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Abstract  

Insulin receptor substrate 1 (IRS-1), one of the major molecules transmitting signals 

from the insulin and insulin-like growth factor 1 receptors, has been implicated in breast 

cancer. Recently, data obtained in different cell models, suggested that in addition to its 

conventional role as a cytoplasmic signal transducer, IRS-1 can function in the nuclear 

compartment. However, the role of nuclear IRS-1 in breast cancer has never been addressed. 

Experiments undertaken in our laboratory showed that in estrogen receptor α (ERα)-positive 

MCF-7 cells 1) a fraction of IRS-1 is translocated to the nucleus upon 17-β-estradiol (E2) 

treatment; 2) E2-dependent nuclear translocation of IRS-1 is blocked with the antiestrogen 

ICI 182,780; 3) nuclear IRS-1 colocalizes and coprecipitates with ERα; 4) the nuclear IRS-

1:ERα complex is recruited to the E2-sensitive pS2 gene promoter. Furthermore, transfection 

reporter assays with E2-sensitive promoters suggested that the presence of IRS-1 modulates 

ERα activity at estrogen response element (ERE)-containing DNA. 

Furthermore, since the expression of nuclear IRS-1 in breast cancer biopsies has never 

been examined, we wanted to assess 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 cytoplasmic IRS-1. IRS-1 and ERα expression was assessed by 

immunohistochemistry. Data were evaluated using Pearson correlation, linear regression, and 

ROC analysis. Nuclear IRS-1 was expressed at low levels in normal mammary epithelial cells 

and at higher levels in benign tumors, ductal carcinoma, and lobular carcinoma. Similarly, 

ERα expression was low in normal cells and benign tumors, but high in ductal and lobular 

cancer. Nuclear IRS-1 and ERα positively correlated in ductal breast cancer and benign 

tumors, 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. A positive association between nuclear IRS-

1 and ERα is a characteristic for ductal breast cancer and marks a more differentiated, non-

metastatic phenotype. In summary, our data suggest the existence of interactions between 

IRS-1 and ERα occurring in the nucleus. These interactions might represent a novel aspect of 

ER/IGF-I crosstalk in breast cancer. 
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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 

(Bartucci et al., 2001; Pollak, 1998; Sachdev and Yee, 2001; Surmacz, 2000; Surmacz, 2003; 

Surmacz and Bartucci, 2004). The tumorigenic action of IGF-IR is executed through multiple 

antiapoptotic, growth promoting, and/or pro-metastatic pathways (Baserga, 2000; Baserga et 

al., 2003; Mauro et al., 2003; Surmacz, 2003; Surmacz and Bartucci, 2004). 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 (Myers et al., 

1994; Myers and White, 1996; White, 1997; White, 1998).  

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 (Nolan et al., 1997; Surmacz and 

Burgaud, 1995). 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 

crosstalk between IRS-1 and ERα systems (Bartucci et al., 2001; Lee et al., 2000; Lee et al., 

1999; Rocha et al., 1997; Surmacz, 2000; Surmacz and Bartucci, 2004).  

Overexpression of IRS-1 in MCF-7 ERα-positive cells has been shown to induce 

estrogen-independence and mediate antiestrogen-resistance (Guvakova and Surmacz, 1997; 

Salerno et al., 1999; Surmacz, 2000; Surmacz and Burgaud, 1995). These effects have been 

attributed to increased tyrosine phosphorylation of IRS-1 and potentiation of its downstream 

signaling to Akt (Sachdev and Yee, 2001; Surmacz, 2000).  

High expression of IRS-1 can be in part attributed to ERα activity, as 17-beta-

estradiol (E2) can upregulate IRS-1 expression and function (Lee et al., 1999; Mauro et al., 
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2001; Molloy et al., 2000), while antiestrogens reduce IRS-1 mRNA and protein levels and 

inhibit IRS-1 signaling (Chan et al., 2001; Guvakova and Surmacz, 1997; Salerno et al., 

1999). It has recently been well established that ERα can activate IRS-1 transcription acting 

on IRS-1 promoter (Lee et al., 1999; Mauro et al., 2001; Molloy et al., 2000; Panno et al., 

2006). Furthermore , our recent data suggested that unliganded ERα can directly interact with 

IRS-1, increasing its stability and potentiating its downstream signaling to Akt (Morelli et al., 

2003).  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 (Campbell et al., 

2001; Kato et al., 1995; Stoica et al., 2000). 

Recent reports suggested that in addition to its cytoplasmic signaling function, IRS-1 

is able to regulate nuclear processes in different cell models (Chen et al., 2005; Drakas et al., 

2004; Lassak et al., 2002; Prisco et al., 2002; Trojanek et al., 2005). Several rigorously 

controlled studies demonstrated that nuclear IRS-1 can be found in cells transformed by 

oncogenic proteins, e.g., T antigens of the JCV (Lassak et al., 2002; Trojanek et al., 2003) and 

SV40 (Prisco et al., 2002) viruses, and v-src (Tu et al., 2002). 

The biological relevance of nuclear IRS-1 in various cell backgrounds has yet to be 

determined. Recent studies demonstrated that in mouse embryo fibroblasts stimulated with 

IGF-I, IRS-1 accumulated in the nucleoli and interacted with the upstream binding factor 1 

(UBF1), a regulator of RNA polymerase I (Tu et al., 2002); the presence of nucleolar IRS-1 

coincided with increased rRNA synthesis and cell growth in size (i.e., rDNA)  (Drakas et al., 

2004; Tu et al., 2002). In the same cell model, IGF-I induced nuclear IRS-1 modulates the 

expression of genes controlling cell proliferation (i.e., Cyclin D1) by physically interacting 

with transcriptional complexes of beta-catenin (Drakas et al., 2004). Nuclear translocation of 

IRS-1 has also been described in 32D murine cells (Sciacca et al., 2003), osteoblasts (Seol 

and Kim, 2003) and hepatocytes (Boylan and Gruppuso, 2002).  
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The mechanism by which IRS-1 is targeted to the nucleus is unknown. The 

observations from different cell models suggested that although IRS-1 contains putative 

nuclear localization signals (NLS), it is most likely chaperoned to the nucleus by other 

proteins, such as viral antigens (Prisco et al., 2002; Tu et al., 2002). The nuclear localization 

of IRS-1 requires specific IRS-1 domains, but these requirements appear to be different 

depending on the experimental system. For instance, in JCV T antigen expressing cells, 

nuclear localization of IRS-1 depends on its pleckstrin homology domain (Lassak et al., 

2002), while in IGF-I stimulated cells, the phosphotyrosine binding domain is required 

(Prisco et al., 2002).  

The possible role of nuclear IRS-1 in breast cancer has never been addressed. Here we 

studied whether E2 can induce nuclear translocation of IRS-1 and if nuclear IRS-1 can 

associate with and modulate the action of ERα. 

Moreover, 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 (Finlayson et al., 2003; Koda et al., 2005; Rocha et al., 1997; 

Schnarr et al., 2000). In one study, cytoplasmatic IRS-1 has been reported as a bad prognostic 

marker, as its abundance correlated with a less differentiated tumor phenotype (G3) and 

lymph node involvement (Koda et al., 2005). Another study correlated IRS-1 with shorter 

disease-free survival in patients with smaller tumors (Rocha et al., 1997). In contrast, Schnarr 

et al. found that IRS-1 marks a more differentiated phenotype and better prognosis (Schnarr et 

al., 2000). Furthermore, one study examining cancer and normal specimens reported similar 

IRS-1 tyrosine phosphorylation in all tissues (Finlayson et al., 2003), while other analysis 

found decreased IRS-1 levels in poorly differentiated cancers relative to normal tissue and 

benign tumors (Schnarr et al., 2000). 

Regarding nuclear IRS-1, its presence in breast cancer specimens has been noted by 

Schnarr et al. (Schnarr et al., 2000) and Koda et al. (Koda et al., 2005), but the clinical 
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significance of this marker 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 other markers and clinicopathological features. Parallel studies 

were done for cytoplasmatic IRS-1. 
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Materials and Methods 
 
Cell lines. MCF-7, MDA-MB-231, BT-20, COS-7, and HeLa cells were obtained from ATCC. 

MDA-MB-231 cells stably expressing ERα have been developed in our laboratory (Morelli et 

al., 2003).  

Cell culture. MCF-7 and MDA-MB-231cells were grown in DMEM:F12 containing 5% calf 

serum (CS). MDA-MB-231/ER cells were grown in DMEM:F12 plus 5% CS plus 0.05 mg/ml 

G418. BT-20 cells were grown in DMEM:F12 with 10% fetal bovine serum (FBS). COS-7 

and HeLa cells were grown in DMEM supplemented with 10% FBS. In the experiments 

requiring E2- and serum-free conditions, the cells were cultured in phenol red-free serum-free 

medium (SFM) (Guvakova and Surmacz, 1997).  

Cell treatments. E2 (Sigma) and the antiestrogen ICI 182,780 (Tocris Cookson) were used at 

the concentration of 10 nM.  

Detection of IRS-1 and ERα by confocal microscopy. Confluent cultures (50%) grown on 

coverslips were fixed in 3% paraformaldehyde, permeabilized with 0.2% Triton X-100, 

washed three times with PBS, and incubated for 1 h with a mixture of primary antibodies 

(Abs) recognizing IRS-1 and ERα. The anti-IRS-1 CT (UBI) or anti-IRS-1 pre-CT (UBI) at 2 

µg/ml was used for IRS-1 staining; 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 antibodies. A fluorescein-

conjugated donkey anti-mouse IgG (Calbiochem) was used as a secondary Ab for ERα and a 

rhodamine-conjugated donkey anti-rabbit IgG (Calbiochem) was used for IRS-1. The cellular 

localization of IRS-1 and ERα was studied with Bio-Rad MRC 1024 confocal microscope 

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

optical sections were taken at the central plane. The fluorophores were imaged separately to 
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ensure no excitation/emission wavelength overlap. In control samples, the staining was 

performed with the omission of the primary Abs.  

Immunoprecipitation (IP) and Western Blotting (WB). The cytoplasmic and nuclear 

proteins were obtained from 70% cultures. The cytoplasmic lysis buffer contained: 50 mM 

HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100, 1.5 mM MgCl2, EGTA 10 mM pH 7.5, 

glycerol 10%, inhibitors (0.1 mM Na3VO4, 1% PMSF, 20 µg/ml aprotinin). Following the 

collection of cytoplasmic proteins, the nuclei were lysed with the buffer containing 20 mM 

HEPES pH 8, 0.1 mM EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol, 1% NP-40, 

inhibitors (as above). 25-50 µg of protein lysates were used for WB, while 500 µg for IP. The 

following Abs were employed: anti-IRS-1 CT pAb (UBI) for WB and IP; anti-ERα F-10 mAb 

(Santa Cruz) for WB and IP; anti-GAP-DH mAb (Research Diagnostics Inc.) for WB, anti-c-

Jun mAb (Santa Cruz) for WB, anti-GRB2 mAb (Transduction Laboratories) for WB.  

In all IPs, protein lysates were first incubated with primary Abs at 4oC for 4 h in HNTG 

buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 0.1 mM 

Na3VO4), and then immune complexes were precipitated for 1 h with appropriate beads, 

specifically, with Protein A agarose (Calbiochem) for IPs with polyclonal Abs and anti-mouse 

IgG agarose (Sigma) for IPs with mouse monoclonal Abs. In control samples, the primary 

Abs were substituted with nonimmune IgGs (rabbit or mouse, depending on the source of the 

primary Abs). The immunoprecipitated proteins were washed three times with HNTG buffer, 

separated on a 4-15% polyacrylamide denaturing gel, analyzed by WB, and visualized by 

ECL chemiluminescence (Amersham).  The intensity of bands representing relevant proteins 

was measured by Scion Image laser densitometry scanning program. 

Luciferase reporter assays. The experiments were performed using COS-7, BT-20 and 

MCF-7 cell lines. The cells were grown in 24-well plates. At 70% confluence, the cultures 

were transfected for 6 h with 0.5 µg DNA/well using Fugene 6 (Roche) (DNA:Fugene 3:1). 

All transfection mixtures contained 0.3 µg of the reporter plasmid, ERE-Luc, encoding the 
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firefly luciferase (Luc) cDNA under the control of the TK promoter and three estrogen 

responsive element (ERE) sequences. ERE-Luc was cotransfected with the ERα expression 

vector pSG5-HEGO alone or in combination with the IRS-1 expression vector pCMV-IRS-1. 

To maintain the same DNA input in all transfection mixtures, the samples were adjusted with 

an empty vector (pcDNA3 or pSG5). In addition, to assess transfection efficiency, each of the 

DNA mixtures contained 50 ng of pRL-TK-Luc, a plasmid encoding renilla luciferase (RI 

Luc) (Promega). Upon transfection, the cells were shifted to SFM for 12 h and then treated 

with 10 nM E2 for 24 h, or left untreated in SFM. Luciferase activity (Luc and RI Luc) in cell 

lysates was measured using Dual Luciferase Assay System (Promega) following 

manufacturer's instructions. The values obtained for Luc were normalized to that of RI Luc to 

generate relative Luc units representing ERE-dependent transcription.  

Chromatin immunoprecipitation. We followed ChIP methodology described by Shang et 

al. (2000) with minor modifications. MCF-7, MDA-MB-231, and MDA-MB-231/ER cells 

were grown in 100 mm plates. Confluent cultures (90%) were shifted to SFM for 24 h and 

then treated with 10 nM E2 for 1–24 h, or left untreated in SFM. Following treatment, the 

cells were washed twice with PBS and crosslinked with 1% formaldehyde at 37°C for 10 min. 

Next, the cells were washed twice with PBS at 41C, 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, the cells were sonicated four times for 10 s at 30% of maximal power (Fisher Sonic 

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

supernatants were collected and diluted in 1.3 ml of IP buffer (0.01% SDS, 1.1% Triton X-

100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, 16.7 mM NaCl) followed by 

immunoclearing with 80 ml of sonicated salmon sperm DNA/ protein A agarose (UBI) for 1 h 

at 41C. The precleared chromatin was immunoprecipitated for 12 h with specific Abs, 

specifically anti-ERaC-terminus mAb F-10 (Santa Cruz) for ERa, and anti-IRS-1 C-terminus 

pAb (UBI) for IRS-1, anti-pol II CTD4H8 mAb for pol II (UBI), and anti-SRC1 1135 mAb 
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for SRC1 (UBI). After this, 60 ml of salmon sperm DNA/ protein A agarose was added and 

precipitation was continued for 2 h at 41C. 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, 

2mM EDTA, 20 mM Tris-HCl pH 8.1, 500 mM NaCl), and Wash C (0.25 M LiCl, 1% NP-

40, 1% sodium deoxycholate, 1mM EDTA, 10 mM Tris-HCl pH 8.1), and then twice with TE 

buffer (10 mM Tris, 1 mM EDTA). The immune complexes were eluted with elution buffer 

(1% SDS, 0.1 M NaHCO3). The eluates were reverse crosslinked by heating at 651C for 12 h 

and digested with proteinase K (0.5 mg/ml) at 451C for 1 h. DNA was obtained by phenol 

and phenol/chloroform extractions. A 2 ml portion of 10 mg/ml of yeast tRNA was added to 

each sample and DNA was precipitated with EtOH for 12 h at 41C and then resuspended in 

20 ml of TEbuffer. A 5 ml volume of each sample was used for PCR with pS2 promoter 

primers flanking ERE-containing pS2 promoter fragment: upstream 5’-

GATTACAGCGTGAGCCACTG-3’, and downstream 5’-TGGTCAAGCTACATGGAAGG-

3’. The primers for GAPDH promoter were 5’-GCTACTAGCGGTTTTACGGG-3’ (forward) 

and 5’-AAGATGCGGCTGACTGTCGAA-3’ (reverse). The PCR conditions were 45 s at 

94°C, 40 s at 58°C, and 90 s at 72°C. The amplification products obtained in 25 and 35 cycles 

were analysed in a 2% agarose gel and visualized by ethidium bromide staining. The intensity 

of bands representing relevant proteins was measured by Scion Image laser densitometry 

scanning program. In control samples, non-immune IgG (rabbit for IRS-1 Abs and mouse for 

all other Abs, Santa Cruz) was used instead of the primary Abs.  

Reverse ChIP (Re-ChIP).  We followed methodology described by Reid et al (2003). The 

pellets obtained by immunoprecipitation of soluble chromatin with IRS-1 and ERα  Abs were 

eluted with 500 µl of Re-ChIP buffer (0.5mM DTT, 1% Triton X-100, 2mM EDTA, 150mM 

NaCl, 20mM TRIS-HCl pH 8.1). Next, the elute from ERα IP was precipitated with IRS-1 Ab 

(UBI) and the eluate from IRS-1 IP was precipitated with ERα Ab (Santa Cruz). The presence 
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of the pS2 promoter sequences in the resulting Re-ChIP pellets was examined as described 

above for one-step ChIP. 

RT–PCR. COS-7 cells were transfected with different plasmids for 24 h, as described in the 

transactivation assays methodology. Total RNA was isolated using TRIzol reagent 

(Invitrogen) according to the manufacturer’s instructions. A 5 mg portion of total RNA was 

reverse transcribed (RT) at 371C for 30 min in 20 ml of buffer containing 200 U of M-MLV 

reverse transcriptase (Promega), 0.4 mg oligo-dT, 0.5 mM deoxynucleotide triphosphate 

(dNTP), and 24 U RNAsin. The reaction was terminated by heat denaturation for 5 min at 

95°C. A 2 ml portion of RT products was used to simultaneously amplify pS2 and 36B4 

(control) DNA sequences. The pS2 cDNA fragment (210 bp) was amplified using the 

following primers: 50-TTCTATCCTAATACCATCGACG-30 (forward) and 50-

TTTGAGTAGTCAAAGTCAGAGC-30 (reverse). The 408 bp fragment of the 36B4 

ribosomal phosphoprotein DNA was amplified with the following primers: 50-CTCAA-

CATCTCCCCCTTCTC-30 (forward) and 50-CAAATCCCA-TATCCTCGTCC-30 (reverse) 

(Maggiolini et al., 2001). The PCR amplification was performed using 1.25 U GoTaq DNA 

polymerase (Promega), 1 
� 

PCR buffer (10 mM Tris-HCl, 50 mM KCl), 2.5 mM MgCl2, 0.2 

mM of each dNTP, and 1.5 pM of primers for pS2 or 0.5 pM primers for 36B4. PCR 

conditions were 30 s at 94°C, 40 s at 59°C, and 60 s at 72°C for 30 cycles. PCR products (10 

ml) were separated on a 1.2% agarose gel.  

Patients and tissue specimens. Tab. 1 summarizes information of 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. 
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Table 1. Patient characteristics and clinical parameters of breast tissues and cancers  
 
Sample characteristics  
 

 Cancers Controls 
Total specimens 60 34 
   
      Ductal carcinoma 38  
      Lobular carcinoma  22  

  
19 

 
   Benign breast tumors 
   Macromasty   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 reported for tumor size (pT), and 
lymph node involvement (pN); median frequency of expression ±SE (range) is shown for Ki67.  
 

 

Immunohistochemistry. 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 
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sections. The sections were dewaxed in xylene and rehydrated in graded alcohols. After 

antigen retrieval by boiling in 0.01M citrate buffer pH 6 and endogenous peroxidase removal 

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) (Dako 

Cytomation, 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, Dako Cytomation, 

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 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.  

Statistical analysis. Student’s t-test was used to analyze WB and transactivation data. 

Statistical significance was assumed at P<0.05. 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. 
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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, 

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 (Greiner et al., 2000; Vanagas, 2004; Wynne-Jones et al., 2000; 

Zweig, 1993), which assess the performance of a diagnostic test . 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). 
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Results 

E2 stimulates nuclear translocation of IRS-1 in MCF-7 cells, and nuclear IRS-1 interacts 

with ERα 

The subcellular localization of IRS-1 and ERα was studied in MCF-7 cells stimulated with E2 

for different times, from 15 min to 72 h. The images obtained by immunostaining and 

confocal microscopy are shown in Figure 1. Under serum-free medium (SFM) conditions, 

IRS-1 was present mainly in the cytoplasm, especially in the perinuclear area, while ERα 

localized in the nucleus and was weakly detectable in the cytoplasm (Figure 1).  In 95% of 

untreated cells (SFM), colocalization of IRS-1 and ERα was not observed. At 15 min of E2 

treatment, the staining of both proteins resembled that at time 0. At 1 and 4 h, 80% of cells 

displayed weak nuclear IRS-1 staining and strong nuclear expression of ERα. At these time 

points, nuclear colocalization of ERα and IRS-1 was detectable in ∼25% of cells (data not 

shown). At 8, 24, and 48 h of E2 treatment, ERα was expressed almost exclusively in the 

nucleus, while IRS-1 was abundant in both cellular compartments (Figure 1). Furthermore, at 

these time points, evident nuclear colocalization of ERα and IRS-1 was observed in 60–70% 

of the cells (Figure 1). At 72 h, nuclear presence of IRS-1 became greatly reduced compared 

with that of earlier time points, while ERα remained nuclear. At this time, colocalization of 

ERα and IRS-1 was nearly undetectable (data not shown). 

The above experiments were repeated several times with reproducible results. The specificity 

of IRS-1 staining was confirmed with other anti-IRS-1 polyclonal antibodies (pAbs), 

specifically anti-IRS-1 CT and anti-IRS-1 pre-CT (both from UBI), and pAb C20 (Santa 

Cruz). The staining was negative when the primary Abs were omitted or blocking peptide was  

used, as shown by us before in other cell models (Tu et al., 2002). In addition, we evaluated 

the specificity of staining procedures using BT-20 breast cancer cells, which are ERα and 

IRS-1 negative but express IRS-2 (Figure 1, inset). BT-20 cells were treated for 24 and 48 h 



Results 
 

 15 

with E2 and subjected to the same staining protocol as described for MCF-7 cells. Both IRS-1 

and ERα were undetectable in BT-20 cells (Figure 1).  

 

 

 

Figure 1. Subcellular localization of IRS-1 and ERα by confocal microscopy. MCF-7 cells synchronized in 
SFM for 24 h were treated with 10 nM E2 for 24 h (E2) or were left untreated (SFM). BT-20 cells were 
stimulated with E2 for 24 h. The localization of IRS-1 and ERα was studied by immunostaining and confocal 
microscopy as detailed in Materials and methods. The captured images of IRS-1 (IRS, red fluorescence), ERα 
(ER, green fluorescence), merged IRS-1 and ERα (IRS 

 
ER, yellow fluorescence), and bright field (BF) are 

shown. Scale bar equals 20 mm. Inset: The expression of ERα (ER), IRS-1, and IRS-2 was detected by WB in 
50 mg of total protein lysates obtained from growing MCF-7 and BT-20 cells. 
 
 
 

The localization of ERα and IRS-1 was further pursued in subcellular protein fractions. 

Cytoplasmic and nuclear proteins were obtained from MCF-7 cells treated with E2 for 24 h or 

left untreated. Under SFM conditions, ERα was present in the cytoplasmic and nuclear 

compartments. As expected, upon E2 treatment the nuclear abundance of ERα significantly 

increased, while the abundance of the cytoplasmic ERα significantly decreased (Figure 2a). In 

parallel, E2 stimulation significantly (∼3.0-fold) upregulated nuclear amounts of IRS-1 

(Figure 2). Despite nuclear translocation of IRS-1, its abundance in the cytoplasm remained 

similar in treated and untreated cells (Figure 2a), which is consistent with the fact that E2 can 

induce IRS-1 expression (Lee et al., 1999; Molloy et al., 2000). The expression of two 
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cytoplasmic proteins GRB-2 and GAP-DH, and a nuclear protein c-Jun, was assessed as 

control of lysate purity (Figure 2a). 

 

 

Figure 2. Subcellular localization of ERα and IRS-1 in E2-treated MCF-7 cells. (a) MCF-7 cells 
synchronized in SFM were treated with 10 nM E2 for 24 h (E2) or were left untreated (SFM). The 
expression of ERα (ER, ∼67 kDa), IRS-1 (IRS, ∼180 kDa), GRB-2 (∼25 kDa), c-Jun (∼39 kDa), and 
GAP-DH (∼36 kDa) was assessed by WB in 100 µg of cytoplasmic (C) and nuclear (N) proteins using 
specific Abs, as described in Materials and methods. The graphs represent relative abundance of 
nuclear and cytoplasmic (Cyto) ERα and IRS-1 in unstimulated and E2-stimulated cells. Nuclear and 
cytoplasmic levels of ERα and IRS-1 were normalized to c-Jun and GAP-DH, respectively (relative 
values 

 
1). The asterisks indicate statistically significant (P<0.05) differences between the amounts in 

stimulated vs unstimulated cells. The results were obtained after repetitive stripping and reprobing of 
the same filter. (b) Nuclear lysates from MCF-7 cells (300 µg) were immunoprecipitated with anti-
IRS-1 Ab (CT-IRS-1, UBI) or nonimmune rabbit IgG, and the amounts of ERα in the IPs were probed 
by WB. A 50 µg portion of nuclear proteins was run in parallel.  

 
Confocal microscopy results suggested nuclear colocalization of IRS-1 and ERα To confirm 

this observation, we studied IRS-1 and ERα interactions by immunoprecipitation (IP) and 

Western blotting (WB) using nuclear protein fractions obtained form MCF-7 cells grown in 

SFM or treated with E2 for 24 h (Figure 2b). ERα was found in IRS-1 immunoprecipitates in 
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treated and untreated cells, with greater abundance of ERα/IRS-1 complexes in E2-stimulated 

cells (Figure 2b). Similarly, IRS-1 co-precipitated with nuclear ERα under E2 treatment (data 

not shown). Comparison of ERα content in total nuclear proteins vs IRS-1-associated proteins 

suggested that only a fraction (∼10%) of ERα co-precipitates with IRS-1. 

IRS-1 is recruited to the ERE-containing pS2 promoter in MCF-7 cells  

Nuclear colocalization and co-precipitation of ERα and IRS-1 suggested that both molecules 

could be recruited to the same regulatory sequences in DNA. The binding of ERα and IRS-1 

to the estrogen-responsive element (ERE)-containing domain of the pS2 gene promoter was 

assessed with chromatin immunoprecipitation (ChIP) and reverse ChIP (Re-ChIP) assays 

(Figure 3).  

 

Figure 3. Time course of ERα and IRS-1 association with the pS2 promoter. Soluble chromatin was isolated 
from MCF-7 cells stimulated with E2 for 1, 4, 8, 12, and 24 h, and from untreated cells at the same time points. 
ERα ChIP (ChIP: ER) experiments were performed as described in Materials and methods. IRS-1 Re-ChIPs 
were obtained from ERα ChIP samples after reprecipitation with IRS-1 Abs (Re-ChIP: IP1: ER, IP2: IRS). 
DNA recovered from the immune complexes was tested for the presence of the ERE-containing pS2 promoter 
sequences (pS2 ERE) by PCR with specific primers listed in Materials and methods. PCR products obtained 
after 35 cycles are shown. ChIP pellets obtained using nonimmune IgG were analysed as controls of Ab 
specificity (C). The abundance of the pS2 promoter sequences in all samples before IP is shown as control of 
input DNA (Input)  

First, we tested the dynamics of ERα association with the pS2 promoter sequences. Soluble 

chromatin obtained from MCF-7 cells untreated or treated with E2 for 1, 4, 8, 12, and 24 h 

was immunoprecipitated with anti- ERα Abs and the presence of pS2 promoter DNA in ERα 

precipitates was detected by PCR. As illustrated in Figure 3, E2 treatment increased ERα 
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occupancy on the pS2 promoter at all time points. The association of ERα with pS2 DNA was 

maximal at 24 h after E2 addition (∼3.5-fold increase vs untreated) (Figure 3).  

To test whether IRS-1 belongs to the ERα multicomplex recruited to the pS2 promoter, we 

performed Re-ChIP experiments, following the protocol described for ERα interacting 

proteins (Reid et al., 2003). In our Re-ChIP experiments, the original ERα ChIP pellets were 

eluted and precipitated with IRS-1 Abs and the pS2 promoter sequences were detected in IRS-

1 Re-ChIPs by PCR. We found pS2 DNA in IRS-1 Re-ChIPs at all time points, which 

indicated that IRS-1 and ERα belong to the same protein complex, and that the complex is 

associated with the ERE-pS2 promoter in E2-stimulated MCF-7 cells. Notably, the greatest 

amounts of pS2 DNA in IRS-1 Re-ChIPs were present in cells stimulated with E2 for 24 h 

(Figure 3).  

To extend the above observations, we examined the presence of other regulatory 

proteins in ERα transcriptional complexes in MCF-7 cells stimulated with E2 for 24 h. Figure 

4 illustrates pS2 promoter occupancy by two proteins known to regulate ERα-dependent 

transcription, ERα coactivator SRC-1 and polymerase II (pol II). In parallel, the association of 

ERα and IRS-1 under the same conditions was assessed by ChIP and two-way Re-ChIP 

assays. The results confirmed that E2 stimulates the recruitment of the ERα:IRS-1 complex to 

the pS2 promoter in MCF-7 cells (Figure 4a and b). In the same experiment, neither ERα nor 

IRS-1 was recruited to the GAP-DH promoter that is not regulated by ERα (Metivier et al., 

2002) (Figure 4c). Notably, the association of ERα and IRS-1 with pS2 DNA coincided with 

the recruitment of SRC-1 and pol II to the same promoter (Figure 4d).  
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Figure 4. Association of the ERα:IRS-1 complex, 
SRC-1, and pol II with the pS2 promoter. MCF-7 
cells were stimulated with E2 for 24 h, and the 
presence of the pS2 promoter sequences (pS2 
ERE) in (a) ERα and IRS-1 ChIPs, (b)ERα:IRS-1 
direct and reverse Re-ChIPs, and (d) SRC-1 and 
pol II ChIPs was detected by PCR as described in 
Materials and methods. The occupancy of ERα 
and IRS-1 on the GAP-DH promoter (not 
regulated by E2) was tested with specific GAP-
DH primers in ERα and IRS-1 ChIP preparations 
(c). ChIP with nonimmune IgG was used as a 
control (IP: IgG).  

 

Absence of ERα blocks nuclear IRS-1 translocation  

The role of ERα in the nuclear translocation of IRS-1 was probed in MCF-7 cells pretreated 

with the antiestrogen ICI 182,780 (ICI) for 6 h (Figure 5). This treatment has been chosen 

based on preliminary tests establishing the dynamics of ICI-dependent downregulation of 

ERα and IRS-1. IRS-1 is a stable protein with a half-life of ∼10 h (Morelli et al., 2003) and 

only a long-term ICI treatment (48–74 h) can substantially decrease its levels (Salerno et al., 

1999), while short-term ICI exposure is sufficient to degrade ERα (Reid et al., 2003). Indeed, 

a 6 h ICI treatment dramatically reduced cytoplasmatic and nuclear ERα expression without 

affecting IRS-1 levels (Figure 5a and b). 
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Figure 5. Effects of ERα downregulation on 
nuclear translocation of IRS-1. MCF-7 cells 
synchronized in SFM were pretreated with 10 nM 
ICI 182,780 for 6 h, and then stimulated with 10 
nM E2 for 24 h or left untreated in SFM (a). The 
levels of IRS-1 (IRS) and ERα (ER) were 
detected in 50 µg of cytoplasmatic and nuclear 
proteins with specific Abs, as described in 
Materials and methods. The results were obtained 
after repetitive stripping and reprobing of the 
same filter. (b) MCF-7 cells were pretreated with 
ICI and then stimulated with E2 or left in SFM as 
described in (a). The localization of IRS-1 (IRS) 
and ERα (ER) was studied by confocal 
microscopy, as described in Figure 1. Scale bar 
equals 50 µm  

In ICI pretreated cells, E2 did not stimulate nuclear translocation of IRS-1, as demonstrated 

by WB (Figure 5a) and confocal microscopy (Figure 5b). However, E2 induced nuclear 

translocation of IRS-1 in untreated cells expressing normal ERα levels (Figures 1, 2 and 5a). 

Low amounts of nuclear IRS-1 were found under SFM conditions, possibly reflecting IRS-1 

translocation induced by basal ERα activity (Figures 1, 2, 5a and b).  

IRS-1 does not associate with the pS2 promoter in ERα-negative MDA-MB-231 cells 

The requirement of ERα for E2-dependent nuclear translocation of IRS-1 was further 

investigated with MDA-MB-231 and MDA-MB-231/ER breast cancer cells (Figure 6). MDA-

MB-231 cells are ERα−negative but express IRS-1 on a level similar to that found in MCF-7 

cells (Bartucci et al., 2001; Morelli et al., 2003). MDA-MB-231/ER cells have been 

developed in our laboratory by stable transfection of MDA-MB-231 cells with an ERα 

expression vector (Morelli et al., 2003). The association of ERα and IRS-1 with the pS2 
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promoter was studied in both cell lines by ChIP assays. In MDAMB-231 cells, neither ERα 

nor IRS-1 was found on the pS2 promoter. However, reintroduction of ERα allowed the 

association of both molecules with pS2 ERE sequences in response to E2 treatment (Figure 

6).  

 

 

 

Figure 6. Recruitment of ERα and IRS-1 to the pS2 
gene promoter in MDA-MB-231 and MDA-MB-
231/ER cells. MDA-MB-231 and MDA-MB-231/ER 
cells were stimulated with E2 for 24 h or were left 
untreated in SFM. The presence of ERα and IRS-1 on 
the pS2 promoter (pS2 ERE) was detected by ChIP 
assays, as described in Materials and methods  

IRS-1 modulates ERα transcriptional activity  

Because IRS-1 and ERα are recruited to E2-sensitive promoters, we tested whether the 

presence of IRS-1 may affect ERα transcriptional activity at ERE sites. This possibility was 

examined with transactivation assays employing an ERE reporter plasmid. The plasmid, ERE-

Luc, was transiently transfected into cells either together with ERα expression vector only or 

with a mixture of ERα and IRS-1 expression plasmids. The transfected cells were left 

untreated or were treated with E2 for 24 h (Figure 7). To assess E2-dependent transcription in 

a controlled environment, we used ERα- and IRS-1-negative COS-7 and BT-20 cells (Figures 

1 and 7b), which allowed measurements of transcriptional activity in the presence or absence 

of studied molecules. In addition, transactivation experiments were performed in MCF-7 cells 

expressing endogenous IRS-1 and ERα. The transactivation assays indicated that the presence 

of IRS-1 significantly decreased ERα activation of ERE promoters in all cell lines stimulated 

with E2 (Figure 7a).  
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Figure 7. Effects of IRS-1 on ERα transcriptional activity 
at ERE promoters. (a) Transactivation assays. The 
transcriptional activity of ERα on ERE promoters in the 
presence or absence of IRS-1 was evaluated using 
luciferase reporter system, as described in Materials and 
methods. COS-7, BT-20, and MCF-7 cells were 
transfected with DNA mixtures containing ERE reporter 
plasmid alone (C), ERE + plasmid pHEGO encoding ERα 
(ER), ERE + ER + plasmid encoding IRS-1 (ER + IRS), 
or ERE + IRS1 (IRS). The activity of the ERE promoter 
in each experimental setting is represented by relative Luc 
units. The results are means ± s.e. from several 
experiments. In all experimental systems, the difference 
between E2-stimulated Luc activities in ER vs ER + IRS 
transfectants was statistically significant (P<0.05). (b) 
Effect of IRS-1 expression on pS2 mRNA levels. Upper 
panel: COS-7 cells were transfected with different 
plasmids and stimulated with E2 or left untreated, as 
described above. ERα and IRS-1 expression in transfected 
cells was detected by WB in 50 µg of total protein lysates. 
Lower panel: The abundance of pS2 and 36B4 mRNAs in 
COS-7 cells transfected with different plasmids was 
detected by RT–PCR, as described in Materials and 
methods  
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Specifically, in COS-7, BT-20, and MCF-7 cells, cotransfection of IRS-1 reduced ERα 

activation of ERE by ∼50, ∼39, and ∼44%, respectively. The transfection of IRS-1 alone did 

not stimulate ERE  transcription (Figure 7a). In addition to ERE reporter assays with reporter 

plasmids, we assessed transcriptional activation of the pS2 gene in COS-7 cells transfected 

with either ERα, IRS-1, or a combination of ERα plus IRS-1. COS-7 cells were selected for 

this assay as they proved to be the most E2-responsive and the best transfectable cell model 

(Figure 7a). The levels of pS2 mRNA in COS-7 cells transfected with different plasmids were 

studied using RT–PCR (Figure 7b). The amounts of a constitutively expressed 36B4 mRNA 

were assessed in the same samples. The results suggested that E2 stimulated pS2 mRNA 

expression (∼3-fold) in ERα-transfected cells, compared with vector-only-transfected cells. 

This effect of E2 was significantly reduced in cells cotransfected with ERα and IRS-1, 

confirming the trend observed in ERE luciferase reporter assays. Notably, ERα expression 

was similar in the ‘ER’ and ‘ER+IRS’ populations, ruling out the possibility that differences 

in pS2  transcription were related to unequal ERα expression (Figure 7b). 

Nuclear IRS-1and ERα expression in normal mammary epithelium and benign breast 

tumors 

To assess  nuclear IRS-1 relevance in vivo, we tested its expression in breast biopsies and 

evaluated if it was correlated with major clinicopathological features.  

In general, the expression of nuclear IRS-1 in normal tissues was very low (~2% of 

positive cells) (Tab. 2 and data not shown).  ERα was expressed in 11 of 14 samples at the 

median frequency 30% (Fig. 8A, B and Tab. 2). In 9 of 11 ERα-positive specimens, 1.8% of 

epithelial cells contained nuclear IRS-1 (Tab. 2). Low frequency (3.5%) of nuclear IRS-1 was 

also recorded in 2 specimens that did not express ERα. (Tab. 2 and data not shown).  

Compared with normal epithelium, benign tumors expressed higher levels of nuclear 

IRS-1 (21%), while the levels of ERα were similar (23%). Nuclear IRS-1 was found in 16 of 
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19 ERα-positive specimens, but was not present in any of ERα-negative cases. (Fig. 8C, D 

and Tab. 2).   

Cytoplasmic IRS-1 was expressed in all epithelial cells of normal epithelium and 

benign tumors at the levels 1+ to 3+ (Fig. 8B, D and Tab. 5), while no evidence of 

cytoplasmic ERα staining was revealed in any of the specimens (Fig. 8A).  

 

Table 2. Descriptive statistics of nuclear IRS-1 and ERα in ERα-positive specimens. 
 

 Normal Epithelium Benign Tumors 

 ERα IRS-1 ERα IRS-1 

Mean±SE 30.2±6.8 2.1±0.6 26±4.2 22.9±5.4 
Median (Range) 30 (7-60) 1.8 (0-6) 23 (5-70) 21 (0-60) 

     

 
 

G2+G3 G2 G3 Ductal 
Carcinoma ERα IRS-1 ERα IRS-1 ERα IRS-1 

Mean±SE 58±8.1 25.1±6.7 72.5±6.4 31.3±8.7 21.7±8.4 9.5±3.2 
Median (Range) 65 (5-92) 12.5 (0-72) 81 (30-92) 21 (5-72) 21 (5-40) 12 (0-14) 

       

 
 

G2+G3 G2 G3 Lobular 
Carcinoma ERα IRS-1 ERα IRS-1 ERα IRS-1 

Mean±SE 66.8±8.2 37.7±9.1 79.5±6.8 40±16.8 50±11.5 34.6±1.4 
Median (Range)  70 (30-90) 35 (0-80) 84 (60-90) 40 (0-80) 50 (30-70) 35 (32-37) 
       
 

The mean (±SE) expression with median (range) values for nuclear IRS-1 and ERα in ERα-positive samples is 
given. Cancer samples of ductal and lobular origin were grouped into G2+G3 or analyzed as separate G2 and G3 
populations. 
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Figure 8. 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.  
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IRS-1 expression in ERα-positive and ERα-negative breast carcinoma  

In invasive ductal carcinoma, nuclear IRS-1 was found in 22 of 38 of specimens at the 

median level 12.5%, while ERα was detected in 20 of 38 of the samples with a median value 

of 65% (Fig. 8E, F and Tab. 2). Twenty two specimens (15 of 19 in G2, and 7 of 19 in G3) 

expressed nuclear IRS-1 (Fig. 8F, 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 

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 35% (Fig. 8H, Tab. 2). Eleven of these 16 samples were also ERα-positive. 

In G2 lobular carcinomas, 6 of 10 (median 40%) displayed nuclear IRS-1 staining; all these 

samples were ERα-positive (Tab. 2). In the G3 subgroup, 10 of 12 tumors expressed nuclear 

IRS-1 (median 37%, data not shown) and 5 of 10 expressed ERα (median 35%). In 5 of 16 

specimens, nuclear IRS-1 was found in the absence of ERα. ERα was expressed in 14 of 22 

samples with the median frequency 70% (84 and 50%, in G2 and G3 subgroups, respectively) 

(Tab. 2).  

Cytoplasmatic IRS-1 was identified in all ductal and lobular cancer samples displaying 

a weak to strong staining intensity (Tab. 5). 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) 
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in benign tumors cancer samples (Fig. 9). 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. 9). 

 

 

 

Figure 9. 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. 
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Nuclear IRS-1 and ERα are correlated with some clinicopathological features in invasive 

ductal carcinomas 

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. 10).  

 

 

 

Figure 10. 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.  
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The frequency of both ERα and nuclear IRS-1 expression was the highest in node-negative 

G2 invasive ductal carcinomas of smaller size (Fig. 10). 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. 3).  

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. 9 and Tab. 3). Interestingly, both nuclear IRS-1 and ERα were more abundant in lymph 

node-negative samples (Fig. 10), but no significant associations were determined between 

these markers and lymph node status (Tab. 3).  

 

Table 3. Correlation between nuclear IRS-1, ERα and selected clinicopathological tumor 

features. 

 
  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. 
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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. 4 and Fig. 11). 

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).  

Figure 11. 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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Table 4. 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. 
 

 

Table 5. Descriptive statistics of cytoplasmatic IRS-1 in all samples 

 
Cytoplasmic IRS-1 Expression

(% of Cases in 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. 
 

 

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).  

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 
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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).  
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Discussion 

The interactions between IGF-IR and ER signaling systems have been implicated in 

the development of the neoplastic phenotype in mammary epithelial cells (Sachdev and Yee, 

2001; Surmacz, 2000; Yee and Lee, 2000). In this context, IRS-1, a molecule that activates 

multiple growth and survival pathways, has been found to be one of the central elements of 

IGF-IR/ER crosstalk. Several reports documented that E2 can increase IRS-1 transcription, 

while ICI inhibits IRS-1 mRNA levels (Sachdev and Yee, 2001; Surmacz, 2000; Yee and 

Lee, 2000). Furthermore, the expression of ERα seems to stabilize IRS-1 protein and 

potentiate IRS-1 signaling through the PI-3K/Akt pathway (Morelli et al., 2003). In turn, the 

activation of IRS-1/PI-3K/ Akt by growth factors can stimulate ERα by increasing its 

phosphorylation (Lannigan, 2003). In MCF-7 cells, overexpression of IRS-1 has been shown 

to induce estrogen independence (Surmacz and Burgaud, 1995), while downregulation of 

IRS-1 resulted in increased sensitivity to E2 (Ando et al., 1998).  

Here we report on a novel aspect of ERα/IGF-I crosstalk involving nuclear ERα/IRS-

1 interactions. Specifically, we demonstrated that (1) in MCF-7 cells, IRS-1 can be 

translocated from the cytoplasm to the nucleus following E2 treatment; (2) nuclear transloca 

tion of IRS-1 is blocked with ICI and does not occur in ERα-negative cells; (3) nuclear IRS-1 

interacts with ERα; (4) nuclear IRS-1 is corecruited with ERα to the ERE-containing pS2 

promoter; and (5) the presence of IRS-1 decreases ERα  transcription at ERE promoters.  

Nuclear localization of IRS-1 has recently been described in different cellular systems 

(Lassak et al., 2002; Prisco et al., 2002; Sciacca et al., 2003; Sun et al., 2003; Tu et al., 2002). 

The mechanism by which IRS-1 enters cell nucleus is still not clear. Although IRS-1 contains 

putative NLS, it is thought that IRS-1 is chaperoned to the nucleus by other proteins, for 

instance, by T antigens of the SV40 and JC viruses (Lassak et al., 2002). The transporting 

molecules involved in IGF-IR-dependent IRS-1 nuclear translocation are yet unknown.  
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In our experimental system, E2-dependent nuclear translocation of IRS-1 and its 

interaction with the pS2 promoter were totally blocked when ERα was down-regulated by ICI 

(Figure 5) and did not occur in MDA-MB-231 cells that are ERα−negative but express ERβ 

(Vladusic et al., 2000) (Figure 6). However, re-expression of ERα allowed association of 

IRS-1 with the pS2 sequences. These observations suggest that nuclear function of IRS-1 in 

response to E2 requires ERα. Notably, a small amount of nuclear IRS-1 was found in 

unstimulated MCF-7 cells, which could result from basal ERα activity.  

The prerequisite for nuclear translocation of IRS-1 in response to E2 is most likely the 

formation of the ERα:IRS-1 complex in the cytoplasm. ERα association with cytoplasmic 

signaling molecules is not unusual. Recently, ERα has been shown to bind the PI-3K/Akt 

complex (Simoncini et al., 2000; Sun et al., 2001), and to interact with growth factor receptor 

docking protein Shc (Song et al., 2002) as well as with IGF-IR (Kahlert et al., 2000). 

Similarly, we reported that unliganded ERα can associate with cytoplasmic IRS-1 in MDA-

MB-231/ER cells (Morelli et al., 2003). Our preliminary data suggest that ERα /IRS-1 

binding involves at least two different IRS-1 domains, and does not depend on IRS-1 tyrosine 

phosphorylation (Surmacz et al., unpublished data).  

Our previous findings (Morelli et al., 2003) and this report suggest that only a fraction 

of ERα binds to IRS-1(∼10% of nuclear ERα) (Figure 2b), according to rough estimations 

based on coprecipitation procedures. However, if the linkage between ERα and IRS-1 is 

labile, coprecipitation assays might underestimate the actual extent of their association. In 

fact, the results obtained with confocal microscopy in intact cells suggested that in some cells, 

∼30% of ERα colocalized with IRS-1. Because only a fraction of ERα associates with IRS-1, 

it is understandable that nuclear accumulation of IRS-1 upon E2 stimulation might occur 

slower than that of ERα. The nuclear presence of IRS-1 in E2 treated MCF-7 cells was 

limited to ∼72 h, while ERα remained nuclear for longer times. It needs to be discovered 
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whether IRS-1 disappearance from the nucleus is caused by proteolysis or by translocation to 

the cytoplasmic compartment.  

In this work, we report for the first time that nuclear IRS-1 can interact with ERα on 

ERE-containing chromatin regions. In our experimental system, IRS-1 was recruited together 

with ERα and other proteins involved in ERα transcription (SRC-1 and Pol II) to the pS2 

promoter (Figures 3, 4, and 6). The possibility that IRS-1 modulates ERα-dependent 

transcription was addressed with transient transfection reporter assays. With this 

methodology, we noted inhibition of ERα activity by IRS-1 in several cell lines (Figure 7a). 

We also found that overexpression of IRS-1 inhibits E2/ ERα-dependent transcription of the 

endogenous pS2 gene in COS-7 cells (Figure 7b). A hypothetical model explaining the 

inhibitory effect of IRS-1 could be proposed on the basis of the recent discovery that ERα-

dependent transcription from ERE sites requires cyclic proteasomal degradation of ERα (Reid 

et al., 2003). Because IRS-1 and ERα compete for the same degradation machinery (Morelli 

et al., 2003), it is possible that the presence of nuclear IRS-1 interferes with ERα proteolysis, 

and thus with ERα transcription. IRS-1 modification of ERα activity is probably restricted to 

certain transcriptional complexes, as we did not observe significant effects of IRS-1 on ERα -

dependent transcription at AP-1 sites. In addition, our new data suggest that the association of 

IRS-1 with ERE promoters can be transiently inhibited by its recruitment to activated IGF-I 

receptors (Surmacz et al., unpublished data).  

The presence of nuclear IRS-1 in cellular systems was further evaluated in human 

clinical material. 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 

(Happerfield et al., 1997; Koda et al., 2003; Lee et al., 1998; Papa et al., 1993; Peyrat et al., 
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1989; Pezzino et al., 1996; Railo et al., 1994; Surmacz, 2000; Turner et al., 1997; Yee, 1994). 

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 (Finlayson et al., 2003; Rocha et 

al., 1997; Schnarr et al., 2000). 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 (Ando et al., 1998; Koda et al., 

2003; Lee et al., 1999; Schnarr et al., 2000). The significance of nuclear IRS-1 as a marker of 

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 association with other 

markers and features, especially ERα.  

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 (Schnarr et al., 2000). Similarly, 

Finlayson et al. found no difference of IRS-1 phosphorylation in homogenates of normal and 

breast cancer tissues (Finlayson et al., 2003). On the other hand, other groups reported low 

IRS-1 expression in normal tissue and overexpression in poorly differentiated tumors (Koda 

et al., 2005; Lee et al., 1998; Rocha et al., 1997). 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 an tumor grade in ductal carcinomas. This observation is 

also consistent with coexpression of IRS-1 and ERα noted in less invasive breast cancer cell 

lines (Surmacz and Bartucci, 2004). In other studies ERα and IRS-1 were not positively 
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correlated in primary tumors (Koda et al., 2005; Rocha et al., 1997). 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 (Koda et al., 2005). 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 (Koda et al., 2005; Schnarr 

et al., 2000). 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 

similar in normal and 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 (Desombre, 1984; Mansour et al., 1994; McGuire, 1973). Similarly, the 

levels of nuclear IRS-1, unlike cytoplasmatic IRS-1, were very low in normal tissue and 

increased in benign tumors and breast cancer. Furthermore, a very strong correlation was 

found between nuclear IRS-1 and ERα  in ductal, while this association was not present in 
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lobular carcinomas. Importantly, in ductal cancers, but not in lobular, each 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 and ERα are both highly reliable as diagnostic markers 

of differentiation grade.  

In summary, our data suggest that IRS-1 can interact with ERα in the nucleus of breast 

cancer cells and modulate ERα transcriptional activity and that nuclear IRS-1 can 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 might suggest that in this setting IGF-I and ERα 

systems are not tightly linked, similar to the situation seen in benign tumors. We postulate 

that nuclear ERα/IRS-1 interactions represent a new paradigm in IGF-IR/ER crosstalk.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 
 

 39 

References 

 
Ando, S., Panno, M.L., Salerno, M., Sisci, D., Mauro, L., Lanzino, M. and Surmacz, E. 

(1998) Role of IRS-1 signaling in insulin-induced modulation of estrogen receptors in 
breast cancer cells. Biochem Biophys Res Commun, 253, 315-319. 

Bartucci, M., Morelli, C., Mauro, L., Ando, S. and Surmacz, E. (2001) Differential insulin-
like growth factor I receptor signaling and function in estrogen receptor (ER)-positive 
MCF-7 and ER-negative MDA-MB-231 breast cancer cells. Cancer Res, 61, 6747-
6754. 

Baserga, R. (2000) The contradictions of the insulin-like growth factor 1 receptor. Oncogene, 
19, 5574-5581. 

Baserga, R., Peruzzi, F. and Reiss, K. (2003) The IGF-1 receptor in cancer biology. Int J 
Cancer, 107, 873-877. 

Boylan, J.M. and Gruppuso, P.A. (2002) Insulin receptor substrate-1 is present in hepatocyte 
nuclei from intact rats. Endocrinology, 143, 4178-4183. 

Campbell, R.A., Bhat-Nakshatri, P., Patel, N.M., Constantinidou, D., Ali, S. and Nakshatri, H. 
(2001) Phosphatidylinositol 3-kinase/AKT-mediated activation of estrogen receptor 
alpha: a new model for anti-estrogen resistance. J Biol Chem, 276, 9817-9824. 

Chan, T.W., Pollak, M. and Huynh, H. (2001) Inhibition of insulin-like growth factor 
signaling pathways in mammary gland by pure antiestrogen ICI 182,780. Clin Cancer 
Res, 7, 2545-2554. 

Chen, J., Wu, A., Sun, H., Drakas, R., Garofalo, C., Cascio, S., Surmacz, E. and Baserga, R. 
(2005) Functional significance of IGF-1-mediated nuclear translocation of the insulin 
receptor substrate-1 and beta -catenin. J Biol Chem. 

Desombre, E.R. (1984) Steroid receptors in breast cancer. Monogr Pathol, 149-174. 
Drakas, R., Tu, X. and Baserga, R. (2004) Control of cell size through phosphorylation of 

upstream binding factor 1 by nuclear phosphatidylinositol 3-kinase. Proc Natl Acad 
Sci U S A, 101, 9272-9276. 

Finlayson, C.A., Chappell, J., Leitner, J.W., Goalstone, M.L., Garrity, M., Nawaz, S., 
Ciaraldi, T.P. and Draznin, B. (2003) Enhanced insulin signaling via Shc in human 
breast cancer. Metabolism, 52, 1606-1611. 

Greiner, M., Pfeiffer, D. and Smith, R.D. (2000) Principles and practical application of the 
receiver-operating characteristic analysis for diagnostic tests. Prev Vet Med, 45, 23-41. 

Guvakova, M.A. and Surmacz, E. (1997) Tamoxifen interferes with the insulin-like growth 
factor I receptor (IGF-IR) signaling pathway in breast cancer cells. Cancer Res, 57, 
2606-2610. 

Happerfield, L.C., Miles, D.W., Barnes, D.M., Thomsen, L.L., Smith, P. and Hanby, A. 
(1997) The localization of the insulin-like growth factor receptor 1 (IGFR-1) in benign 
and malignant breast tissue. J Pathol, 183, 412-417. 

Kahlert, S., Nuedling, S., van Eickels, M., Vetter, H., Meyer, R. and Grohe, C. (2000) 
Estrogen receptor alpha rapidly activates the IGF-1 receptor pathway. J Biol Chem, 
275, 18447-18453. 

Kato, S., Endoh, H., Masuhiro, Y., Kitamoto, T., Uchiyama, S., Sasaki, H., Masushige, S., 
Gotoh, Y., Nishida, E., Kawashima, H., Metzger, D. and Chambon, P. (1995) 
Activation of the estrogen receptor through phosphorylation by mitogen-activated 
protein kinase. Science, 270, 1491-1494. 

Koda, M., Sulkowska, M., Kanczuga-Koda, L. and Sulkowski, S. (2005) Expression of 
insulin receptor substrate 1 in primary breast cancer and lymph node metastases. J 
Clin Pathol, 58, 645-649. 



References 
 

 40 

Koda, M., Sulkowski, S., Garofalo, C., Kanczuga-Koda, L., Sulkowska, M. and Surmacz, E. 
(2003) Expression of the insulin-like growth factor-I receptor in primary breast cancer 
and lymph node metastases: correlations with estrogen receptors alpha and beta. Horm 
Metab Res, 35, 794-801. 

Lannigan, D.A. (2003) Estrogen receptor phosphorylation. Steroids, 68, 1-9. 
Lassak, A., Del Valle, L., Peruzzi, F., Wang, J.Y., Enam, S., Croul, S., Khalili, K. and Reiss, 

K. (2002) Insulin receptor substrate 1 translocation to the nucleus by the human JC 
virus T-antigen. J Biol Chem, 277, 17231-17238. 

Lee, A.V., Guler, B.L., Sun, X., Oesterreich, S., Zhang, Q.P., Curran, E.M. and Welshons, 
W.V. (2000) Oestrogen receptor is a critical component required for insulin-like 
growth factor (IGF)-mediated signalling and growth in MCF-7 cells. Eur J Cancer, 36 
Suppl 4, 109-110. 

Lee, A.V., Hilsenbeck, S.G. and Yee, D. (1998) IGF system components as prognostic 
markers in breast cancer. Breast Cancer Res Treat, 47, 295-302. 

Lee, A.V., Jackson, J.G., Gooch, J.L., Hilsenbeck, S.G., Coronado-Heinsohn, E., Osborne, 
C.K. and Yee, D. (1999) Enhancement of insulin-like growth factor signaling in 
human breast cancer: estrogen regulation of insulin receptor substrate-1 expression in 
vitro and in vivo. Mol Endocrinol, 13, 787-796. 

Mansour, E.G., Ravdin, P.M. and Dressler, L. (1994) Prognostic factors in early breast 
carcinoma. Cancer, 74, 381-400. 

Mauro, L., Salerno, M., Morelli, C., Boterberg, T., Bracke, M.E. and Surmacz, E. (2003) Role 
of the IGF-I receptor in the regulation of cell-cell adhesion: implications in cancer 
development and progression. J Cell Physiol, 194, 108-116. 

Mauro, L., Salerno, M., Panno, M.L., Bellizzi, D., Sisci, D., Miglietta, A., Surmacz, E. and 
Ando, S. (2001) Estradiol increases IRS-1 gene expression and insulin signaling in 
breast cancer cells. Biochem Biophys Res Commun, 288, 685-689. 

McGuire, W.L. (1973) Estrogen receptors in human breast cancer. J Clin Invest, 52, 73-77. 
Metivier, R., Stark, A., Flouriot, G., Hubner, M.R., Brand, H., Penot, G., Manu, D., Denger, 

S., Reid, G., Kos, M., Russell, R.B., Kah, O., Pakdel, F. and Gannon, F. (2002) A 
dynamic structural model for estrogen receptor-alpha activation by ligands, 
emphasizing the role of interactions between distant A and E domains. Mol Cell, 10, 
1019-1032. 

Molloy, C.A., May, F.E. and Westley, B.R. (2000) Insulin receptor substrate-1 expression is 
regulated by estrogen in the MCF-7 human breast cancer cell line. J Biol Chem, 275, 
12565-12571. 

Morelli, C., Garofalo, C., Bartucci, M. and Surmacz, E. (2003) Estrogen receptor-alpha 
regulates the degradation of insulin receptor substrates 1 and 2 in breast cancer cells. 
Oncogene, 22, 4007-4016. 

Myers, M.G., Jr., Sun, X.J. and White, M.F. (1994) The IRS-1 signaling system. Trends 
Biochem Sci, 19, 289-293. 

Myers, M.G., Jr. and White, M.F. (1996) Insulin signal transduction and the IRS proteins. 
Annu Rev Pharmacol Toxicol, 36, 615-658. 

Nolan, M.K., Jankowska, L., Prisco, M., Xu, S., Guvakova, M.A. and Surmacz, E. (1997) 
Differential roles of IRS-1 and SHC signaling pathways in breast cancer cells. Int J 
Cancer, 72, 828-834. 

Panno, M.L., Mauro, L., Marsico, S., Bellizzi, D., Rizza, P., Morelli, C., Salerno, M., 
Giordano, F. and Ando, S. (2006) Evidence that the mouse insulin receptor substrate-1 
belongs to the gene family on which the promoter is activated by estrogen receptor 
alpha through its interaction with Sp1. J Mol Endocrinol, 36, 91-105. 

Papa, V., Gliozzo, B., Clark, G.M., McGuire, W.L., Moore, D., Fujita-Yamaguchi, Y., 
Vigneri, R., Goldfine, I.D. and Pezzino, V. (1993) Insulin-like growth factor-I 



References 
 

 41 

receptors are overexpressed and predict a low risk in human breast cancer. Cancer 
Res, 53, 3736-3740. 

Peyrat, J.P., Bonneterre, J., Dusanter-Fourt, I., Leroy-Martin, B., Djiane, J. and Demaille, A. 
(1989) Characterization of insulin-like growth factor 1 receptors (IGF1-R) in human 
breast cancer cell lines. Bull Cancer, 76, 311-319. 

Pezzino, V., Papa, V., Milazzo, G., Gliozzo, B., Russo, P. and Scalia, P.L. (1996) Insulin-like 
growth factor-I (IGF-I) receptors in breast cancer. Ann N Y Acad Sci, 784, 189-201. 

Pollak, M. (1998) IGF-I physiology and breast cancer. Recent Results Cancer Res, 152, 63-
70. 

Prisco, M., Santini, F., Baffa, R., Liu, M., Drakas, R., Wu, A. and Baserga, R. (2002) Nuclear 
translocation of insulin receptor substrate-1 by the simian virus 40 T antigen and the 
activated type 1 insulin-like growth factor receptor. J Biol Chem, 277, 32078-32085. 

Railo, M.J., von Smitten, K. and Pekonen, F. (1994) The prognostic value of insulin-like 
growth factor-I in breast cancer patients. Results of a follow-up study on 126 patients. 
Eur J Cancer, 30A, 307-311. 

Reid, G., Hubner, M.R., Metivier, R., Brand, H., Denger, S., Manu, D., Beaudouin, J., 
Ellenberg, J. and Gannon, F. (2003) Cyclic, proteasome-mediated turnover of 
unliganded and liganded ERalpha on responsive promoters is an integral feature of 
estrogen signaling. Mol Cell, 11, 695-707. 

Rocha, R.L., Hilsenbeck, S.G., Jackson, J.G., VanDenBerg, C.L., Weng, C., Lee, A.V. and 
Yee, D. (1997) Insulin-like growth factor binding protein-3 and insulin receptor 
substrate-1 in breast cancer: correlation with clinical parameters and disease-free 
survival. Clin Cancer Res, 3, 103-109. 

Sachdev, D. and Yee, D. (2001) The IGF system and breast cancer. Endocr Relat Cancer, 8, 
197-209. 

Salerno, M., Sisci, D., Mauro, L., Guvakova, M.A., Ando, S. and Surmacz, E. (1999) Insulin 
receptor substrate 1 is a target for the pure antiestrogen ICI 182,780 in breast cancer 
cells. Int J Cancer, 81, 299-304. 

Schnarr, B., Strunz, K., Ohsam, J., Benner, A., Wacker, J. and Mayer, D. (2000) Down-
regulation of insulin-like growth factor-I receptor and insulin receptor substrate-1 
expression in advanced human breast cancer. Int J Cancer, 89, 506-513. 

Sciacca, L., Prisco, M., Wu, A., Belfiore, A., Vigneri, R. and Baserga, R. (2003) Signaling 
differences from the A and B isoforms of the insulin receptor (IR) in 32D cells in the 
presence or absence of IR substrate-1. Endocrinology, 144, 2650-2658. 

Seol, K.C. and Kim, S.J. (2003) Nuclear matrix association of insulin receptor and IRS-1 by 
insulin in osteoblast-like UMR-106 cells. Biochem Biophys Res Commun, 306, 898-
904. 

Simoncini, T., Hafezi-Moghadam, A., Brazil, D.P., Ley, K., Chin, W.W. and Liao, J.K. 
(2000) Interaction of oestrogen receptor with the regulatory subunit of 
phosphatidylinositol-3-OH kinase. Nature, 407, 538-541. 

Song, R.X., McPherson, R.A., Adam, L., Bao, Y., Shupnik, M., Kumar, R. and Santen, R.J. 
(2002) Linkage of rapid estrogen action to MAPK activation by ERalpha-Shc 
association and Shc pathway activation. Mol Endocrinol, 16, 116-127. 

Stoica, A., Saceda, M., Fakhro, A., Joyner, M. and Martin, M.B. (2000) Role of insulin-like 
growth factor-I in regulating estrogen receptor-alpha gene expression. J Cell Biochem, 
76, 605-614. 

Sun, H., Tu, X., Prisco, M., Wu, A., Casiburi, I. and Baserga, R. (2003) Insulin-like growth 
factor I receptor signaling and nuclear translocation of insulin receptor substrates 1 
and 2. Mol Endocrinol, 17, 472-486. 

Sun, M., Paciga, J.E., Feldman, R.I., Yuan, Z., Coppola, D., Lu, Y.Y., Shelley, S.A., Nicosia, 
S.V. and Cheng, J.Q. (2001) Phosphatidylinositol-3-OH Kinase (PI3K)/AKT2, 



References 
 

 42 

activated in breast cancer, regulates and is induced by estrogen receptor alpha 
(ERalpha) via interaction between ERalpha and PI3K. Cancer Res, 61, 5985-5991. 

Surmacz, E. (2000) Function of the IGF-I receptor in breast cancer. J Mammary Gland Biol 
Neoplasia, 5, 95-105. 

Surmacz, E. (2003) Growth factor receptors as therapeutic targets: strategies to inhibit the 
insulin-like growth factor I receptor. Oncogene, 22, 6589-6597. 

Surmacz, E. and Bartucci, M. (2004) Role of estrogen receptor alpha in modulating IGF-I 
receptor signaling and function in breast cancer. J Exp Clin Cancer Res, 23, 385-394. 

Surmacz, E. and Burgaud, J.L. (1995) Overexpression of insulin receptor substrate 1 (IRS-1) 
in the human breast cancer cell line MCF-7 induces loss of estrogen requirements for 
growth and transformation. Clin Cancer Res, 1, 1429-1436. 

Trojanek, J., Croul, S., Ho, T., Wang, J.Y., Darbinyan, A., Nowicki, M., Valle, L.D., Skorski, 
T., Khalili, K. and Reiss, K. (2005) T-antigen of the human polyomavirus JC 
attenuates faithful DNA repair by forcing nuclear interaction between IRS-1 and 
Rad51. J Cell Physiol. 

Trojanek, J., Ho, T., Del Valle, L., Nowicki, M., Wang, J.Y., Lassak, A., Peruzzi, F., Khalili, 
K., Skorski, T. and Reiss, K. (2003) Role of the insulin-like growth factor I/insulin 
receptor substrate 1 axis in Rad51 trafficking and DNA repair by homologous 
recombination. Mol Cell Biol, 23, 7510-7524. 

Tu, X., Batta, P., Innocent, N., Prisco, M., Casaburi, I., Belletti, B. and Baserga, R. (2002) 
Nuclear translocation of insulin receptor substrate-1 by oncogenes and Igf-I. Effect on 
ribosomal RNA synthesis. J Biol Chem, 277, 44357-44365. 

Turner, B.C., Haffty, B.G., Narayanan, L., Yuan, J., Havre, P.A., Gumbs, A.A., Kaplan, L., 
Burgaud, J.L., Carter, D., Baserga, R. and Glazer, P.M. (1997) Insulin-like growth 
factor-I receptor overexpression mediates cellular radioresistance and local breast 
cancer recurrence after lumpectomy and radiation. Cancer Res, 57, 3079-3083. 

Vanagas, G. (2004) Receiver operating characteristic curves and comparison of cardiac 
surgery risk stratification systems. Interact CardioVasc Thorac Surg, 3, 319-322. 

Vladusic, E.A., Hornby, A.E., Guerra-Vladusic, F.K., Lakins, J. and Lupu, R. (2000) 
Expression and regulation of estrogen receptor beta in human breast tumors and cell 
lines. Oncol Rep, 7, 157-167. 

White, M.F. (1997) The insulin signalling system and the IRS proteins. Diabetologia, 40 
Suppl 2, S2-17. 

White, M.F. (1998) The IRS-signaling system: a network of docking proteins that mediate 
insulin and cytokine action. Recent Prog Horm Res, 53, 119-138. 

Wynne-Jones, K., Jackson, M., Grotte, G. and Bridgewater, B. (2000) Limitations of the 
Parsonnet score for measuring risk stratified mortality in the north west of England. 
The North West Regional Cardiac Surgery Audit Steering Group. Heart, 84, 71-78. 

Yee, D. (1994) The insulin-like growth factor system as a target in breast cancer. Breast 
Cancer Res Treat, 32, 85-95. 

Yee, D. and Lee, A.V. (2000) Crosstalk between the insulin-like growth factors and estrogens 
in breast cancer. J Mammary Gland Biol Neoplasia, 5, 107-115. 

Zweig, M.H. (1993) ROC plots display test accuracy, but are still limited by the study design. 
Clin Chem, 39, 1345-1346. 

 



 
 

 43 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SCIENTIFIC RESEARCH PERFORMED DURING 
THE PhD PROGRAM 

 



 1 

Expression of Nuclear Insulin Receptor Substrate 1 (IRS-1) in Breast Cancer  
 
 

Diego Sisci1§ , Catia Morelli1§, Cecilia Garofalo1, Francesco Romeo2, Lucio Morabito2, Filomena 
Casaburi2, Emilia Middea1 , Sandra Cascio3, Elvira Brunelli4, Sebastiano Andò5 and Eva 

Surmacz3* 
 

1 Department of Pharmaco-Biology, Faculty of Pharmacy, University of Calabria, Arcavacata di Rende, 
Italy; 2 Division of Anatomo-Pathology, Annunziata Hospital, Cosenza, Italy; 3Sbarro Institute for 
Cancer Research and Molecular Medicine, Temple University, Philadelphia, PA, USA, 4Department of 
Natural Science and 5Department of Cellular Biology, Faculty of Pharmacy, University of Calabria, 
Arcavacata di Rende, Italy. 
 

§ D.S. and C.M. contributed equally to this work  
 
*Corresponding author: Eva Surmacz, Ph.D. 

Sbarro Institute for cancer Research and Molecular Medicine 
College of Science and Technology, Temple University 
1900 N 12th St. Rm. 446, Philadelphia, PA 19122 
Tel. 001/215-204-0306, Fax 001/215-204-0303 
e-mail surmacz@temple.edu 

 
 
 
 
 
 
Word count (Abstract included): 3475 
Structured abstract: 251 words. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 



 2 

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. 
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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.  



 17 

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 



 

 

 

 

 

3 

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 



 

 

 

 

 

6 

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 
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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 
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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 



 

 

 

 

 

14 

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 
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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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Abstract In the present study, we evidence how in breast cancer
cells low doses of Taxol for 18 h determined the upregulation of
p53 and p21 waf expression concomitantly with a decrease of the
anti-apoptotic Bcl-2. P53 and its gene product, the mdm2 pro-
tein, in treated cells exhibits a prevalent nuclear compartmental-
ization, thus potentiating p53 transactivatory properties. Indeed,
the most important finding of this study consists with the evi-
dence that Taxol at lower concentrations is able to produce the
activation of p21 promoter via p53. Prolonged exposure of
MCF-7 cells to Taxol (48 h) resulted in an increased co-associ-
ation between p21 and PCNA compared to control and this well
fits with the simultaneous block of cell cycle into the G2/M
phase.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Taxol is a chemotherapic drug specifically effective against

prostate, ovarian, breast and lung cancer. Its primary mecha-

nism of action is related to the ability to stabilize the microtu-

bules and to disrupt their dynamic equilibrium [1–6].

Treatment of cells with Taxol interferes with the normal

reorganization of the microtubule network, and inhibits the

formation of normal spindle at metaphase required for mitosis

and cell proliferation. These effects lead to an arrest of the cells

in the G2/M phase of the cell cycle and eventually to apoptotic

cell death [7–9].

The biological responses to Taxol may vary depending on

cell type and drug concentration.

An aspect extremely intriguing rises from the evidence

that low doses of Taxol in human lung cancer, though still
*Corresponding authors. Fax: +39 0984 492911 (M.L. Panno),
+39 0984 496203 (S. Andò).
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unable to alter all microtubule network, upregulate p53

and its nuclear compartmentalization [10]. Indeed, the poly-

merization of microtubules with the extension of their minus

end, induced by Taxol, may facilitate the translocation of

p53, using dynein as carrier, from the cytosol into the nucleus

[10,11].

In this compartment, p53 stimulates the expression of pro-

teins involved in a wide network of signals that act through

two major apoptotic pathways: the extrinsic death receptor

signalling which triggers caspases activation and Bid cleavage,

and the intrinsic mitochondrial pathway, which shifts the bal-

ance in the Bcl-2 family towards the pro-apoptotic members,

enhancing mitochondrial permeabilization with consequent

release of cytochrome c and direct caspases activation [12].

These events have been previously reported in human neuro-

blastoma, ovarian and breast carcinoma cells that underwent

Taxol treatment [13–15].

Taxol-initiated apoptosis has been also associated with in-

crease of p21 waf/Cip protein, a key regulator of cell cycle

and DNA synthesis, which expression is regulated by p53-

dependent and/or independent mechanisms [16–19].

P21 binds to various cyclin–CDK complexes and inhibits

their activity, thus resulting in a block in cell cycle [20]. An

alternative mechanism through which p21 inhibits cell cycle

progression lays on its capability to recruit PCNA, then en-

abling this factor to interact with the DNA polymerase d
and e activities [21,22].

In the present study, we have explored if low doses of Taxol

‘‘per se’’ are able to enhance the transactivatory properties of

p53 producing the upregulation of p53-classically dependent

gene, such as p21 waf, involved in the regulation of cell apop-

tosis and in the progression of cell cycle.
2. Materials and methods

2.1. Materials
DMEM/Ham’s F-12, LL-glutamine, penicillin/streptomycin, calf ser-

um (CS), bovine serum albumin, aprotinin, leupeptin, phenylmethyl-
sulfonyl fluoride (PMSF), sodium orthovanadate and Taxol were
purchased from Sigma (Milan, Italy). FuGENE 6 was from Roche
blished by Elsevier B.V. All rights reserved.
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Applied Science (Milan, Italy). Dual luciferase kit and TK Renilla
luciferase plasmid were provided by Promega (Madison, WI). [c32P]-
ATP and ECL system come from Amersham Biosciences.

The plasmid WWP-Luc containing human p21 waf promoter
(2.4 kb) was kindly given by Dr. Wafik El-Deiry (Howard Hughes
Medical Institute, Philadelphia); pCMV-wt p53 plasmid, pCMV-p53
plasmid mutant and pCMV empty vector were generously provided
by Dr. G. Daniel (Department of Health and Human Service, Natl.
Inst. Env. Health Sci., Res. Triangle Park, NC). Thin layer chromatog-
raphy (TLC) aluminium sheets were from MERK (Milan, Italy).

2.2. Cell lines and culture conditions
Human breast cancer MCF-7 cell line was cultured in DMEM/

Ham’s F12 (1:1) medium supplemented with 5% CS, 1% LL-glutamine
and 1% penicillin/streptomycin. The cells were cultured in phenol-
red-free DMEM (PRF-SFM-DMEM) containing 0.5% bovine serum
albumin, 1% LL-glutamine and 1% penicillin/streptomycin, 24 h before
each experiment. Next, the 70% confluent cells, synchronized in
PRF-SFM-DMEM (day 0) [23] were treated with different doses of
Taxol (2, 6, 12, 50, 100 nM) for 18 and 48 h.

2.3. Cell viability
The viability of the cells was assessed by morphological analysis

using trypan blue exclusion assay. Cells in the exponential growth
phase were plated and grown overnight; then, the medium was chan-
ged and shifted for 24 h with PRF-SFM-DMEM. At the end of this
incubation the cells were exposed for 18 and 48 h to different concen-
trations of Taxol, as reported in Fig. 1. Cells were trypsinized and incu-
bated in a 0.5% trypan blue solution for 10 min at room temperature
and viable numbers were determined microscopically by counting try-
pan blue negative cells in a counting chamber (Burker, Brand,
Germany).

2.4. Transfections and luciferase assay
MCF-7 cells were seeded (1 · 105 cells/well) in DMEM/F12 supple-

mented with 5% CS in 24-well plates. Cells were co-transfected with the
plasmid WWP-Luc containing human p21 waf promoter and pCMV-
empty vector or pCMV-p53 mutant plasmid or pCMV-wt p53
plasmid, in SFM using FuGENE6 according to the manufacture’s
instructions with a mixture containing 0.1 lg/well of each specific plas-
mid and 25 ng/well of TK Renilla luciferase plasmid. 24 h after the
transfection the medium was changed and the cells were treated in
PRF-SFM-DMEM in the presence of 2, 6 and 12 nM of Taxol for
18 h. The firefly and Renilla luciferase activities were measured by
using a dual luciferase kit. The firefly luciferase data for each sample
were normalized on the basis of the transfection efficiency measured
by Renilla luciferase activity.
Fig. 1. Cell viability of MCF-7 cells after Taxol treatment. MCF-7
cells were plated in six-well plates at a density of 2 · 105 cells/well and
grown 24 h to be completely attached to the surface of the plates. The
day after, the medium was switched to serum-free medium for 24 h.
Next, the cells were added of different doses of Taxol ranging from
2 nM until 100 nM and incubated for 18 and 48 h. Values are the
average of four triplicate independent experiments, and are expressed
as percentage of the controls, determined by standardizing untreated
cells to 100%. *P < 0.05 **P < 0.01 as compared to untreated cells. The
S.D. was lower than 0.25%.
2.5. Immunoprecipitation and Western blotting
MCF-7 cells were grown in 100 mm dishes to 70–80% confluence,

shifted to SFM for 24 h and lysed. Cytoplasmic protein lysates were
obtained with a buffer containing 50 mM HEPES, pH 7.5, 150 mM
NaCl, 1.5 mM MgCl2, 10 mM EGTA, pH 7.5, 10% glycerol, 1% Tri-
ton X-100 and protease inhibitors (2 lM Na3VO4, 1% PMSF, 20 lg/
ml aprotinin). Following the collection of cytoplasmic proteins, the nu-
clei were lysed with the buffer containing 20 mM KOH–HEPES, pH 8,
0.1 mM EDTA, 5 mM MgCl2, 0.5 M NaCl, 20% glycerol, 1% Np-40
and inhibitors (as above) [24].

The association of PCNA (Proliferating Cell Nuclear antigen) and
p21 waf/Cip and/or phospho p21 (Thr 145) proteins was assessed by
immunoprecipitation (IP) and Western blotting (WB) in 500 lg protein
lysates using appropriate antibodies (as specified in the figure legends),
while the association of dynein and p53 proteins was determined by
immunoprecipitating the nuclear fractions with anti-dynein antibody
and then blotting for anti-p53 antibody and anti-b-tubulin. In IPs, pro-
tein lysates were incubated in HNTG buffer (20 mM HEPES, pH 7.5,
150 mM NaCl, 0.1% Triton X-100, 10% glycerol and 0.2 mM Na3VO4)
at 4 �C for 4 h with the primary antibodies, and then agarose beads
conjugated with Protein A/G Agarose (Sigma) were added for another
1 h. The immunoprecipitated proteins were washed three times with the
HNTG buffer and separated by SDS–PAGE (polyacrylamide gel
electrophoresis).

The expression of different proteins was tested by WB in 50 lg of
protein lysates or in 500 lg of immunoprecipitated cell proteins using
an anti-p21 WAF, anti-phospho-p21 waf (Thr 145), anti-PCNA, anti-
p53, anti-mdm2, anti b-actin, anti-p85, anti-Lamin B, anti-GAP-DH,
anti-b-tubulin and anti-dynein pAbs from Santa Cruz Biotechnology
(Heidelberg, Germany), anti-phospho-Akt (Ser 473), anti phospho
p-Bcl-2 (Ser 70), anti-pBcl-2 and anti-caspase-9 pAbs from Cell Signal-
ing Technology (Beverly, MA, USA).

Proteins were transferred to a nitrocellulose membrane, probed with
primary antibody and then stripped and reprobed with the appropriate
antibodies. The antigen–antibody complex was detected by incubation
of the membranes for 1 h at room temperature with a peroxidase-cou-
pled anti-IgG antibody and revealed using the ECL system. Blots were
then exposed to film and bands of interest were quantified by densi-
tometer (Mod 620 BioRad). The results obtained were expressed in
term of arbitrary densitometric units.

2.6. Immunofluorescent microscopy
50% confluent cultures, grown on coverslips, were shifted to SFM

for 24 h and then treated either for 18 or 48 h with 2, 6 or 50 nM of
Taxol. Cells were then fixed in 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100, washed three times with PBS, and incubated
for 1 h with a mixture of primary Abs recognizing p53 and p21. The
anti-p53 monoclonal Ab (mAb) (Santa Cruz) at 2 mg/ml was used
for p53 staining; anti p21 polyclonal Ab (pAb) (Santa Cruz) at 2 mg/
ml was used to detect p21. Following the incubation with primary
Abs, the slides were washed three times with PBS, and incubated with
a mixture of two secondary Abs, each 1 mg/ml concentrated. A rhoda-
mine-conjugated donkey anti-mouse IgG (Calbiochem) was used as a
secondary Ab for p53 and a fluorescein-conjugated donkey anti-rabbit
IgG (Calbiochem) was used for p21. The cellular localization of p53
and p21 was studied with confocal microscope with 1000· magnifica-
tion. The optical sections were taken at the central plane.

2.7. FACS analysis
Serum-starved cells for 24 h were given Taxol for 18 and 48 h at the

doses reported in the figures. After this incubation cells were trypsinized,
washed with PBS and fixed for 1 h in ice-cold 70% ethanol. The samples
were then washed once with PBS and resuspended in 1 ml of staining
solution (10 mg/ml RNasi A, 10 mg/ml propidium iodide in PBS). The
samples were then incubated at room temperature in the dark for at least
30 min. FACS analysis was performed using CellFeet software (Becton
Dickinson, NJ). At least 2 · 104 cells/sample were measured.

2.8. PI-3 kinase activity
PI-3K activity associated with p85, was assessed by standard

protocol provided by the manufacturer of the p85 antibody (Upstate
Biotechnology). Briefly, p85 was IP from 500 lg of protein lysate with
an anti-p85 p-Ab, the negative control was performed using a cell lysate
where p110 catalyzing subunit of PI3K, was previously removed by pre-



Fig. 2. Effect of different doses of Taxol on cell cycle progression of MCF-7 breast cancer cells. Serum-starved MCF-7 cells for 24 h were incubated
for 18 and 48 h with the different concentrations of Taxol as shown in figure. Then the cells were collected and stained with propidium iodide (see
Section 2) to be analyzed by FACS. DNA histograms were measured using Cell Fit software and the percentage of G0/G1, S and G2/M cells were
calculated. Data are representative of four independent experiments.
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incubation with the respective antibody (1 h at room temperature) and
subsequently immunoprecipitated with Protein A/G-agarose. As a po-
sitive control, MCF-7 were treated with 100 nM insulin for 24 h before
lysis and immunoprecipitated with anti-p85 from 500 lg of cell 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 immu-
noprecipitates was determined by incubating the beads with reaction
buffer containing 10 mM HEPES (pH 7.4), 10 mM MgCl2, 50 lM
ATP, 20 lCi [c32-P] ATP, and 10 lg of LL-a-phosphatidylinositol-4,5-
bis phosphate (PI-4,5-P2) for 20 min at 37 �C. The reactions were
stopped by adding 100 ll of 1 M HCl. Phospholipids were extracted
with 200 ll of CHCl3/methanol. For extraction of lipids, 200 ll of chlo-
roform:methanol (1:1, v/v) were added to the samples and vortexed for
20 s. 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 ll of chloroform. The labelled products of the ki-
nase reaction, the PI phosphates, then were spotted onto trans-1,2-dia-
minocyclohexane–N,N,N 0,N 0-tetraacetic acid-treated silica gel 60 TLC
plates. Radioactive spots were visualized by autoradiography.



Fig. 3. Low doses of Taxol affect p53 expression and its target proteins p21 WAF and Bcl-2. (A) MCF-7 cells underwent Taxol treatment (from 2 to
100 nM) for 18 and 48 h were harvested and lysed to detect p53 protein expression in 50 lg of total cell lysates. The same filter was stripped and
reprobed with anti-p21 waf, anti-Bcl-2, anti caspase-9 and anti-b-actin antibodies. C: control; T: Taxol at different nM concentrations. b-Actin serves
as a loading control. Representative results are shown. (B) The histograms represent the mean ± S.D. of three separate experiments in which bands
intensity for p53, p21 and Bcl-2 were evaluated in term of arbitrary densitometric units. *P < 0.05; **P < 0.01 vs C.
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2.9. DNA ladder formation
The ladder assay is based on the oligonucleosomal DNA fragmenta-

tion of nuclear DNA that can be visualized by ethidium bromide stain-
ing following electrophoresis. MCF-7 cells were plated in 100-mm
dishes (1 · 106 cells/dish); serum-starved cells were treated with Taxol
(2, 6, 50 and 100 nM) for 48 h.

At the end of the incubation period cells were trypsinized and com-
bined with floating cells in the same culture. DNA was isolated by lys-
ing the cells in 400 ll of 0.2% Triton-X, 20 mM EDTA, and 10 mM
Tris, pH 8.0, for 20 min on ice. The DNA fragments were harvested
by centrifugation for 20 min at 12000 rpm. After the addition of
400 ll of phenol–chloroform the supernatant was centrifuged at
12000 rpm for 5 min and then was precipitated with sodium acetate
(400 ll) and ethanol (800 ll) for 24 h at �20 �C.

Afterwards the supernatant was centrifuged at 12000 rpm for
20 min, dried and incubated for 1 h at room temperature with a buf-
fer containing 500 lg/ml RNase A. The DNA fragments were re-
solved by electrophoresis at 75 V on 1% agarose gel impregnated
with ethidium bromide, detected by UV transillumination, and pho-
tographed.
2.10. Statistical analysis
Each data point represents the mean ± S.D. of at least three exper-

iments. The data were analyzed by analysis of variance using the
STATPAC computer program.
3. Results

3.1. Taxol decreases basal growth rate of MCF-7 cells in a dose/

time-related manner

High doses of Taxol (100 nM) since 18 h of treatment inhib-

ited MCF-7 cells proliferation. The same inhibitor effects were

produced by lower doses of Taxol starting from 12 nM after

48 h of incubation (Fig. 1). These results well correlates with

FACS analysis demonstrating a block of MCF-7 cell cycle into

the G2/M phase after 48 h of drug treatment at the doses rang-

ing from 12 to 100 nM (Fig. 2).



Fig. 4. Treatment of MCF-7 cells with Taxol induces DNA fragmen-
tation. DNA gel electrophoresis of Taxol-treated (T) (lanes 2–5) and
control (C) (lane 1) MCF-7 cells. DNA from MCF7 cell treated for
48 h with 2, 6, 50 and 100 nM of Taxol was extracted as detailed in
Section 2, then separated in 1.5% agarose gel electrophoresis. DNA
from a 48 h control (untreated) culture was prepared in the same way.
M, Marker.
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3.2. Cell survival pathway is affected by taxol

To investigate if Taxol ‘‘per se’’ might produce early changes

in cell apoptotic and/or survival signals, first of all we focused
Fig. 5. Different subcellular compartmentalization of p53, mdm2 and p21 w
concentrations reported in the figure, were harvested and cytosolic (c) and n
mdm2, anti-p21 antibodies. C, control; T, Taxol-treated cells. The expressions
were assessed by stripping and reprobing the filters to verify the purity of fr
our attention on the effects of the drug on p53 and p21 waf

expression.

It is worth to mention that low doses of Taxol incubated for

18 and 48 h are able to enhance both p53 and p21 waf protein

expressions, while the anti-apoptotic Bcl-2, in its total content

and consequently in its phosphorylative status (phospho-Bcl

Ser70) resulted downregulated (Fig. 3 A and B). However, it

is note worthy to observe how the relative phospho-Bcl-2 levels

tend to be enhanced by Taxol treatment since the decrease of

Bcl-2 protein content occurs much faster than its phosphoryla-

tion. Indeed, the ratio of densitometric values of the bands be-

tween phospho-Bcl-2 /Bcl-2 protein varied from 0.6 in control

sample, to 1.2 in treated sample. Drug treatment triggers cell

apoptotic events only after 48 h, eliciting the cleavage of cas-

pase-9, which is detectable from Taxol 6 nM and persists at

the higher doses (Fig. 3A). This was also confirmed by agarose

DNA electrophoresis that demonstrates the formation of the

characteristic ladder of DNA at 6, 50 and 100 nM of Taxol

(48 h), while it is absent at lower concentration of the drug

as well as in the control sample (Fig. 4).

On the basis of the reported findings, even in the presence of

low doses of Taxol, p53 may potentiate its transactivatory

properties on the regulatory region of target gene through its

faster translocation into the nucleus. To prove this we studied

p53 nuclear/cytosolic compartmentalization in MCF-7 cells in

the presence of low and high doses of the drug incubated for

both 18 and 48 h.

3.3. Taxol induced P53 and P21 intracellular relocation

WB analysis performed, respectively, in the nuclear and

cytosolic cell lysates showed that p53 and its gene product,

the mdm2 protein, after 18 h of drug treatment, exhibit a pre-

valent nuclear compartmentalization, while p21 waf protein
af in cells treated with Taxol. MCF-7 cells treated with Taxol, at the
uclear (n) protein lysates were subject to WB with an anti-p53, anti-
of a nuclear protein, Lamin B, and a cytoplasmatic enzyme, GAP-DH,

actions.



Fig. 6. P53 co-immunoprecipitates with dynein. MCF-7 cells treated
with Taxol (12, 25, 100 nM) for 48 h were harvested and nuclear (n)
protein lysates were subject to IP experiment by using an anti-dynein
antibody/protein A/G complex followed by WB with anti-b-tubulin
antibody; anti-p53 antibody; anti-dynein antibody. C+, 50 lg of
soluble cell protein; Cn, nuclear control.
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appears mostly localized in the cytosol (Fig. 5). Drug treat-

ment of MCF-7 cells for 48 h increases p53 levels in both nu-

clear and cytosolic compartments until 25 nM of cell exposure

to Taxol. At the same time, p21 waf protein tends to diffuse

from the cytosol into the nucleus (Fig. 5). P53 uses dynein to

translocate into the nucleus since it co-immunoprecipitates

with the microtubule-motor protein and with b-tubulin

(Fig. 6). In the end, we observed that the amount of protein

bound to dynein in the nuclear compartment is increased upon

Taxol treatment at 48 h.

The subcellular localization of both p53 and p21 proteins

was also investigated by confocal microscopy using immuno-

fluorescent staining of p53 (rhodamine-conjugated antibody,

red staining) and p21 (fluorescein-conjugated antibody, green

staining) proteins.

At 18 h of drug treatment, p53 tended to accumulate much

more into the nucleus (a very strong nuclear staining was ob-
Fig. 7. Immunolocalization of p53 and p21 WAF in MCF-7 cells treated with Taxol. MCF-7 cells were treated with Taxol, at the indicated doses, for
18 and 48 h and subsequently fixed and stained with a rhodamine-conjugated donkey anti-mouse IgG as secondary Ab for p53 (red), or with a
fluorescein-conjugated donkey anti-rabbit IgG for p21 (green). Staining was analysed by confocal laser-scanning microscopy. Co-localization of p53
and p21 waf is visible as yellow staining generated where the color images merge. Images are optical sections at intervals of 0.3 lm along the z-axis
from the bottom of the cell to the top of the nucleus.



Fig. 8. Expression of p21-PCNA complex in MCF-7 cells treated with different doses of Taxol. MCF-7 cells treated with Taxol at the indicated
concentrations (nM) for both 18 and 48 h were lysed and immunoprecipitated in (A) with: an anti-p21 waf antibody/protein A/G complex followed
by WB with specific anti-PCNA antibody (upper panel), with anti-p21 (Thr 145) antibody (middle panel) and with anti-p21 antibody (lower panel); in
B with: an anti PCNA antibody/protein A/G complex followed by WB with specific anti-p21 antibody (upper panel), with anti-p21 (Thr 145)
antibody (middle panel) and with anti-PCNA antibody (lower panel). C, control; L, 50 lg of soluble cell protein not subjected to IP; PG, 0.5 mg of
soluble cell protein immunoprecipitated only with protein A/G-agarose beads; T, Taxol treated cells. Results are representative of three independent
experiments.
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served in about 10% of cells treated with 2 and 6 nM Taxol,

and in 30% of cells treated with 50 nM Taxol) respect to con-

trol sample, where, instead, a quite uniform localization in

both nuclear and cytoplasmatic compartments is showed

(Fig. 7). At the same time, in untreated cells, p21 resulted to

be prevalently retained in the cytosol and following Taxol

treatment it tends to translocate in the nucleus.

For instance, at 48 h of incubation, while 5% of control

cells showed a strong nuclear co-localization of p53 and

p21, in cells treated with 2 and 6 nM of Taxol the percentage

increased to 15% and 50%, respectively. Nevertheless, it is

worth to mention that the detectable cell compartmentaliza-

tion of p53 and p21 waf proteins, in the presence of high con-

centrations of Taxol (50 nM), are in all likelihood not reliable

since morphological changes turning cell polygonal shape

into rounding ones occur and produces loss of adhesion

(Fig. 7).

The cytosolic retention of p21 waf at 18 h, probably makes it

unable to interact with nuclear proteins like PCNA and to in-

hibit cell cycle.

To determine if the level of co-association between p21 and

PCNA in MCF-7 treated cells may correlate with the inhibi-

tion of cell cycle progression we performed, at both 18 and

48 h, two sets of IP experiments by using whole-cell lysates

incubated:

(i) with anti-p21 waf antibody followed by immunoblotting

with an anti-PCNA antibody (Fig. 8A); and

(ii) with anti-PCNA antibody followed by immunoblotting

with an anti-p21 antibody (Fig. 8B).

As shown in Fig. 8A, PCNA protein was present in immu-

noprecipitates from MCF-7 cells treated for 48 h with 12, 25

and 100 nM of Taxol. The highest levels of co-IP of p21/

PCNA were concomitant with the alteration of cell cycle.

The same filters obtained at 18 and 48 h of drug treatment

were reprobed with an anti-phospho-p21 waf (Thr 145) anti-

body, that represents the phosphorylated form of the protein un-
able to inhibit cell cycle. In accordance, the results demonstrated

that in untreated and treated MCF-7 cells the phospho-p21 waf

(Thr 145) is present at 18 h and it slightly decreases under Taxol

(Fig. 8A). On the other hand, Taxol treatment prolonged up to

48 h significantly reduced the level of phosphorylated p21 waf

protein compared with that obtained at 18 h. To asses that p21

is immunoprecipitated in all experimental conditions we re-

probed the same blots with an anti-p21 antibody.

In the reverse IP experiment (IP with anti-PCNA antibody

and blot with anti-p21 antibody) (Fig. 8B) the results confirm

that PCNA and p21 waf associated only following 48 h drug

treatment, while phospho-p21 (Thr 145) is not present in the

IPs both at 18 and 48 h. The same filters were then blotted

for anti-PCNA antibody to verify PCNA protein in immuno-

precipitates.

3.4. Evidence that low doses of taxol are able to potentiate

transactivatory properties of P53

53 nuclear compartmentalization, induced by low doses of

Taxol, leads us to assume that the treatment with the drug

per se may potentiate the functional transactivating properties

of this protein.

PTo support this assumption we treated MCF-7 transfected

with a p21 promoter conjugated with a luciferase reporter

gene. Our results show, for the first time, how low doses of

Taxol are able to induce the activation of p21 promoter

(Fig. 9). This activation was drastically potentiated by the ec-

topic overexpression of wild-type p53 and abrogated in the

presence of p53 mutant construct.

3.5. Effect of low doses of taxol on PI3K/Akt signal

When we evaluated the effect of the drug on the PI3K/Akt

pathway, which is crucial in maintaining cell survival signal,

we observed that Taxol (25 and 100 nM) for 18 h induced

an early activation of PI3K and consequently this leads to

an increase of phospho-Akt levels (Fig. 10A and B). Such



Fig. 9. Taxol induces p21 WAF promoter activity via p53. MCF-7
cells were co-transfected with the p21 waf promoter-luciferase
construct and pCMV empty vector (A), pCMV-p53 mutant (B) and
pCMV-p53 wild-type (C). After 8 h of transfection cells were treated
with low doses of Taxol (T): 2, 6 and 12 nM for 18 h. MCF-7 cells were
lysed and luciferase activities were measured using the dual luciferase
reporter assay system as described under Section 2. Each column/bar
represents the relative p21 waf promoter (luciferase) activity and is the
mean ± S.D. of three independent experiments in triplicate. Levels of
significance vs control (C): �P < 0.05; ��P < 0.01.

2378 M.L. Panno et al. / FEBS Letters 580 (2006) 2371–2380
effect is not longer noticeable at 48 h of drug exposure when

G2/M cell population, analyzed in flow cytometry, appears to

increase significantly together with a concomitant down regu-

lation of the anti-apoptotic signal: Bcl-2 protein, as previously

documented.
4. Discussion

Taxol has been shown to be effective as an anticancer agent

in a variety of tumoral cell types [8,25–27].

As a result of cell exposure to Taxol, events characteristic to

cell cycle arrest and apoptosis might take place. These effects

seem to be linked to the different concentration of the drug

as well as to the tissues and/or cell line used.

In the present study we demonstrate how low doses of Taxol

have some apparent conflictory effects: an enhanced p53

expression involved in the regulation of programmed cell death

on one hand, and the activation of PI3 kinase involved in cell

survival on the other. The apparent contradictory effects have

been previously reported by other authors in the same breast

cancer cell type where the rapid enhancement of PI3K/Akt to-

gether with an increased of survivin expression, occurs only to

counteract the increased p53 expression [28]. Indeed, it is well

known how p53 might inhibit PI3K/Akt pathway by double

mechanisms: first through the PTEN activation, a specific

inhibitor of PI3K activity, as well as through an enhanced

Akt degradation via proteosoma [29,30]. However, the func-

tional effect of the enhanced PI3K/Akt signal, induced by low

doses of Taxol, seems to be vanished by the decrease of the

anti-apoptotic Bcl-2, which in such a way, fails to have any pro-

tective role in controlling mitochondrial permeability and then

to inhibit the release of cytochrome c. Indeed, in the same cir-

cumstance, low doses of Taxol (6 nM) incubated for 48 h in

MCF-7 cells are able to induce the cleavage of caspase-9 and

the formation of DNA ladder. These apoptotic events precede

the block of cell cycle, which occurs as from 12 nM of Taxol.

The reduced levels of Bcl-2, linked to the enhanced p53

expression under Taxol treatment, counteract the activation

of PI3K/Akt pathway. P53 protein, in turn, through its bind-

ing to the negative response cis-elements of the Bcl-2 gene pro-

moter may transcriptionally downregulate the expression of

the anti-apoptotic protein [31].

Here, we observed that in the presence of low doses of Tax-

ol, p53 co-immunoprecipitates with dynein, a microtubule-mo-

tor protein that requires ATP to move along microtubules with

their cargoes.

Our data, together with previous results, suggest that in such

circumstances p53 may use dynein to translocate into the nu-

cleus, an event which is potentiated by Taxol treatment

[10,11]. Besides, an other protein that comes down in a p53/dy-

nein complex is the b-tubulin prevalently present in treated

cells. Thus, the effect of the polymerizing agent on microtubule

assemblement, consistent with their end elongation, might

functionally contribute to p53 nuclear translocation where

the p53-transactivatory properties would appear enhanced.

The deep drop of Bcl-2 expression and the enhancement of

p21 waf protein may stem from this.

Indeed, the most important finding of the present study is

consistent with the evidence that Taxol, at lower concentra-

tions, is able to transactivate p21 promoter resulting in the

enhancing of p21 protein expression. This response is linked

to p53 wild-type expression in MCF-7 cells, since the presence

of a p53 mutant abrogates the transactivation of p21 promoter

under Taxol treatment. In the same vein, the nuclear localiza-

tion of p53 induced by low doses of Taxol after 18 h is fol-

lowed by the enhancement of its gene product: the mdm2

protein, which shows the same sub-cellular distribution re-

ported for p53.



Fig. 10. Transitory Taxol activation of PI3 kinase pathway. (A) MCF-7 cells treated with Taxol (at the indicated doses) for 18 and 48 h were lysed
and immunoprecipitated with an anti-p-85 antibody. The immunocomplexes were assayed for their ability to phosphorylate PI to PIP using [c32P]-
ATP at 37 �C for 20 min. The PIP was resolved by TLC and autoradiographed. As a positive control (C+) MCF-7 cells were treated with 100 nM of
insulin for 24 h. The negative control (p110) was performed using MCF-7 lysate, where p110, the 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. PI-3,4,5-
P3: phosphatidylinositol 3,4,5-triphosphate; PI-3,5-P2: phosphatidylinositol 3,5-diphosphate; PI-3-P: phosphatidylinositol 3-phosphate. An
additional negative control (C�) is represented by MCF-7 cells previously treated with worthmanin for 30 min. Untreated cells: (C), Taxol-
treated cells: (T). The autoradiographs presented are representative of experiments that were performed at least three times with repetitive results. (B)
WB of phospho-Akt (Ser 473) levels from MCF-7 cells treated with the indicated doses of Taxol (T) at 18 and 48 h of incubation. Total Akt levels are
showed as a loading control. Results are representative of three independent experiments.
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It is worth to observe that in this scenario MCF-7 cell cycle

is not substantially modified, given that p21 waf result mostly

stored in the cytosol and this could prevent its binding with

nuclear factors such as PCNA [32–34]. Indeed, at the same

time, the enhanced activation of phospho-Akt, as here re-

ported, may serve to recruit p21 protein into the cytosol,

where it is unable to act as an inhibitor of CDKs and thereby

to inhibit cell cycle progression [16,33,34]. Results from this

study showed that prolonged treatment of MCF-7 cells with

Taxol up to 12 nM induced an evident co-association be-

tween p21 protein and PCNA which was concomitant with

the decay of the phosphorylative status of p21 waf (Thr

145) together with the arrest of cell cycle. These findings sup-

ported the evidence that when phospho-Akt is not activated

due to the prolonged treatment with Taxol, p21, mainly pres-

ent in the ipo-phosphorylated form, is able to co-immunopre-

cipitate with PCNA. The latter event well correlates with the

block of cell cycle into the G2/M phase that progressively in-

creases with the elapsing of time of the drug exposure as well

as with the dose of Taxol used.

In conclusion, in the present study we have demonstrated

how low doses of Taxol, without affecting cell cycle, may in-

duce the enhanced expression of p53 protein and its prevalent

nuclear translocation with well featured apoptotic events

occurring in breast cancer cells. This, furthermore, supports

the potential benefit of the association of low doses of Taxol

with the classic chemotherapic agents. The combined treat-

ment may potentiate the effect of low doses of chemotherapics

reducing thus the harmful systemic effects mostly occurring

during the treatment of breast carcinomas.
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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.
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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.
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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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of insulin secretion in human ejaculated spermatozoa. Endocrinology 146:
552–557

27. Nabarra B, Andrianarison I 1987 Pattern of secretion in thymic epithelial cells:
ultrastructural studies of the effect of blockage at various levels. Cell Tissue Res
249:171–178

28. Gould TD, Gray NA, Manji HK 2003 Effects of a glycogen synthase kinase-3
inhibitor, lithium, in adenomatous polyposis coli mutant mice. Pharmacol Res
48:49–53

29. Magni P, Martini L, Motta M 2001 Leptin actions on the reproductive axis.
J Clin Endocrinol Metab 86:946–947

30. Jope T, Lammert A, Kratzsch J, Paasch U, Glander HJ 2003 Leptin and leptin
receptor in human seminal plasma and in human spermatozoa. Int J Androl
26:335–341

31. Miller D 2000 Analysis and significance of messenger RNA in human ejac-
ulated spermatozoa. Mol Reprod Dev 56:259–264

32. Ostermeier GC, Dix DJ, Miller D, Khatri P, Krawetz SA 2002 Spermatozoal
RNA profiles of normal fertile men. Lancet 360:772–777

33. Clarke IJ, Henry BA 1999 Leptin and reproduction. Rev Reprod 4:48–55
34. Travis AJ, Jorgez CJ, Merdiushev T, Jones BH, Dess DM, Diaz-Cueto L,

Storey BT, Kopf GS, Moss SB 2003 Functional relationships between capac-
itation-dependent cell signaling and compartmentalized metabolic pathways
in murine spermatozoa. J Biol Chem 276:7630–7636

35. Van Weeren PC, De Bruyn KM, De Vries-Smits AM, Van Lint J, Burgering
BM 1998 Essential role for protein kinase B (PKB) in insulin-induced glycogen
synthase kinase 3 inactivation. Characterization of dominant-negative mutant
of PKB. J Biol Chem 273:13150–13156

36. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA 1995 In-
hibition of glycogen synthase kinase-3 by insulin mediated by protein kinase
B. Nature 378:785–789

37. Markuns JF, Wojtaszewski JF, Goodyear LJ 1999 Insulin and exercise decrease
glycogen synthase kinase-3 activity by different mechanisms in rat skeletal
muscle. J Biol Chem 274:24896–24900

38. Gomis RR, Ferrer JC, Guinovart JJ 2000 Shared control of hepatic glycogen
synthesis by glycogen synthase and glucokinase. Biochem J 3:811–816

39. Albarracin JL, Fernandez-Novell JM, Ballester J, Rauch MC, Quintero-
Moreno A, Pena A, Mogas T, Rigau T, Yanez A, Guinovart JJ, Slebe JC,
Concha II, Rodriguez-Gil JE 2004 Gluconeogenesis-linked glycogen metab-
olism is important in the achievement of in vitro capacitation of dog sperma-
tozoa in a medium without glucose. Biol Reprod 71:1437–1445

40. Marshall CJ 1995 Specificity of receptor tyrosine kinase signaling: transient
versus sustained extracellular signal-regulated kinase activation. Cell 80:179–
185

41. Castoria G, Lombardi M, Barone MV, Bilancio A, Di Domenico M, Bottero
D, Vitale F, Migliaccio A, Auricchio F 2003 Androgen-stimulated DNA syn-
thesis and cytoskeletal changes in fibroblasts by a nontranscriptional receptor
action. J Cell Biol 161:547–556

42. Urner F, Leppens-Luisier G, Sakkas D 2001 Protein tyrosine phosphorylation
in sperm during gamete interaction in the mouse: the influence of glucose. Biol
Reprod 64:1350–1357

43. Williams AC, Ford WC 2001 The role of glucose in supporting motility and
capacitation in human spermatozoa. J Androl 22:680–695

JCEM is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Aquila et al. • Leptin Secretion by Sperm J Clin Endocrinol Metab, August 2005, 90(8):4753–4761 4761

 on March 14, 2006 jcem.endojournals.orgDownloaded from 

http://jcem.endojournals.org


Retinoic acid mediates degradation of IRS-1 by the ubiquitin–proteasome

pathway, via a PKC-dependant mechanism

Sonia V del Rincón1, Qi Guo1, Catia Morelli2, Hoi-Ying Shiu1, Eva Surmacz3 and Wilson H
Miller Jr*,1

1Lady Davis Institute for Medical Research, Sir Mortimer B Davis Jewish General Hospital and McGill University, Departments of
Oncology and Medicine, Montreal, Quebec, Canada; 2Postgraduate School in Clinical Pathology, University of Calabria, Cosenza,
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Insulin receptor substrate-1 (IRS-1) mediates signaling
from the insulin-like growth factor type-I receptor. We
found that all-trans retinoic acid (RA) decreases IRS-1
protein levels in MCF-7, T47-D, and ZR75.1 breast cancer
cells, which are growth arrested by RA, but not in the RA-
resistant MDA-MB-231 and MDA-MB-468 cells. Based
on prior reports of ubiquitin-mediated degradation of IRS-
1, we investigated the ubiquitination of IRS-1 in RA-
treated breast cancer cells. Two proteasome inhibitors,
MG-132 and lactacystin, blocked the RA-mediated
degradation of IRS-1, and RA increased ubiquitination of
IRS-1 in the RA-sensitive breast cancer cells. In addition,
we found that RA increases serine phosphorylation of IRS-
1. To elucidate the signaling pathway responsible for this
phosphorylation event, pharmacologic inhibitors were used.
Two PKC inhibitors, but not a MAPK inhibitor, blocked
the RA-induced degradation and serine phosphorylation of
IRS-1. We demonstrate that RA activates PKC-d in the
sensitive, but not in the resistant cells, with a time course
that is consistent with the RA-induced decrease of IRS-1.
We also show that: (1) RA-activated PKC-d phosphor-
ylates IRS-1 in vitro, (2) PKC-d and IRS-1 interact in RA-
treated cells, and (3) mutation of three PKC-d serine sites
in IRS-1 to alanines results in no RA-induced in vitro
phosphorylation of IRS-1. Together, these results indicate
that RA regulates IRS-1 levels by the ubiquitin–protea-
some pathway, involving a PKC-sensitive mechanism.
Oncogene (2004) 23, 9269–9279. doi:10.1038/sj.onc.1208104
Published online 1 November 2004

Keywords: retinoic acid; IRS-1; ubiquitin; PKC; breast
cancer

Introduction

The family of insulin receptor substrate (IRS) proteins
(IRS 1–4) function as the central substrates in the insulin

and insulin-like growth factor type-I (IGF-I) receptor
signal transduction pathways (Sun et al., 1991; Lavan
et al., 1997). Specifically, IRS-1 functions as a critical
scaffolding protein between the activated IGF-IR and
various downstream signaling pathways, including the
PI3-kinase/AKT and MAPK pathways (Shepherd et al.,
1998; Burks and White, 2001). Among its many
functions, this protein has been shown to regulate cell
proliferation and survival (White, 1997). In hemato-
poietic cells, IRS-1 is an essential regulator of prolifera-
tion in response to insulin (Wang et al., 1993), and in
NIH 3T3 cells, cellular transformation can be directly
induced by overexpressing IRS-1 (Ito et al., 1996).
Several studies have highlighted the importance of IRS-
1 in breast cancer pathogenesis: IRS-1 overexpression in
breast cancer cells causes a loss of estrogen-dependant
growth (Surmacz and Burgaud, 1995), high levels of
IRS-1 in human breast tumors correlate with increased
disease recurrence (Rocha et al., 1997; Lee et al., 1999),
constitutive IRS-1 signaling exists in breast tumors
(Chang et al., 2002), and expression of dominant-
negative or antisense IRS-1 vectors in breast cancer
cells decreases their transformation potential (Ando
et al., 1998; Chang et al., 2002). This suggests that we
may develop molecular strategies targeting IRS-1 by
understanding the mechanisms controlling its expression
and turnover.

Previous studies have suggested that the expression of
IRS-1 can be regulated at the level of transcription and
proteolysis. 17-b-Estradiol (E2) increases IRS-1 levels by
increasing mRNA and protein levels (Lee et al., 1999;
Molloy et al., 2000; Gonzalez et al., 2001), while
antiestrogens decrease IRS-1 mRNA and/or protein
levels (Salerno et al., 1999; Chan et al., 2001).
Glucocorticoids also reportedly decrease the levels of
IRS-1 mRNA and protein (Turnbow et al., 1994; Buren
et al., 2002). Using various cellular systems, including
MCF-7 breast cancer cells, it has been shown that
prolonged treatment with IGF-I and high concentra-
tions of insulin can induce degradation of IRS-1 and
IRS-2 via the ubiquitin–proteasome pathway (Sun et al.,
1999; Lee et al., 2000; Zhang et al., 2000; Haruta et al.,
2000).

Retinoids, including all-trans-retinoic acid (RA), have
been shown to induce G1 arrest and differentiation in
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several cancer cell types by regulating various cellular
factors. We previously showed that RA-mediated
growth arrest of MCF-7 cells involves a decrease in
IRS-1 protein levels (del Rincón et al., 2003), and others
have associated G1 arrest of bronchial epithelial cells
with an RA-mediated decrease of cyclin D1 protein
levels (Langenfeld et al., 1997; Boyle et al., 1999) and
RA-mediated differentiation of F9 embryonal carcino-
ma cells with a decrease in the protein levels of the
transcriptional coactivator, p300 (Iwao et al., 1999;
Brouillard and Cremisi, 2003). Although the past two
decades have focused on examining transcriptional
mechanisms linked to the pleiotropic effects of RA,
the importance of post-translational modification of
various proteins has been recently highlighted. RA has
been shown to induce ubiquitination of a number of
proteins, including cyclin D1 (Spinella et al., 1999), p300
(Brouillard and Cremisi, 2003), and Skp2 (Dow et al.,
2001), and IRS-1 is known to be conjugated by ubiquitin
(Lee et al., 2000). However, the ubiquitination of IRS-1
by RA has not been reported. Therefore, we tested the

hypothesis that RA-mediated growth inhibition of
breast cancer cells is associated with proteolytic
degradation of IRS-1 by the ubiquitin–proteasome
pathway.

Results

Regulation of IRS-1 protein levels in MCF-7 cells and
other retinoid-responsive breast cancer cell lines

Consistent with our previous findings, exposure of
MCF-7 cells to 1 mM RA for 72 h in serum-free media
(SFM) results in a dose-dependant decrease in IRS-1
protein levels (Figure 1a) (del Rincón et al., 2003).
Previous studies have shown that antiestrogens and
glucocorticoids alter IRS-1 levels (Turnbow et al., 1994;
Salerno et al., 1999; Chan et al., 2001; Buren et al.,
2002); thus, we investigated whether other nuclear
receptor-selective ligands would induce a similar de-
crease in IRS-1 levels. As expected, treatment of MCF-7
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WB: IRS-1

WB: lamin B

a (M RA)

b
WB: IRS-1
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WB: IRS-1
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RADMSO ICIE2 TAM D3 PGJ2
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Figure 1 RA decreases IRS-1 protein levels in retinoid-sensitive breast cancer cell lines. Western blotting (WB) was used to determine
the expression level of IRS-1 in (a)–(d). (a) MCF-7 cells were treated for 72 h in serum-free media (SFM) with increasing doses of RA
(10�9, 10�8, 10�7, 10�6, 10�5M). Lamin B was used as a loading control. (b) MCF-7 cells were treated with various retinoids: TTNPB,
9cisRA, LGD1305 (1305), Bexarotene (Bexaro), N-(4-hydroxyphenyl)retinamide (4-HPR) for 72 h in SFM. (c) MCF-7 cells were
treated with various ligands: 17-b-estradiol (E2), tamoxifen (Tam), ICI 182780 (ICI), 1,25-dihydroxyvitamin D3 (D3), and 15-deoxy-
delta 12,14-prostaglandin J2 (PGJ2) for 72 h in SFM. b-Actin (actin) was used as a loading control. (d) Various breast cancer cell lines
(T47-D, MCF-7, ZR75.1, MDA-MB-231, MDA-MB-468) were treated with 1mM RA for 24, 48, and 72 h in SFM
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cells with Tamoxifen and ICI 182780 results in
decreased IRS-1 levels (Figure 1c). We also observed a
decrease with RAR-a (TTNPB), RXR-selective ligands
(LGD1305 and Bexarotene), and N-(4-hydroxyphenyl)-
retinamide (4-HPR) (Figure 1b), while no significant
effect was observed after treatment with the vitamin D3
selective ligand (1,25-dihydroxyvitamin D3) or the
PPAR-selective ligand (15-deoxy-delta 12,14-prosta-
glandin J2) for 3 days (Figure 1c).

Although the mechanism of RA-mediated growth
inhibition is unclear, it has generally been found that
RA inhibits the growth of breast cancer cells that are
ER-positive (MCF-7, T47-D, ZR75.1), while having
minimal effects on breast cancer cells that are ER-
negative (MDA-MB-231, MDA-MB-468) (van der Burg
et al., 1993; Rosenauer et al., 1998). We hypothesized
that regulation of IRS-1 levels by RA would correlate
with RA-mediated growth inhibition of breast cancer
cells. We treated RA-sensitive and RA-resistant breast
cancer cell lines with 1 mM RA for 24, 48 and 72 h in
SFM. In support of our hypothesis, the RA-sensitive
cells responded to 1 mM RA treatment with a similar
decrease in IRS-1 protein levels as MCF-7 cells, while
the two RA-resistant cell lines did not (Figure 1d).

RA induces a post-translational modification of IRS-1 in
MCF-7 cells

Previous studies have suggested that IRS-1 can be
regulated at the transcriptional level (Lee et al., 1999;
Molloy et al., 2000; Huang et al., 2002). MCF-7 cells
were treated with 10 mM RA for 24, 48 and 72 h, total
RNA was extracted and IRS-1 mRNA expression was
examined by Northern blot, wherein the 8.5 kb tran-
script is shown (Figure 2a, top panel). Using RT–PCR,
we observed no change in IRS-1 mRNA expression at
any of the time points examined in the presence of 1 or
10 mM RA, however, ICI 182780 was shown to decrease
IRS-1 mRNA levels, consistent with previously pub-
lished reports (Salerno et al., 1999) (Figure 2a, bottom
panel).

Recently, IRS-1 has been shown to translocate to the
nuclei in various cellular backgrounds stimulated with
insulin or IGF-I (Boylan and Gruppuso, 2002; Tu et al.,
2002; Sun et al., 2003). Since the regulation of IRS-1
nuclear/cytoplasmic trafficking is not a well-understood
process, we examined whether the RA-mediated de-
crease in IRS-1 protein levels might involve the
regulation of IRS-1 localization. We prepared cytosolic
and nuclear extracts from MCF-7 cells grown in serum-
free medium with or without 1 mM RA for 72 h. Under
these conditions, there did not appear to be any
redistribution of IRS-1 into the nucleus (Figure 2b).

Based on these results, we hypothesized post-tran-
scriptional effect of RA on the synthesis or degradation
rate of IRS-1. We first examined whether the decline in
IRS-1 protein in MCF-7 cells treated with RA results
from a decrease in the rate of IRS-1 synthesis. Using
pulse-labeling with [35S]methionine, we measured the
synthesis rate of IRS-1 in MCF-7 cells pretreated with
RA. The rate of IRS-1 synthesis was similar in cells

treated with DMSO vehicle or RA, suggesting that this
is not the mechanism by which RA alters IRS-1 protein
levels (Figure 2c). We then measured the rate of
degradation of IRS-1 in the presence of DMSO or RA
by pulse–chase analysis and found that RA-treated
MCF-7 cells showed an accelerated rate of IRS-1
degradation compared to those cells treated with DMSO
alone (Figure 2d). This suggests that RA activates a
proteolytic pathway in MCF-7 cells that may be
responsible for the degradation of IRS-1.

Effects of proteasome and protease inhibitors on
degradation of IRS-1 by RA in breast cancer cells

Previous studies have reported that the levels of IRS-1
can be regulated by IGF-I and insulin at the protein
level via the ubiquitin–proteasome pathway (Sun et al.,
1999; Lee et al., 2000; Zhang et al., 2000; Zhande et al.,
2002). We therefore tested whether the effects of RA on
IRS-1 were mediated via a similar mechanism. The
proteasome inhibitors lactacystin and MG-132 are
reagents that inhibit the activity of the 26S proteasome,
causing the accumulation of ubiquitinated proteins
otherwise degraded by the ubiquitin–proteasome path-
way. As shown in Figure 3a the decrease in IRS-1 levels
in MCF-7 cells treated with 10 mM RA for 48 h was
rescued by the addition of lactacystin to the culture
medium for the last 12 h of RA treatment. Similarly,
MG-132 reversed the RA-mediated decline in IRS-1
levels (Figure 3b). Cyclin D1 is a protein known to be
regulated by RA-mediated ubiquitination and subse-
quent proteolysis (Langenfeld et al., 1997; Spinella et al.,
1999; Dow et al., 2001). In Figure 3b, we show a similar
rescue of cyclin D1 levels by MG-132 in RA-treated
MCF-7 cells.

We next assessed whether IRS-1 levels could be
restored by the addition of proteasome inhibitors in
other RA-sensitive breast cancer cells. In the retinoid-
responsive breast cancer cell lines T47-D and ZR75.1,
we added MG-132 for the last 12 h of a 48-h 10 mM RA
treatment and observed a restoration of IRS-1 levels
(Figure 3c). We further demonstrate the effect of RA on
IRS-1 by immunofluorescence in T47-D cells
(Figure 3d). Consistent with our Western blot data,
treatment with RA for 48 h decreased IRS-1 protein
staining, and treatment with MG-132 for the last 12 h of
RA treatment blocked this effect. It has been reported
that IRS-2 is regulated at the post-translational level via
increased protein ubiquitination (Hirashima et al., 2003;
Morelli et al., 2003); however, we failed to observe any
regulation in the protein expression of IRS-2 in any of
the breast cancer cell lines treated with RA (data not
shown). Although MG-132 is an inhibitor of the
proteasome, it also inhibits calpains, calcium-activated
cysteine proteases. Furthermore, some studies have
shown that IRS-1 degradation can be mediated via
calpains (Smith et al., 1993), so we assessed whether RA
induces a decline in IRS-1 levels via a mechanism
involving calpains.

In our system, the addition of the cell-permeable
calpain inhibitor, calpeptin, could not restore IRS-1
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levels (data not shown). This suggests that RA does not
decrease IRS-1 levels via activation of a calpain-
dependent pathway, but rather it may be increasing
proteasomal activity.

RA enhances ubiquitination of IRS-1 in breast cancer cells

Proteasomal degradation of proteins involves the prior
conjugation of ubiquitin to the targeted protein. We

examined whether ubiquitin-IRS-1 complexes could be
formed in breast cancer cells treated with RA. IRS-1
immunoprecipitation and ubiquitin Western blotting
revealed that the level of ubiquitin-IRS-1 conjugates is
augmented in MCF-7 cells treated with RA and MG-
132 compared to either agent alone (Figure 4a). This
result was supported by cotransfection experiments
using expression vectors for flag-IRS-1 and HA-Ub in
MCF-7 cells. The cells were transfected with both

a DMSO 24 48 72

10-5 M RA

IRS-1 8.5kb

24 48 72
10-5 M RA

H20 DMSO

IRS-1

24 48 72

10-6 M RA 10-7 M ICI 182780

c

Hours0 24

plate cells

10-5 M RA
35S pulse

4836
0 4Pulse time 8 12 Hours

d

Hours0 24

plate cells

10 –5 M RA
35S pulse

4832
0 4Chase time 8 12 Hours
36

cold chase

actin

96 (hrs)

(hrs)

b

WB: IRS-1

WB: GRB2

WB: c-JUN

WB: actin

DMSO 24 48 72 DMSO 24 48 72

cytoplasmic extracts nuclear extracts

1µM RA (hrs)

(hrs)

[35S]-IRS-1

DMSO-treated cells RA-treated cells
0 4 8 12 0 4 8 12

[35S]-IRS-1

0 4 8 12 0 4 8 12
DMSO-treated cells RA-treated cells

(hrs)

Figure 2 RA induces a post-translational modification of IRS-1 in MCF-7 cells. (a) MCF-7 cells were treated with 10�5M RA in SFM
for 24, 48, or 72 h and the expression of IRS-1 mRNA was evaluated by Northern blot (top panel). Actin was used to ensure equal
loading. RT–PCR was used to detect IRS-1 levels in MCF-7 cells treated with 10�6M or 10�5 M RA, or 10�7 M ICI 182780 (bottom
panel). All data are representative of four independent experiments. (b) Subcellular fractionation was used to examine the expression of
IRS-1 in cytoplasmic and nuclear protein lysates obtained from MCF-7 cells treated with RA for 24, 48, and 72 h. To control for the
purity of the fractions, the levels of a nuclear protein (c-Jun), and a cytoplasmic protein (Grb2) were assessed by stripping and
reprobing membranes. (c) The synthesis rate of IRS-1 in MCF-7 cells treated for 24 h in the presence of DMSO or 10�5M RA was
determined by pulse labeling with [35S]methionine. IRS-1 abundance was analysed at 0, 4, 8, and 12 h time intervals after the pulse. (d)
The degradation rate of IRS-1 in MCF-7 cells treated for 24 h in the presence of DMSO or 10�5 M RA was determined by pulse–chase
analysis with [35S]methionine. IRS-1 abundance was analysed at 0, 4, 8, and 12 h time intervals after the chase
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vectors and treated with either 10mM RA or 10nM IGF-I
for 24h, with or without the addition of MG-132 for the
last 12h of RA treatment. To show that IRS-1-ubiquitin
conjugates bound more effectively in the presence of RA,
these cells were lysed and the lysate immunoprecipitated

with anti-flag antibodies and immunoblotted with anti-
HA antibodies (Figure 4b). RA and MG-132 induced a
marked increase in the association of flag-IRS-1 and Ha-
Ub compared to MG-132 alone (Figure 4b, compare
lanes 3 and 5). Furthermore, consistent with prior
reports, IGF-I and MG-132 also augmented the level of
detectable IRS-1-Ub conjugates in MCF-7 cells com-
pared to MG-132 alone (Figure 4b, compare lanes 3 and
6) (Lee et al., 2000). In two other RA-sensitive breast
cancer cell lines, we found a similar dramatic increase in
IRS-1-ubiquitin conjugates upon treatment with RA and
MG-132 (Figure 4c). Taken together, these results show
that RA enhances the ubiquitination of IRS-1.
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Figure 4 RA enhances ubiquitination of IRS-1 in breast cancer
cells. (a) MCF-7 cells were treated with DMSO or 10�5 M RA for
48 h in SFM. 10�5M MG-132 was added for the last 12 h of RA
treatment. IRS-1 was immunoprecipitated (IP) from protein
lysates, and the level of ubiquitination was evaluated by WB with
an anti-ubiquitin (Ub) antibody. The same membrane was stripped
and reprobed for IRS-1. (b) MCF-7 cells were transiently
transfected with HA-Ub and flag-IRS-1 constructs. Cells were
then treated in SFM for 24 h with 10 nM IGF-I or 10�5M RA.
10�5 M MG-132 was added for the last 12 h of RA or IGF-I
treatment. FLAG was immunoprecipitated (IP) from protein
lysates, and the level of flag-IRS-1/HA-Ub interaction was
evaluated by WB with an anti-HA (HA) antibody. The same
membrane was stripped and reprobed for IRS-1. (c) T47-D and
ZR75.1 cells were transfected and treated as described in (b)
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Figure 3 Proteasome inhibitors block the RA-mediated decrease
in IRS-1 protein levels in retinoid-sensitive breast cancer cells. WB
was used to determine the expression level of IRS-1 in (a)–(c). (a)
MCF-7 cells were treated with DMSO or 10�5 M RA for 48 h in
SFM. 10�5 M Lactacystin (lacta) was added for the last 12 h of RA
treatment. (b) MCF-7 cells were treated with DMSO or 10�5 M RA
for 48 h in SFM. 10�5M MG-132 (MG) was added for the last 12 h
of RA. Cyclin D1 levels were detected by WB. The data depicted
are representative of at least three independent experiments. (c)
T47-D and ZR75.1 cells were treated with DMSO or 10�5M RA for
48 h in SFM. 10�5 M MG was added for the last 12 h of RA
treatment. (d) T47-D cells were treated with DMSO or 10�5M
RA for 48 h in SFM. 10�5M MG was added for the last 12 h of RA
treatment. Immunofluorescence was used to detect IRS-1 proteins
(red fluorescence) in cytoplasm of T47-D cells. DAPI staining
revealed the nucleus (blue fluorescence). Similar results were
repeated in MCF-7 cells (data not shown)
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Inhibiting the PKC pathway blocks the RA-mediated
phosphorylation and degradation of IRS-1

Recent studies have shown that serine/threonine phos-
phorylation of IRS-1 signals its degradation, suggesting a
requirement for the activation of specific kinases to
regulate the levels of IRS-1. In support of this hypothesis,
we find that RA-treated MCF-7 cells grown in 10% FBS
have a greater and more rapid decrease in IRS-1 protein
levels than when grown in serum-free media (Figure 5a).
Consistent with the activation of a serine/threonine
kinase in breast cancer cells treated with RA, we observe
an increase in the total serine phosphorylation of IRS-1
(Figure 5b). Based on these data, we investigated the role
of specific signaling pathways in mediating the

RA-induced decline in IRS-1 protein levels. Using a
chemical inhibitor approach, the breast cancer cell lines,
MCF-7, T47-D, and ZR75.1, were pretreated for 60min
with inhibitors of the MAPK (PD98059) and PKC
(Rottlerin and GF109203X) signaling cascades and then
treated for an additional 48 h with RA in the presence of
the inhibitors. The decrease in IRS-1 protein levels could
be inhibited in all of the breast cancer cells by treatment
with Rottlerin and GF109203X, but not with PD98059
(Figure 5c). Consistent with this result, we also observed
a block in the RA-mediated increase in serine phosphor-
ylation of IRS-1 when the breast cancer cells were
cotreated with Rottlerin (Figure 5d). These results
suggest that a PKC-sensitive pathway is involved in the
RA-mediated decline in IRS-1 levels.
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Figure 5 PKC inhibitors block the RA-mediated phosphorylation and degradation of IRS-1. WB was used to determine the
expression level of IRS-1 in (a)–(c). (a) MCF-7 cells were treated with 1mM RA for 24, 48, and 72 h in SFM or 10% fetal bovine serum
(FBS). (b) Top panel: MCF-7 cells were treated with 1 mM RA for the times indicated in 10% FBS. Lower panel: the total serine
phosphorylation status of IRS-1 was determined by immunoprecipitating (IP) IRS-1 from MCF-7 protein lysates and immunoblotting
with an anti-phosphoserine (p-serine) antibody. (c) MCF-7 and T47-D cells were pretreated for 60min with inhibitors of the MAPK
(25 mM PD98059) and PKC (0.5mM Rottlerin and 1mM GF109203X) signaling cascades and then treated for an additional 48 h with
1 mM RA in the presence of the inhibitors. (d) ZR75.1 cells were treated as in (c), and the serine phosphorylation status of IRS-1 was
determined as in (b)
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In vitro phosphorylation of IRS-1 by RA-activated
PKC-d in retinoid-sensitive breast cancer cells

The PKC family of serine/threonine kinases are involved
in signaling pathways controlling cell growth, transfor-
mation, and differentiation (Blobe et al., 1994). There
are at least 10 PKC isoforms, however, Kambhampati
et al. (2003) recently identified PKC-d as a selective
target of RA. We thus asked whether RA would activate
PKC-d in the breast cancer cell lines used in this study.
We found that RA potently induces the phosphoryla-
tion of the threonine 505 residue in PKC-d (Figure 6a).
To directly measure if this increase in phosphorylation
corresponded to increased activation of PKC-d, we
performed an in vitro kinase assays using histone H1 as a

substrate. Figure 6b shows a clear increase in kinase
activity with a time course of activation that is
consistent with that observed for the RA-mediated
decline in IRS-1 protein levels (compare, Figure 6b with
Figure 5b). There was no change in PKC-d activity in
the RA-resistant breast cancer cell line MDA-MB-231,
suggesting a tight correlation between activation of
PKC-d by RA and regulation of IRS-1 levels (Figure 6c).
We confirm that treatment of the cells with 0.5 mM
Rottlerin abrogates the RA-induced activity of PKC-d
(Figure 6d, lower panel), consistent with the ability of
this inhibitor to rescue the decrease in IRS-1 levels in the
RA-sensitive breast cancer cell lines. In addition, we
show in Figure 6e that 0.5 mM Rottlerin also blocks basal
PKC-d activity.

Recently Greene et al. (2004) identified 18 PKC-d
serine/threonine phosphorylation sites on IRS-1. When
three of these sites, serine 307, serine 323, and serine 574,
were mutated to alanines, the phosphorylation of IRS-1
in response to activated PKC-d was significantly
decreased. To examine whether activation of PKC-d
by RA increases phosphorylation of IRS-1 on these
sites, we performed an in vitro kinase assay using the
wild-type human IRS-1-GST-fusion protein (GST-IRS-
1288–678WT) or the GST-IRS-1288–678 with serine 307, serine
323, and serine 574 mutated to alanines (GST-IRS-1288–

678MUT) as a substrate. Our results show that PKC-d
immunoprecipitated from RA-treated breast cancer cells
can phosphorylate the GST-IRS-1288–678WT construct, and
that this phosphorylation event is abrogated by coin-
cubation with the PKC-d inhibitor Rottlerin (Figure 7b,
left panel). In addition, when the three putative PKC-d
serine sites are mutated to alanines no RA-induced
phosphorylation of the GST-IRS-1288–678MUT construct is
observed (Figure 7b, right panel). The possibility that
this phosphorylation may result from an interaction
between IRS-1 and PKC-d in the presence of RA is
supported by our finding that IRS-1 coimmunoprecipi-
tates with PKC-d in ZR75.1 cells (and T47-D, data not
shown) treated with 1 mM RA (Figure 7c).

Discussion

Although immediate/early retinoid signaling events are
initiated via transcriptional activation of retinoid
receptors, later retinoid signaling events can occur
through the post-translational regulation of proteins.
Considerable attention has been given in recent years to
identifying retinoid-regulated proteins to gain insight
into the mechanisms involved in their growth inhibitory
and differentiating effects (Kim and Lotan, 2004). There
is indeed a growing list of proteins known to be
regulated by RA via mechanisms involving the ubiqui-
tin–proteasome pathway: cyclin D1 (Spinella et al.,
1999), PML/RAR alpha (Yoshida et al., 1996), RAR
alpha and RAR gamma (Tanaka et al., 2001), CDK-4
(Sueoka et al., 1999), p300 (Brouillard and Cremisi,
2003), and Skp2 (Dow et al., 2001). Our findings
support the addition of IRS-1 to this list. Using breast
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Figure 6 RA activates PKC-d in retinoid-sensitive breast cancer
cells. (a) T47-D cells were treated with 1 mM RA for 12, 24, 36, and
48 h in 10% FBS. Western blot was used to determine the
phosphorylation status of anti-PKC-d at threonine 505 (p-thr505-
PKC-d). This membrane was then stripped and reprobed with an
antibody against total PKC-d. (b) MCF-7 and T47-D cells were
treated with 1 mM RA for the time indicated. Lysates were
immunoprecipitated (IP) with an anti-PKCd antibody, and
immunoprecipitates were subjected to an in vitro kinase assay
using histone H1 as an exogenous substrate. Phosphorylated
histone H1 was detected by autoradiography. (c) The in vitro kinase
assay using MDA-MB-231 cell extracts was performed as in (b). (d)
T47-D cells were pretreated for 60min with 0.5mM Rottlerin and
then treated for an additional 36 h with 1mM RA in the presence of
the inhibitor. The in vitro kinase assay was performed as in (b). (e)
ZR75.1 cells were treated with 0.25, 0.5, or 1mM Rottlerin for 36 h,
and the in vitro kinase assay was performed as in (b)
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cancer cell lines as a model, we are the first to show that
RA regulates IRS-1 protein levels through a post-
translational mechanism involving the ubiquitin–protea-
some pathway. Moreover, we find that PKC inhibitors
rescue the RA-mediated loss in IRS-1 protein, and that
RA-mediated activation of PKC-d phosphorylates IRS-1
in vitro.

The proteasomal degradation of proteins requires
prior binding of ubiquitin to the target protein via three
successive reactions. First, the ubiquitin-activating en-
zyme, E1, activates ubiquitin in an ATP-dependant
reaction. Secondly, the ubiquitin molecule is transferred
from E1 to the ubiquitin conjugating enzyme, E2.
Thirdly, ubiquitin is transferred from E2 to the
substrate-specific ubiquitin ligase, E3. In this paper, we
show an increased level of IRS-1-ubiquitin conjugates in
the presence of RA in MCF-7 cells when proteasomal
activity is blocked using MG-132, and confirm this
result with cotransfection experiments using flag-IRS-1
and HA-Ub constructs in the three RA-sensitive breast
cancer cell lines. We observed that the RA-mediated

increase in the level of IRS-1-Ub conjugates in MCF-7
cells (Figure 4b) is comparable to that previously
reported in IGF-I-induced proteasomal degradation of
IRS-1 (Lee et al., 2000). Interestingly, we did not
observe a decrease in the levels of IRS-2 protein when
any breast cancer cell line was treated with RA,
suggesting that a specific motif in IRS-1 is responsible
for the selective degradation of this protein by RA. It is
believed that substrate-specificity of the ubiquitin–
proteasome system is due to the specific E3, however,
the E3 responsible for the degradation of IRS-1 remains
unknown. One can speculate that this E3 may be an
SCF ligase complex, since all identified SCF complexes
target phosphorylated substrates, and prior studies have
shown that IRS-1 needs to be phosphorylated on serine
residues prior to its recognition by the ubiquitin
machinery (Egawa et al., 2000; Haruta et al., 2000;
Greene et al., 2003).

Our observation that RA decreases the levels of IRS-1
more rapidly in the presence of serum than in serum-free
media (Figure 6a) suggested that an activated signaling
pathway was involved in the degradation of IRS-1.
Consistent with the idea that phosphorylated-IRS-1 is
targeted for ubiquitination, we show that RA induces
total serine phosphorylation of IRS-1. We used a
chemical inhibitor approach to begin to clarify the
signals generated that target IRS-1 for ubiquitination.
We found that PKC inhibitors can rescue the RA-
mediated loss in IRS-1 protein in the three RA-sensitive
breast cancer cell lines examined. The activation of a
number of PKC isoforms, including PKC-d (Greene
et al., 2004), has been linked to serine phosphorylation
of IRS-1, and interestingly, Greene et al. mentioned an
observed decrease in IRS-1 levels when CHO cells were
transfected with a constitutively active PKC-d construct,
suggesting the involvement of this kinase in the
regulation of IRS-1 protein levels. Our data support
such a role of PKC-d: (1) RA stimulates PKC-d activity
(Figure 6b), (2) RA-activated PKC-d can phosphorylate
IRS-1 in vitro, and this is blocked by the PKC-d
inhibitor Rottlerin (Figure 7b, left panel) or by mutation
of three critical PKC-d serine sites in IRS-1 (Figure 7b,
right panel), and (3) PKC-d and IRS-1 interact in the
presence of RA (Figure 7c). Consistent with the inability
of RA to regulate IRS-1 levels in the RA-resistant
MDA-MB-231 breast cancer cell line, we also failed to
observe any regulation of PKC-d in these cells.
Although activating PKC has not been previously
reported to be required for the ubiquitination of IRS-
1, the phosphorylation of p53 by PKC was shown to
regulate p53 degradation by stimulating its ubiquitina-
tion (Chernov et al., 2001). Interestingly, three of the
serine sites (serines 307, 323, and 574) phosphorylated
by PKC-d lie within the C-terminal domain of IRS-1
that contains potential PEST sequences, as identified by
a PEST-FIND program (http://emb1.bcc.univie.ac.at/
embnet/tools/bio/PESTfind/) (Figure 7a). PEST se-
quences are rich in proline (P), glutamate (E), serine
(S) and threonine (T) residues and frequently serve as
signals for proteolytic degradation (Rechsteiner
and Rogers, 1996). It is tempting to speculate that
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Figure 7 In vitro phosphorylation of IRS-1 by RA-activated
PKC-d. (a) Schematic showing the portion of the human IRS-1
protein used in the GST-IRS-1288�678WT construct. Also shown in
larger font are the three serine sites phosphorylated in response to
activated PKC-d (serines 307, 323, and 574). The regions under-
lined in the amino-acid sequence of IRS-1 represent putative PEST
domains in the region of the protein from amino acid 288 to 678.
The residues in bold font and underlined represent serines 307, 323,
and 574. (b) ZR75.1 cells were pretreated for 60min with 0.5 mM
Rottlerin and then treated for an additional 36 h with 1mM RA in
the presence of the inhibitor. Lysates were immunoprecipitated (IP)
with an anti-PKC-d antibody, and immunoprecipitates were
subjected to an in vitro kinase assay using a GST-IRS-1288�678WT

or GST-IRS-1288�678MUT (with serines 307, 323, and 574 mutated to
alanines) as a substrate. Phosphorylated GST-IRS-1288�678 was
detected by autoradiography. (c) ZR75.1 cells were treated with
1mM RA for 12, 24, 36, and 48 h. To detect IRS-1/PKC-d
association, cell lysate was immunoprecipitated with an anti-IRS-
1 antibody and immunoblotted with an anti-PKC-d antibody
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PKC-d-mediated phosphorylation of these three
serine sites may induce a conformational change
in the C-terminal domain of IRS-1 that enables
unmasking of these PEST domains and subsequent
recognition by some component of the ubiquitin
machinery. We thus propose a model of RA-mediated
IRS-1 degradation whereby RA first activates PKC-d,
which in turn phosphorylates IRS-1 on serine residues,
allowing for its subsequent recognition by the ubiquitin
machinery.

Breast cancer cells exhibit elevated levels of known
ubiquitinated proteins, such as cyclin D1 (Wang et al.,
1994), cyclin E (Lindahl et al., 2004), and IRS-1 (Rocha
et al., 1997). Although the ubiquitin ligase, or E3, for
cyclin D1 and IRS-1 remain unknown, future identifica-
tion of these ligases, may lead to the development of
compounds that specifically activate E3, thus inhibiting
the accumulation of cyclin D1 and IRS-1 in breast
tumors where these proteins are stabilized. A possible
novel chemotherapeutic approach for the treatment of
breast tumors may be to combine RA with activation of
specific E3 s to target oncogenic proteins.

Materials and methods

Reagents

All-trans-retinoic acid (RA), 9-cis-retinoic acid (9cisRA),
TTNPB, N-(4-hydroxyphenyl)retinamide (4-HPR), and 17-b-
estradiol (E2) were purchased from Sigma. Bexarotene was a
generous gift of Ligand Pharmaceuticals, Inc. (San Diego, CA,
USA). Recombinant human IGF-I was purchased from
PeproTech (Princeton, NJ, USA). MG-132 (MG), 1,25-
dihydroxyvitamin D3, 15-deoxy-delta 12,14-prostaglandin J2,
Rottlerin and GF109203X were purchased from Calbiochem.
Protein G-agarose, and Nonidet-P40 (NP-40) were purchased
from Sigma (Oakville, Canada). Enhanced chemiluminescence
(ECL) detection system and Protein A-sepharose were
purchased from Amersham Biosciences. The following anti-
bodies (Abs) were used for immunoprecipitations: anti-C-
terminal IRS-1 pAb (Upstate Biotechnology), anti-FLAG pAb
(Sigma), anti-PKC-delta (d) pAb (Santa Cruz Biotechnology).
Serine phosphorylation was detected with an anti-phospho-
serine pAb (Zymed). The following antibodies were used for
Western blotting: anti-IRS-1 pAb, anti-ubiquitin mAb (Santa
Cruz Biotechnology), anti-HA-peroxidase mAb (clone 12CA5,
Roche), anti-phospho-IRS-1 (Ser307) pAb (Upstate Biotechnol-
ogy), anti-GRB2 mAb (Transduction laboratories), anti-c-Jun
pAB (Santa Cruz), anti-phospho-PKC-d (Thr505) pAb (Cell
Signaling), anti-PKC-d pAb (Santa Cruz), and anti-GST mAb
(Santa Cruz). Equal loading in Western blotting experiments
was assessed using either an anti-lamin B pAb (Santa Cruz) or
anti-b-actin mAb (Sigma).

Cell maintenance and total cell lysate preparation

MCF-7 cells, ZR75.1 cells, and MDA-MB-468 cells were
maintained in phenol red containing a-MEM (Life Technol-
ogies, Inc.) supplemented with 10% fetal bovine serum (FBS).
T47-D cells and MDA-MB-231 cells were maintained in
phenol red containing DMEM/F-12 (Life Technologies, Inc)
supplemented with 10% FBS. When experiments were
performed under serum-free conditions, cells at 70% con-
fluence were washed twice with phosphate-buffered saline and

changed to phenol red-free a-MEM supplemented with BSA
and holo-transferrin (serum-free media – SFM). When
experiments were performed in the presence of serum, cells
were treated in the same media in which they were routinely
maintained. For total cell lysate preparation, all cell lines were
washed twice with cold phosphate-buffered saline (PBS) and
lysed with RIPA buffer (50mM Tris-HCl pH 8, 150mM NaCl,
1% NP-40, 0.05% sodium deoxycholate, 0.1% SDS) contain-
ing protease and phosphatase inhibitors. Subsequent to
incubation of lysate on ice for 30min, the extracts were
centrifuged at 13 000 g at 41C for 30min to remove insoluble
material. After centrifugation, the protein content was
measured by the Bradford assay using Bio-Rad reagents and
BSA as standard.

Subcellular fractionation

Following the treatment periods in DMSO or RA, MCF-7
cells were washed in PBS and incubated on ice for 10min in
buffer 1 (10mM Tris-Cl pH 7.8, 10mM KCl, 5mM MgCl2,
0.1mM EDTA, 300mM sucrose, 0.5mM DTT, plus protease
and phosphatase inhibitors). A volume of 5ml of 10% NP-40
was added to each sample and vortexed to lyse cells. The
samples were centrifuged for 1min at B1000 r.p.m., and the
supernatant collected (cytosolic fraction). The pellet was
washed 3 times with washing buffer (50mM NaCl, 10mM

HEPES, pH 8, 25% glycerol, 0.1mM EDTA, 100mM DTT,
plus protease and phosphatase inhibitors), and resuspended in
buffer 2 (20mM Tris-Cl pH 7.8, 5mM MgCl2, 320mM KCl,
0.2mM EDTA, 25% glycerol, 0.5mM DTT, plus protease and
phosphatase inhibitors). Tubes were incubated on ice for
30min followed by centrifugation for 15min at 13 000 g; the
supernatant represented the nuclear fraction. A measure of
20 mg of cytosolic and nuclear proteins were then subjected to
SDS–PAGE and transferred to nitrocellulose membrane
filters. The membranes were processed for Western blotting
of IRS-1, GRB-2 (for cytoplasmic purity), c-Jun (for nuclear
purity), and actin (loading control).

Immunoprecipitation and Western blotting

For Western blotting, cell lysates were boiled for 3min in 2�
SDS sample buffer (250mM Tris-HCl pH 6.8, 8% SDS, 8mM

EDTA, 35% glycerol, 2.5% b-mercapto-ethanol, bromophe-
nol blue) and resolved in 8–10% SDS–polyacrylamide gels
(SDS–PAGE). For immunoprecipitation, 500mg–1mg of
precleared cell lysates were incubated with the indicated
antibody overnight at 41C, followed by the addition of protein
G-agarose overnight to collect immune complexes. The
immunoprecipitates were washed in RIPA buffer, resuspended
in SDS sample buffer, and boiled for 5min. The solubilized
proteins were resolved by SDS–PAGE. Proteins on the gel
were transferred to nitrocellulose membrane (Bio-Rad) and
detected by Western blotting with the indicated antibody using
ECL. Some membranes were stripped to prepare them for a
second round of probing.

Ubiquitination of IRS-1

The ubiquitination of IRS-1 was examined by transfecting
(using FuGENE, Roche) breast cancer cells with a FLAG-
tagged human IRS-1 cDNA in an expression construct
provided by Dr Chris Sell, and a hemagglutinin (HA)-tagged
ubiquitin cDNA in an expression construct provided by Dr
Dirk Bohmann (Treier et al., 1994). At 24 h following
transfection, cultures were washed twice with PBS and
incubated in media containing 10 mM RA for 24 h in the
presence or absence of 10 mM MG132 for the last 12 h of RA
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treatment. FLAG-tagged IRS-1 protein was immunoprecipi-
tated using an anti-FLAG antibody (Sigma) and after
separation of the immunoprecipitated proteins by
SDS–PAGE, the ubiquitinated IRS-1 was detected using an
anti-HA-Peroxidase mAb (clone 12CA5, Roche).

Northern blotting

Total cellular RNA was isolated using guanidinium thiocya-
nate extraction as previously described (Chomczynski and
Sacchi, 1987). For Northern blotting, 20mg of RNA was
electrophoresed on a 1% formaldehyde agarose gel and
blotted onto Zeta probe (BioRad, Mississauga, Ontario,
Canada) transfer membranes. cDNA probes were labeled by
random priming (Amersham Biosciences). Hybridization and
autoradiography was performed as previously described
(Rosenauer et al., 1996). The full-length cDNA encoding
IRS-1 was the generous gift of Dr Khan (Joslin Diabetes
Center).

RT–PCR

Total cellular RNA was isolated using guanidinium thiocya-
nate extraction as previously described (Chomczynski and
Sacchi, 1987). The methods described by Morelli et al. (2003)
were used for IRS-1 RT–PCR. In brief, RNA (1 mg) was
reverse transcribed (Superscript First Strand synthesis system –
Gibco) and then amplified by PCR to obtain products
corresponding to cDNA fragments of IRS-1. The following
primers were used: IRS-1 upstream primer 50-TCCACTGT-
GACACCAGAATAAT-30 and IRS-1 downstream primer 50-
CGCCAACATTGTTCATTCCAA-30. The following PCR
conditions were used for IRS-1: 1min at 941C, 1min at
501C, 2min at 721C. The amplification products obtained in 30
cycles were analysed in a 1% agarose gel.

Pulse analysis

To determine the synthesis rate of IRS-1, we followed the
methods described by Zhang et al. with some modifications
(Zhang et al., 2000). At 24 h after plating, MCF-7 cells
were treated with DMSO vehicle or 10mM RA for 24 h.
Prior to labeling, the medium was replaced with methionine-
free RPMI media (Wisent Inc.) for 1 h. During the last
12 h of RA treatment, the cells were labeled with 100 mCi
of [35S]methionine (Pro-mix, Amersham Biosciences) and
cells were collected after 0, 4, 8, and 12-h time intervals.
Total cellular proteins were isolated and IRS-1 immunopreci-
pitated (as described above). The IRS-1 immunoprecipitates
were subjected to SDS–PAGE, and following transfer to
nitrocellulose filters, labeled IRS-1 was visualized by auto-
radiography.

Pulse–chase analysis

To determine the degradation rate of IRS-1, we followed the
methods described by Zhang et al. with some modifications
(Zhang et al., 2000). At 24 h after plating, MCF-7 cells were
treated with either DMSO vehicle or 10mM RA for 24 h. Prior
to labeling, the media was replaced with methionine-free
RPMI media (Wisent Inc.) for 1 h. The cells were then pulsed
for 4 h with 100 mCi of [35S]methionine (Pro-mix, Amersham
Biosciences). Following the pulse, the cells were chased for 0,
4, 8, and 12 h in 10% FBS containing media. After these chase
times, total cellular proteins were isolated and processed as
described above for the pulse analysis experiments.

Immunofluorescence

One day after plating on coverslips, MCF-7 cells were treated
with DMSO vehicle or 10mM RA for 48 h. For the last 12 h of
RA treatment, 10 mM MG-132 was added. Following the
treatment period, the cells were fixed in 3% formaldehyde in
PBS for 30min. Next, the cells were permeablized in PBS
containing 0.2% Triton X-100 for 5min. The cells were then
incubated for 3 h with a rabbit anti-IRS-1 antibody (2 mg/ml),
washed in PBS, and incubated for 1 h with a rhodamine-
conjugated donkey anti-rabbit IgG secondary antibody.
Following additional washes in PBS, the coverslips were
incubated with 4,6-diamidino-2-phenylindole (DAPI) for
5min and mounted on glass slides in antifade medium. The
images were then collected using a fluorescence microscope.

In vitro kinase assay using histone H1

Cells were treated with RA or Rottlerin for the indicated times
and then lysed in phosphorylation lysis buffer A (20mM Tris-
Cl pH 7.5, 150mM NaCl, 1mM EDTA, 10mM 2-mercap-
toethanol, 1% NP-40, 1mM sodium orthovanadate, 10mM

NaF, 2mM sodium pyrophosphate, 1mM PMSF). Cell lysates
were immunoprecipitated with anti-PKC-d antibody, followed
by the addition of protein A-sepharose overnight to collect
immune complexes. Immunoprecipitates were washed twice
with lysis buffer A and twice with wash buffer B (25mM

Tris-Cl pH 7.5, 5mM MgCl2). Protein A-sepharose beads
were resuspended in 30ml of kinase buffer (25mM Tris-Cl
pH 7.5, 5mM MgCl2, 0.5mM EDTA, 1mM dithiothreitol,
20 mg of phosphatidylserine, and 20 mM ATP) containing
5mg of histone H1 (Sigma Type III) as an exogenous substrate,
and [g-32P]ATP. The reaction was incubated for 30min
at room temperature and terminated by the addition of
SDS sample buffer. Proteins were separated by SDS–PAGE,
and phosphorylated histone H1 was detected by autoradio-
graphy.

In vitro kinase assay using GST constructs

Cells and cell extracts were treated as described above
(In vitro kinase assay using histone H1), however, in
the kinase reaction, GST-IRS-1288�678WT, GST-IRS-1288�678MUT,
or GST alone was used as an exogenous substrate. The
GST constructs were a generous gift from Dr R Roth,
and have been previously described in Greene et al. (2004).
GST-IRS-1288�678WT or GST were then purified from the
reaction mix with GSH-Sepharose beads, resolved by
SDS–PAGE, and phosphorylated GST-IRS-1288�678WT was
detected by autoradiography. Decayed membranes were then
incubated with an anti-GST antibody to ensure equal pull
down of GST.
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Nuclear insulin receptor substrate 1 interacts with estrogen receptor a at

ERE promoters
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Insulin receptor substrate 1 (IRS-1) is a major signaling
molecule activated by the insulin and insulin-like growth
factor I receptors. Recent data obtained in different cell
models suggested that in addition to its conventional role
as a cytoplasmic signal transducer, IRS-1 has a function
in the nuclear compartment. However, the role of nuclear
IRS-1 in breast cancer has never been addressed. Here we
report that in estrogen receptor a (ERa)-positive MCF-7
cells, (1) a fraction of IRS-1 was translocated to the
nucleus upon 17-b-estradiol (E2) treatment; (2) E2-
dependent nuclear translocation of IRS-1 was blocked
with the antiestrogen ICI 182,780; (3) nuclear IRS-1
colocalized and co-precipitated with ERa; (4) the IRS-
1:ERa complex was recruited to the E2-sensitive pS2 gene
promoter. Notably, IRS-1 interaction with the pS2
promoter did not occur in ERa-negative MDA-MB-231
cells, but was observed in MDA-MB-231 cells retrans-
fected with ERa. Transcription reporter assays with E2-
sensitive promoters suggested that the presence of IRS-1
inhibits ERa activity at estrogen-responsive element-
containing DNA. In summary, our data suggested that
nuclear IRS-1 interacts with ERa and that this interaction
might influence ERa transcriptional activity.
Oncogene (2004) 23, 7517–7526. doi:10.1038/sj.onc.1208014
Published online 16 August 2004

Keywords: breast cancer; estrogen receptor a; nuclear
insulin receptor substrate 1; insulin-like growth factor;
estrogen-responsive elements

Introduction

The insulin receptor substrate 1 (IRS-1) is a major
signaling substrate of the insulin receptor (IR) and the
insulin-like growth factor I (IGF-I) receptor (IGF-IR)

(Yenush and White, 1997; White, 1998; Burks and
White, 2001). Aberrant expression of IRS-1 has been
associated with pathogenesis of many diseases, including
diabetes and cancer (Yenush and White, 1997; White,
1998; Surmacz, 2000; Burks and White, 2001). Activated
IRS-1 transmits signals from IGF-IR and IR by
sequestering multiple effector molecules and stimulating
different signaling pathways, including the PI-3K/Akt
and ERK1/2 pathways (Yenush and White, 1997; White,
1998; Burks and White, 2001). In addition to its
conventional role as a cytoplasmic signaling molecule,
IRS-1 appears to function in the nuclear compartment.
Several rigorously controlled studies demonstrated that
nuclear IRS-1 can be found in cells transformed by
oncogenic proteins, for example, T antigens of the JCV
(Lassak et al., 2002) and SV40 (Prisco et al., 2002)
viruses, and v-src (Tu et al., 2002). Nuclear translocation
of IRS-1 has also been described in mouse embryo
fibroblasts stimulated with IGF-I (Tu et al., 2002; Sun
et al., 2003), 32D murine cells (Sciacca et al., 2003),
osteoblasts (Seol and Kim, 2003), and hepatocytes
(Boylan and Gruppuso, 2002). The mechanism by which
IRS-1 is targeted to the nucleus is unknown. The
observations from different cell models suggested that
although IRS-1 contains putative nuclear localization
signals (NLSs), it is most likely chaperoned to the
nucleus by other proteins, such as viral antigens (Prisco
et al, 2002; Tu et al., 2002). The nuclear localization of
IRS-1 requires specific IRS-1 domains, but these
requirements appear to be different depending on the
experimental system. For instance, in JCV T-antigen-
expressing cells, nuclear localization of IRS-1 depends on
its pleckstrin homology domain (Lassak et al., 2002),
while in IGF-I-stimulated cells, the phosphotyrosine
binding domain is required (Prisco et al., 2002).
The biological relevance of nuclear IRS-1 in various

cell backgrounds has yet to be determined. One recent
study demonstrated that in mouse embryo fibroblasts
stimulated with IGF-I, IRS-1 accumulated in the
nucleoli and interacted with the upstream binding factor
1 (UBF1), a regulator of RNA polymerase I (Tu et al.,
2002). In this cell model, the presence of nucleolar IRS-1
coincided with increased rRNA synthesis (Tu et al.,
2002).
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In breast cancer, IRS-1 overexpression has been
associated with tumor development, hormone indepen-
dence, and antiestrogen resistance (Surmacz, 2000).
These effects have been attributed to increased tyrosine
phosphorylation of IRS-1 and potentiation of its
downstream signaling to Akt (Surmacz, 2000; Sachdev
and Yee, 2001). In hormone-dependent breast cancer
cell lines and breast tumors, the expression of IRS-1 is
strongly correlated with estrogen receptor a (ERa), and
numerous studies demonstrated that IRS-1 is one of the
central elements of ERa/IGF-I crosstalk (Surmacz,
2000; Chan et al., 2001; Sachdev and Yee, 2001). It
has been well established that ERa can activate IRS-1
transcription acting on IRS-1 promoter (Lee et al., 1999;
Molloy et al., 2000; Mauro et al., 2001). In addition, our
recent data suggested that unliganded ERa can upregu-
late IGF-I signaling by decreasing IRS-1 degradation
through proteasomal pathways (Morelli et al., 2003).
The existence of nuclear IRS-1 in breast cancer cells and
its possible role in the regulation of gene expression have
never been addressed. Here we studied whether 17-b-
estradiol (E2) can induce nuclear translocation of IRS-1
and if nuclear IRS-1 can associate with and modulate
the action of ERa.

Results

E2 stimulates nuclear translocation of IRS-1 in MCF-7
cells, and nuclear IRS-1 interacts with ERa

The subcellular localization of IRS-1 and ERa was
studied in MCF-7 cells stimulated with E2 for different
times, from 15min to 72 h. The images obtained by
immunostaining and confocal microscopy are shown in
Figure 1. Under serum-free medium (SFM) conditions,
IRS-1 was present mainly in the cytoplasm, especially in

the perinuclear area, while ERa localized in the nucleus
and was weakly detectable in the cytoplasm (Figure 1).
In 95% of untreated cells (SFM), colocalization of IRS-
1 and ERa was not observed. At 15min of E2 treatment,
the staining of both proteins resembled that at time 0. At
1 and 4 h, 80% of cells displayed weak nuclear IRS-1
staining and strong nuclear expression of ERa. At these
time points, nuclear colocalization of ERa and IRS-1
was detectable inB25% of cells (data not shown). At 8,
24, and 48 h of E2 treatment, ERa was expressed almost
exclusively in the nucleus, while IRS-1 was abundant in
both cellular compartments (Figure 1). Furthermore, at
these time points, evident nuclear colocalization of ERa
and IRS-1 was observed in 60–70% of the cells
(Figure 1). At 72 h, nuclear presence of IRS-1 became
greatly reduced compared with that of earlier time
points, while ERa remained nuclear. At this time,
colocalization of ERa and IRS-1 was nearly undetect-
able (data not shown).
The above experiments were repeated several times

with reproducible results. The specificity of IRS-1
staining was confirmed with other anti-IRS-1 polyclonal
antibodies (pAbs), specifically anti-IRS-1 CT and anti-
IRS-1 pre-CT (both from UBI), and pAb C20 (Santa
Cruz). The staining was negative when the primary Abs
were omitted or blocking peptide was used, as shown by
us before in other cell models (Tu et al., 2002). In
addition, we evaluated the specificity of staining
procedures using BT-20 breast cancer cells, which are
ERa and IRS-1 negative but express IRS-2 (Figure 1,
inset). BT-20 cells were treated for 24 and 48 h with E2
and subjected to the same staining protocol as described
for MCF-7 cells. Both IRS-1 and ERa were undetect-
able in BT-20 cells (Figure 1).
The localization of ERa and IRS-1 was further

pursued in subcellular protein fractions. Cytoplasmic
and nuclear proteins were obtained from MCF-7 cells

Figure 1 Subcellular localization of IRS-1 and ERa by confocal microscopy. MCF-7 cells synchronized in SFM for 24 h were treated
with 10 nM E2 for 24 h (E2) or were left untreated (SFM). BT-20 cells were stimulated with E2 for 24 h. The localization of IRS-1 and
ERa was studied by immunostaining and confocal microscopy as detailed in Materials and methods. The captured images of IRS-1
(IRS, red fluorescence), ERa (ER, green fluorescence), merged IRS-1 and ERa (IRSþER, yellow fluorescence), and bright field (BF)
are shown. Scale bar equals 20 mm. Inset: The expression of ERa (ER), IRS-1, and IRS-2 was detected by WB in 50 mg of total protein
lysates obtained from growing MCF-7 and BT-20 cells
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treated with E2 for 24 h or left untreated. Under SFM
conditions, ERa was present in the cytoplasmic and
nuclear compartments. As expected, upon E2 treatment
the nuclear abundance of ERa significantly increased,
while the abundance of the cytoplasmic ERa signifi-
cantly decreased (Figure 2a). In parallel, E2 stimulation
significantly (B 3.0-fold) upregulated nuclear amounts
of IRS-1 (Figure 2). Despite nuclear translocation of
IRS-1, its abundance in the cytoplasm remained similar
in treated and untreated cells (Figure 2a), which is
consistent with the fact that E2 can induce IRS-1
expression (Lee et al., 1999; Molloy et al., 2000). The
expression of two cytoplasmic proteins GRB-2 and
GAP-DH, and a nuclear protein c-Jun, was assessed as
control of lysate purity (Figure 2a).
Confocal microscopy results suggested nuclear colo-

calization of IRS-1 and ERa. To confirm this observa-
tion, we studied IRS-1 and ERa interactions by
immunoprecipitation (IP) and Western blotting (WB)
using nuclear protein fractions obtained form MCF-7
cells grown in SFM or treated with E2 for 24 h

(Figure 2b). ERa was found in IRS-1 immunoprecipi-
tates in treated and untreated cells, with greater
abundance of ERa/IRS-1 complexes in E2-stimulated
cells (Figure 2b). Similarly, IRS-1 co-precipitated with
nuclear ERa under E2 treatment (data not shown).
Comparison of ERa content in total nuclear proteins vs
IRS-1-associated proteins suggested that only a fraction
(B10%) of ERa co-precipitates with IRS-1.

IRS-1 is recruited to the ERE-containing pS2 promoter in
MCF-7 cells

Nuclear colocalization and co-precipitation of ERa and
IRS-1 suggested that both molecules could be recruited
to the same regulatory sequences in DNA. The binding
of ERa and IRS-1 to the estrogen-responsive element
(ERE)-containing domain of the pS2 gene promoter was
assessed with chromatin immunoprecipitation (ChIP)
and reverse ChIP (Re-ChIP) assays (Figure 3). First, we
tested the dynamics of ERa association with the pS2
promoter sequences. Soluble chromatin obtained from
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Figure 2 Subcellular localization of ERa and IRS-1 in E2-treated MCF-7 cells. (a) MCF-7 cells synchronized in SFM were treated
with 10 nM E2 for 24 h (E2) or were left untreated (SFM). The expression of ERa (ER, B67 kDa), IRS-1 (IRS, B180 kDa), GRB-2
(B25 kDa), c-Jun (B39 kDa), and GAP-DH (B36 kDa) was assessed by WB in 100mg of cytoplasmic (C) and nuclear (N) proteins
using specific Abs, as described in Materials and methods. The graphs represent relative abundance of nuclear and cytoplasmic (Cyto)
ERa and IRS-1 in unstimulated and E2-stimulated cells. Nuclear and cytoplasmic levels of ERa and IRS-1 were normalized to c-Jun
and GAP-DH, respectively (relative values¼ 1). The asterisks indicate statistically significant (Po0.05) differences between the
amounts in stimulated vs unstimulated cells. The results were obtained after repetitive stripping and reprobing of the same filter. (b)
Nuclear lysates from MCF-7 cells (300mg) were immunoprecipitated with anti-IRS-1 Ab (CT-IRS-1, UBI) or nonimmune rabbit IgG,
and the amounts of ERa in the IPs were probed by WB. A 50mg portion of nuclear proteins was run in parallel
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MCF-7 cells untreated or treated with E2 for 1, 4, 8, 12,
and 24 h was immunoprecipitated with anti-ERa Abs
and the presence of pS2 promoter DNA in ERa
precipitates was detected by PCR. As illustrated in
Figure 3, E2 treatment increased ERa occupancy on the
pS2 promoter at all time points. The association of ERa
with pS2 DNA was maximal at 24 h after E2 addition
(B3.5-fold increase vs untreated) (Figure 3).
To test whether IRS-1 belongs to the ERa multi-

complex recruited to the pS2 promoter, we performed
Re-ChIP experiments, following the protocol described
for ERa interacting proteins (Reid et al., 2003). In our
Re-ChIP experiments, the original ERa ChIP pellets
were eluted and precipitated with IRS-1 Abs and the
pS2 promoter sequences were detected in IRS-1 Re-
ChIPs by PCR. We found pS2 DNA in IRS-1 Re-ChIPs
at all time points, which indicated that IRS-1 and ERa
belong to the same protein complex, and that the
complex is associated with the ERE-pS2 promoter in
E2-stimulated MCF-7 cells. Notably, the greatest
amounts of pS2 DNA in IRS-1 Re-ChIPs were present
in cells stimulated with E2 for 24 h (Figure 3).
To extend the above observations, we examined the

presence of other regulatory proteins in ERa transcrip-
tional complexes in MCF-7 cells stimulated with E2 for
24 h. Figure 4 illustrates pS2 promoter occupancy by
two proteins known to regulate ERa-dependent tran-
scription, ERa coactivator SRC-1 and polymerase II
(pol II). In parallel, the association of ERa and IRS-1
under the same conditions was assessed by ChIP and
two-way Re-ChIP assays. The results confirmed that E2
stimulates the recruitment of the ERa:IRS-1 complex to
the pS2 promoter in MCF-7 cells (Figure 4a and b). In
the same experiment, neither ERa nor IRS-1 was
recruited to the GAP-DH promoter that is not regulated

by ERa (Metiver et al., 2002) (Figure 4c). Notably, the
association of ERa and IRS-1 with pS2 DNA coincided
with the recruitment of SRC-1 and pol II to the same
promoter (Figure 4d).

Absence of ERa blocks nuclear IRS-1 translocation

The role of ERa in the nuclear translocation of IRS-1
was probed in MCF-7 cells pretreated with the
antiestrogen ICI 182,780 (ICI) for 6 h (Figure 5). This
treatment has been chosen based on preliminary tests
establishing the dynamics of ICI-dependent downregu-
lation of ERa and IRS-1. IRS-1 is a stable protein with a
half-life of B10 h (Morelli et al., 2003) and only a long-
term ICI treatment (48–74 h) can substantially decrease
its levels (Salerno et al., 1999), while short-term ICI
exposure is sufficient to degrade ERa (Reid et al., 2003).
Indeed, a 6 h ICI treatment dramatically reduced
cytoplasmatic and nuclear ERa expression without
affecting IRS-1 levels (Figure 5a and b). In ICI-
pretreated cells, E2 did not stimulate nuclear transloca-
tion of IRS-1, as demonstrated by WB (Figure 5a) and
confocal microscopy (Figure 5b). However, E2 induced
nuclear translocation of IRS-1 in untreated cells
expressing normal ERa levels (Figures 1, 2 and 5a).
Low amounts of nuclear IRS-1 were found under SFM

Time (h) 1 4 8 12 24
E2

ChIP: ER

Re-ChIP: IP1: ER,  IP2: IRS

Input

C

C

- + - + - + - + - + - +

pS2 ERE

pS2 ERE

pS2 ERE

24

Figure 3 Time course of ERa and IRS-1 association with the pS2
promoter. Soluble chromatin was isolated from MCF-7 cells
stimulated with E2 for 1, 4, 8, 12, and 24 h, and from untreated
cells at the same time points. ERa ChIP (ChIP: ER) experiments
were performed as described in Materials and methods. IRS-1 Re-
ChIPs were obtained from ERa ChIP samples after reprecipitation
with IRS-1 Abs (Re-ChIP: IP1: ER, IP2: IRS). DNA recovered
from the immune complexes was tested for the presence of the
ERE-containing pS2 promoter sequences (pS2 ERE) by PCR with
specific primers listed in Materials and methods. PCR products
obtained after 35 cycles are shown. ChIP pellets obtained using
nonimmune IgG were analysed as controls of Ab specificity (C).
The abundance of the pS2 promoter sequences in all samples before
IP is shown as control of input DNA (Input)

ChIP: MCF-7

E2

pS2 ERE 

input IP: ER IP: IRS

- + - + - +

Re-ChIP: MCF-7

E2

input

- + - + - +

IP 1: ER
IP 2: IRS

IP 1: IRS
IP 2: ER

pS2 ERE 

a

b

c

pS2 ERE 

ChIP: MCF-7

E2

input IP: SRC-1 IP: pol II

- + - + - + - +

IP: IgG

d

ChIP: MCF-7

E2

input IP: ER IP: IRS

- + - + - + - +

IP: IgG

GAP-DH

Figure 4 Association of the ERa:IRS-1 complex, SRC-1, and pol
II with the pS2 promoter. MCF-7 cells were stimulated with E2 for
24 h, and the presence of the pS2 promoter sequences (pS2 ERE) in
(a) ERa and IRS-1 ChIPs, (b) ERa:IRS-1 direct and reverse Re-
ChIPs, and (d) SRC-1 and pol II ChIPs was detected by PCR as
described in Materials and methods. The occupancy of ERa and
IRS-1 on the GAP-DH promoter (not regulated by E2) was tested
with specific GAP-DH primers in ERa and IRS-1 ChIP prepara-
tions (c). ChIP with nonimmune IgG was used as a control (IP:
IgG)
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conditions, possibly reflecting IRS-1 translocation
induced by basal ERa activity (Figures 1, 2, 5a and b).

IRS-1 does not associate with the pS2 promoter in ERa-
negative MDA-MB-231 cells

The requirement of ERa for E2-dependent nuclear
translocation of IRS-1 was further investigated with
MDA-MB-231 and MDA-MB-231/ER breast cancer
cells (Figure 6). MDA-MB-231 cells are ERa negative
but express IRS-1 on a level similar to that found in
MCF-7 cells (Bartucci et al., 2001; Morelli et al., 2003).
MDA-MB-231/ER cells have been developed in our
laboratory by stable transfection of MDA-MB-231 cells
with an ERa expression vector (Morelli et al., 2003). The
association of ERa and IRS-1 with the pS2 promoter

was studied in both cell lines by ChIP assays. In MDA-
MB-231 cells, neither ERa nor IRS-1 was found on the
pS2 promoter. However, reintroduction of ERa allowed
the association of both molecules with pS2 ERE
sequences in response to E2 treatment (Figure 6).

IRS-1 modulates ERa transcriptional activity

Because IRS-1 and ERa are recruited to E2-sensitive
promoters, we tested whether the presence of IRS-1 may
affect ERa transcriptional activity at ERE sites. This
possibility was examined with transactivation assays
employing an ERE reporter plasmid. The plasmid,
ERE-Luc, was transiently transfected into cells either
together with ERa expression vector only or with a
mixture of ERa and IRS-1 expression plasmids. The
transfected cells were left untreated or were treated with
E2 for 24 h (Figure 7).
To assess E2-dependent transcription in a controlled

environment, we used ERa- and IRS-1-negative COS-7
and BT-20 cells (Figures 1 and 7b), which allowed
measurements of transcriptional activity in the presence
or absence of studied molecules. In addition, transacti-
vation experiments were performed in MCF-7 cells
expressing endogenous IRS-1 and ERa.
The transactivation assays indicated that the presence

of IRS-1 significantly decreased ERa activation of ERE
promoters in all cell lines stimulated with E2 (Figure 7a).
Specifically, in COS-7, BT-20, and MCF-7 cells,
cotransfection of IRS-1 reduced ERa activation of
ERE by B50, B39, and B44%, respectively. The
transfection of IRS-1 alone did not stimulate ERE
transcription (Figure 7a).
In addition to ERE reporter assays with reporter

plasmids, we assessed transcriptional activation of the
pS2 gene in COS-7 cells transfected with either ERa,
IRS-1, or a combination of ERa plus IRS-1. COS-7 cells
were selected for this assay as they proved to be the most
E2-responsive and the best transfectable cell model
(Figure 7a). The levels of pS2 mRNA in COS-7 cells
transfected with different plasmids were studied using

Figure 5 Effects of ERa downregulation on nuclear translocation
of IRS-1. MCF-7 cells synchronized in SFM were pretreated with
10 nM ICI 182,780 for 6 h, and then stimulated with 10 nM E2 for
24 h or left untreated in SFM (a). The levels of IRS-1 (IRS) and
ERa (ER) were detected in 50mg of cytoplasmatic and nuclear
proteins with specific Abs, as described in Materials and methods.
The results were obtained after repetitive stripping and reprobing
of the same filter. (b) MCF-7 cells were pretreated with ICI and
then stimulated with E2 or left in SFM as described in (a). The
localization of IRS-1 (IRS) and ERa (ER) was studied by confocal
microscopy, as described in Figure 1. Scale bar equals 50mm

ChIP: MDA-MB-231

input IP: ER IP: IRS

- + - + - +E2

pS2 ERE 

ChIP: MDA-MB-231/ER

input IP: ER IP: IRS

- + - + - +E2

pS2 ERE 

Figure 6 Recruitment of ERa and IRS-1 to the pS2 gene
promoter in MDA-MB-231 and MDA-MB-231/ER cells. MDA-
MB-231 and MDA-MB-231/ER cells were stimulated with E2 for
24 h or were left untreated in SFM. The presence of ERa and IRS-1
on the pS2 promoter (pS2 ERE) was detected by ChIP assays, as
described in Materials and methods
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RT–PCR (Figure 7b). The amounts of a constitutively
expressed 36B4 mRNA were assessed in the same
samples. The results suggested that E2 stimulated pS2
mRNA expression (B3-fold) in ERa-transfected cells,
compared with vector-only-transfected cells. This effect
of E2 was significantly reduced in cells cotransfected
with ERa and IRS-1, confirming the trend observed in
ERE luciferase reporter assays. Notably, ERa expres-
sion was similar in the ‘ER’ and ‘ERþ IRS’ popula-
tions, ruling out the possibility that differences in pS2
transcription were related to unequal ERa expression
(Figure 7b).

Discussion

The interactions between IGF-IR and ER signaling
systems have been implicated in the development of the
neoplastic phenotype in mammary epithelial cells
(Surmacz, 2000; Yee and Lee, 2000; Sachdev and Yee,
2001). In this context, IRS-1, a molecule that activates
multiple growth and survival pathways, has been found
to be one of the central elements of IGF-IR/ER
crosstalk. Several reports documented that E2 can
increase IRS-1 transcription, while ICI inhibits IRS-1
mRNA levels (Surmacz, 2000; Yee and Lee, 2000;
Sachdev and Yee, 2001). Furthermore, the expression of
ERa seems to stabilize IRS-1 protein and potentiate
IRS-1 signaling through the PI-3K/Akt pathway (Mor-
elli et al., 2003). In turn, the activation of IRS-1/PI-3K/
Akt by growth factors can stimulate ERa by increasing
its phosphorylation (Lannigan, 2003). In MCF-7 cells,
overexpression of IRS-1 has been shown to induce
estrogen independence (Surmacz and Burgaud, 1995),
while downregulation of IRS-1 resulted in increased
sensitivity to E2 (Ando et al., 1998).
Here we report on a novel aspect of ERa/IGF-I

crosstalk involving nuclear ERa/IRS-1 interactions.
Specifically, we demonstrated that (1) in MCF-7 cells,
IRS-1 can be translocated from the cytoplasm to the
nucleus following E2 treatment; (2) nuclear transloca-

Figure 7 Effects of IRS-1 on ERa transcriptional activity at ERE
promoters. (a) Transactivation assays. The transcriptional activity
of ERa on ERE promoters in the presence or absence of IRS-1 was
evaluated using luciferase reporter system, as described in
Materials and methods. COS-7, BT-20, and MCF-7 cells were
transfected with DNA mixtures containing ERE reporter plasmid
alone (C), EREþ plasmid pHEGO encoding ERa (ER),
EREþERþ plasmid encoding IRS-1 (ERþ IRS), or EREþ IRS-
1 (IRS). The activity of the ERE promoter in each experimental
setting is represented by relative Luc units. The results are
means7s.e. from several experiments. In all experimental systems,
the difference between E2-stimulated Luc activities in ER vs
ERþ IRS transfectants was statistically significant (Po0.05). (b)
Effect of IRS-1 expression on pS2 mRNA levels. Upper panel:
COS-7 cells were transfected with different plasmids and stimulated
with E2 or left untreated, as described above. ERa and IRS-1
expression in transfected cells was detected by WB in 50 mg of total
protein lysates. Lower panel: The abundance of pS2 and 36B4
mRNAs in COS-7 cells transfected with different plasmids was
detected by RT–PCR, as described in Materials and methods
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tion of IRS-1 is blocked with ICI and does not occur in
ERa-negative cells; (3) nuclear IRS-1 interacts with
ERa; (4) nuclear IRS-1 is corecruited with ERa to the
ERE-containing pS2 promoter; and (5) the presence of
IRS-1 decreases ERa transcription at ERE promoters.
Nuclear localization of IRS-1 has recently been

described in different cellular systems (Lassak et al.,
2002; Prisco et al., 2002; Sun et al., 2003; Tu et al., 2002;
Sciacca et al., 2003). The mechanism by which IRS-1
enters cell nucleus is still not clear. Although IRS-1
contains putative NLS, it is thought that IRS-1 is
chaperoned to the nucleus by other proteins, for
instance, by T antigens of the SV40 and JC viruses
(Lassak et al., 2002). The transporting molecules
involved in IGF-IR-dependent IRS-1 nuclear transloca-
tion are yet unknown.
In our experimental system, E2-dependent nuclear

translocation of IRS-1 and its interaction with the pS2
promoter were totally blocked when ERa was down-
regulated by ICI (Figure 5) and did not occur in MDA-
MB-231 cells that are ERa negative but express ERa
(Vladusic et al., 2000) (Figure 6). However, re-expres-
sion of ERa allowed association of IRS-1 with the pS2
sequences. These observations suggest that nuclear
function of IRS-1 in response to E2 requires ERa.
Notably, a small amount of nuclear IRS-1 was found in
unstimulated MCF-7 cells, which could result from
basal ERa activity.
The prerequisite for nuclear translocation of IRS-1 in

response to E2 is most likely the formation of the
ERa:IRS-1 complex in the cytoplasm. ERa association
with cytoplasmic signaling molecules is not unusual.
Recently, ERa has been shown to bind the PI-3K/Akt
complex (Simoncini et al., 2000; Sun et al., 2001), and to
interact with growth factor receptor docking protein Shc
(Song et al., 2002) as well as with IGF-IR (Kahlert et al.,
2000). Similarly, we reported that unliganded ERa can
associate with cytoplasmic IRS-1 in MDA-MB-231/ER
cells (Morelli et al., 2003). Our preliminary data
suggest that ERa/IRS-1 binding involves at least two
different IRS-1 domains, and does not depend on IRS-1
tyrosine phosphorylation (Surmacz et al., unpublished
data).
Our previous findings (Morelli et al., 2003) and this

report suggest that only a fraction of ERa binds to IRS-
1 (B10% of nuclear ERa) (Figure 2b), according to
rough estimations based on coprecipitation procedures.
However, if the linkage between ERa and IRS-1 is
labile, coprecipitation assays might underestimate the
actual extent of their association. In fact, the results
obtained with confocal microscopy in intact cells
suggested that in some cells, B30% of ERa colocalized
with IRS-1. Because only a fraction of ERa associates
with IRS-1, it is understandable that nuclear accumula-
tion of IRS-1 upon E2 stimulation might occur slower
than that of ERa. The nuclear presence of IRS-1 in E2-
treated MCF-7 cells was limited to B72 h, while ERa
remained nuclear for longer times. It needs to be
discovered whether IRS-1 disappearance from the
nucleus is caused by proteolysis or by translocation to
the cytoplasmic compartment.

In this work, we report for the first time that nuclear
IRS-1 can interact with ERa on ERE-containing
chromatin regions. In our experimental system, IRS-1
was recruited together with ERa and other proteins
involved in ERa transcription (SRC-1 and pol II) to the
pS2 promoter (Figures 3, 4, and 6). The possibility that
IRS-1 modulates ERa-dependent transcription was
addressed with transient transfection reporter assays.
With this methodology, we noted inhibition of ERa
activity by IRS-1 in several cell lines (Figure 7a). We
also found that overexpression of IRS-1 inhibits E2/
ERa-dependent transcription of the endogenous pS2
gene in COS-7 cells (Figure 7b). A hypothetical model
explaining the inhibitory effect of IRS-1 could be
proposed on the basis of the recent discovery that
ERa-dependent transcription from ERE sites requires
cyclic proteasomal degradation of ERa (Reid et al.,
2003). Because IRS-1 and ERa compete for the
same degradation machinery (Morelli et al., 2003),
it is possible that the presence of nuclear IRS-1 inter-
feres with ERa proteolysis, and thus with ERa
transcription.
IRS-1 modification of ERa activity is probably

restricted to certain transcriptional complexes, as we
did not observe significant effects of IRS-1 on ERa-
dependent transcription at AP-1 sites. In addition, our
new data suggest that the association of IRS-1 with
ERE promoters can be transiently inhibited by its
recruitment to activated IGF-I receptors (Surmacz et al.,
unpublished data).
The presence of nuclear IRS-1 in cellular systems

needs to be further evaluated in human clinical material.
The expression of nuclear IRS-1 in primary breast
tumors has been reported by Schnarr et al. (2000), but
the authors did not speculate on the biological relevance
of this phenomenon. Our preliminary data confirmed
that nuclear IRS-1 can be detected in mammary tissue
sections and that its expression correlates with ERa
(data not shown). Larger studies evaluating the correla-
tions of cytoplasmatic and nuclear IRS-1 with other
tumor markers are underway in our laboratory.
In summary, our data suggest that IRS-1 can interact

with ERa in the nucleus of breast cancer cells and
modulate ERa transcriptional activity. We postulate
that nuclear ERa/IRS-1 interactions represent a new
paradigm in IGF-IR/ER crosstalk.

Materials and methods

Cell lines

MCF-7, MDA-MB-231, BT-20, and COS-7 cells were
obtained from ATCC. MDA-MB-231 cells stably expressing
ERa have been developed in our laboratory (Morelli et al.,
2003).

Cell culture

MCF-7 and MDA-MB-231 cells were grown in DMEM:F12
containing 5% calf serum (CS). MDA-MB-231/ER cells
were grown in DMEM:F12 plus 5% CS plus 0.05mg/ml
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G418. BT-20 cells were grown in DMEM:F12 with 10% fetal
bovine serum (FBS). COS-7 and HeLa cells were grown in
DMEM supplemented with 10% FBS. In the experiments
requiring E2- and serum-free conditions, the cells were
cultured in phenol red-free SFM (Guvakova and Surmacz,
1997).

Cell treatments

E2 (Sigma) and the antiestrogen ICI 182,780 (Tocris Cookson)
were used at a concentration of 10 nM.

Detection of IRS-1 and ERa by confocal microscopy

Confluent cultures (50%) grown on coverslips were fixed in
3% paraformaldehyde, permeabilized with 0.2% Triton X-
100, washed three times with PBS, and incubated for 1 h with a
mixture of primary Abs (pAbs) recognizing IRS-1 and ERa.
The anti-IRS-1 CT pAb (UBI) or anti-IRS-1 pre-CT pAb
(UBI) at 2mg/ml was used for IRS-1 staining; F-10 monoclonal
Ab (mAb) (Santa Cruz) at 2 mg/ml was used to detect ERa.
Following the incubation with primary Abs, the slides were
washed three times with PBS, and incubated with a mixture of
secondary Abs. A fluorescein-conjugated donkey anti-mouse
IgG (Calbiochem) was used as a secondary Ab for ERa and a
rhodamine-conjugated donkey anti-rabbit IgG (Calbiochem)
was used for IRS-1. The cellular localization of IRS-1 and ERa
was studied with Bio-Rad MRC 1024 confocal microscope
connected to a Zeiss Axiovert 135M inverted microscope with
� 600 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.

Immunoprecipitation and Western blotting

The cytoplasmic and nuclear proteins were obtained from 70%
cultures. The cytoplasmic lysis buffer contained the following:
50mM HEPES pH 7.5, 150mM NaCl, 1% Triton X-100,
1.5mM MgCl2, EGTA 10mM pH 7.5, glycerol 10%, inhibitors
(0.1mM Na3VO4, 1% PMSF, 20mg/ml aprotinin). Following
the collection of cytoplasmic proteins, the nuclei were lysed
with the buffer containing 20mM HEPES pH 8, 0.1mM
EDTA, 5mM MgCl2, 0.5M NaCl, 20% glycerol, 1% NP-40,
inhibitors (as above). A 25–50mg portion of protein lysates was
used for WB, while 500 mg was used for IP. The following
mAbs and pAbs were employed: anti-IRS-1 CT pAb (UBI) for
WB and IP; anti-ERa F-10 mAb (Santa Cruz) for WB and IP;
anti-GAP-DH mAb (Research Diagnostics Inc.) for WB, anti-
c-Jun mAb (Santa Cruz) for WB, anti-GRB2 mAb (Transduc-
tion Laboratories) for WB.
In all IPs, protein lysates were first incubated with primary

Abs at 41C for 4 h in HNTG buffer (20mM HEPES pH 7.5,
150mM NaCl, 0.1% Triton X-100, 10% glycerol, 0.1mM
Na3VO4), and then immune complexes were precipitated for
1 h with appropriate beads, specifically with protein A agarose
(Calbiochem) for IPs with polyclonal Abs and anti-mouse IgG
agarose (Sigma) for IPs with mouse mAbs. In control samples,
the primary Abs were substituted with nonimmune IgGs
(rabbit or mouse, depending on the source of the primary
Abs). The immunoprecipitated proteins were washed three
times with HNTG buffer, separated on a 4–15% polyacryla-
mide denaturing gel, analysed by WB, and visualized by ECL
chemiluminescence (Amersham). The intensity of bands
representing relevant proteins was measured by Scion Image
laser densitometry scanning program.

Luciferase reporter assays

The experiments were performed using COS-7, BT-20, and
MCF-7 cell lines. The cells were grown in 24-well plates. At
70% confluence, the cultures were transfected for 6 h with
0.5mg DNA/well using Fugene 6 (Roche) (DNA :Fugene 3 : 1).
All transfection mixtures contained 0.3 mg of the reporter
plasmid, ERE-Luc, encoding the firefly luciferase (Luc) cDNA
under the control of the TK promoter and three ERE
sequences. ERE-Luc was cotransfected with the ERa expres-
sion vector pSG5-HEGO, alone or in combination with the
IRS-1 expression vector pCMV-IRS-1. To maintain the same
DNA input in all transfection mixtures, the samples were
adjusted with an empty vector (pcDNA3 or pSG5). In
addition, to assess transfection efficiency, each of the DNA
mixtures contained 50 ng of pRL-TK-Luc, a plasmid encoding
Renilla luciferase (RI Luc) (Promega). Upon transfection, the
cells were shifted to SFM for 12 h and then treated with 10 nM
E2 for 24 h, or left untreated in SFM. Luciferase activity (Luc
and RI Luc) in cell lysates was measured using Dual Luciferase
Assay System (Promega) following the manufacturer’s instruc-
tions. The values obtained for Luc were normalized to that of
RI Luc to generate relative Luc units representing ERE-
dependent transcription.

Chromatin immunoprecipitation

We followed ChIP methodology described by Shang et al.
(2000) with minor modifications. MCF-7, MDA-MB-231, and
MDA-MB-231/ER cells were grown in 100mm plates.
Confluent cultures (90%) were shifted to SFM for 24 h and
then treated with 10 nM E2 for 1–24 h, or left untreated in
SFM. Following treatment, the cells were washed twice with
PBS and crosslinked with 1% formaldehyde at 371C for
10min. Next, the cells were washed twice with PBS at 41C,
collected and resuspended in 200ml of lysis buffer (1% SDS,
10mM EDTA, 50mM Tris-HCl pH 8.1) and left on ice for
10min. Then, the cells were sonicated four times for 10 s at
30% of maximal power (Fisher Sonic Dismembrator) and
collected by centrifugation at 41C for 10min at 14 000 rpm.
The supernatants were collected and diluted in 1.3ml of IP
buffer (0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA,
16.7mM Tris-HCl pH 8.1, 16.7mM NaCl) followed by
immunoclearing with 80 ml of sonicated salmon sperm DNA/
protein A agarose (UBI) for 1 h at 41C. The precleared
chromatin was immunoprecipitated for 12 h with specific Abs,
specifically anti-ERa C-terminus mAb F-10 (Santa Cruz) for
ERa, and anti-IRS-1 C-terminus pAb (UBI) for IRS-1, anti-
pol II CTD4H8 mAb for pol II (UBI), and anti-SRC1 1135
mAb for SRC1 (UBI). After this, 60ml of salmon sperm DNA/
protein A agarose was added and precipitation was continued
for 2 h at 41C. After pelleting, precipitates were washed
sequentially for 5min with the following buffers: Wash A
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl
pH 8.1, 150mM NaCl), Wash B (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris-HCl pH 8.1, 500mM NaCl), and
Wash C (0.25M LiCl, 1% NP-40, 1% sodium deoxycholate,
1mM EDTA, 10mM Tris-HCl pH 8.1), and then twice with TE
buffer (10mM Tris, 1mM EDTA). The immune complexes
were eluted with elution buffer (1% SDS, 0.1M NaHCO3). The
eluates were reverse crosslinked by heating at 651C for 12 h
and digested with proteinase K (0.5mg/ml) at 451C for 1 h.
DNA was obtained by phenol and phenol/chloroform extrac-
tions. A 2ml portion of 10mg/ml of yeast tRNA was added to
each sample and DNA was precipitated with EtOH for 12 h at
41C and then resuspended in 20 ml of TE buffer. A 5 ml volume
of each sample was used for PCR with pS2 promoter primers
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flanking ERE-containing pS2 promoter fragment: upstream 50-
GATTACAGCGTGAGCCACTG-30, and downstream 50-
TGGTCAAGCTACATGGAAGG-30. The primers for GAP-
DH promoter were 50-GCTACTAGCGGTTTTACGGG-30

(forward) and 50-AAGATGCGGCTGACTGTCGAA-30 (re-
verse). The PCR conditions were 45 s at 941C, 40 s at 581C, and
90 s at 721C. The amplification products obtained in 25 and 35
cycles were analysed in a 2% agarose gel and visualized by
ethidium bromide staining. The intensity of bands representing
relevant proteins was measured by Scion Image laser
densitometry scanning program. In control samples, non-
immune IgG (rabbit for IRS-1 Abs and mouse for all other
Abs, Santa Cruz) was used instead of the primary Abs.

Reverse ChIP

We followed the methodology described by Reid et al. (2003).
The pellets obtained by IP of soluble chromatin with IRS-1
and ERa Abs were eluted with 500 ml of Re-ChIP buffer
(0.5mM DTT, 1% Triton X-100, 2mM EDTA, 150mM NaCl,
20mM Tris-HCl pH 8.1). Next, the eluate from ERa IP was
precipitated with IRS-1 pAb (UBI) and the eluate from IRS-1
IP was precipitated with ERa mAb (Santa Cruz). The presence
of the pS2 promoter sequences in the resulting Re-ChIP pellets
was examined as described above for one-step ChIP.

RT–PCR

COS-7 cells were transfected with different plasmids for 24 h,
as described in the transactivation assays methodology. Total
RNA was isolated using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. A 5mg portion of total
RNA was reverse transcribed (RT) at 371C for 30min in 20 ml

of buffer containing 200U of M-MLV reverse transcriptase
(Promega), 0.4mg oligo-dT, 0.5 mM deoxynucleotide tripho-
sphate (dNTP), and 24U RNAsin. The reaction was
terminated by heat denaturation for 5min at 951C.
A 2ml portion of RT products was used to simultaneously

amplify pS2 and 36B4 (control) DNA sequences. The pS2
cDNA fragment (210 bp) was amplified using the following
primers: 50-TTCTATCCTAATACCATCGACG-30 (forward)
and 50-TTTGAGTAGTCAAAGTCAGAGC-30 (reverse). The
408 bp fragment of the 36B4 ribosomal phosphoprotein DNA
was amplified with the following primers: 50-CTCAA-
CATCTCCCCCTTCTC-30 (forward) and 50-CAAATCCCA-
TATCCTCGTCC-30 (reverse) (Maggiolini et al., 2001). The
PCR amplification was performed using 1.25U GoTaq DNA
polymerase (Promega), 1� PCR buffer (10mM Tris-HCl,
50mM KCl), 2.5mMMgCl2, 0.2mM of each dNTP, and 1.5 pM
of primers for pS2 or 0.5 pM primers for 36B4. PCR conditions
were 30 s at 941C, 40 s at 591C, and 60 s at 721C for 30 cycles.
PCR products (10 ml) were separated on a 1.2% agarose gel.

Statistical analysis

Student’s t-test was used to analyze WB and transactivation
data. Statistical significance was assumed at Po0.05.
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INTRODUCTION 

In the last years, in the field of highly ordered mesoporous silicates, much effort has been 
devoted to the development of organic-inorganic supramolecular self-assemblies and their 
subsequent polycondensation. These syntheses involved organic structuring agents such as long 
chain quaternary ammonium cationic [1, 2] and anionic surfactants [3]. Also non-ionic surfactants, 
such as long chain alkylamine [4] and polyethylene oxides-type copolymers [5-7], were shown to 
produce synergistic assembly of silica. The hybridization of the inorganic precursor allows the 
development of innovative multifunctional materials with complex architectures and combining 
properties of organic, bio and inorganic components. 

Hybrid inorganic-organic materials are produced when chemically active groups are 
covalently linked to the inorganic framework of mesoporous materials either by post-synthetic 
grafting or by simultaneous condensation of siloxane and organic siloxane precursors, the last 
containing a non-hydrolysable Si-C bond [8-14]. 

This method was also applied for bulky chromophores [15]. The synthesis of mesoporous 
hydrophobic materials by simultaneous removal of surfactant template and modification of the 
external surface, has been achieved by treating uncalcined MCM-41 with trialkylchlorosilanes [16]. 

The preparation of mesoporous silicate and alumino-silicate by different synthesis methods 
are reported together with their surface modification by reaction with benzoyl chloride [17]. 
Mesoporous materials synthesized using sodium silicate and an industrial neutral surfactant, are 
activated by calcination or solvent extraction and modified by reaction with benzoyl chloride to 
compare surface properties of both samples [18]. 

Mesoporous macroscale structures were obtained by oil-water interface templating systems 
at acid pH. TEOS is used as silica source and is hydrolyzed just at the oil-water interface where 
mesostructures are formed reflecting, on a larger scale, size and shape of the oil spheres because the 
inorganic materials condense around them. Stirring is one of the parameters for controlling 
emulsion properties through modification of long-range hydrodynamic forces. Under slow stirring 
fiber-type morphologies are predominantly observed while with increasing stirring rate more and 
more sphere-like particles are formed. The two-level byphase control was also used on a larger 
scale to produce self-supporting membranes at a static interface between an aqueous and an 
inorganic phase [19].  

Successively, a method has been described where mesoporous silica particles of 
macroscopic dimensions, functionalized with organic ligands, can be produced from alkaline 
medium in a one-step emulsion process [20]. Furthermore, hard mesoporous silica spheres have 
been described according to a procedure closely related to that initially reported for the synthesis of 
MCM-41 [1-2]; the primary difference is that phase separation and emulsion chemistry which result 
from the hydrophobic nature of tetrabutylorthosilicate and butanol, are used in order to create the 



desired morphology [21]. More recently, the conditions favouring the formation of mesoporous film 
over bulk material through the separation of the ingredients into two stratified phases, both in acid 
and in basic media, have been defined [22]. 

Recently, mesoporous materials and functionalized mesoporous materials have been obtained 
from two-level byphase emulsions. The upper one is an organic phase and contains the silica 
source; the lower phase is a water or water-ethylene glycol solution of the neutral surfactant. 
Micelles are feed by the silicon alcoxide, precursor of the inorganic coverage, in the interfacial 
region and, after condensation, the particles move to the bottom part of the synthesis vessel [23]. 

The possibility of synthesizing mesoporous materials with regularly sized pores by means of 
the supramolecular templating of a sol-gel process represents a starting point for the design of 
functional nanostructured materials. Mesoporous silicas with ordered porosity have been 
investigated for hosting non-steroidal anti-inflammatory drugs bearing a carboxylic acid through a 
confinement procedure consisting in either physisorption on the pure silica surface or via chemical 
anchoring on modified silica surface [24-27]. Furthermore, they have been also used as cell markers 
[28], in MALDI-TOF mass spectrometry because they selectively bind low molecular weight 
proteome [29] and to engineer systems able to activate the drug release through a photocatalyzed 
reaction [30]. 

In the present work mesoporous silica materials are synthesized from two-level by-phase 
emulsions according to the synthesis methodology reported in ref. 23 but employing new organic 
phases such as cyclohexane, hexane and decane. The synthesis procedures are aimed to produce 
mesoporous silica particles with controlled size and morphology and test then the suitability for the 
design of drug targeting devices through the evaluation of their behaviour in tumor cels culture 
media. 

 
EXPERIMENTAL 
 
Synthesis 

The neutral polioxyethylene(10)octylphenylether, named Triton X-100 (Alfa Aesar), 
tetraethylortosilicate (Aldrich) as silica source and the hybrid silica source was (3-aminopropyl)-
triethoxysilan (APTES, Aldrich) were used. The molar composition of the synthesis mixtures 
investigated are shown in Table 1. In a typical preparation of a mesoporous silica (Synthesis system 
2) 13.80g of the surfactant are completely dissolved in 150g of distilled H20 at room temperature. 

A solution of TEOS (13,8 g) in n-decane (10 g) is slowly runned along the vessel wall of the 
aqueos solution so that the upper organic phase is easily established. The mixture is aged at room 
temperature for 8 days under slow magnetic stirring. The organic phase is finally removed and the 
resulting suspension filtered, washed and dried for 8 hours at 80° C. 
 
 

Upper Phase Lower Phase Syntheses 
TEOS Decane Hexane Cyclohexane Nonfix

10 
H2O 

1 1 2.1   0.324 126.2 
2 1 1.05   0.324 126.2 
3 1 0.52   0.324 126.2 
4 1  4.2  0.324 126.2 
5 1   4.2 0.324 126.2 

 
Table 1. Molar ratios in two-level byphase emulsions used for the synthesis of mesoporous materials. 
 
 
 
 



Fluorescence labeling 
APTES (1.42 g; 0.0064 moles) and Fluoresceine isothiocyanate (FITC) (0.004 g; 0.0103 

mmoles) have been stirred in ethanol (3 ml) at room temperature for 24 hours; then a suspension of 
700 mg of material 3 in ethanol (700 mg in 2.5 ml) has been added to the first solution and the 
whole mixture has been stirred for 2 days. 
 
Characterization 

X-Ray powder diffraction patterns were measured on a Philips PW1710 diffractometer using 
Cu-Kα radiation (40 Kv, 20 mA) over the range 1°<2θ<15°. 

 The N2 adsorption-desorption volumetric isotherms at 77 K were measured on a 
Micromeritics Asap 2010 apparatus. Samples were pre-treated under vacuum at 300°C to a residual 
pressure of 2 μmHg. Surface area of the samples was calculated by BET linearization in the 
pressure range 0.05 to 0.2 P/P0.  

Lattice pore volume was obtained from the amount of nitrogen gas adsorbed at the top of the 
rising section of the isotherms of type I or IV. The amount of surfactant was measured by TG 
analysis. The measurements were carried out with a Netzsch STA 409 instrument between 20°C 
and 850°C at a ramp of 10°C/min in air with a flow rate of 10 ml/min. Micrographs were collected 
by a SEM Jeol JSTM 330A. 
 
Cell lines and culture 

MCF-7 and HeLa cells were obtained from ATCC. MCF-7 cells were grown in DMEM:F12 
containing 5% calf serum (CS). HeLa cells were grown in DMEM plus 10% FCS. During the 
experiments cells were left in the same culture media. 
 
Cell treatment 

MCF-7 and HeLa cells were incubated with FITC labeled Mesoporous Silica Microspheres 
(FITC-MSM) at a final concentration of 50μg/ml. 
 
Fluorescence microscopy 

Cells were grown on coverslips up to 80% confluency. Then they were fixed in 3% 
paraformaldehyde, permeabilized with 0.2% Triton X-100, washed three times with PBS, and 
mounted with Vectashield mounting medium containing DAPI for nuclear counterstain (VECTOR 
Laboratories). 

The cellular localization of FITC-MSM was examined under a fluorescence microscope 
(Olympus BX41; Olympus Corp.). Images were taken at x1000 magnification. The fluorophores 
were imaged separately to ensure no excitation/emission wavelength overlap. Untreated cells were 
used as control samples. 
 
RESULTS AND DISCUSSION 

 
All the samples (Table 2) show SBET specific surface ranging from 800 to 1100 m2/g and high 

pore volume up to 1,1 cm3/g. Figure 2 shows nitrogen adsorption-desorption isotherms for materials 
obtained from systems 4 and 5 (Table 1). In both cases a type IV not reversible isotherm is 
obtained.  

Pore volume for materials 1, 2 and 3 decreases with decane amount in byphasic emulsions 
probably because permeation of decane inside surfactant micelles decreases with decreasing decane 
concentration. This trend regards particularly high relative pressures pore volume. 

Figures 1a and 1b show the XRD powder diffraction pattern of as-made and calcined sample 
obtained from system 3 (decane-water byphase system), respectively. As-made material shows the 
expected bymodal mesoporous structure [23], mantained after calcination. 
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a)       b) 
Figure 1. XRD powder diffraction pattern of as-made (a) and calcined (b) sample obtained 

 from decane-water byphase syntheses system 3 in Table 1. 
 

Table 2 
 d-spacing values, for as-made (d0), calcined (dc) samples, specific surface areas (SBET), pore 
volume and total mass loss of mesoporous silica samples obtained from systems in Table1. 

 
Material d0 (Ǻ) dc (Å) SBET 

(m2/g) 
Pore Volume 

(P/P0=0.9;cm3/g) 
Total 

mass loss 
(%) 

1 62.38 53.34 908 0.81 55.18 
2 53.33 

66.12 
48.63 
63.12 

886 0.57 51.63 

3 53.33 
66.12 

46.58 
66.12 

924 0.53 48.62 

4 59.04 66.12 1129 0.84 54.54 
5 50.87 

66.12 
75.12 814 0.97 61.36 

 
Material 3 shows typical bimodal nitrogen adsorption-desorption isotherm where two main 
mesopore filling steps are detectable. Material 4 shows a not reversible Type IV isotherm typical of 
capillary condensation in regularly-sized mesopores with a high relative pressure nitrogen 
adsorption step, while a bymodal isotherm is shown by material 5, probably because of cyclohexane 
permeation inside micelles surfactant.  

Data obtained from XRD of as-synthesized materials evidence that the properties of the 
interfacial region affect surfactant chemistry. Micelles with different size are formed during the 
assembly of the materials. This is clearly shown by the observation of the XRD patterns of as-
synthesized and calcined materials. The double peak XRD patterns, representative of two main 
reflecting elements, 

 



0.0 0.2 0.4 0.6 0.8 1.0

100
200
300
400
500
600
700
800
900

1000

a)

 

 

 Desorption
 Adsorption

A
ds

or
be

d 
vo

lu
m

e 
(c

m
3 /g

)

Relative pressure (P/P0)
0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

700

b)

 

 

A
ds

or
be

d 
vo

lu
m

e 
cm

3 /g

Relative pressure(P/P0)

 Desorption
 Adsorption

 
 Figure 2. Nitrogen adsorption-desorption isotherms of materials 4 (a) and 5 (b) obtained 

from hexane- and cyclohexane-water byphase synthesis systems (Table 1). 
 

confirms the co-existence of two templating systems with different diameters in accordance with 
the nitrogen adsorption on calcined materials showing two distinct capillary condensation steps. 

The occurrence of heterogeneous formation of surfactant templating-micelles can be 
explained on the basis of solvent inclusion in the hydrophobic core of the micelles. 

 

 
 

Figure 3. SEM micrograph of material 3. 
 

SEM micrograph (Figure 3) shows that regular spheres, around 1 micron in size, are obtained 
from material 3. Regular spheres below 1 micron are obtained for all the preparation except for 
material 5 obtained from cyclohexane-water synthesis system that exhibits not regular formations 
several microns in size. 

Mesoporous silica microspheres (material 3) have been modified on the external surface, 
before surfactant extraction, to provide the particles with imaging capabilities to evaluate the 
suitability of this regularly-sized mesoporous material for localized release by tracking interaction 
with tumor cells.  

Fluoresceine isothiocyanate isomer I (FITC) was used as fluorescence label and covalently 
linked in ethanol to amino-propyltriethoxysilane (APTES). 

The fluorescent silicon alkoxide was successively grafted at room temperature to the external 
surface of mesoporous silica microsphere using the as-synthesized material before surfactant 
extraction. Figure 4 (a and b) shows DRFT-IR spectra of material 3 as-synthesized and after FITC 
conjugation. The first one presents a very important surfactant contribute in the region around 2900 
cm-1, while the latter presents vibrations in the region 1020-1560 cm-1, as expected for thiourea 
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Figure 4. DRFT-IR spectra of sample 3 as-synthesized (a) and after conjugation with fluoresceine 

isothiocyanate (b). 
 

derivatives, but shows decreased intensity for surfactant vibrations probably because soaking in 
ethanol for long time during FITC coupling partially removes surfactant; this is confirmed from 
thermogravimetric analysis that shows a decrease in total mass loss from 48.62 % for material 3 
(Table 2) to 25.8 % for the corrispondent FITC-MSM material. Powder XRD of FITC-MSM shows 
a low-order single reflection pattern evidencing a silica reorganization during FITC coupling and 
ethanol soaking.  
Microspheres have been suspended in water (1mg/ml) and successively incubated with two 
different tumor cell lines (MCF-7 and HeLa cells). Suspensions remained stable during months. 
Cells were monitored up to 24 h at different times (1 h, 6 h, 24 h) under a fluorescence microscope. 
Figure 5 shows representative images of HeLa cells at 24h. The localization of labelled 
microparticles was studied by fluorescence microscopy as detailed in Experimental. The captured 
images of FITC-MSM (green fluorescence, Figure 5 a), merged FITC-MSM with DAPI (Figure 5 
b), and bright field (BF, Figure 5c) are shown. In both cell lines the microparticles interact with 
cells and, more importantly, are retained on cell surface (Fig. 5 b).  
Cell viability experiments showed that silica microparticles are well tolerated from biological 
systems (data not shown), so that they can be utilized for localized drug release purposes or, 
through their conjugation to a cell receptor specific ligand, for the design of an active drug targeting 
device.  

 
 a)            b)           c) 

 
Figure 5. HeLa cells were incubated for 24h with 50μg/ml of FITC-MSM. Captured images 

of FITC-MSM green fluorescence (a), merged FITC-MSM with DAPI (b), and bright field (BF; c) 
 



CONCLUSIONS 
 
The above reported results show that the above reported results show that byphase emulsion 
synthesis systems are able to produce mesoporous silica particles with controlled morphology and 
submicronic size, as required for drug targeting purposes. 
Due to their size these mesoporous silica particles, present a great potentiality for localized drug 
release as they are able to interact with cell surface where they are retained without showing any 
toxicity effect. 
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