGO SISCI, MARIAELENA GENTILE, EMILIA MIDDEA,
STEFANIA CATALANO, AMALIA CARPINO, VITTORIA RAGO, AND SEBASTIANO ANDÒ
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Human and animal models have evidenced how estrogen in-
sufficiency is associated with abnormal spermatogenesis and
male infertility. We previously demonstrated that estradiol is
able to influence both capacitation and acrosome reaction in
human ejaculated spermatozoa. It remains to be elucidated
whether the biochemical changes induced by estradiol, in a
rapid nongenomic way, are mediated by a single estrogen
receptor (ER) or by the two ER subtypes, ER� and ER�. In the
present study, we have first demonstrated the concomitant
expression of ER� and ER� in human ejaculated spermatozoa.
By RT-PCR and Southern blot, transcripts of both ERs were
detected. Western blot analysis showed ER� and ER� proteins
at the same size as the “classical” ERs. The localization of ER�
and ER� with the immunocytochemistry shows a differential
distribution of the two ER subtypes, the former being prev-
alently located in the midpiece, but the latter being in the tail.

Estradiol has been associated with sperm longevity; however,
the mechanism through which estradiol acts in sperm sur-
vival was never investigated. Upon estradiol exposure, we
observed an enhanced phosphorylation of the proteins in-
volved in the phosphatidylinositol-3-OH kinase (PI3K)/Akt
pathway like PDK1, Akt, GSK-3, Bcl-2, together with ERK1/2,
which was also involved in cell survival signals. Moreover,
such phosphorylations were reduced in the presence of ICI
182, 780, addressing the role of estradiol and ERs in sperm
survival. For instance we have provided, for the first time, a
different interaction of the two ERs with the PI3K/Akt path-
way, because ER� interacts with the p55 regulatory subunit of
PI3K, whereas ER� interacts with Akt1. However, it still re-
mains to be elucidated whether the functional role of each of
the ER subtypes in sperm survival signaling is redundant or
distinct. (J Clin Endocrinol Metab 89: 1443–1451, 2004)

IN THE LAST YEARS, considerable emphasis has been
focused on the role of estrogens in the regulation of male

reproduction (1–3). The physiological responses to estrogen
are known to be mediated by at least two distinct receptor
subtypes, estrogen receptor (ER)� and ER�, each encoded by
a unique gene, differing in the C-terminal ligand-binding
domain and in the N-terminal trans-activation domain (3).
Both receptors seem to be expressed in germ cells in various
stages of development from spermatogonia to elongated
spermatids (Ref. 3 and references therein). ER� expression
appears to be the predominant ER in germ cells (Ref. 3 and
references therein), whereas ER� was found in early meiotic
spermatocytes and elongated spermatids only in one study
(4) and in human ejaculated spermatozoa (5, 6).

The human and animal phenotypes related to aromatase
deficiency and estrogen resistance have been previously de-
tailed (7). For instance, ER� knockout (ER�KO) mouse was
infertile from the onset of puberty (8, 9), whereas P450arom

knockout (ArKO) mouse displayed a progressive long-term
deterioration of spermatogenesis consisting of abnormalities in
postmeiotic early cells associated with an increase in apoptosis
that suggests a role for estrogen in germ cell survival (10, 11).

A stimulatory role for estrogen in germ cell differentiation
was demonstrated; moreover, during development, germ cells
are able to synthesize estrogen, directly modulating via para-
crine and/or intracrine actions their own maturation (Ref. 3
and references therein). Recent data from our laboratory have
demonstrated that a biologically active P450arom is present in
ejaculated spermatozoa (12); in addition, its physiological role
is associated either with capacitation or acrosome reaction (13).
This raises the possibility that sperm not only would be exposed
to estrogens in female genital tract but can provide itself a
persisting local source of estrogen that may target on its own
receptors modulating sperm extratesticular maturation. The
biochemical changes during capacitation induced by estrogens
occur rapidly, addressing the nongenomic action of ERs as
demonstrated in other cell types (14). On the other hand, the fast
ERs responses, instead to their classic genomic action, represent
the exclusive modality of ERs action in spermatozoa because
they are considered transcriptionally inactive. However, the
mechanism by which ERs mediate the rapid effects of estrogen
is still not well understood. The identification of ER� has in-
dicated that the cellular responses to estrogen are far more
complex (15). It was suggested that the two receptors may play

Abbreviations: Dnase, Deoxyribonuclease; E2, estradiol; ER, estrogen
receptor; FITC, fluorescein isothiocyanate; ICI, ICI 182, 780; KO, knock-
out; LY, LY294002; M-MLV, Moloney murine leukemia virus; PI3K,
phosphatidylinositol-3-OH kinase; SDS, sodium dodecyl sulfate; SSC,
saline sodium citrate; TBS-T, Tween-20 in Tris-buffered saline.
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redundant roles in estrogen signaling. On the other hand, this
appears questionable, on the basis of localization studies that
have revealed distinct expression patterns for each receptor.

In the present study, we demonstrated that both ER� and
ER� are expressed in human ejaculated spermatozoa. Focusing
on the phosphatidylinositol-3-OH kinase (PI3K)/Akt pathway
involved in cell survival, we have evidenced, together with its
up-regulation upon estradiol exposure, that ER� coprecipitates
with the p55 regulatory subunit of PI3K, whereas ER� copre-
cipitates with the downstream protein Akt1. This makes it ex-
tremely intriguing to investigate a potential distinct role of each
ER in controlling sperm survival.

Materials and Methods
Chemicals

PMN cell isolation medium was from BIOSPA (Milan, Italy). Total
RNA Isolation System kit, enzymes, buffers, nucleotides, and 100-bp
ladder used for RT-PCR were purchased from Promega (Milan, Italy).
Moloney murine leukemia virus (M-MLV) was from Life Technolo-
gies, Inc. - Life Technologies Italia (Milan, Italy). Oligonucleotide
primers were made by Invitrogen (Milan, Italy). DMEM-F12 medium,
BSA protein standard, activated charcoal, Laemmli sample buffer,
prestained molecular weight markers, Percoll (colloidal PVP-coated
silica for cell separation), sodium bicarbonate, sodium lactate, sodium
pyruvate, estradiol (E2), dimethylsulfoxide, IgG Texas-red conju-
gated, antirabbit IgG fluorescein isothiocyanate (FITC) conjugated,
Earle’s balanced salt solution, 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). Enhanced chemiluminescence
(ECL) Plus Western blotting detection system, Hybond ECL,
[�-32P]ATP, and HEPES sodium salt were purchased from Amersham
Pharmacia Biotech (Buckinghamshire, UK). ICI 182, 780 (ICI) was
purchased from Zeneca Pharmaceuticals (Cheshire, UK). Monoclonal
mouse antibody to human ER� (F-10), rabbit polyclonal antibody to
human ER� (H-150), mouse anti-p85 regulatory subunit monoclonal
antibody, goat policlonal actin (1–19), peroxidase-coupled antirabbit,
antigoat, antimouse IgG, and protein A/G-agarose plus were from
Santa Cruz Biotechnology (Heidelberg, Germany). Rabbit policlonal
antibody to human ER� was from Upstate (Lake Placid,). Rabbit
anti-p-ERK (p-ERK1/2) policlonal antibody, rabbit anti-p-Bcl-2 an-
tibody, rabbit anti-p-Akt1/Akt2/Akt3 S473 or anti-p-Akt1/Akt2/
Akt3 T308 antibodies, rabbit anti-p-PDK1 antibody, rabbit anti-p-
GSK-3 antibody, and mouse anti-ERK1/2 were from Cell Signaling
(Milan, Italy). Nylon membranes were provided by Roche diagnostics
Corporation (Indianapolis, IN). Thin-layer chromatography alumi-
num sheets were from MERK (Milan, Italy).

Semen samples and spermatozoa preparations

Semen specimens from normozoospermic men were obtained by
masturbation (approved by the University of Virginia Human Investi-
gation Committee) after 3 d of sexual abstinence. The samples were
produced into sterile containers and left for at least 30 min to completely
liquefy before being processed. Sperm samples with normal parameters
of semen volume, sperm count, motility, vitality, and morphology, ac-
cording to the WHO Laboratory Manual (16), were pooled and included
in this study. Ejaculates with observed spermatozoa agglutination or
abnormal viscosity were discarded. Spermatozoa preparations were
performed as previously described (12).

RNA isolation

Total RNA was isolated from human ejaculated spermatozoa using
a Total RNA Isolation System kit as described by the manufacturer. The
purity and quantity of the RNA was assessed spectroscopically before
carrying out the analytical procedures. All RNA preparations were
evaluated by denaturating formaldehyde-agarose gel electrophoresis.

RT-PCR

RNA was amplified by the technique of RT-PCR. Before RT-PCR,
RNA was incubated with ribonuclease-free deoxyribonuclease (Dnase)
I in single-strength reaction buffer at 37 C for 15 min. This was followed
by heat inactivation of Dnase I at 65 C for 10 min. Five micrograms of
Dnase-treated RNA samples were reverse transcribed by 200 IU M-MLV
reverse transcriptase in a reaction vol of 20 �l (0.4 �g oligo-dT, 0.5 mm
deoxy-NTP and 24 IU Rnasin) for 30 min at 37 C, followed by heat
denaturation for 5 min at 95 C. PCR amplification of cDNA was per-
formed with 2 U of Taq DNA polymerase, 50 pmol primer pair for ER�
(forward, 5�-GTG TAC AAC TAC CCC GAGG-3�; reverse, 5�-CAG ATT
CAT CAT GCG GAA CCG AGATG-3�) or 50 pmol primer pair for ER�
(forward, 5�-CCA TGA TGA TGT CCC TGA CCA-3�; reverse, 5�-GCC
CTC TTT GCT TTT ACT GTCC-3�) in 10 mm Tris-HCL (pH 9.0) con-
taining 0.1% Triton X-100, 50 mm KCl, 1.5 mm MgCl2, and 0.25 mm of
each deoxy-NTP. The reactions were carried out for 35 cycles, with each
consisting of denaturation for 1 min at 95 C, annealing for 1 min at 59
C, and extension for 2 min at 72 C. Standard DNA marker (100-bp DNA
ladder) was also run to determine the size of amplified products. To
check for the presence of DNA contamination, a RT-PCR was performed
without M-MLV reverse transcriptase (negative control). In each reac-
tion, HEG0 (containing human ER� gene) and pCMV5-hER� (contain-
ing human ER� gene) served as positive control for ER� and ER�,
respectively.

Southern blotting

The identity of the PCR-amplified cDNA fragment of ER� and ER�
transcripts from human spermatozoa was verified using Southern hy-
bridization. The PCR-amplified products were subjected to electro-
phoresis in 2% agarose gels and transferred on nylon membranes with
the use of a capillary method and lasted for 16 h. The DNA, covalently
linked to the nylon membrane by exposure to UV light (254 nm) at 1.5
J/cm2, were prehybridized for 4 h at room temperature in 6� saline
sodium citrate (SSC). A total of 1–2 ng cDNA probes (5�-GTGCAAT-
GACTATG-CTTCAGGCTACCAT-3� for ER� and 5�-TCGAGAGTTA-
AAACTCCAACACAAAGAATA-3� for ER�) were labeled with [�32P]
ATP using polynucleotide kinase and were added to a second solution
identical to the prehybridization solution. The hybridization was carried
out overnight at room temperature. The membranes were washed first
for 45 min at 50 C with 2� SSC containing 0.1% sodium dodecyl sulfate
(SDS), then with 1� SSC, and finally with 0.1� SSC for 30 min at the
same temperature. Washed blots were exposed to Kodak XAR-2 film
(Sigma, Milan, Italy) with intensifying screens.

Western blot analysis

Sperm samples were washed twice with Earle’s balanced salt solution
(uncapacitating medium), incubated with the various compounds as
indicated in Results, and then centrifuged for 5 min at 5000 � g. The pellet
was resuspended in lysis buffer as previously described (13). Briefly, the
pellet was resuspended in lysis buffer (62.5 mmol/liter Tris-HCl, pH 6.8;
150 mm NaCl; 2% SDS; 1% Triton X100; 10% glycerol; 1 mm phenylm-
ethylsulfonylfluoride; 10 �g/ml leupeptin; 10 �g/ml aprotinin; 2 �g/ml
pepstatin). Lysates were quantified using Bradford protein assay re-
agent (17). Equal amounts of protein (20 �g) were boiled for 5 min,
separated under denaturing conditions, by SDS-PAGE on 10% poly-
acrylamide Tris-glycine gels, and electroblotted to nitrocellulose mem-
brane. Nonspecific sites were blocked with 5% nonfat dry milk in 0.2%
Tween-20 in Tris-buffered saline (TBS-T) for 1 h at room temperature and
then probed with an appropriate dilution of the various antibodies as
indicated in the figure legends. After extensive washings (three times for
15 min each time in TBS-T), the secondary antirabbit or antimouse
horseradish peroxidase-conjugated antibody was added for 1 h at 22 C.
Blots were again washed three times for 15 min in TBS-T, and the bound
of secondary antibody was located with the ECL Plus Western blotting
detection system according to the manufacturer’s instructions. Each
membrane was exposed to the film for 2 min. As internal control, all
membranes in which the phosphorylation levels were determined were
subsequently stripped (glycine, 0.2 m, pH 2.6, for 30 min at room tem-
perature) of the first antibody and reprobed with the antibody recog-
nizing the nonphosphorylated form of the proteins or with actin.
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Immunoprecipitation of spermatozoa proteins

Spermatozoa were washed twice with unsupplemented Earle’s me-
dium and were incubated in the unsupplemented Earle’s medium for 1 h
at 37 C and 5% CO2, without (control) or in the presence of 10 nm E2.
Besides, some samples were washed and incubated in capacitating me-
dium (Earle’s balanced salt solution medium supplemented with 266
mg/100 ml CaCl2, 600 mg/100 ml BSA, 3 mg/100 ml sodium pyruvate,
360 �l/100 ml sodium lactate, and 200 mg/100 ml sodium bicarbonate).
To avoid aspecific binding, the sperm lysates were incubated for 2 h with
protein A/G-agarose beads at 4 C and centrifuged at 12,000 � g for 5
min. The supernatants (each containing 500 �g total protein) were then
incubated overnight with 10 �l anti-ER� or 10 �l anti-ER� or 5 �l
anti-p-Akt1/2/3 and 500 �l HNTG (IP) buffer (50 mm HEPES, pH 7.4;
50 mm NaCl; 0.1% Triton X-100; 10% glycerol; 1 mm phenylmethylsul-
fonylfluoride; 10 �g/ml leupeptin; 10 �g/ml aprotinin; 2 �g/ml pep-
statin) for each. Immune complexes were recovered by incubation with
protein A/G-agarose. The beads containing bound proteins were
washed three times by centrifugation in IP buffer, then denaturated by
boiling in Laemmli sample buffer and analyzed by Western blot to
identify the coprecipitating effector proteins. Immunoprecipitation with
protein A/G alone was used as negative control. Membranes were
stripped of bound antibodies by incubation in glycine (0.2 m, pH 2.6) for
30 min at room temperature. Before reprobing with different primary
antibodies, stripped membranes were washed extensively in TBS-T and
placed in blocking buffer (TBS-T containing 5% milk) overnight.

Immunofluorescence assay

Sperm cells, recovered from Percoll gradient, were rinsed three times
with 0.5 mm Tris-HCl buffer (pH 7.5) and were allowed to settle onto
slides in a humid chamber. The overlying solution was carefully pipet-
ted off and replaced by absolute methanol for 7 min at �20 C. After
methanol removal, sperm cells were washed in TBS, containing 0.1%
Triton X-100, and were treated for immunocytochemistry. ER� staining
was carried out, after blocking with normal horse serum (10%), using a
mouse antihuman ER� IgG as primary antibody and a Texas-red-
conjugated antimouse IgG (1:50) as secondary antibody. ER� immuno-
cytochemical staining was performed, after blocking with normal goat
serum (10%), using a rabbit antihuman ER� (1:100) followed by an
FITC-conjugated antirabbit IgG (1:50). Sperm cells incubated without the
primary antibodies were used as the negative controls. The slides were
examined under a fluorescence microscope (Olympus BX41, Milan, It-
aly) with a suitable filter for FITC and Texas-red, scoring a minimum of
200 spermatozoa per slide.

ER�-associated PI-3K activity

Purified spermatozoa were washed in Earle’s balanced salt solution
(uncapacitating medium) and centrifuged at 800 � g for 20 min. Sperm
were resuspended in the same uncapacitating medium and in different
tubes containing no E2 (control) or 100 nm E2. Some samples were
resuspended in capacitating medium. Some samples were treated with
ICI (100 nm) or LY294002 (LY) (10 �m alone or with 100 nm E2) after a
preincubation of 30 min. The negative control was performed using a
sperm lysate, where p110 catalyzing subunit of PI3K was previously
removed by preincubation with the respective antibody (1 h at room
temperature) and subsequently immunoprecipitated with protein A/G-
agarose. As a positive control, MCF-7 samples were treated with 100 nm
insulin for 10 min before lysis and immunoprecipitated with anti-IRS-1
from 500 �g of cell lysates. ER� was precipitated from 500 �g of sperm
lysates. The immunoprecipitates were washed once with cold PBS, twice
with 0.5 m LiCl, 0.1 m Tris (pH 7.4), and finally with 10 mm Tris, 100 mm
NaCl, 1 mm EDTA. The presence of PI3K activity in immunoprecipitates
was determined by incubating the beads with reaction buffer containing
10 mm HEPES (pH 7.4), 10 mm MgCl2, 50 �m ATP, 20 �Ci [�-32P] ATP,
and 10 �g L-�-phosphatidylinositol-4,5-bis phosphate (PI-4,5-P2) for 20
min at 37 C. The reactions were stopped by adding 100 �l of 1 m HCl.
Phospholipids were extracted with 200 �l CHCl3/methanol. For extrac-
tion of lipids, 200 �l chloroform:methanol (1:1, vol/vol) were added to
the samples and vortexed for 20 sec. Phase separation was facilitated by
centrifugation at 5000 rpm for 2 min in a tabletop centrifuge. The upper
phase was removed, and the lower chloroform phase was washed once

more with clear upper phase. The washed chloroform phase was dried
under a stream of nitrogen gas and redissolved in 30 �l chloroform. The
labeled products of the kinase reaction, the PI phosphates, then were
spotted onto trans-1,2-diaminocyclohexane-N,N,N�,N�-tetraacetic acid–
treated silica gel 60 thin-layer chromatography plates. Radioactive spots
were visualized by autoradiography.

Results
RT-PCR and Southern blot

To determine whether mRNAs for both ERs are present in
human ejaculated spermatozoa, RNA isolated from pooled
purified sample of normal men was subjected to reverse PCR
and then to Southern blot analysis. The products were not a
result of any contamination in semen samples because the RNA
was extracted from a pooled sperm population selected by
Percoll procedure. Moreover, sperm samples were checked un-
der �100 magnification under a bright-field light microscope to
rule out the possibility of any contamination with other cells.
Furthermore, the samples were also subjected to RT-PCR using
primers specific for Myelo Pox to rule out the possibility of
granulocyte contamination, and no product was detected for
Myelo Pox in sperm RNA (12). The RT-PCR products for ER�
and ER� in sperm were also not a result of any DNA contam-
ination because the RNA samples were subjected to Dnase
treatment before RT-PCR. Therefore, sequences of the two ERs
were deduced from the cDNA sequence of the human con-
ventional ER� and ER�. Further, we did not obtain any product
when RT was omitted from the amplification reaction carried
out in the presence of Taq polimerase alone. RT-PCR amplifi-
cation of ER� and ER� in human ejaculated spermatozoa re-
vealed the expected PCR product size of 1170 bp for ER� and
of 692 bp ER�. To verify the identity of the amplified products,
we performed Southern blot analysis. The results depicted in
Fig. 1 show the hybridized bands (S) with similar mobility in the
positive controls (�).

Western blot analysis of human spermatozoa proteins
showed expression of both ER� and ER�

To demonstrate the presence of the two ERs proteins, we
performed Western blot analysis. We observed that human
ejaculated spermatozoa showed the expression of both ER�
and ER� as a single band corresponding to the molecular
mass values of 67 kDa for ER� (Fig. 2A) and of 55 kDa for
ER� (Fig. 2B) noted in other tissues. ER� was detected with
a monoclonal ER� antibody (epitope mapping at the carboxy
terminus of ER� of human origin), whereas ER� was de-
tected with two different polyclonal antibodies raised against
the ammino terminus of ER�, tested separately. The negative
controls (lane 2) were performed using a sperm lysate, where
ER� and ER� were previously removed by preincubation
with the respective antibodies (1 h at room temperature) and
subsequently immunoprecipitated with protein A/G-
agarose. As positive controls, MCF-7 (breast cancer cell line)
was used for ER� (lane 1), whereas LnCap (prostate cancer
cell line) was used for ER� (lane 1).

Localization of ER� and ER� in the human spermatozoa

To investigate the cellular localization of the two ERs, we
did perform immunofluorescence assay. Positive stainings
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for both ER proteins were observed (Fig. 3). Furthermore, a
different localization of the two ERs was detected in sperm
cells. In fact, ER� was prevalently localized in the midpiece
region (A1), according to a previous report (5), whereas ER�
was detected in all the tail region (B1), with an overlapping
distribution of ER� and ER� in the proximal region of the tail.
No immunoreaction was detected in the negative controls
(A2, B2), thus demonstrating the immunostaining specificity.

Activation of the PI3K/AKT pathway, Bcl-2, and ERK 1/2
by estradiol

To determine the potential role of estrogen/ERs in sperm
survival signaling, E2 was added to spermatozoa at the increas-
ing concentrations of 10 nm, 100 nm, and 1 �m for 30 min. To
test whether the effects of E2 were mediated by ERs, ICI was
added at a final concentration of 100 nm alone or with E2 (100
nm) after a preincubation of 30 min. An increase on the acti-
vation of PDK-1, Akt S473, Akt T308, GSK-3, and Bcl-2 was
observed in sperm lysates in a dose-dependent manner,
whereas ICI reduces E2-induced activation (Fig. 4A). Because
ERK1/2 (18) also play an important role in survival signaling,
we evaluated whether they were activated by E2 in human
ejaculated spermatozoa. E2 induced the activation of the kinases
in a dose-dependent manner, whereas ICI is able to reduce this
effect, suggesting an involvement of ERs (Fig. 4B). A total of
10 �m wortmannin or 10 �m LY reduced estrogen-induced Akt
S473 and Akt T308 phosphorylations, suggesting how this
occurs through a PI3K activation (Fig. 4C).

ER� coprecipitates with the p55 regulatory subunit of PI3K

Recent studies demonstrated that ER� binds to the p85
regulatory subunit of PI3K in endotelial cells (19, 20), so we
asked whether the association would occur in human ejac-
ulated spermatozoa. As shown in Fig. 5A, ER� constitutively
associated with the p55 regulatory subunit of PI3K. Our

FIG. 1. Southern blot detection of ER� and ER� in ejaculated spermatozoa of normal man. Total RNA was isolated from purified pooled
spermatozoa of normal men, amplified by RT-PCR, and subjected to Southern blot analysis. ER�- and ER�-specific fragments were detected
by hybridization of the membrane with specific oligonucleotides as described in Materials and Methods. A, Negative control (no reverse
transcriptase added) (�); vector containing the coding region of the human ER� cDNA used as the positive control (�); spermatozoa (S). B,
negative control (no cDNA added) (�; vector containing the coding region of the human ER� cDNA used as the positive control (�); spermatozoa
(S). Molecular weight marker is shown on the left (in base pairs). The autoradiography presented in the figure is a representative example of
experiments that were performed at least three times with repetitive results.

FIG. 2. Western blotting analysis of ER� and ER� in human ejacu-
late spermatozoa. Extracts of pooled purified ejaculated spermatozoa
were subjected to electrophoresis on 10% SDS-polyacrylamide gels,
blotted onto nitrocellulose membranes, and probed with mouse mono-
clonal antibody to human ER� (A) or rabbit polyclonal antibody to
human ER� (B). A, ER� expression in four samples of ejaculated
spermatozoa from normal men (lanes 3–5). MCF-7 extract was used
as control (lane 1). B, ER� expression in four samples of ejaculated
spermatozoa from normal men (lanes 3–5). LNCaP extract was used
as control (lane 1). The negative controls performed using sperm
lysates, where ER� or ER� were previously removed by preincubation
with the respective antibodies (1 h at room temperature) and subse-
quently immunoprecipitated with protein A/G-agarose, are repre-
sented in lane 2 of each blot. The number on the left corresponds to
molecular masses (kilodaltons) of the marker proteins. The experi-
ments were repeated at least 10 times, and the autoradiographs of the
figure show the results of one representative experiment.
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antibody anti-p85 regulatory subunit of PI3K recognized in
spermatozoa a single band of 55 kDa; whereas in other cel-
lular types (i.e. TM4 and MCF-7), it recognized both 85-kDa
and 55-kDa bands (Fig. 5A). This result fits well with pre-
vious findings reporting the 55 kDa as the predominant
regulatory subunit of PI3K in human testis (21). As can be
noted, the interaction is specific for the subtype � of the ER,
because we were unable to detect any association between
ER� and the p55 regulatory subunit of PI3K in any experi-
mental condition. The ER�/p55 complex exhibits an intrinsic
PI3K activity that is enhanced in the presence of E2, and it is
reduced by ICI as well as by LY (Fig. 5B).

ER� coprecipitates with Akt

To further investigate the effects of the two ERs in the PI3K
pathway, sperm lysates were immunoprecipitated with anti-
ER� or two different antibodies raised against ER� and de-
tected with anti-Akt1 or anti-pAkt1/2/3Ser or anti-Akt1Threo
or vice versa (Fig. 6A). As shown, the interaction is specific for
the subtype � of the ER, because we were unable to detect
association between ER� and Akt in our experimental condi-
tions. Besides, ER� constitutively associated with Akt1 or
p-Akt1/Akt2/Akt3 S473 or p-Akt1/Akt2/Akt3 T308 or vice
versa, and this interaction was unaffected by 10 nm E2 as well
as by 100 nm ICI or 10 �m LY (Fig. 6B). We were unable to assign
Akt phosphorylation to different Akt isoforms, because the
commercially available antibodies recognize sites analogous to
S473 and T308 in Akt1, Akt2, and Akt3.

Discussion

Earlier, it was thought that a single ER was responsible for
the biological actions of estrogen (22). However, the identi-
fication of ER� and the discovery that ER� and ER� can
heterodimerize in vitro (23) have complicated the analysis of
the molecular mechanisms of estrogen action. ER� expres-
sion has already been reported in human ejaculated sper-
matozoa (5), whereas the concomitant presence of ERs sub-
type has never been investigated. In the present study, we
have first demonstrated the presence of both ER� and ER�
in human ejaculated spermatozoa at different levels: mRNA,
protein content, and immunolocalization.

The presence and the significance of several mRNAs
shown in mammalian spermatozoa are currently under in-
vestigation (24). New findings suggest that some of these
transcripts code for proteins essential in early embryo de-
velopment (25). Expression of ER� protein in the male ga-
mete is a novel finding. In Western blot analysis, ER� and
ER� were recognized at the same sizes as reported for the
human native ER� and ER�. It is now quite clear that ERs,
in addition to their classic genomic action, also regulate cel-
lular processes through their nongenomic mechanism (26).
For instance, we demonstrated how the rapid effect of either
estrogens or aromatizable steroids in ejaculated spermatozoa
may trigger both capacitation and acrosome reaction (13).
Because here we provide evidence that estrogens may also
modulate an important pathway related to survival in dif-

FIG. 3. Immunolocalization of ER� and ER� in human ejaculated spermatozoa. Percolled spermatozoa were fixed and analyzed by staining
with monoclonal ER� antibody (epitope mapping at the carboxy terminus of ER� of human origin) (A1) or with the polyclonal antibody to ER�
(epitope corresponding to amino acids 1–150 mapping at the amino terminus of ER� of human origin) (B1). Sperm cells incubated without the
primary antibodies were used as the negative controls (A2 and B2). The pictures shown are representative examples of experiments that were
performed at least three times with repetitive results.
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ferent cell types, it remains to be clarified the specific role of
each receptor in mediating the sperm survival.

To date, most of the localization studies for both ERs have
been performed in rodents (27, 28). In human testis, con-
flicting data are present with regard to the distribution of the
different ER types; both receptors are expressed in germ cells
at various stages of development from spermatogonia to
elongated spermatids (29, 30). By using specific antibodies to
the ER subtypes, we have immunolocalized ER� prevalently
in the midpiece region as previously demonstrated (5),
whereas ER� is uniformly distributed along the tail. An
overlap of the two ERs occurs in the proximal region of the

tail. On the basis of these observations, it is reasonable to
presume how each receptor subtype exerts different func-
tions potentially linked to its specific cellular localization.
Indeed, the highly polarized structure and function of sper-
matozoa do compartmentalize specific metabolic and sig-
naling pathways to regions where they are needed.

Recent data show how estradiol acts as a germ cell survival
factor in the human testis (4), even though its mechanism of
action remains to be elucidated. We have explored the most
important pathways involved in cell survival and previously
investigated in other cell types, PI3K/Akt (31) and ERK1/2
(32, 33). In various cell types, estradiol stimulates the cascade

FIG. 4. Effect of increasing concentrations of estradiol on
PI3K/Akt pathway, Bcl-2, and ERK1/2 activation. A and B,
Washed human spermatozoa were incubated in unsupple-
mented Earle’s balanced salt solution for 30 min at 37 C, 5%
CO2 in the presence of 10 nM, 100 nM, and 1 �M 17�-estradiol.
To test whether the effects of estradiol were mediated by
ERs, ICI was added at a final concentration of 100 nM alone
or with E2 (100 nM) after a preincubation of 30 min. Protein
extracts were made from human sperms under reducing
conditions, separated by electrophoresis, transferred to a
membrane, and immunoblotted with the indicated antibod-
ies (see Materials and Methods). C, Washed human sper-
matozoa were incubated in unsupplemented Earle’s bal-
anced salt solution for 30 min at 37 C, 5% CO2 in the
presence of 100 nM estradiol (E2), 100 nM ICI, 10 �M wort-
mannin (Wort), 10 �M LY. The effects of estradiol were
tested both on Akt S473 and Akt T308 phosphorylations.
NC, Noncapacitated; Cap, capacitated. The autoradio-
graphs presented are representative examples of experi-
ments that were performed at least three times with repet-
itive results. Molecular weight markers are indicated on the
left of the blot.
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FIG. 5. Coprecipitation between ER� and the p55 regulatory subunit of PI3K induces PI3K activity in human spermatozoa. A, Spermatozoa
were washed twice with unsupplemented Earle’s medium and were incubated in the unsupplemented Earle’s medium for 1 h at 37 C and 5%
CO2, without (NC) or in the presence of 100 nM estradiol (NC�E). Besides, some samples were washed and incubated in capacitating medium
(Cap). Five hundred micrograms of sperm lysates were immunoprecipitated using anti-ER� or anti-ER� antibodies. MCF-7 and TM4 lysates
were used as controls (lanes 1 and 2). Molecular weight markers are indicated on the left of the blot. B, Spermatozoa were incubated in the
unsupplemented Earle’s medium for 1 h at 37 C and 5% CO2, in the absence (NC) or in the presence of 100 nM estradiol (E2). ICI and LY were
added at a final concentration of 100 nM and 10 �M, respectively, alone or with 100 nM E2 after a preincubation of 30 min. Some samples were
washed and incubated in Cap. Five hundred micrograms of sperm lysates were immunoprecipitated using anti-ER� antibody, incubated in the
presence of 200 �M phosphatidilinositol and 10 �Ci of [�-32P] ATP for 30 min. The negative control (CN) was performed using a sperm lysate,
where p110 catalyzing subunit of PI3K was previously removed by preincubation with the respective antibody (1 h at room temperature) and
subsequently immunoprecipitated with protein A/G-agarose (lane 9). MCF-7 treated with 100 nM insulin for 10 min before lysis and immu-
noprecipitated with anti-IRS-1 from 500 �g of cell lysates was used as positive control (lane 1). PI-3,4,5-P3, Phosphatidilinositol 3,4,5-
triphosphate; PI-3,5-P2, phosphatidilinositol 3,5-diphosphate; PI-3-P, phosphatidilinositol 3-phosphate. The autoradiographs presented are
representative examples of experiments that were performed at least three times with repetitive results.
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that activates the ERK1/2 to inhibit apoptosis (18). This ki-
nase is recognized to mediate cell survival in response to a
variety of growth factors targeting a myriad of cell types and
has also been proposed to act as a survival protein (18). In
human ejaculated spermatozoa, both PI3K/Akt and ERK1/2
pathways appear activated by E2, and ICI reduces E2-in-
duced activation of some protein, addressing the involve-
ment of estradiol and ERs in these events. In the same vein,
Bcl-2 (34), a key protein in survival signaling, phosphory-
lated at Serine 70, the physiologically relevant phosphory-
lation site, necessary for its full and potent antiapoptotic
function, is enhanced upon E2 exposure and inhibited in the
presence of ICI. A recent described nongenomic estrogen-
signaling pathway exhibits the direct interaction of ER� with
the p85 regulatory subunit of PI3K (20, 21). So, we questioned
whether the two ERs were able to interact with the PI3K/Akt
pathway in human ejaculated spermatozoa. It is worth not-
ing that ER� coprecipitates with the p55 kDa regulatory
subunit of PI3K, reported to be the prevalent regulatory
subunit expressed in the testis (21), whereas ER� coprecipi-
tates with Akt1. The complex ER�/p55 contains an intrinsic
PI3K activity enhanced in the presence of E2. The fact that the
above described pathway, upon E2 exposure, is inhibited in
a similar extent in the presence of either ICI or the specific
PI3K inhibitor led us to postulate that ER� per se enhances
PI3K activity and consequently also the activity of the down-

stream effector proteins: PDK1, Akt, and GSK-3. Further, we
observed that in the presence of ICI, the ERK1/2, PDK1, and
Akt phosphorylations are somehow activated. This unex-
pected effect could be argued by the fact that the ICI-induced
conformational changes of ER� able to abrogate ER� tran-
scriptional activity do not necessary interfere in the ER non-
genomic signaling in the absence of its natural ligand.

Even though Akt phosphorylation either in S473 or in T308
residues appears to be not influenced by E2 in ER� coprecipi-
tates, it appears clearly up-regulated upon E2 exposure in cell
lysate. Such apparent discrepancy could be due to the fact that
the Akt fraction, much more phosphorylated upon E2 exposure,
may not be necessarily involved in the coimmunoprecipitation
with ER�, or that the conformational changes induced by co-
precipitation make the phosphorylated Akt not discriminated
by our antibody. The selective coimmunoprecipitation of ER�
and of ER� with the p55 regulatory subunit of PI3K and Akt,
respectively, discloses a potential separate action of the two ERs
on the same pathway. At present, we are unable to distinguish
whether the functional role of each ER subtype in sperm sur-
vival signaling is redundant or distinct.

Normal male fertility relies on normal spermatogenesis, and
the importance of ERs and aromatase in the process was shown
at all stages of testicular development, both in somatic cells (35)
and in the germ cells (Ref. 3 and references therein). A specific
role of estrogen in maintaining sperm fertilizing capability (36–

FIG. 6. Coprecipitation between ER� and Akt1. A, Washed spermatozoa were incubated in the unsupplemented Earle’s medium for 1 h at 37
C and 5% CO2, without (NC) or in the presence of 100 nM E2 (NC�E). Besides, some samples were washed and incubated in Cap as described
in Materials and Methods. Five hundred micrograms of sperm lysates were immunoprecipitated using anti-ER� or anti-ER� antibodies and
then blotted with specific antibodies raised to Akt1, AktS473, AktT308, ER�, ER�. MCF-7 and TM4 lysates were used as controls (lanes 1–2).
B, Five hundred micrograms of sperm lysates at different experimental conditions, as indicated in the figure, were immunoprecipitated using
anti-ER� and then blotted with AktS473. Conversely, 500 �g of sperm lysates at different experimental conditions, as indicated in the figure,
was immunoprecipitated using anti-AktS473 and then blotted with anti-ER�. Sperm lysate was used as positive control (SL) (lane 1); negative
control samples were precipitated with carrier beads only (PA/G), with the omission of the primary antibody (lane 2). The autoradiographs
presented are representative examples of experiments that were performed at least three times with repetitive results. Molecular weight
markers are indicated on the left of the blot.
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38) appears to be questioned by a recent study demonstrating
that mice germ cells do not require ER� (39) for their terminal
morphofunctional differentiation when implanted in normal
seminiferous tubules of a wild-type recipient. However, in
these circumstances, we should consider that the production
and secretion of many proteins/factors by Sertoli cells, involved
in germ cells development, may overcome the lack of ER�,
adapting themselves to the changed needs of transplanted germ
cells. Besides, the potential action of estrogens in germ cells via
nonclassical receptors cannot be ruled out.

On the other hand, several findings have demonstrated how
estradiol may influence sperm fertilizing capability (36–38) as
well as sperm survival (Ref. 5 and references therein). However,
the molecular mechanisms related to these events did remain
to be disclosed. In the present study, we provided evidence that
estrogens in ejaculated spermatozoa activate the PI3K/Akt
pathway: ER� and ER� seem to influence this pathway at
different levels and may co-work in controlling sperm survival.
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Fibronectin and type IV collagen activate ERa AF-1 by c-Src pathway:

effect on breast cancer cell motility
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Centro Sanitario, Università della Calabria, Arcavacata di Rende, Cosenza 87030, Italy

The expression of estrogen receptor alpha (ERa) is
generally associated with a less invasive and aggressive
phenotype in breast carcinoma. In an attempt to under-
stand the role of ERa in regulating breast cancer cells
invasiveness, we have demonstrated that cell adhesion on
fibronectin (Fn) and type IV Collagen (Col) induces ERa-
mediated transcription and reduces cell migration in
MCF-7 and in MDA-MB-231 cell lines expressing ERa.
Analysis of deleted mutants of ERa indicates that the
transcriptional activation function (AF)-1 is required for
ERa-mediated transcription as well as for the inhibition of
cell migration induced by cell adhesion on extracellular
matrix (ECM) proteins. In addition, the nuclear localiza-
tion signal region and some serine residues in the AF-1 of
the ERa are both required for the regulation of cell
invasiveness as we have observed in HeLa cells. It is worth
noting that c-Src activation is coincident with adhesion of
cells to ECM proteins and that the inhibition of c-Src
activity by PP2 or the expression of a dominant-negative
c-Src abolishes ERa-mediated transcription and partially
reverts the inhibition of cell invasiveness in ERa-positive
cancer cells. These findings address the integrated role of
ECM proteins and ERa in influencing breast cancer cell
motility through a mechanism that involves c-Src and
seems not to be related to a specific cell type.
Oncogene advance online publication, 27 September 2004;
doi:10.1038/sj.onc.1208098

Keywords: estrogen receptor alpha; extracellular matrix;
fibronectin; type IV collagen; c-Src

Introduction

Several clinical studies have demonstrated that estrogen
receptor alpha (ERa)-positive tumors have lower meta-
static potential than ERa-negative tumors (Fraker et al.,
1984; Osborne et al., 1985; McGuire, 1986; Price et al.,
1990). Many reports correlate ERa expression to lower
matrigel invasiveness and to a reduced metastatic

potential of breast cancer cell lines (Liotta et al., 1991;
Thompson et al., 1992; Rochefort et al., 1998); however,
the molecular mechanisms that define this process are
still unclear. The interaction of cells with the extra-
cellular matrix (ECM) influences many aspects of cell
behavior, including growth, morphology, migratory
properties and differentiation (Hynes, 1990; Clark and
Brugge, 1995; Giancotti and Ruoslahti, 1999). The
adhesion to ECM is mediated by integrin receptors that
are reported to control growth factor signaling path-
ways. Specifically, cells adherent to ECM show an
enhanced activation of the p42 and p44 forms of the
mitogen-activated protein kinase (MAPK) (Miyamoto
et al., 1996; Lin et al., 1997; Renshaw et al., 1997; Aplin
and Juliano, 1999). In addition, binding of the integrin
receptor with ECM proteins causes a direct transient
activation of MAP kinase in the absence of growth
factors (Chen et al., 1994; Schlaepfer et al., 1994; Zhu
and Assoian, 1995).
The transcriptional activation function (AF)-1 of the

N-terminal ERa is a target of various protein kinases
such as MAPK, PI3-k, Akt and c-Src, which are
activated by growth factor pathways, either in the
presence or in the absence of 17b-estradiol (E2) (Power
et al., 1991; Chalbos et al., 1993; Aronica et al., 1994;
Kato et al., 1994; Couse et al., 1995; Ignar-Trowbridge
et al., 1995; Bunone et al., 1996; Weigel, 1996; Joel et al.,
1998). c-Src is also one of the first protein kinases
activated by cell adhesion to ECM (Guan, 1997;
Schlaepfer et al., 1997; Schaller et al., 1999) and it has
been shown to play a significant role in several phases of
outside–in signaling in many cell types (Kaplan et al.,
1995; Lowell et al., 1996; Suen et al., 1999). The
overexpression and activation of Src family kinases have
been identified in a range of human cancers (Irby and
Yeatman, 2000) and these have been indicated to
contribute not only to the growth and survival of breast
cancer cells but also to increase their metastatic
potential (Summy and Gallick, 2003).
In this study, we have tested the hypothesis that cell

adhesion on ECM modulates ERa transcriptional
activity, producing a reduction of cell migration. Our
results show that estrogen receptor activation function 1
(AF-1)/ERa is an effector of the adhesion protein
signals. Cell adhesion on Fibronectin (Fn) and type IV
collagen (Col) induces the transcriptional activation ofReceived 27 January 2004; revised 21 May 2004; accepted 8 July 2004
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ERa and the reduction of cell migration in MCF-7 cells,
as well as in MDA-MB-231 and in HeLa cells both
engineered to express ERa. In addition, we have found
that c-Src is essential for ERa activation in response to
cell adhesion. Focusing on the relationship between
c-Src activity and ERa expression in breast cancer cells,
we have shown that the transactivation of ERa upon cell
adhesion on ECM proteins counteracts the action of c-
Src on cell motility and invasiveness in cancerous cells.

Results

Cell adhesion on Fn or Col induces ERa translocation into
the nuclear compartment

First, we determined whether cell adhesion on either Fn
or Col may influence ERa expression. MCF-7 cells,
serum-starved for 24 h, were plated onto Fn-, Col- and
P-Lys- (negative control) coated dishes and incubated
for 30min, 1 h, 4 h and 8 h. Equal amounts of cytosolic
and total (nuclearþ cytosolic) protein lysates were
resolved by SDS–PAGE and analysed by Western blot
for ERa detection. Figure 1b shows a significant
decrease of ERa content in the cytosol 30min to 4 h
after cell adhesion on Fn and Col with respect to the
control reported in Figure 1a. No substantial changes in
total ERa content were observed in our time course
study (Figure 1b). These results support the conclusion
that cell adhesion on either Fn or Col induced a
translocation of ERa into the nuclear compartment. The
observed compartmentalization of ERa was confirmed
by immunocytochemistry using MCF-7 cells maintained
in a serum-free medium for 96 h, then detached, plated
onto Fn-, Col- and P-Lys-coated slides and incubated
for 2 h (Figure 1c). No signal was detected in the control
cells (P-Lys); this may be due to the binding of ERa with
chaperon proteins that possibly mask the epitope for the
ERa antibody.

Fn and Col induce estrogen-responsive element (ERE)
transcription

Since Fn and Col were able to translocate ERa into the
nuclear compartment, we evaluated their ability to induce
ERa-mediated transcription. MCF-7 cells were trans-
fected with the ERE responsive reporter plasmid (XETL)
and the pRL-Tk plasmid expressing Renilla luciferase, as
an internal control. The cells were then serum starved for
24h and exposed to E2, Fn, Col or P-Lys before luciferase
assays. Figure 2a shows a significant increase in ERE-
mediated transcription induced by both Fn and Col in the
absence of ER ligand. In contrast, P-Lys failed to induce
ERa-mediated transcription, showing that the observed
effect is specifically due to the integrin substrates.
The same results were obtained in MDA-MB-231 cells

transiently expressing ERa and the reporter gene,
suggesting that the Fn/Col-induced transcriptional
activation is specifically mediated by ERa (Figure 2c).
A slight but significant increase in luciferase expression
was observed in wild-type MDA-MB-231 treated with
both Fn and Col (Figure 2b), probably due to the
expression of ERb (Lazennec et al., 2001), as we
detected in the present study (data not shown). The
antiestrogen ICI reversed this upregulatory effect
induced by both ECM proteins in all the experimental
conditions and in both cell lines.
In addition, no substantial differences were observed

in luciferase expression when transfected MCF-7 and
MDA-MB-231 were plated onto both Fn- and Col-
coated dishes (data not shown).

ERE-mediated transcription induced by Fn and Col
upregulates pS2 and cathepsin D mRNA

Owing to their ability to induce ERE-mediated transcrip-
tion, Fn and Col were assessed for their capacity to
regulate the expression of endogenous ERa-specific target
genes as pS2 (Figure 3a) and cathepsin D (Figure 3b).

Figure 1 Cell adhesion on Fn or Col induces ERa translocation into the nuclear compartment. (a) MCF-7 cells serum-starved for 24 h
were detached and an aliquot was lysed and used as control (time 0); (b) a further aliquot was plated in PRF-SFM on P-Lys- (2mg/
cm2), Fn- (30mg/ml) or Col- (30 mg/ml) coated dishes. After 30min, 1 h, 4 h and 8 h of incubation, cytosolic (Cyt) and total (cytosolic
and nuclear) (Tot) protein lysates were subjected to Western blotting with an anti-ERa monoclonal antibody. These results are
representative of five independent experiments. (c) MCF-7 cells serum starved for 96 h were detached and plated in PRF-SFM on P-
Lys- (2mg/cm2), Fn- (30mg/ml) and Col- (30 mg/ml) coated slides or plated on culture-treated slide and incubated with E2 (10 nM). After
2 h, cells were fixed, probed with anti-ERa antibody and stained as described in Materials and methods
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The results show the ability of Fn and Col, but not of
P-Lys, to upregulate both pS2 and cathepsin D mRNAs.

Fn and Col induce ERE-mediated transcription through
AF-1 activation

Subsequently, we questioned which functional domain
of ERa was affected by the adhesion protein signals. To
exclude the influence of specific factors present in breast
cancer cells, we transiently cotransfected HeLa cells with

Figure 2 Fn and Col activate ERE-mediated transcription. MCF-
7 (a) and MDA-MB-231 (b) cells were transfected with 0.3mg/well
of pSG5 and 0.6 mg/well of XETL by calcium phosphate method.
MDA-MB-231 were also cotransfected with 0.3mg/well HeG0 and
0.6mg/well of XETL (c). Cells were incubated in the transfection
cocktail for 6 h, serum starved for an additional 24 h and then
incubated for 16 h in PRF-SFM (untreated) or in PRF-SFM
containing either 10 nM estradiol (E2), 30mg/ml Fn, 30 mg/ml Col or
15mg/ml P-Lys. The same treatments were also carried out in the
presence of 100 nM ICI 182,780. Firefly luciferase activity was
internally normalized to R. luciferase and expressed as fold of
increase with respect to the PRF-SFM (untreated) sample. Results
represent the mean7s.d. of at least five independent experiments.
%Po0.001 vs PRF-SFM; ’Po0.05 vs PRF-SFM; EEPo0.001 vs
the homologues samples without ICI 182,780

Figure 3 Adhesion of breast cancer cells on Fn and Col
upregulates pS2 and cathepsin D mRNA levels. Semiquantitative
RT–PCR of pS2 mRNA (a) and cathepsin D (b). Serum-starved
MCF-7 cells were detached and plated, in PRF-SFM, on dishes
previously coated with 2 mg/cm2 P-Lys, 30mg/ml Fn (Fn), 30 mg/ml
or plated on uncoated dishes and treated with 10 nM estradiol (E2).
The 36B4 mRNA levels were determined in the same amplification
tube as control. The quantitative representation of three indepen-
dent experiments expressing the optical density of pS2 (&) and
36B4 ( ) RT–PCR products (a) and of cathepsin D (&) and 36B4
( ) RT–PCR products (b) is reported in the histograms
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the reporter plasmid XETL and with either HeG0 (data
not shown) or HE15 (Figure 4a) or HE19 (Figure 4b)
coding for the carboxyl-terminal and amino-terminal
truncated receptor, respectively. The treatment with
either E2 or Fn and Col leads to an increase of luciferase
activity in HeLa cells expressing ERa corresponding to
that observed in MCF-7 (data not shown). Both ECM
proteins induced ERE-mediated transcription only in
HeLa cells transiently expressing the AF-1/DBD do-
mains of ERa (Figure 4a), while the treatment with E2

gave a significant increase of ERE-mediated transcrip-
tion when the AF-2/DBD domains of ERa were
expressed (Figure 4b). ICI abolished the upregulatory
effects induced by Fn, Col and E2, while 4-OH
tamoxifen (4OH-Tam) treatment was able to negatively
interfere only with E2-induced activation in cells
expressing either ERa (data not shown) or the AF-2/
DBD domains of ERa. In summary, these data
demonstrate that either Fn or Col is able to activate
ERa by targeting the AF-1 domain.

Fn and Col activate ERa through c-Src

On the basis of previous findings demonstrating that c-
Src is activated by Fn (Schlaepfer et al., 1997) and that
ERa is activated in its AF-1 domain by signals
transduced from c-Src (Feng et al., 2001), we questioned
whether c-Src might be involved in ERa activation
induced by cell adhesion/treatment to Fn and Col. We

investigated the role of c-Src in MCF-7 cells transfected
with pcDNA3 as control vector, c-Src(þ ) and c-Src(�)
(dominant negative of c-Src) (Figure 5a). The over-
expression of c-Src potentiates ERa transactivation both
in basal condition as well as upon E2, Fn and Col
exposure. The expression of the dominant-negative c-Src
as well as the treatment with PP2-abrogated ERE-
mediated transcription induced by both Fn and Col,
however, only attenuated the response to E2. Altogether,
these data suggest that c-Src is required for ERa
activation by signals derived from cell adhesion to
ECM. Under the same experimental conditions, we
evaluated the autophosphorylation of c-Src and the
phosphorylation of the exogenous substrate enolase
(Figure 5b) after 5min of exposure. The indicated time
was chosen after a time course study (here not reported)
performed at 0, 5, 10 and 20min displaying the maximal
enzymatic activity at 5min. The results provide evidence
that both E2, Fn and Col activate c-Src, while either the
expression of a dominant-negative c-Src or the presence
of PP2 strongly reduces both the autophosphorylation
of c-Src and the phosphorylation of enolase.

E2, Fn and Col reduce cell motility

Since previous studies have shown that ERa expression
leads to a lower matrigel invasiveness and to a reduced
metastatic potential in breast cancer cells (Rochefort
et al., 1998; Platet et al., 2000), we investigated whether

Figure 4 Fn and Col induce ligand-independent transcriptional activation of the ERa. HeLa cells were transfected with 0.3mg/well
HE15 and 0.6mg/well XETL (a) or with 0.3 mg/well HE19 and 0.6mg/well XETL (b). At 6 h after transfection cocktail addition, cells
were shifted in PRF-SFM for 24 h and then incubated for 16 h in PRF-SFM containing either 15mg/ml P-Lys, 10 nM estradiol (E2),
30 mg/ml Fn or 30mg/ml Col. The same treatments were also carried out in the presence of 100 nM 4-OH Tam and 100nM ICI 182,780.
Firefly luciferase activity was internally normalized to R. luciferase and expressed as fold of increase with respect to the PRF-SFM
(untreated) samples. Results represent the mean7s.d. of five independent experiments. Po0.001 and Po0.01 vs PRF-SFM
(untreated); EEPo0.005 vs the homologues samples without 4-OH Tam and ICI 182,780
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the activation of ERa by both ECM proteins was
correlated with the motility of breast cancer cells. MCF-
7, MDA-MB-231 and HeLa cells were used to evaluate
cell invasion on Transwell chambers previously coated
with Fn, Col or P-Lys and incubated overnight in PRF-
SFM or in PRF-SFM containing E2. In agreement with
previous studies (Rochefort et al., 1998), E2 treatment
produced a marked reduction of cell migration in MCF-
7 (Figure 6a) as well as in both MDA-MB-231 (data not
shown) and HeLa cells expressing ERa (Figure 6b).
Similar inhibition was observed after cell adhesion to
either Fn or Col. To further clarify the contribution of
the two ERa/AF domains in regulating cell motility,
HeLa cells were transfected with either the AF-1- or AF-

2-deleted constructs and plated onto transwells coated
with both ECM proteins. Cells expressing the AF-1/
DBD domains (Figure 6c) showed a strong reduction of
cell invasion induced by both ECM proteins and
reversed by ICI (data not shown). In contrast, only E2

treatment reduced cell migration when the AF-2/DBD
domains of the ERa were expressed (Figure 6d).

Fn and Col reduce cell motility through c-Src in breast
cancer cells expressing ERa

Having established the role of c-Src in mediating ERa
activation induced by cell adhesion to both Fn and Col,
we examined its involvement in the regulation of breast

Figure 5 Fn and Col activate unliganded-ERa through c-Src. (a) MCF-7 cells were cotransfected with calcium phosphate
precipitation method using 0.5 mg/well of XETL and 0.5 mg/well of pCMV empty vector or 0.5mg/well of XETL plasmid with 0.5 mg/
well of c-Src(þ ) or 0.5mg/well of c-Src(�). At 6 h after transfection, cells were serum starved for 24 h and then incubated for 16 h in
PRF-SFM (untreated) or PRF-SFM containing either 10 nM estradiol (E2), 30mg/ml Fn, 30 mg/ml Col or 15 mg/ml P-Lys. The same
treatments were also carried out in the presence of 3 mM of PP2. Firefly luciferase activity was internally normalized to R. luciferase and
expressed as fold of increase with respect to the PRF-SFM (untreated) sample. Results represent the mean7s.d. of five independent
experiments. The inset pictures present the expression of c-Src and were assessed by Western blotting as described in Materials and
methods using 30mg of total cell lysates. (b) MCF-7 cells, transfected and treated as before for 5min, were lysed and
immunoprecipitated with an anti c-Src antibody/protein A/G complex and assayed for c-Src-kinase activity using acid-treated
enolase as described in Materials and methods. These results are representative of three independent experiments. %Po0.001 vs the
PRF-SFM (untreated); ’Po0.01 vs the homologues samples without PP2 and cSrc(�); EPo0.05 vs the homologues samples without
PP2 and cSrc(�)
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cancer cell motility. MCF-7, HeLa cells and HeLa
expressing ectopic ERa as well as ERa deleted in the
AF-1 or AF-2 domain were plated onto either Fn- or
Col-coated membranes and incubated in the presence of
PP2 or cotransfected with c-Src(�).
In MCF-7 (Figure 6a), the presence of either c-Src

inhibitor or dominant-negative c-Src partially reverses
the decrease in cell invasion caused by cell adhesion on
both ECM proteins and, to a lesser extent, by E2. In
agreement with previous reports (reviewed in Summy
and Gallick, 2003), the inhibition of c-Src elicits a slight
decrease in both cell motility and invasiveness of about
20% (Po0.05) in wild-type HeLa cells (data not
shown), while the ectopic expression of ERa induces a
strong reduction in cell motility (Figure 6b), which
appears emphasized by the adhesion on both ECM

proteins, and is partially reversed by the inhibition of c-
Src. Under the same circumstances, the dramatic
reduction induced by E2 still persists. Finally, the
inhibition of c-Src with PP2 or the dominant-negative
c-Src partially reverts the decrease on cell invasion
induced by both ECM proteins in HeLa cells expressing
the AF-1/DBD domains (Figure 6c). These data clearly
show that c-Src is required for ligand-independent ERa-
mediated reduction of breast cancer cell invasion.

Relationship between ERa and c-Src in mediating cell
motility

It was previously demonstrated that elevated expression
and/or activity of c-Src drastically increases motility,
invasiveness and the metastatic potential of cancerous

Figure 6 Cell adhesion on Fn and Col activate AF-1/ERa through c-Src reducing cell invasion. MCF-7 cells transiently transfected
with 1mg/well of c-Src(�) or pCMV (a) and HeLa cells transfected with 0.5 mg/well of the following plasmids; (b) pCMV and pSG5,
pCMV and HeG0 or HeG0 and c-Src(�); (c) pCMV and pSG5, pCMV and HE15 or HE15 and c-Src(�); (d) pCMV and pSG5, pCMV
and HE19 or HE19 and c-Src(�), after 6 h cells were serum starved for 24 h, detached, plated and allowed to migrate for 16 h on
membranes coated either with 2mg/cm2 P-Lys (&) or 30mg/ml Fn ( ) or 30 mg/ml Col (’) or treated with 10 nM estradiol ( ). The
effects induced by P-Lys, Fn, Col and E2 on cell motility were also evaluated upon exposure to 3 mM PP2. Cells were then fixed, stained
and the cells that migrated to the lower surface of the membranes were counted. The results represent the mean7s.d. of four
independent experiments. Po0.001 vs P-Lys; �Po0.001 vs the homologues samples in vectors; EPo0.05 vs vectors/P-Lys
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cells (Summy and Gallick, 2003). To further clarify the
role of ERa and c-Src in regulating cell motility, we
transfected MDA-MB-231 with both HeG0 and Y527F,
a constitutively active c-Src (Figure 7). The different
levels of c-Src ectopically expressed in MDA-MB-231
cells does not induce substantial changes in cell motility,
while the concomitant expression of ERa is sufficient to
reduce cell motility. Namely, when ERa and active c-Src
were expressed in a 4 : 1 ratio, a stronger reduction of
cell motility was observed with respect to that obtained
in cells expressing ERa alone. However, when MDA-
MB-231 were transfected with ERa/c-Src using a 1 : 4
ratio, the reduction was partially reversed. These results
indicate an opposite role for ERa and c-Src activity in
regulating cell motility.

Nuclear localization of ERa is required to inhibit cell
motility

Next, we questioned whether the nuclear localization of
ERa is required for the reduction of cell invasion. With
this aim, we tested cell invasion in HeLa cells transfected
with either ERa or ERa in which serine 104, 106 and 118
were replaced by alanine residues (ER/Ser/A) and with

the ERa lacking the NLS domain (E241G) in the
presence of E2, Fn and Col. In HeLa cells expressing the
wild-type ERa E2, Fn and Col induced a functional

Figure 7 Relationship between ERa and c-Src in the regulation of
cell motility. MDA-MB-231 cells were transfected, by calcium
phosphate DNA co-precipitation method, using HeG0 and Y527F
in a 4 : 1 or 1 : 4 ratio. The same plasmids were transfected either
with pcDNA3 or pSG5 as vector of Y527F and HeG0, respectively.
At 6 h after transfection, cells were serum starved for 24 h and then
detached, counted and plated onto porous membranes in DMEM/
F12þ 5% CS for 16 h. Cells were then fixed and stained, and cells
which migrated to the lower surface of the filters were counted. The
inset picture presents the expression of both ERa and c-Src in
MDA-MB-231 cells after transfection. ERa and c-Src expression
was assessed by Western blot as described in Materials and
methods using 20mg of total cell lysates. A measure of 20mg MCF-
7 cell lysates was used as positive control. The results represent the
mean7s.d. of three independent experiments. Po0.01 vs vectors,
�Po0.05 vs vectors

Figure 8 NLS and the AF-1 domain of ERa are required for ligand-
dependent and -independent regulation of cell migration. HeLa cells
were transfected with either HeG0 (&) or ER/Ser/A ( ) or E241G
(’) by the calcium phosphate DNA co-precipitation method. After
6 h, cells were serum starved for 24 h and then detached and plated
onto porous membranes coated either with 2mg/cm2 P-Lys, 30mg/ml
Fn (Fn), 30mg/ml Col (Col) or treated with 10 nM estradiol (E2) and
incubated for 16 h, allowing cells to migrate. Cells were then fixed,
stained and cells which migrated to the lower surface of the filters were
counted (a). The inset picture presents the expression of ERa by
Western blot after transfection (b). In the same experimental
conditions, HeLa cells were co-transfected with either 0.3 mg/well
HeG0, ER/Ser/A, E241G plus 0.6 mg/well of XETL (c). Firefly
luciferase activity was internally normalized to R. luciferase and
expressed as fold of increase with respect to the P-Lys samples. The
results represent the mean7s.d. of four independent experiments.
�Po0.01 vs C0; Po0.05 vs the respective C; EPo0.01 vs the
respective treatment in HeG0
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transactivation of ERa (Figure 8a) together with a
dramatic reduction of cell invasiveness (Figure 8c). In
the presence of ER/Ser/A, only E2 induced a slight
functional transactivation of ERa (Figure 8a), while
none of the treatments produced substantial effects on
cell invasiveness (Figure 8c). In HeLa cells expressing
ERa deleted in the NLS region, the functional transac-
tivation of ERa was abolished (Figure 8a), while just a
slight decrease of cell invasiveness was observed after the
cells adhesion on membranes coated with Fn and Col
(Figure 8c).

Discussion

Several previous studies have indicated an important role
for E2 in decreasing ‘in vitro’ invasiveness and motility of
ERa-positive breast and ovarian cancer cells (Thompson
et al., 1992; Hayashido et al., 1998; Rochefort et al.,
1998). We found that cell adhesion on Fn and Col
induces ERa translocation from the cytoplasm into the
nucleus increasing the expression of estrogen-responsive
genes, such as PS2 and cathepsin D, together with a
downregulation of cell motility and invasion. Using ERa
mutants lacking the AF-1 or the AF-2 region, we have
provided evidence that both Fn and Col activate ERa in
a ligand-independent manner as efficiently as the AF-2/
ERa-mediated transcription induced by E2.
It has been well documented that human ERa is

phosphorylated by c-Src in vitro (Arnold et al., 1995)
and that breast tumors, exhibiting an enhanced c-Src
activity, frequently express a progesterone receptor.
These findings raise the possibility that Src family
kinases may contribute to the hormone dependence of
tumor cell growth (Lehrer et al., 1989). In the same
scenario, c-Src is able to transactivate the AF-1 domain
of unliganded ERa partly through the ERK1/ERK2
signaling cascade and partly through the JNK signaling
cascade (Feng et al., 2001).
Cell adhesion to ECM proteins induces the recruit-

ment and activation of the FAK/c-Src kinase complex,
which may be a crucial step in integrin-mediated signal
transduction processes (Chen et al., 1994; Schlaepfer
et al., 1994; Morino et al., 1995; Schlaepfer and Hunter,
1996). These findings well suit our data demonstrating
that c-Src is activated by cell adhesion on both Fn and
Col, leading to the functional transactivation of
ERa with a concomitant reduction of cell invasion.
Both ERa transactivation and the reduction of cell
invasion, caused by both ECM proteins, were reversed
by either PP2 or the expression of a dominant-negative
c-Src. However, E2 is still able to activate ERa with a
reduction in cell invasion. These data strengthen
previous findings demonstrating the existence of two
distinct mechanisms through which ERa inhibits breast
cancer cell motility according to its unliganded or
liganded status (Platet et al., 2000). The ability of both
ECM proteins to transactivate ERa via c-Src is not
linked to specific factors present in breast cancer cells
since it was reproduced in HeLa cells engineered to

express ERa, ERb (data not shown) and ERa deleted in
the AF-2 domain. The expression of either ERa or AF-
1/ERa is sufficient to reduce cell invasion that results
enhanced by cell interactions with both Fn and Col.
These data, taken together, address how A/B region of
ERa is crucial for both ligand-independent transcrip-
tional activation and the reduction of cell invasion
induced by the two ECM proteins, thus confirming that
the AF-2 domain may be dispensable for hormone-
independent inhibition of cell invasiveness and motility
(Platet et al., 2000).
C-Src is an effector of multiple protein tyrosine kinase

signals, particularly active during the process of
tumorigenesis (Summy and Gallick, 2003). For instance,
the enhanced expression of c-Src in cells expressing
elevated levels of EGF-R resulted in increased DNA
synthesis, soft agar growth and tumor formation in nude
mice (Maa et al., 1995). The sustained activation of
c-Src, observed in mammary epithelial cells overexpres-
sing Erb-B2 (Sheffield, 1998) and in TGF-a-induced
mammary tumor cell line (Amundadottir and Leder,
1998), enhances the anchorage-independent growth of
these cells. Activated c-Src in mammary tumors has
been well studied in transgenic mice. Mice expressing
viral polyoma middle T antigen under the control of the
MMTV promoter produce highly metastatic mammary
tumors with elevated c-Src kinase activity (Guy et al.,
1994). Besides, mice overexpressing the neu oncogene
also develop mammary tumors with 6–8-fold higher
c-Src kinase activity than the adjacent normal tissue
(Muthuswamy et al., 1994). Thus, it appears from the
above reported findings that c-Src lies at the hub of a
very complex network of signaling pathways, which
integrate a variety of intracellular and extracellular
events. Part of this network links the adhesion proteins
to ERa, leading to the reduction of cell motility. The
latter effect appears to be mediated at the nuclear level
since it is abrogated in the presence of ERa deleted in
the NLS. This strongly suggests that ERa may induce
the expression of genes able to enhance cell adhesion
and negatively control cell migration.
Importantly, it has been demonstrated that ERa

activation upregulates fibulin-1, an Fn-binding ECM
protein (Hayashido et al, 1998), while it decreases
metalloproteinase 9 (Crowe and Brown, 1999) and type
IV collagenase (Abbas Abidi et al., 1997), producing a
decrease of cell migration. In other words, we have
defined an autoregulatory loop linking ECM–integrin–
FAK–c-Src signals to ERa. The output of this loop is
dependent on the delicate balance between c-Src and
ERa. However, this balance is distorted during tumor-
igenesis, resulting in a sustained marked activation of
c-Src. When a continued activation on c-Src occurs, the
balance of the autoregulatory loop between integrins–
FAK–c-Src kinase and ERa may be over-ridden and the
effect of constitutive active c-Src in enhancing cell
migration and invasiveness becomes dominant. Indeed,
we observed that the reduced cell migration induced by
ectopic expression of ERa in MDA-MB-231 cells is
reversed when c-Src content substantially exceeds that
of ERa.
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On the basis of our findings, it is reasonable to assume
that a coordinate role between ECM proteins and ERa
exists in controlling cell motility and cell metastatic
potential in ERa-positive breast cancer cells. Even
though several substrates of the FAK/c-Src complex
have been recently identified (Cary et al., 1998; Klemke
et al., 1998; Petit et al., 2000), the mechanisms whereby
c-Src pathways regulate cell migration remain, however,
to be fully elucidated.

Materials and methods

Cell lines and cell culture conditions

Two human breast cancer epithelial cell lines, MCF-7 (ERþ )
and MDA-MB-231 (ER�) and a cervicae carcinoma cell line
HeLa (ER�) were used. MCF-7 and MDA-MB-231 cells were
maintained in a monolayer culture in Dulbecco’s modified
Eagle’s/Ham’s F-12 medium (1 : 1) (DMEM/F12; Eurobio, F)
supplemented with 5% calf serum (CS; Eurobio, F), 100UI/ml
penicillin (Eurobio, F), 100 mg/ml streptomycin (Eurobio, F)
and 0.2mM L-glutamine (Eurobio, F). HeLa cells were
maintained in monolayer cultures in minimal essential medium
(MEM) with Earle’s salts (Eurobio, F) supplemented with
10% fetal bovine serum (Eurobio, F), 100UI/ml penicillin,
100mg/ml streptomycin and 0.2mM L-glutamine. Cells were
passed weekly using trypsin–EDTA (Eurobio, F) and media
were changed every 2 days.
In all experiments, steroids and growth factors were

withdrawn from cells, and were grown in phenol red-free
DMEM (PRF-SFM; Eurobio, F) containing 0.5% BSA and
2mM L-glutamine for 24 h.

Western blotting

To establish the influence of both ECM proteins on ERa
protein expression, MCF-7 cells, serum starved for 24 h, were
detached with versene (Eurobio, F), resuspended in PRF-SFM
and plated for 30min, 1 h, 4 h and 8 h on culture-coated wells
with either 30mg/ml Fn (Sigma, USA) in PBS or 30 mg/ml Col
(Sigma, USA) in 10mM acetic acid or 2mg/cm2 poly-L-lysine
(P-Lys; Sigma, USA) in PBS. At the end of each incubation
time, cells were washed with ice-cold PBS and lysed for 1min
at 41C in Triton lysis buffer (50mM HEPES (pH 7.5), 150mM

NaCl, 1.5mM MgCl2, 1mM CaCl2, 1% Triton X-100, 0.2mM

Na3VO4, 1% PMSF, 1% Aprotinin) for the cytosolic lysates
and in SDS lysis buffer (62.5mM Tris-HCl (pH 6.8), 50mM

dithiothreitol, 2% SDS, 10% glycerol, 0.2mM Na3VO4, 1%
phenylmethyl-sulfonylfluoride) for the total (cytosolic and
nuclear) lysates. Cell lysates were cleared by centrifugation
(14 000 r.p.m. for 10min at 41C) and the protein content was
determined by the Bradford method. Cellular lysates (20 mg of
protein/lane) were resolved by SDS–PAGE, then transferred
to nitrocellulose membranes and probed with an ERa
monoclonal antibody (F-10 clone; Santa Cruz Biotechnology,
USA). The antigen–antibody complexes were detected by
incubation of the membranes with peroxidase-coupled anti-
mouse IgG and developed using the ECL Plus Western
Blotting detection system (Amersham Pharmacia Biotech,
UK).

Immunocytochemical staining

MCF-7 cells, serum starved for 96 h, were detached with
versene, resuspended in PRF-SFM and plated either on 30 mg/

ml Fn-, 30mg/ml Col- or 2 mg/cm2 P-Lys-coated wells, as
described previously, or treated with 10 nM of E2. After 2 h of
incubation, the cells were fixed with paraformaldehyde (2%
PFA for 30min). Endogenous peroxidase activity was
inhibited by hydrogen peroxide (3% in absolute methanol
for 30min) and nonspecific sites were blocked by normal horse
serum (10% for 30min). ERa immunostaining was then
performed incubating the primary antibody (F-10 clone)
overnight at 41C, while a biotinylated horse-anti-mouse IgG
was utilized at room temperature for 1 h as a secondary
antibody. Avidin–biotin–horseradish peroxidase complex
(ABC/HRP) was applied for 30min and the chromogen 3-30-
diaminobenzidine tetrachloride dihydrate was then used as
detection system for 5min. TBS-T (0.05M Tris-HCl plus
0.15M NaCl (pH 7.6) containing 0.05% Triton X-100) served
as a washing buffer. The primary antibody was replaced by
normal mouse serum at the same concentration in control
experiments on MCF-7-cultured cells (not shown).

Plasmids, transfections and ERE-luciferase assay

The reporter plasmid XETL drives the expression of luciferase
by an ERE from the Xenopus vitellogenin promoter (Bunone
et al., 1996). The SV40 promoter-based pSG5 vector encoding
ERa (wild-type) pSG5-HeG0 (HeG0, Tora et al., 1989). The
two deleted constructs of ERa, pSG5-HE15 and pSG5-HE19,
code for a carboxyl-terminal truncated receptor (HE15, amino
acids 1–281) and for the amino-terminal truncated receptor
(HE19, amino acids 179–575), respectively (a gift from D
Picard). The pcDNA3-ER-S104/S106/S118/A is an ERa
derivative containing Ser 104, 106 and 118 mutated in Ala
inserted in a pcDNA3 expression vector (ER/Ser/A; a gift
from DA Lannigan). The pCMV-hE241G is a construct of
ERa deleted in the nuclear localization signal (NLS) region
(amino acids 250–303) and inserted in the pCMV expression
plasmid (E241G; a gift from R Song). The empty expression
vector, pCMV, and the same vector containing the c-DNA
encoding the wild type of c-Src, pCMV-c-Src (c-Src(þ )), and
the dominant negative of c-Src, pCMV-cSrc-K295R,Y527F
(c-Src(�)) were gifts from J Brugge and the active form of
c-Src, pcDNA3-cSrc-Y527F, (Y527F) was a gift from DD
Boyd. The R. reniformis luciferase expression vector used was
pRL-Tk (Promega, USA).
To monitor the activation of ERa by ECMs, MCF-7 and

MDA-MB-231 cells (5� 104 density) were plated onto 24-well
plates, grown in DMEM/F12 to an approximate confluence of
70–80% and then cotransfected with XETL and pRL-Tk
(MCF-7) or XETL, HeG0 and pRL-Tk (MDA-MB-231). All
the transfections were carried out using the calcium phosphate
DNA co-precipitation method. Cells were transfected in a
growing medium and 6 h after transfection were washed twice
with PRF-SFM and switched to PRF-SFM for 24 h and then
treated for 8 h either with 10 nM E2, 30 mg/ml Fn, 30mg/ml Col
or 15mg/ml P-Lys. The same treatments were carried out in the
presence of either 100 nM ICI 182,780 (ICI; Zeneca, UK),
100 nM 4-OH-Tam (Sigma, USA) or 3 mM PP2, an inhibitor of
c-Src (Calbiochem, USA). To evaluate which ERa functional
domain was involved in ERa activation by ECMs, HeLa
cells, cultured and treated as before, were cotransfected with
pRL-Tk, XETL and HeG0, HE15 or HE19.
Firefly luciferase and R. reniformis luciferase activities were

determined using the Dual Luciferase reporter assay system
(Promega, USA) according to the manufacturer’s instructions.
Firefly luciferase activity was normalized to R. reniformis
luciferase activity and expressed as relative luciferase units.
The influence of ERa and c-Src on cell motility was analysed

in HeLa cells transfected with HeG0 and Y527F at different
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concentrations (ratio 1 : 4 and 4 : 1). The same cells were
transfected with HeG0 and pcDNA3 or Y527F and pSG5
using the same concentrations mentioned before. To evaluate
if ERa acts at the nuclear level in mediating the induced effects
of ECM/c-Src on cell motility, MDA-MB-231 cells cultured
and treated as before were transfected, as described previously,
with ERa mutated in some serine residues (ER/Ser/A, 10 mg/
dish), or with ERa deleted in the NLS (E241G, 10mg/dish).

RT–PCR

MCF-7 cells were incubated for 24 h in PRF-SFM and then
detached and plated on coated or uncoated dishes with either
2 mg/cm2 P-Lys, 30 mg/ml Fn or 30mg/ml Col as described
previously. The cells plated on uncoated dishes were treated
both with and without 10 nM E2. After 24 h, total cellular RNA
was extracted using RNeasy (Quiagen, USA) and reverse
transcribed using Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Promega, USA). Briefly, reverse tran-
scription was performed on 1mg of total RNA in a final
volume of 10ml by incubation at 371C for 30min with 200U of
M-MLV reverse transcriptase, 0.4 mg oligo-dT, 0.5 mM deoxy-
nucleotidetriphosphate (dNTP) and 24U RNAsin, followed
by heat denaturation for 5min at 951C.
Subsequent PCR analysis was performed on 1 ml of the RT

product in a final volume of 25 ml. The following pairs of
primers were used to amplify the 210 bp of PS2: 50-
TTCTATCC-TAATACCATCGACG-30 (PS2 forward) and
50-TTTGAGTAGTCAAAGTCAGA-GC-30 (PS2 reverse); the
304 bp of cathepsin D: 50-AACAACAGGGTGGGCTTC-30

(Cat forward) and 50-ATGCACGAAACAGATCTGTGCT-30

(Cat reverse). The amplification of the 408 bp of ribosomal
RNA 36B4 was performed as control using the following
primers: 50-CTCAACA-TCTCCCCCTTCTC-30 (36B4 for-
ward) and 50-CAAATCCCATATCCTCGTCC-30 (36B4 re-
verse). The PCR mixture consisted of 1.25U GoTaq DNA
Polymerase (Promega, USA), 1�PCR buffer (10mM Tris-
HCl, 50mM KCl), 2.5mM MgCl2 and 0.2mM each dNTP,
0.6 mM of each PS2 primer and 0.2 mM of each 36B4 primer and
0.6 mM of each cathepsin D primer and 0.2 mM of each 36B4
primer. PCR was performed for 20 cycles at 951C/1min, 591C/
2min and 721C/1min. A measure of 10ml of the PCR products
were separated on a 1.2% agarose gel.

Immunoprecipitation and kinase activity of c-Src

To assay for c-Src kinase activity MCF-7 cells transfected, as
reported in plasmids and transfection section, with c-Src(�), c-
Src(þ ) or pcDNA3 were grown in PRF-SFM for 24 h and
stimulated with either 15 mg/ml P-Lys, 30mg/ml Fn, 30 mg/ml
Col or E2 10 nM for 5min. Another set of cells, transfected
with pcDNA3 and treated as before, were incubated with 3mM
PP2. Cells were then lysed with RIPA lysis buffer (500mM

Tris-HCl, 150mM NaCl, 1% Triton X-100) containing 10mM

PMSF, 1.5mg/ml aprotinin and 2mg/ml leupeptin and
immunoprecipitated. A Protein G–Agarose and an anti-c-Src
antibody complex was prepared to immunopurify the lysates.
A measure of 1 mg of mouse monoclonal anti-c-Src antibody
(clone 327; Oncogene, USA) and 30 ml of protein G–agarose
(Santa Cruz, Biotechnology, USA) were incubated at 41C for
1 h in 500 ml of PBS with a tube rotator. The complexes were
microfuged and washed with 1ml of lysis buffer for three
times. At the end, 500mg of each cell lysates were added to the
protein G–agarose/anti-c-Src antibodies and incubated at 41C
for 2 h rotating. The proteins/complexes were centrifuged and
washed three times with the kinase buffer (200mM PIPES,
100mM MnCl2). c-Src kinase activity was assayed by a

standard in vitro kinase assay using acidified enolase as
substrate. The incubation was performed in a total volume
of 50ml composed of the immunopurified c-Src protein and the
kinase buffer containing 5mM ATP, 1 mC of [g32P]ATP and
2.5mg of acid denatured rabbit muscle enolase (Sigma, USA)
as exogenous substrate. Samples were incubated at 301C for
10min then reduced with an equal volume of 2� SDS
Laemmli sample buffer (Sigma, USA) and aliquots of them
(40ml) were submitted to SDS–PAGE (acrylamide 11%). The
dried gel was exposed to X-omat film (Kodak, USA) for 12 h.
All gels were stained with Coomassie blue to ensure that an
equal amount of enolase was present in all samples.

Motility assay

To evaluate the role of ERa on cell motility, the following cell
lines were used: MCF-7, HeLa and MDA-MB-231 transfected
as reported in plasmids and transfections section.
Cells maintained in PRF-SFM for 24 h were dispersed with

versene (Eurobio, F), washed twice, resuspended in PRF-SFM
and counted using a hemocytometer. The 24-well modified
Boyden chambers, containing porous (8 mm) polycarbonate
membranes (Costar, USA), were coated, on the internal
surface, with either 30 mg/ml Fn, 30mg/ml Col or 2mg/cm2 P-
Lys by incubation at room temperature (Doerr and Jones,
1996). The lower chambers were loaded with 500 ml of PRF-
SFM, while synchronized cells (2� 104) suspended in 200 ml of
PRF-SFM with or without 10 nM E2 and/or 100 nM ICI were
plated into upper chambers. Another set of cells, treated as
before, was suspended in 200ml of PRF-SFM with or without
10 nM E2 and/or 3mM PP2. After 16 h of incubation in 5% CO2

at 371C, the cells in the upper chamber were removed by a
cotton swab, so that only cells that had migrated through the
membrane remained. The membranes were then fixed and
stained in Coomassie blue solution (0.25 g Coomassie blue,
45ml water, 45ml methanol, 10ml glacial acetic acid) for
5min, then each well was rinsed three times with distilled
water. The migrated cells were determined using an inverted
microscope.

Statistical analysis

All data were expressed as the mean7s.d. (standard deviation)
of at least three different experiments. Statistical significances
were tested using Student’s t-test or paired Student’s t-test
where appropriate.

Abbreviations

AF-1, estrogen receptor activation function 1; AF-2, estrogen
receptor activation function 2; Col, type IV collagen; ECM,
extracellular matrix; ERa, estrogen receptor alpha; ERb,
estrogen receptor beta; Fn, fibronectin; ERE, estrogen-
responsive element; c-Src(þ ), c-Src; Src(�), dominant nega-
tive of c-Src.
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