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Abstract

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 a (ERa)-positive
MCEF-7 cells 1) a fraction of IRS-1 is translocated to the nucleus upon 17-B-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 ERa; 4) the nuclear IRS-
1:ERa 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
ERa 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 ERa.
Parallel studies were done for cytoplasmic IRS-1. IRS-1 and ERa 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,
ERa expression was low in normal cells and benign tumors, but high in ductal and lobular
cancer. Nuclear IRS-1 and ERa 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 ERa negatively correlated with tumor grade, size, mitotic
index, and lymph node involvement. Cytoplasmic IRS-1 was expressed in all specimens and
positively correlated with ERa in ductal cancer. A positive association between nuclear IRS-
1 and ERa 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 ERa 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
ERa-positive than in ERa-negative cells and there is evidence supporting the existence of
crosstalk between IRS-1 and ERa 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 ERa-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 ERa 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 ERa 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 ERa. 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 ERa, via ERK1/2- and Akt-
mediated phosphorylation of ERa 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., IDNA) (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 ERa..

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 ERa 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 ERa 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 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 antibodies
(Abs) recognizing IRS-1 and ERa.. The anti-IRS-1 CT (UBI) or anti-IRS-1 pre-CT (UBI) at 2
ug/ml was used for IRS-1 staining; F-10 monoclonal Ab (mAb) (Santa Cruz) at 2 ug /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 antibodies. 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 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 MgCl,, EGTA 10 mM pH 7.5,
glycerol 10%, inhibitors (0.1 mM Na;VOs, 1% PMSF, 20 pg/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 MgCl,, 0.5 M NaCl, 20% glycerol, 1% NP-40,
inhibitors (as above). 25-50 pg of protein lysates were used for WB, while 500 pg for IP. The
following Abs 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 (Transduction Laboratories) for WB.

In all IPs, protein lysates were first incubated with primary Abs at 4°C 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
Na3VO,), 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 ng DNA/well using Fugene 6 (Roche) (DNA:Fugene 3:1).

All transfection mixtures contained 0.3 pg of the reporter plasmid, ERE-Luc, encoding the

7



Materials and Methods

firefly luciferase (Luc) cDNA under the control of the TK promoter and three estrogen
responsive element (ERE) sequences. ERE-Luc was cotransfected with the ERa expression
vector pSGS5-HEGO alone or in combination with the IRS-1 expression vector pPCMV-IRS-1.
To maintain the same DNA input in all transfection mixtures, the samples were adjusted with
an empty vector (pcDNA3 or pSGS). 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-HCI 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, 167 mM Tris-HClI 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 Il 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-HCI pH 8.1, 150 mM NaCl), Wash B (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl), and Wash C (0.25 M LiCl, 1% NP-
40, 1% sodium deoxycholate, ImM EDTA, 10 mM Tris-HCI 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-ChlIP). We followed methodology described by Reid et al (2003). The
pellets obtained by immunoprecipitation of soluble chromatin with IRS-1 and ERa. Abs were
eluted with 500 pl of Re-ChIP buffer (0.5mM DTT, 1% Triton X-100, 2mM EDTA, 150mM

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

(UBI) and the eluate from IRS-1 IP was precipitated with ERa. 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
(ANTP), 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-HCI, 50 mM KCl), 2.5 mM MgCI2, 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 <Scm; 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
Benign breast tumors 19
Macromasty 14
Patient Age
Normal Benign Ductal Lobular
MeanzSE 53.643.3 45.443.1 62.91+2.4 64.5£2.7
Median (Range)  56.5 (33-68) 43 (20-68)  61.5(43-94) 66 (48-78)
Menopause (%0) 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 14.2+1.3 7.2+1.5 9.0+£1.9
(4-14) (6-21) (4-12) (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. ERa and IRS-1

were analyzed by immunohistochemical (IHC) staining using 3um-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% H,0,, 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. ERa was detected using ERa. 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 4ug/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
ERa 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 ERa-negative (less than 5% of epithelial cells
exhibiting ERa expression) and ERa-positive (5% or more of cells with ERa). 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
ERa in normal, benign and tumor samples was reported as mean, standard error (+SE),
median value and range. The relationship between nuclear IRS-1 and ERa was analyzed by

linear regression and the statistical significance was evaluated by the Pearson correlation test.
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The distribution of ERa and nuclear IRS-1 in respect to tumor size, grade, and lymph node
involvement are reported in scatterplots. The correlations between nuclear IRS-1, ERa,
cytoplasmatic IRS-1 and selected clinicopathologic features were examined with the Pearson
correlation test.

The value of nuclear ERa 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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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 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 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 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 ERa. At these time
points, nuclear colocalization of ERa and IRS-1 was detectable in ~25% 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 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 ERa and

IRS-1 negative but express IRS-2 (Figure 1, inset). BT-20 cells were treated for 24 and 48 h
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with E2 and subjected to the same staining protocol as described for MCF-7 cells. Both IRS-1

and ERa were undetectable in BT-20 cells (Figure 1).
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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 (IRS ER, 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.

The localization of ERa 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, 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 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).
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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, ~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 pg 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
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 pg) 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 50 ug portion of nuclear proteins was run in parallel.

Confocal microscopy results suggested nuclear colocalization of IRS-1 and ERa To confirm
this observation, 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 immunoprecipitates in
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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 ERo under E2 treatment (data
not shown). Comparison of ERa content in total nuclear proteins vs IRS-1-associated proteins
suggested that only a fraction (~10%) 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).
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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)

First, we tested the dynamics of ERa 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- 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

17



Results

occupancy on the pS2 promoter at all time points. The association of ERa 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 ERo multicomplex 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-ChlIPs 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 transcriptional complexes in MCF-7 cells stimulated with E2 for 24 h. Figure
4 illustrates pS2 promoter occupancy by two proteins known to regulate ERca-dependent
transcription, 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 (Metivier 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).
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Figure 4. Association of the ERo: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)ERo:IRS-1
direct and reverse Re-ChIPs, and (d) SRC-1 and
pol IT 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 preparations
(c). ChIP with nonimmune IgG was used as a
control (IP: 1gG).

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 downregulation of

ERa 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 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).
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Figure 5. Effects of ERa downregulation on
c-Jun em e nuclear translocation of IRS-1. MCF-7 cells
synchronized in SFM were pretreated with 10 nM
b ICI 182,780 for 6 h, and then stimulated with 10
IRS+ER nM E2 for 24 h or left untreated in SFM (a). The

levels of IRS-1 (IRS) and ERa (ER) were
detected in 50 pg 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 50 pm
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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 ERa 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 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 ERo—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
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promoter was studied in both cell lines by ChIP assays. In MDAMB-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).
i ChlP: MDA-MB-231
IP: ER IF: IRS
pS2 ERE
EZ2 . + - + - +
ChiP- MDA-MB-231/ER Figure 6. Recruitment of ERa and IRS-1 to the pS2
- _ » gene promoter in MDA-MB-231 and MDA-MB-
input IP: ER IP:IRS  231/ER cells. MDA-MB-231 and MDA-MB-231/ER
pS2 ERE cells were stimulated with E2 for 24 h or were left
untreated in SFM. The presence of ERa and IRS-1 on
E2 . 1 . " - & the pS2 promoter (pS2 ERE) was detected by ChIP

assays, as described in Materials and methods

IRS-1 modulates ERea 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, transactivation 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).
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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), ERE + plasmid pHEGO encoding ERa.
(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. ERa and IRS-1 expression in transfected
cells was detected by WB in 50 pg 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 ERa
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 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 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 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 expression
was similar in the ‘ER’ and ‘ER+IRS’ populations, ruling out the possibility that differences
in pS2 transcription were related to unequal ERa expression (Figure 7b).

Nuclear IRS-land ERa 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). ERa was expressed in 11 of 14 samples at the
median frequency 30% (Fig. 8A, B and Tab. 2). In 9 of 11 ERa-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 ERa. (Tab. 2 and data not shown).

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

IRS-1 (21%), while the levels of ERa were similar (23%). Nuclear IRS-1 was found in 16 of
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19 ERa-positive specimens, but was not present in any of ERa-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 ERa staining was revealed in any of the specimens (Fig. 8A).

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

Normal Epithelium

Benign Tumors

ERa. IRS-1 ERo. IRS-1
MeantSE 302468  2.130.6  26%42  22.945.4
Median (Range) 30 (7-60) 1.8 (0-6)  23(5-70) 21 (0-60)
Ductal G2+G3 G2 G3
Carcinoma ERo. IRS-1 ERa IRS-1 ERa IRS-1
Mean+SE 5848.1 25.146.7 725564 31387 217484  9.5432
Median (Range)  65(5-92)  12.5(0-72)  81(30-92)  21(5-72) 21 (5-40) 12(0-14)
Lobular G2+G3 G2 G3
Carcinoma ERa IRS-1 ERa, IRS-1 ERa IRS-1
MeantSE 66.8482  37.749.1  79.546.8  40+16.8 50£11.5 34.61.4
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 ERa in ERa-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. ERa and IRS-1 expression in normal mammary epithelium, benign breast tumors and breast cancers.
The expression of ERa (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 ERa-positive carcinoma (E, F); ERa-

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 ERa-positive and ERa-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 ERa 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 ERa, while 4 were ERa-negative. Thirteen of G2 ductal carcinomas and 5 of G3
were positive for both IRS-1 and ERa. In 2 of 38 specimens, ERa 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 ERa-positive.
In G2 lobular carcinomas, 6 of 10 (median 40%) displayed nuclear IRS-1 staining; all these
samples were ERa-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 ERa (median 35%). In 5 of 16
specimens, nuclear IRS-1 was found in the absence of ERa. ERa 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 ERa and IRS-staining comparable to that of the normal
samples.

Correlation between nuclear IRS-1and ERa in breast cancer, benign tumors, and normal
mammary epithelium

A very strong positive correlation (p<0.001) between nuclear IRS-1 and ERa 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 ERa in normal tissues (p=0.28) and lobular breast cancer (p=0.24) (Fig. 9).
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Figure 9. Correlations between nuclear IRS-1 and ERa in normal breast tissues, benign breast tumors and breast
cancers. Associations between nuclear IRS-1 and ERa 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 ERe« are correlated with some clinicopathological features in invasive
ductal carcinomas
The distribution of nuclear ERa and nuclear IRS-1 was analyzed with respect to tumor grade,

tumor size, lymph node involvement, and proliferation index (Fig. 10).
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Figure 10. Distribution of nuclear IRS-1 and ERa in ductal and lobular breast cancers. Distributions of nuclear

IRS-1 (%) and ERa (%) 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 ERa 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 ERa 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 ERa
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 ERa 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, ERa and selected clinicopathological tumor

features.

Ductal Carcinoma Lobular Carcinoma
ERa IRS-1 ERa IRS-1
G r  .0573 -0.511 -0.563 0.029
P 0.0015 0.0057 0.065 0.94
T r.0.393 -0.382 -0.326 0.153
p P 0.039 0.044 0.310 0.633
N r .0.381 -0.454 -0.082 0.122
p P 0.044 0.015 0.797 0.714
. r 0591 -0.538 -0.329 -0.016
Ki67 P 00001 0.003 0.31 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 ERa 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 ERa indicated
that both nuclear IRS-1 and ERa are good markers for tumor grading in invasive ductal
carcinomas, while in lobular carcinomas only ERa could be considered a marker for grading
(Tab. 4 and Fig. 11).

Neither ERa 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 ERa was not
related to patient’s age and menopausal status in cancer, benign and normal samples (data not

shown).
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Figure 11. Value of nuclear IRS-1 and ERa as diagnostic markers of tumor grading. Graphic evaluation of ERa.
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. ERa,, solid line; nuclear IRS-1, dotted line.
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Table 4. Association between nuclear IRS-1, ERa and tumor grade.

ROC analysis for tumor grade

Diagnostic Marker AUC estimate  Areaunder the  Mann-Whitney
(95% CI) ROC curve test (p value)
Ductal Carcinoma
ERa 71.4 (41.9-91.4) 0.809 0.001
IRS-1 78.6 (49.2-95.1) 0.778 0.001
Lobular Carcinoma
ERa 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 ERa 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  Normal Benign Ductal Lobular
(% of Cases in Class)
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 ERa. 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 ERa,, while higher IRS-1 levels were not linked to ERa. 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 ERa-positive tumors.

Ductal Lobular
0 1+ 2+ 3+ 0+ 1+ 2+ 3+
ERa o 0.978 0.637 0.987 ) i 0.198 -0.029
p 0.025 0.019 0.013 0.671 0.970
s "l . 0.375 -0.082  -0.962 ) i 0.204 -0.376
p 0.625 0.790 0.037 0.661 0.624
oT o 0.973 0.553  -0.577 ) i 0.009 -0.225
p 0.026 0.050 0.423 0.984 0.775
oN o 0.00 0.301 ) ) i -0.069 i
p 1.00 0.318 0.883
kism | - 0.724  -0.241  -0.905 ) i -0.223 0.978
p 0.276 0.428 0.095 0.631 0.022

The associations between cytoplasmatic IRS-1 and ERa positivity (ERa), 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 ERa 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 ERo 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 ERo/IGF-I crosstalk involving nuclear ERo/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 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; 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 ERa was down-regulated by ICI
(Figure 5) and did not occur in MDA-MB-231 cells that are ERa—negative but express ERf3
(Vladusic et al., 2000) (Figure 6). However, re-expression 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 ERo: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(~10% 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,
~30% of ERa colocalized with IRS-1. Because only a fraction of ERa associates with IRS-1,
it is understandable that nuclear accumulation 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 ~72 h, while ERa 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 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 interferes 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 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 ERa and associate with a more differentiated phenotype or be independent

from ERa 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 THC, we
assessed cytoplasmic and nuclear IRS-1 abundance and examined its association with other
markers and features, especially ERa.

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 ERo 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 ERa noted in less invasive breast cancer cell

lines (Surmacz and Bartucci, 2004). In other studies ERa 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 ERa-
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 ERa-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 ERa-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 ERa expression and
might serve as an additional clinical breast cancer marker. As expected, ERa levels were
similar in normal and benign tumors and strongly increased in moderately differentiated (G2)
cancers. ERa expression was downregulated in poorly differentiated (G3) ductal cancers but
not in G3 lobular cancers, confirming the value of ERa 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 ERa 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
ERa 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 ERa are both highly reliable as diagnostic markers
of differentiation grade.

In summary, our data suggest that IRS-1 can interact with ERa in the nucleus of breast
cancer cells and modulate ERa 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 ERa in lobular cancer might suggest that in this setting IGF-I and ERa
systems are not tightly linked, similar to the situation seen in benign tumors. We postulate

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

Aims: Insulin receptor substrate 1 (IRS-1), a cytoplasmic protein transmitting signals from the insulin
and insulin-like growth factor 1 receptors, has been implicated in breast cancer. Previoudy, we
reported that IRS-1 can be translocated to the nucleus and modulate estrogen receptor o (ERo) 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 ERo. Paralel studies were done for
cytoplasmatic IRS-1.

Methods: IRS-1 and ERo 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 ERa 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 ERo
positively correlated in ductal cancer (p<0.001) and benign tumors (p< 0.01), but were not associated
in lobular cancer and norma mammary epithelium. In ductal carcinoma, both nuclear IRS-1 and ERo
negatively correlated with tumor grade, size, mitotic index, and lymph node involvement. Cytoplasmic
IRS-1 was expressed in all specimens and positively correlated with ERoc in ductal cancer.
Conclusions: A positive association between nuclear IRS-1 and ERa is a characteristic for ductal
breast cancer and marks a more differentiated, non-metastatic phenotype.

Take-home messages

1. Thisisthefirst report examining the expression of nuclear IRS-1 in normal mammary tissue,

benign breast tumors and breast cancer in relation to ERo and clinicopathological features.



. Nuclear IRS-1 ismore prevalent in cancer specimens than in normal mammary tissues.

. Nuclear IRS-1 and ERo. negatively correlated with tumor grade, size, mitotic index, and lymph
node involvement.

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

and marks a more differentiated, non-metastatic phenotype.



I ntroduction

Recent experimental and clinical evidence suggests the involvement of the insulin-like growth
factor | (IGF-1) receptor (IGF-IR) in breast cancer development and progression “°. The tumorigenic
action of IGF-IR is executed through multiple antiapoptotic, growth promoting, and/or pro-metastatic
pathways >°. Many of these pathways stem from IRS-1, a major IGF-I signaing 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-1 signal through the PI-3K/Akt, Ras/Raf/ERK 1/2, Jak2/Stat3 and other pathways **2,

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 ***°. In breast cancer cell lines, IRS-1 appears to be expressed at
higher levels in ERo-positive than in ERo-negative cells and there is evidence supporting the
existence of a crosstalk between IRS-1 and ERo. systems *#° %8 Overexpression of IRS-1 in MCF-7
ERo-positive cells has been shown to induce estrogen-independence and mediate antiestrogen-
resistance %, High expression of IRS-1 can be in part attributed to ERo activity, as 17B-estradiol
(E2) can upregulate IRS-1 expression and function **# %, while antiestrogens reduce IRS-1 mRNA
and protein levels and inhibit IRS-1 signaling *° %23, In addition, ERa. can directly interact with IRS-1,
increasing its stability and potentiating its downstream signaling to Akt 2*. Notably, increased activity
of IRS-1 is likely to modulate ERa., via ERK1/2- and Akt-mediated phosphorylation of ERo on Ser-
118 and Ser-167, respectively %

Recent reports suggested that in addition to its cytoplasmic signaling function, IRS-1 is able to
regulate nuclear processes in different cell models 2%, For instance, in mouse fibroblasts treated with

IGF-I, a fraction of IRS1 is translocated from the cytoplasm to the nuclear and nucleolar



compartments where it modulates the expression of genes controlling cell proliferation (i.e., Cyclin
D1) and cell growth in size (i.e., rDNA) by physicaly interacting with transcriptional complexes of 3-
catenin and upstream binding factor 1 (UBF1), respectively ***. 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 ERo. modulating its transcriptional activity at estrogen
response element (ERE) DNA motifs **. The exact mechanism of nuclear IRS-1 transport is not clear,
but most likely it involves other proteins containing nuclear localization signals (ERo, 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 23+
% In one study, cytoplasmatic IRS-1 has been reported to correlate with poorly differentiated breast
tumor phenotype (G3) and lymph node involvement *. Another study correlated IRS-1 with shorter
disease-free survival in patients with smaller tumors 2. In contrast, Schnarr et al. found that IRS-1
marks a more differentiated phenotype and better prognosis **. Furthermore, one study examining
cancer and normal specimens reported similar IRS-1 tyrosine phosphorylation in all tissues %, while
other analysis found decreased IRS-1 levels in poorly differentiated cancers relative to normal tissue
and benign tumors *,

Regarding nuclear IRS-1, its presence in breast cancer specimens has been noted by Schnarr et
a. * and Koda et a. ®, but any association with the disease has never been formally addressed.
Conseguently, we examined the expression of nuclear IRS-1 in normal mammary tissue, benign breast
tumors and breast cancer in relation to ERa and clinicopathological features. Parallel studies were

done for cytoplasmatic IRS-1.



Materialsand 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 <6cm; 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 tissuesand cancers

Sample char acteristics

Cancers Controls
Total specimens 60 34
Ductal carcinoma 38
Lobular carcinoma 22
Benign tumors 19
Macromasty 14
Patient Age
Nor mal Benign Ductal L obular
M ean+SE 53.6+£3.3 45.4+3.1 62.9t2.4 64.5£2.7
M edian (Range) 56.5(33-68) 43(20-68) 61.5(43-94) 66 (48-78)
M enopause (%) 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+09 14.2+41.3 7.2£15 9.0+1.9
(4-14) (6-21) (4-12) (3-15)

The age of patientsin each group is given as mean value + SE with median age (range) for each

population. The percentage of postmenopausal patientsisindicated in each group. Therangeis



reported for tumor size (pT), and lymph node involvement (pN); median frequency of expression +SE

(range) is shown for Ki67.

I mmunohistochemistry 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. ERa and IRS-1 were analyzed by immunohistochemical
(IHC) staining using 3um-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.
I mmunohistochemistry

Endogenous peroxidase was removed with 3% H,O,; nonspecific binding was blocked by
incubating the dlides for 30 min with 1.5% BSA in PBS. Next, the sections were incubated with the
primary antibodies (Abs) for 1h at room temperature. ERo. was detected using ERo. mouse monoclonal
Ab (mADb) (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 4ug/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 ERa 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 ERa-negative (less than 5% of epithelial cells
exhibiting ERo. expression) and ERo-positive (5% or more of cells with ERa). 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.
Confocal microscopy

Tissues sections were incubated for 30 min with 3% BSA in PBS to avoid nonspecific bindin,
then for 1 h with amixture of primary Abs (pAbs) recognizing IRS-1 and ERo..
The anti-IRS-1 pAb (UBI) at 4 ug/ml was used for IRS-1 staining; anti-ERa F-10 monoclonal Ab
(mAb) (Santa Cruz) at 2 ug/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
rhodamine-conjugated donkey anti-mouse 1gG (Calbiochem) was used as a secondary Ab for ERa and
a fluorescein-conjugated donkey anti-rabbit 1gG (Calbiochem) was used for IRS-1. The cdlular
localization of IRS-1 and ERa 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 ERo in normal, benign and tumor samples was
reported as mean, standard error (£SE), median value and range. The relationship between nuclear IRS-
1 and ERo was analyzed by linear regression and the statistical significance was evaluated by the
Pearson correlation test. The distribution of ERa. and nuclear IRS-1 in respect to tumor size, grade, and

lymph node involvement are reported in scatterplots. The correlations between nuclear IRS-1, ERa,



cytoplasmatic IRS-1 and selected clinicopathologic features were examined with the Pearson
correlation test.

The value of nuclear ERa 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 ¥,
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).

Results
Nuclear IRS-1and ERa 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). ERo was expressed in 11 of 14 samples; the median frequency of ERa in al samples
was 10.5% (Fig. 1A, B and Tab. 2). Nuclear IRS-1 was found in 9 of 11 ERo-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 ERa. (data not shown).

Compared with normal epithelium, benign tumors expressed higher median levels of nuclear
IRS-1 (20.5%) and ERo (20.5.0%) (Tab. 2). Nuclear IRS-1 was found in 16 of 19 ERa-positive
specimens, but was not present in any of ERo-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 ERa. staining was
revealed in any of the specimens (Fig. 1A). The co-localization of nuclear IRS-1 and ERo was

determined by confocal microscopy (Fig. 2).



Table 2. Descriptive statistics of nuclear IRS-1 and ERa. in all samples.

Normal Epithelium Benign Tumors
ERa IRS-1 ERa IRS-1
MeantSE 21.746.1 2.3+0.6 23.4+4.2 2345

Median (Range)  10.5 (0-60) 1.6 (0-7) 20.5(0-70)  20.5 (0-60)

Ductal G2 G3
Carcinoma ER« IRS-1 ERa IRS-1
Mean+SE 51.8+10.1 23.447.1 6.213.4 41418
Median (Range) 65 (0-92) 11 (0-72) 0 (0-40) 0 (0-20)
L obular G2 G3
Carcinoma ERa IRS-1 ERo IRS-1
Mean+SE 64.8+11.3 3249.7 26.7+8.9 30.744.7
Median (Range) 80 (0-90) 35 (0-80) 15 (0-80) 335 (0-52)

The mean (£SE) expression with median (range) values for nuclear IRS-1 and ERo in all specimens
(ERo-positive and ERa-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-1in all samples

Cytoplasmic IRS-1 Expression (% of Casesin Class)

Class Nor mal Benign Ductal L obular
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 ERa-positive and ERa-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%. ERa 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
ERo, while 4 were ERo-negative. Thirteen of G2 ductal carcinomas and 5 of G3 cancers were positive
for both IRS-1 and ERa. In 2 of 38 specimens, ERo 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 ERa-positive. Within G2 lobular
carcinomas, 6 of 10 specimens displayed nuclear IRS-1 at the median level 35.0%; all these samples
expressed ERoa 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 ERo. (median 15.0%). In 5 of 16
lobular cancers, nuclear IRS-1 was found in the absence of ERa. (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 ERo and IRS-staining comparable to that of the normal samples.

Correlation between nuclear IRS-1and ERe« in breast cancer, benign tumors, and normal mammary
epithelium.

A very strong positive correlation (p<0.001) between nuclear IRS-1 and ERo 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 ERa in
normal tissues (p=0.28) and lobular breast cancer (p=0.24) (Fig. 4).

Nuclear IRS-1 and ERe are correlated with some clinicopathological features in invasive ductal

carcinomas.
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The distribution of nuclear ERa 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 ERo 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 ERo 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 ERo. 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 ERo. 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 ERa. 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 ERo. indicated that both
nuclear IRS-1 and ERo are good markers for tumor grading in invasive ductal carcinomas, while in
lobular carcinomas only ERo could be considered a marker for grading (Tab. 5 and Fig. 5).

Neither ERo 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 ERo was not related to patient’s

age and menopausal statusin cancer, benign and normal samples (data not shown).

Table 4. Correlation between nuclear IRS-1, ERa and selected clinicopathological tumor features.
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Ductal Carcinoma Lobular Carcinoma

ERo. IRS-1 ERo. IRS-1
G r 0573 -0511 -0.563 0.029
P 00015 0.0057 0.065 0.94
T r .0.393 -0.382 -0.326 0.153
P P 0039 0.044 0.310 0.633
N r 0381 -0.454 -0.082 -0.122
P P 00M 0.015 0.797 0.714
Ki67 r .0591 -0.538 -0.329 -0.016
P 0.0001 0.003 0.31 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, satistical significance. The statistically significant

correlations are bolded.

Table5. Association between nuclear IRS-1, ERa and tumor grade.

ROC analysisfor tumor grade

Diagnostic Mar ker AUC estimate  Areaunder the ~ Mann-Whitney
(95% CI) ROC curve test (p value)
Ductal Carcinoma
ERo 71.4 (41.9-91.4) 0.809 0.001
IRS-1 78.6 (49.2-95.1) 0.778 0.001
Lobular Carcinoma
ERo 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 ERa
to discriminate between G2 and G3 tumors. AUC estimate reports the confidence interval's 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 ERa.. 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).

13



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 ERa,
while higher IRS-1 levels were not linked to ERa.. 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 statusin all analyzed material (data not shown).

Table 6. Correlations between cytoplasmatic IRS-1 and selected clinicopathological featuresin
ERao-positive tumors.

Ductal L obular
0 1+ 2+ 3+ o+ 1+ 2+ 3+
ERa r i 0.978 0.637 0.987 i i 0.198 -0.029
P 0.025 0.019 0.013 0.671 0.970
c i 0375 -0.082 -0.962 i i 0.204 -0.376
p 0.625 0.790 0.037 0.661 0.624
. i 0.973 0553 -0.577 i i 0.009 -0.225
P p 0.026 0.050 0.423 0.984 0.775
oN r i 0.00 0.301 i i ) -0.069 )
P 1.00 0.318 0.883
igz | i 0.724  -0.241 -0.905 i i -0.223 0.978
P 0.276 0.428 0.095 0.631 0.022

The associ ations between cytoplasmatic IRS-1 and ERa. positivity (ERa), 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 valueis dueto either
the absence of samplesin 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 ERo. and IGF-I systems 944 However, while ERo: 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 1GF-
IR compared with non-cancer mammary epithelium, however this feature has been associated with
either favorable or unfavorable breast cancer prognosis *“*>3. 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 *2**®. Moreover,
cytoplasmatic IRS-1 has been found either to correlate with ERo. and associate with a more
differentiated phenotype or be independent from ERow and associated with a more aggressive phenotype
16344152 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
ERa., 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 **. Similarly, Finlayson et al. found no difference of IRS-1
phosphorylation in homogenates of normal and breast cancer tissues *. On the other hand, other groups
reported low IRS-1 expression in normal tissue and overexpression in poorly differentiated tumors 8%
8 In agreement with Schnarr et al. we found a positive association between cytoplasmatic IRS-1 and

ERo and a negative correlation between high expression of IRS-1 and tumor grade in ductal

carcinomas. This observation is also consstent with coexpression of IRS-1 and ERo noted in less
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invasive breast cancer cell lines °. In other studies ERo. and IRS-1 were not positively correlated in
primary tumors . 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 partialy 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 *. Our results also suggested a positive correlation between cytoplasmatic IRS-1 (weak to
moderate) and tumor size in ERo-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 ERo-
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 ERo-positive primary tumors ***. 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 ERo. expression and might
serve as an additional clinical breast cancer marker. As expected, ERo. levels were low in normal
mammary epithelium, higher in benign tumors, and strongly increased in moderately differentiated
(G2) cancers. ERa. expression was downregulated in poorly differentiated (G3) ductal cancers but not
in G3 lobular cancers, confirming the value of ERo as a marker of differentiation in ductal carcinoma
%6 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 ERa..
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In lobular cancer, the levels of nuclear IRS-1 were relatively high in both G2 and G3 tumors
(~30%) and were not related to the abundance of ERa. Indeed, statistical analysis of data confirmed a
very strong correlation between nuclear IRS-1 and ERo in ductal, but not lobular, cancers.
Importantly, in ductal, but again not in lobular cancers, both nuclear IRS-1 and ERco. 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 ERq, 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 ERa in lobular
cancer and benign tumors, might suggest that, in this settings, IGF-I and ERo. systems are not tightly

linked.
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FigureLegends

Fig. 1. ERa and IRS-1 expression in normal mammary epithelium, benign breast tumorsand

breast cancers.

The expression of ERa (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 ERo-positive

carcinoma (E, F); ERa-postive lobular breast cancer (G, H). Negative control; IHC of lobular

carcinomas with primary Abs substituted with PBS. Higher magnification of specific areas is reported

asinset in the original images.
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Fig. 2. Subcdlular localization of IRS-1 and ERa in breast tumors.

The localization of IRS-1 and ERa in ductal cancers was analyzed by immunostaining and
confocal microscopy as detailed in Materials and methods. The captured images of IRS-1 (green
fluorescence), ERo. (red fluorescence) and merged IRS-1 and ERa (yellow fluorescence) are shown in
arepresentative ductal cancer tissue section.

Fig. 3. Corréations between nuclear IRS-1 and ERa in normal breast tissues, benign breast
tumor s and breast cancers.

Associations between nuclear IRS-1 and ERa 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 ERa in ductal and lobular breast cancers.
Distributions of nuclear IRS-1 (%) and ERa (%) 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 ERa as diagnostic mar ker s of tumor grading.

Graphic evaluation of ERo 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. ERa, solid line;

nuclear IRS-1, dotted line.
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ABSTRACT
The aim of the present study was to provide new mechanistic insight into the growth arrest and
apoptosis elicited by Peroxisome proliferator-activated receptor (PPAR) y in breast cancer cells.
We ascertained that PPARy mediates the inhibition of cycle progression in MCF7 cells exerted by
the specific PPARy agonist rosiglitazone (BRL), since this response was no longer notable in
presence of the receptor antagonist GW9662 (GW). We also evidenced that BRL is able to up-
regulate in a time- and dose-dependent manner mRNA and protein levels of the tumor suppressor

gene p53 and its effector p21"AFVCP!

. Moreover, in transfection experiments with deletion mutants
of the p53 gene promoter, we documented that the Nuclear Factor kB (NFkB) sequence is required
for the transcriptional response to BRL. Interestingly, electrophoretic mobility shift assay showed
that PPARYy binds directly to the NFkB site located in the promoter region of pS3 and chromatin
immunoprecipitation experiments demonstrated that BRL increases the recruitment of PPARy on
the p53 promoter sequence. Next, both PPARy and p53 were involved in the cleavage of caspases-
9 and DNA fragmentation induced by BRL, given that GW and an expression vector for p53
antisense blunted these effects. Our findings evidenced that the PPARy agonist BRL promotes the
growth arrest and apoptosis in MCF7 cells, at least in part, through a crosstalk between p53 and

PPARY which may be considered an additional target for novel therapeutic interventions in breast

cancer patients.
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INTRODUCTION

Peroxisome proliferator-activated receptor y (PPARYy) is a prototypical member of the
nuclear receptor superfamily and integrates the control of energy, lipid, and glucose homeostasis (1-
4). PPARY regulates differentiation and induces cell growth arrest and apoptosis in a large variety of
cells (5 and references therein), including both primary and metastatic breast malignancy (6-7).
However, the molecular mechanisms involved in the inhibitory effects mediated by PPARy remain
to be elucidated.

It is well known that the pS3 tumor suppressor gene regulates the transcription of effectors
that are also responsible for growth arrest and apoptosis (reviewed in reference 8). Among the p53
target genes, the p21WAFl/ P! has been recognized to exert an essential role in mediating cell cycle
arrest at both G1 and G2/M checkpoints (9-11). p21VAFYSP inhibits cyclin D1 or E/CDK in G1 and
cyclin B/cde2 in G2/M arrest, eliciting regulatory effects on DNA replication and repair (12).
Moreover, it has been reported that pS3 is able to promote apoptosis in certain cell types in a
transcription independent manner (13).

The function of p53 as a tumor suppressor is finely tuned through an interaction with other
transduction pathways regulating the cell network (14-18). For instance, a striking evidence has
recently emerged for a crosstalk between p53 and relevant transcription factors, such as the
glucocorticoid, androgen and estrogen receptors (19). It was therefore proved that these nuclear
receptors are able to induce a cytosolic accumulation of p53, altering its stability and, consequently,
its function (19).

In the present study, we provide new insight into the molecular mechanisms by which the
specific PPARy ligand rosiglitazone (BRL) induces the growth arrest and apoptosis in MCF7
human breast cancer cells. Performing a panel of different assays, we have demonstrated that the

biological effects of BRL are triggered, at least in part, by PPARYy binding to the Nuclear Factor kB
3



1 sequence located within the p53 promoter region. Our findings have evidenced a crosstalk between
2 p53 and PPARY which assumes a biological relevance in order to suggest new pharmacological

3 strategies in breast cancer.
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RESULTS

BRL induces Gy/G| cycle arrest in MCF7 cells

On the basis of our (20) and other (21-22) studies demonstrating the inhibitory effects of the
PPARy-agonists on proliferation of breast cancer cells, we first investigated the activity of BRL on
MCEFT7 cell cycle progression. A 48-h exposure to BRL caused in a dose-dependent manner the
inhibition of GO-G1—S phase progression with concomitant decrease in the proportion of cells
entering in S phase (TAB. 1). Of note, this effect was mediated by PPARY, since it was no longer
notable in presence of the specific antagonist GW9662 (GW).

BRL up-regulates p53 and p21"""cr!

expression in MCF7 cells

Considering that the tumor suppressor gene p53 is mainly involved in the growth arrest
promoted by different factors, we aimed to examine the potential ability of PPARY to modulate the
expression of p53 along with its natural target gene pZIWAF” P! The mRNA (Fig. 1) and protein
(Fig. 2) levels of both p53 and p21™AF“™®! were up-regulated in a time- and dose-dependent
manner in MCF7 cells treated with BRL. These stimulations were abrogated by GW (figures 1 and
2) suggesting a direct involvement of PPARY.
BRL transactivates p53 gene promoter

The aforementioned observations prompted us to investigate whether PPARy is able to
transactivate an expression vector encoding p53 promoter gene. Thus, MCF7 cells were transiently
transfected with a luciferase reporter construct (named p53-1) containing the upstream region of the
pS53 gene spanning from —1800to +12 (Fig. 3A) and treated with increasing concentrations of BRL
for 24-h. Interestingly, the dose-dependent activation of p53-1 by BRL was reversed in presence of

GW indicating that a PPARy-mediated mechanism was involved in the transcriptional response to

BRL (Fig. 3B).
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To identify the region within the p53 promoter responsible for transactivation, we used deletion
constructs expressing different binding sites such as CTF-1/YY1, nuclear factor-Y (NF-Y) and
NFkB (Fig. 3A). In transfection experiments performed using the mutants p53-6 and p-53-13
encoding the regions from -106 to +12 and from -106 to -40, respectively, the responsiveness to
BRL was still observed, while using the mutant p53-14 encoding the sequence from -106 to -49 we
did not detect increase in luciferase activity (Fig. 3C). Consequently, the region from -49 to -40,
which corresponds to the NFkB site (Fig. 3A), was required for the transactivation of p53 by BRL.
PPARy binds to NFkB sequence in EMSA

In order to further evaluate whether the NFkB site is responsible for the action triggered by
BRL, we performed EMSA experiments. Using synthetic oligodeoxyribonucleotides corresponding
to the NFkB sequence, we observed in nuclear extracts from MCF7 cells the formation of a single
band (Fig. 4A, lane 1) which was abrogated by 100-fold molar excess of unlabeled probe (Fig. 4A,
lane 2), demonstrating the specificity of the DNA binding complex. Of note, BRL treatment
induced a strong increase in the specific band (Fig. 4A, lane 3), which was immunodepleted and
supershifted using anti-PPARy (Fig. 4A, lane 4) and anti-NFAB (Fig. 4A, lane 5) antibodies.
Interestingly, the PPARy transcribed and translated protein was able to bind to [*P]-NFkB
oligonucleotide (Fig. 4A, lane 6). The specificity of the band was proved by a 100-fold excess of
cold probe (Fig. 4A, lane 7) and confirmed by a consensus PPRE used as a cold competitor (Fig.
4A, lane 8). Besides, the immunodepleted band obtained using the anti-PPARY antibody (Fig. 4A,
lane 9), but not evidenced with the anti-NFkB antibody (Fig. 4A, lane 10), confirmed that PPARy
binds in a specific manner to the NFkB site present in the promoter of pS3. As next controls, we
used NFkB protein alone (Fig. 4B, lane 1) and in combination with either cold competitor (Fig. 4B,
lane 2) or the anti-NFkB antibody (Fig. 4B, lane 3).

Functional interaction of PPARy with p53 in ChIP assay
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The interaction of PPARYy with p53 was further elucidated by ChIP experiments. MCF7 cells
were treated with formaldehyde to form DNA-protein cross-links and then sonicated. Thereafter,
using anti-PPARy, anti-NFkB and anti-RNA Pol II antibodies we immunoprecipitated the
complexes and the binding of PPARY, NFkB and, respectively RNA Pol II, respectively, to the
NFkB site within the pS3 promoter was revealed by PCR. As shown in panel A of figure 5, BRL
increased the recruitment of PPARY to the promoter of p53. The BRL-induced effect was slightly
reduced by TGFp, but not altered in presence of the specific inhibitor of NFkB parthenolide (P) (23)
(Fig. 5A). As it concerns the recruitment of NFAB to p53, evaluated using the anti-NFkB antibody,
TGFp enhanced such interaction which was abolished by P (Fig.5A). Moreover, P was able to
prevent the binding of RNA Pol II to p53 induced by TGFJ3, but not that determined by BRL (Fig.
SA). These findings confirmed the ability of PPARY to stimulate the transcription of pS3 in a NFkB
independent manner (Fig. SA). Next, the anti-PPARy antibody did not immunoprecipitate a region
upstream the NFkB site located within the p53 promoter gene (Fig. 5B).

BRL induces caspase-9 cleavage and DNA fragmentation in MCF7 cells

Having demonstrated that PPARy mediates p53 expression induced by BRL, we investigated
the cleavage of caspase 9, which is an important component of the intrinsic apoptotic process (24).
Notably, the treatment of MCF7 cells with BRL for 48-h promoted the caspase-9 activation which
was prevented by GW and in presence of an expression vector encoding p53 antisense (AS/p53)
(Fig. 6A), which abolished p53 expression (Fig. 6B). On the contrary, the effect of BRL on the
cleavage of caspase 9 was still notable using the NFkB inhibitor P (Fig. 6A), which abrogating the
NFkB protein levels (Fig. 6C) excluded the contribution of such factor in the action elicited by

BRL.



As evidenced in DNA fragmentation assay, PPARy was also involved in the apoptotic
process triggered by BRL since this effect was completely and partially reversed by GW and the
AS/p53, respectively (Fig. 6D). Again, P did not modify the activity of BRL (Fig. 6D). Taken
together, these results indicate that, at least in part, a crosstalk between PPARy and p53 may be

responsible for the growth arrest and apoptosis induced by BRL in MCF7 cells.
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DISCUSSION

In recent years, a great deal of attention focused on the antiproliferative effects of PPARYy in
a variety of cancer cell types. Treatments with PPARy ligands have been demonstrated to induce
cell cycle arrest and apoptosis in different cancer models (6-7, 25). Besides, an interaction between
PPARYy and p53 was hypothesized but not clarified at molecular level in cholangiocarcinoma (26),
in human gastric cancer cells (27) and even in rat vascular smooth muscle cells (28). In addition,
from our and other studies emerged the ability of PPARY to up-regulate the expression of the tumor
suppressor gene PTEN which is required for both a negative modulation of PI3K/Akt-dependent
cell proliferation (20, 29-30) and a p53-mediated regulation of cell survival and apoptosis (31).
Consequently, PPARy and p53 may converge in a tumor suppressor activity which remains to be
further elucidated.

In order to provide new insight into the inhibitory action exerted by the cognate PPARY-
ligand BRL, we first demonstrated that PPARYy mediates the growth arrest in GO-G1 phase induced
by BRL in MCF7 cells. Besides, considering the key role elicited by p53 in the growth inhibition
and apoptosis (14, 17), we have evaluated whether PPARY signalling converges on p53 transduction
pathway in MCF7 cells. Of interest, we found that BRL exposure up-regulates both p53 mRNA and
protein levels with a concomitant increase of p21“*F/“P! expression. These effects were abrogated
in presence of the specific antagonist GW, addressing a PPARy-mediated mechanism. Therefore,
investigating the potential ability of BRL to modulate p53 promoter gene, we performed transient
transfections in MCF7 cells using diverse deletion mutants of p53 promoter gene (32). The dose-
dependent transactivation of p53 by BRL involved directly PPARY since the transcriptional activity
was prevented by GW treatment. Moreover, we documented that the region spanning from -49 to -

40, which corresponds to the NFAB site, is required for the responsiveness to BRL.
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It deserves to be mentioned that the transcription factor NFkB can regulate both pro- and
antiapoptotic signalling pathways depending on cell type, the extent of NFkB activation and the
nature of the apoptotic stimuli (33). NFkB was reported to physically interact with PPARYy (34),
which in some circumstances binds to DNA cooperatively with NFkB (35-36), further enhancing
the NFkB-DNA binding (37). Besides, PPARYy agonists were able to enhance the binding of NFkB
to the upstream kB regulatory element site of c-myc (38). Our EMSA experiments extended the
aforementioned observations since nuclear extracts of MCF7 cells treated with BRL showed an
increased binding to the NFkB sequence located in the p53 promoter region. Given that the anti-
PPARY and anti-NFkB antibodies were both able to induce shifted bands, we performed an EMSA
study using a cell free system to ascertain the potential direct interaction of PPARy with NFkB site.
Interestingly, we observed the formation of a single DNA-binding complex which was again shifted
by the anti-PPARy antibody. These findings were supported by ChIP assay in MCF7 cells
demonstrating the ability of BRL to enhance the recruitment of PPARy and RNA Pol 1II to the
promoter of p53 even in presence of the NFkB inhibitor P. Overall, these data indicate that the
PPARy-mediated growth arrest upon addition of BRL in MCF7 cells involves, at least in part, the
direct stimulation of p53 transcription.

pS3 acts as a tumor suppressor depending on its physical and functional interaction with
diverse cellular proteins (39), like some nuclear receptors that in turn exert an inhibitory activity on
pS3 biological outcomes (19). In Supplemental Data we show an evident co-immunoprecipitation
and co-localization of PPARY and p53 after BRL treatment. However, additional experiments are
required to better characterize such interaction and its functional consequences.

A large body of evidence has suggested the straightforward role of p53 signalling in the
apoptotic cascades which include the activation of caspases, a family of cytoplasmic cysteine

proteases (40). The intrinsic apoptotic pathway involves a mitochondria-dependent process, which
10
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results in cytochrome c release and, thereafter, activation of caspase-9 (24). Besides, apoptosis is
characterized by distinct morphological changes including the internucleosomal cleavage of DNA,
which is recognized as a ‘DNA ladder’ (24 and references therein). Notably, we evidenced that in a
consecutive series of events BRL i) up-regulates the expression of p53 and ii) its effector
p2 1 WVARVERT 5y triggers the cleavage of caspases-9, and iv) induces DNA fragmentation in a
PPARy-mediated manner. Given the ability of AS/p53 to reduce the last two biological effects of
BRL, it may be argued an involvement of p53 in such PPARy-dependent activity. On the contrary,
the cleavage of caspase-9 and DNA fragmentation observed upon BRL treatment did not show
changes suppressing the NFkB at protein level with P, suggesting that this factor is not required for
the apoptotic events elicited by BRL.

In the present study we have provided new insight into the molecular mechanism through
which PPARy mediates the growth arrest and apoptosis induced by BRL in MCF7 cells. Our

findings suggest that a crosstalk between p53 and PPARy may assume biological relevance in

setting novel therapeutic interventions in breast cancer.
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MATERIALS AND METHODS

Reagents

Rosiglitazone, BRL49653, was a gift from GlaxoSmithKline (West Sussex, UK), the
irreversible PPARy-antagonist GW9662 was purchased by Sigma (Milan, Italy), human
recombinant TGF[} was obtained from ICN Biomedicals (DBA, Milan, Italy), and the Parthenolide
was purchased by Alexis (San Diego, CA USA).
Plasmids

The p53 promoter-luciferase reporters, constructed using pGL2 for cloning of p53-1 and -6,
and TpGL2 for p53-13 and -14 were kindly provided by Dr. Stephen H. Safe (Texas A&M
University, Texas, USA). The constructs used were generated by Safe (32) from the human p53
gene promoter: p53-1 (containing the -1800 to +12 region), p53-6 (containing the — 106 to +12
region), p53-13 (containing the — 106 to -40 region) and p53-14 (containing the — 106 to -49
region).

As an internal transfection control, we co-transfected the plasmid pRL-CMV (Promega
Corp., Milan, Italy) that expresses Renilla luciferase enzymatically distinguishable from firefly
luciferase by the strong cytomegalovirus enhancer/promoter. The p53 antisense plasmid (AS/p53)
and PPARYy expression plasmid were gifts from Dr. Moshe Oren (Weizmann Institute of Science,
Rehovot, Israel) and Dr. R. Evans (The Salk Institute, San Diego, CA, USA), respectively.
Cell cultures

Wild-type human breast cancer MCF7 cells (a gift from Dr. Ewa Surmacz, Sbarro Institute
for Cancer Research and Molecular Medicine, Philadelphia, USA) were grown in DMEM plus
glutamax containing 10 % fetal calf serum (FCS) (Invitrogen, Milan, Italy) and 1 mg/ml penicillin-

streptomycin.
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DNA Flow cytometry

MCEF7 cells at 50-60 % confluence were shifted to serum free medium (SFM) for 24 hours
and then treatments were added in SFM for 48 hours. Thereafter, cells were trypsinized, centrifuged
at 1500 rpm for 3 minutes, washed with PBS, and then treated with 20 pg/ml RNase A
(Calbiochem, La Jolla, CA). DNA was stained with 100 pg/ml propidium iodide for 30 minutes at
4°C protected from light, and cells were analyzed with the FACScan (Becton, Dickinson, NJ).
RT-PCR assay

MCEF7 cells were grown in 10-cm dishes to 70-80 % confluence and exposed to treatments
for 24 and 48 hours in SFM. Total cellular RNA was extracted using TRIZOL reagent (Invitrogen)
as suggested by the manufacturer. The purity and integrity were checked spectroscopically and by
gel electrophoresis before carrying out the analytical procedures. The evaluation of gene expression
was performed by semiquantitative RT-PCR method as previously described (41). For p53,
p21WVARVCEPT - and  the  internal  control  gene  36B4, the primers were: 5'-
GTGGAAGGAAATTTGCGTGT-3" (p53 forward) and 5’-CCAGTGTGATGATGGTGAGG-3’
(p53 reverse), 5’-GCTTCATGCCAGCTACTTCC-3’ (p21 forward) and 5’-
CTGTGCTCACTTCAGGGTCA-3" (p21 reverse), 5S’-CTCAACATCTCCCCCTTCTC-3 (36B4
forward) and 5’-CAAATCCCATATCCTCGTCC-3’ (36B4 reverse) to yield respectively products
of 190 bp with 18 cycles, 270 bp with 18 cycles and 408 bp with 12 cycles. The results obtained as
optical density arbitrary values were transformed to percentage of the control (percent control)
taking the samples from untreated cells as 100 %.
Transfection assay

MCEF7 cells were transferred into 24-well plates with 500 pl of regular growth medium/well
the day before transfection. The medium was replaced with SFM on the day of transfection, which

was performed using Fugene 6 reagent as recommended by the manufacturer (Roche Diagnostics,
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Mannheim, Germany) with a mixture containing 0.5 pg of promoter-luc reporter plasmid, 5 ng of
pRL-CMYV. After 24 hours transfection, treatments were added in SFM as indicated and cells were
incubated for further 24 hours. Firefly and Renilla luciferase activities were measured using the
Dual Luciferase Kit (Promega, Madison, WI). The firefly luciferase values of each sample were
normalized by Renilla luciferase activity and data were reported as Relative Light Units (RLU)
values.

MCEF7 cells plated into 10-cm dishes were transfected with 5 ug of AS/p53 using Fugene 6
reagent as recommended by the manufacturer (Roche Diagnostics, Mannheim, Germany). The
activity of AS/p53 was verified utilizing western blot to detect changes in p53 protein levels. Time
course analysis revealed that p53 levels were effectively suppressed at 18 hours after transfection
(data not shown). Empty vector was used to ensure that DNA concentrations were constant in each
transfection.

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear extracts from MCF7 cells were prepared as previously described for EMSA (42).
Briefly, MCF7 cells plated into 10-cm dishes were grown to 70-80 % confluence shifted to SFM for
24 hours and then treated with 10 uM BRL for 6 hours. Thereafter, cells were scraped into 1.5 ml of
cold phosphate-buffered saline (PBS). Cells were pelleted for 10 seconds and resuspended in 400 ul
cold buffer A (10 mM HEPES-KOH pH 7.9 at 4 °C, 1.5mM MgCl,, 10 mM KCIl, 0.5 mM
dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin) by flicking the tube. The cells were allowed to swell
on ice for 10 minutes and then vortexed for 10 seconds. Samples were then centrifuged for 10
seconds and the supernatant fraction discarded. The pellet was resuspended in 50 pul of cold Buffer
B (20 mM HEPES-KOH pH 7.9, 25 % glycerol, 1.5 mM MgCl,, 420 mM NaCl, 0.2 mM EDTA,
0.5 mM dithiothreitol, 0.2 mM PMSF, 1 mM leupeptin) and incubated in ice for 20 minutes for

high-salt extraction. Cellular debris were removed by centrifugation for 2 minutes at 4 °C and the
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supernatant fraction (containing DNA binding proteins) was stored at —70 °C. In vitro transcribed
and translated PPARy was synthesized using the T7 polymerase in the rabbit reticulocyte lysate
system from PPARYy plasmid as directed by the manufacturer (Promega). The probe was generated
by annealing single stranded oligonucleotides and labeled with [y’°P] ATP (Amersham Pharmacia,
Buckinghamshire, UK) and T4 polynucleotide kinase (Promega) and then purified using Sephadex
G50 spin columns (Amersham Pharmacia). The DNA sequence of the nuclear factor kB (NFkB)
used as probe or as cold competitor is the following: NFkB, 5’-AGT TGA GGG GAC TTT CCC
AGG C-3* (Sigma Genosys, Cambridge, UK). As cold competitor we also used PPRE
oligonucleotide: 5’-GGGACCAGGACAAAGGTCACGTT-3" (Sigma Genosys). The protein
binding reactions were carried out in 20 ul of buffer [20 mM Hepes pH 8, 1 mM EDTA, 50 mM
KCl, 10 mM DTT, 10% glicerol, 1mg/ml BSA, 50 pg/ml poly dI/dC] with 50000 cpm of labeled
probe, 5 pug of MCF7 nuclear protein, or 2 ul of transcribed and translated in vitro PPARY protein,
or 1 ul of NFkB protein (Promega), and 5 pg of poly (dI-dC). The mixtures were incubated at room
temperature for 20 minutes in the presence or absence of unlabeled competitor oligonucleotides. For
the experiments involving anti-PPARY and anti-NFkB antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA), the reaction mixture was incubated with these antibodies at 4 °C for 30 minutes before
addition of labeled probe. The entire reaction mixture was electrophoresed through a 6 %
polyacrylamide gel in 0.25 X Tris borate-EDTA for 3 hours at 150 V. Gel was dried and subjected
to autoradiography at —70 °C.
Chromatin immunoprecipitation (ChIP)

MCF7 cells were grown in 10-cm dishes to 50-60 % confluence, shifted to SFM for 24
hours and then treated with 10 uM BRL for 1 hour. Thereafter, cells were washed twice with PBS
and crosslinked with 1 % formaldehyde at 37 °C for 10 minutes. Next, cells were washed twice

with PBS at 4 °C, collected and resuspended in 200 ul of lysis buffer (1% SDS, 10 mM EDTA, 50
15
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mM Tris-HCI pH 8.1) and left on ice for 10 minutes. Then, cells were sonicated four times for 10
seconds at 30 % of maximal power (Sonics, Vibra Cell 500 W) and collected by centrifugation at 4
°C for 10 minutes at 14,000 rpm. The supernatants were diluted in 1.3 ml of IP buffer (0.01 % SDS,
1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.1, 16.7 mM NaCl) followed by
immunoclearing with 80 pl of sonicated salmon sperm DNA/protein A agarose (UBI, DBA Srl,
Milan - Italy) for 1 hour at 4 °C. The precleared chromatin was immunoprecipitated with anti-
PPARY, anti-NFkB and anti-RNA Pol II antibodies (Santa Cruz Biotechnology). At this point, 60 ul
salmon sperm DNA/protein A agarose were added and precipitation was further continued for 2
hours at 4 °C. After pelleting, precipitates were washed sequentially for 5 minutes with the
following buffers: Wash A (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1,
150 mM NaCl), Wash B (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1,
500 mM NaCl), and Wash C (0.25 M LiCl, 1 % NP-40, 1 % sodium deoxycholate, 1 mM EDTA,
10 mM Tris-HCI pH 8.1), and then twice with TE buffer (10 mM Tris, 1 mM EDTA). The
immunocomplexes were eluted with elution buffer (1 % SDS, 0.1 M NaHCOs3). The eluates were
reverse crosslinked by heating at 65 °C and digested with proteinase K (0.5 mg/ml) at 45 °C for 1
hour. DNA was obtained by phenol/chloroform/isoamyl alcohol extraction. 2 ul of 10 mg/ml yeast
tRNA (Sigma) were added to each sample and DNA was precipitated with 70 % ethanol for 24
hours at —20 °C, and then washed with 95 % ethanol and resuspended in 20 ul of TE buffer. A 5 ul
volume of each sample was used for PCR with primers flanking a sequence present in the p53
promoter: 5’-CTGAGAGCAAACGCAAAAG-3’ (forward) and 5’-
CAGCCCGAACGCAAAGTGTC-3’ (reverse) containing the kB site from -254 to -42 region and
5’-GAAAACGTTAGGGTGTGG-3’ (forward) and 5’-GGTGCAGAGTCAGGATTC-3’ (reverse)
upstream of the kB site from -528 to -452 region (Gene Bank AC: J0423). The PCR conditions for
the two p53 promoter fragments were respectively 45 seconds at 94 °C, 40 seconds at 57 °C, 90
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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
amplification products obtained in 30 cycles were analysed in a 2 % agarose gel and visualized by
ethidium bromide staining. The negative control was provided by PCR amplification without DNA
sample. The specificity of reactions was ensured using normal mouse and rabbit IgG (Santa Cruz
Biotechnology).
Immunoblotting
MCF7 cells were grown in 10-cm dishes to 70-80% confluence and exposed to treatments
for 24 and 48 hours in SFM as indicated. Cells were then harvested in cold PBS and resuspended in
lysis buffer containing 20 mM HEPES pH 8, 0.1mM EDTA, 5SmM MgCl,, 0.5M NaCl, 20 %
glycerol, 1 % NP-40, inhibitors (0.1mM Naz;VO4, 1 % PMSF, 20 mg/ml aprotinin). Protein
concentration was determined by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).
A 50 pg portion of protein lysates was used for Western Blotting (WB), resolved on a 10 %
SDS-polyacrylamide gel, transferred to a nitrocellulose membrane and probed with an antibody

directed against the p53, p21WAF1/cip1

, caspases-9 and NFkB (Santa Cruz Biotechnology). As
internal control, all membranes were subsequently stripped (glycine 0.2 M, pH 2.6 for 30 minutes at

room temperature) of the first antibody and reprobed with anti-f-actin antibody.

The antigen-antibody complex was detected by incubation of the membranes for 1 hour at room
temperature with peroxidase-coupled goat anti-mouse or anti-rabbit IgG and revealed using the
enhanced chemiluminescence system (ECL system, Amersham Pharmacia). Blots were then
exposed to film (Kodak film, Sigma).The intensity of bands representing relevant proteins was

measured by Scion Image laser densitometry scanning program.

DNA Fragmentation
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DNA fragmentation was determined by gel electrophoresis. MCF7 cells were grown in 10-
cm dishes to 70 % confluence and treated with 10 uM BRL and/or 10 uM GW and /or 15 uM P.
After 72 hours cells were collected and washed with PBS and pelletted at 1800 rpm for 5 minutes.
The samples were resuspended in 0.5 ml of extraction buffer (50 mM Trios-HCI pH 8§, 10mM
EDTA, O0.5% SDS) for 20 minutes in rotation at 4 °C. DNA was extracted with phenol/chloroform
for 3 times and once with chloroform. The aqueous phase was used to precipitate acids nucleic with
0.1 volumes or of 3 M sodium acetate and 2.5 volumes cold EtOH overnight at -20 °C. The DNA
pellet was resuspended in 15 pl of H,O treated with RNAse A for 30 minutes at 37 °C. The
absorbance of the DNA solution at 260 and 280 nm was determined by spectrophotometry. The
extracted DNA (40 pg/lane) was subjected to electrophoresis on 1.5 % agarose gels. The gels were

stained with ethidium bromide and then photographed.

STATISTICAL ANALYSIS

Statistical analysis was performed using ANOVA followed by Newman-Keuls testing to

determine differences in means. p<0.05 was considered as statistically significant.
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FIGURE LEGENDS
Table 1 BRL induces Gy/G; arrest of cell cycle progression in MCF7 cells. MCF7 cells were
treated as indicated. DNA was stained with 100 pg/ml propidium iodide for 30 minutes at 4 °C
protected from light and then the cells were analyzed with the FACScan (Becton, Dickinson, NJ).
Each data point represents the percentage of three independent experiments performed in triplicate.
The data are presented as mean + S.D. *p<0.05 and **p<0.01 BRL-treated vs untreated cells.
Figure 1 BRL up-regulates p53 and p21WAF1/ Gl mRNA expression in MCF7 cells.

IWAFI/Cipl

Semiquantitative RT-PCR evaluation of p53 and p2 mRNAs expression. MCF7 cells were

treated for 24 (A) and 48 (B) hours with increasing concentrations of BRL as indicated, 10 uM GW
alone or in combination with 1 uM BRL. 36B4 mRNA levels were determined as control. The side
panels show the quantitative representation of data (mean £ S.D.) of three independent experiments
after densitometry and correction for 36B4 expression. *p<0.05 and **p<0.01 BRL-treated vs
untreated cells

PVARVCIRL rotein  expression in MCF7 cells.

Figure 2 BRL up-regulates p53 and p2
Immunoblots of p53 and p21WAF1/Cip1 from MCF7 cells extracts treated for 24 h (A) and 48 (B) with
increasing BRL concentrations, 10 uM GW alone or in combination with 1 uM BRL. B-actin was
used as loading control. The side panels show the quantitative representations of data (mean £ S.D.)
of three independent experiments performed for each condition. * p<0.05 and **p<0.01 BRL-
treated vs untreated cells

Figure 3 Effects of BRL on p53-gene promoter-luciferase reporter constructs in MCF7 cells.
A: Schematic map of the p53 promoter fragments used in this study. B: MCF7 cells were
transiently transfected with p53 gene promoter-luciferase reporter construct (pS3-1) and treated for

24 hours with increasing BRL concentrations, 10 pM GW alone or in combination with 1 uM BRL.

C: MCF7 cells were transiently transfected with p5S3 gene promoter-luc reporter constructs (p53-1,
25
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p53-6, p53-13, p53-14) and treated for 24 hours with 1 uM BRL and/or 10 uM GW. The luciferase
activities were normalized to the Renilla luciferase as internal transfection control and data were
reported as RLU values. Columns are mean + S.D. of three independent experiments performed in
triplicate. *p<0.05 BRL-treated vs untreated cells. pGL,: basal activity measured in cells transfected
with pGL, basal vector; RLU, Relative Light Units. CTF-1, CCAAT-binding transcription factor-1;
NF-Y, nuclear factor-Y; NFkB, nuclear factor kB.

Figure 4 PPARY binds to NFkB site in the p53 promoter region in EMSA.

A: Nuclear extracts from MCF7 cells (lane 1) or 2 ul of PPARYy translated protein (lane 6) were
incubated with a double-stranded NFkB sequence probe labeled with [y’P] and subjected to
electrophoresis in a 6% polyacrylamide gel. Competition experiments were performed adding as
competitor a 100-fold molar excess of unlabeled NFkB probe (lanes 2 and 7) or as cold competitor
PPRE (lane 8). In lane 3, nuclear extracts from MCF7 were treated with 10 uM BRL. Anti-PPARYy
and anti-NFkB Abs were incubated with nuclear extracts from MCF7 cells treated with 10 uM BRL
(lanes 4 and 5, respectively) or added to PPARy protein (lanes 9 and 10, respectively). Lane 11
contains probe alone, lane 12 contains 2 pl of unprogrammed rabbit reticulocyte lysate incubated
with NFkB (URRL). B: 1 pl of NFAB protein (lane 1) was incubated with a double-stranded NFkB
sequence probe labeled with [y**P] and subjected to electrophoresis in a 6% polyacrylamide gel. A
100-fold molar excess of unlabeled NFkB probe (lanes 2) or anti-NFkB antibody (lane 3) was added
to NFkB protein.

Figure S Functional interaction of PPARy and p53 in ChIP assay. MCF7 cells were treated for
1 hour with 10 uM BRL, 10 ng/ml TGFB, 15 uM Parthenolide (P), as indicated. The soluble
chromatin was immunoprecipitated with anti-PPARY, anti-NFkB and anti-RNA Pol II antibodies.

The p53 promoter sequence including the NFkB site (panel A) and that located upstream the NFkB
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14

site (panel B) were detected by PCR with specific primers, as described in Materials and Methods.
To control input DNA, p53 promoter was amplified from 30 pl of initial preparations of soluble
chromatin (before immunoprecipitations). Normal rabbit antiserum was used as negative control
(N).

Figure 6 BRL induces cleavage of caspase-9 and DNA laddering. A: MCF7 cells were treated
with BRL alone or in combination with GW or parthenolide (P) for 48-h as indicated, or transfected
with an expression plasmid encoding for pS3 antisense (AS/p53). Positions of procaspase-9 and its
cleavage products are indicated by arrowheads to the right. One of three similar experiments is
presented. B-actin was used as loading control on the same stripped blot. B: pS3 protein expression
(evaluated by WB) in MCF?7 cells transfected with an empty vector (v) or a AS/p53 and treated as
indicated. B-actin was used as loading control. C: NFAB expression in MCF7 cells untreated or
treated with P as indicated. B-actin was used as loading control. D: DNA laddering was performed

in MCF7 cells treated for 72-h as indicated, or transfected with AS/p53.
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Table 1

Cell cycle phase (%)

Treatment um Gg-Gq S Gy-M
Cc 53+7.2 30t4.4 17+241
BRL 1 67" +7.4 20" +3.3 13+2.2
BRL 10 76* 8.1 14* 3.1 10*+2.6
BRL 50 82" +8.3 10 2.4 8 +1.2
GW 10 5416.5 29%3.5 17+241
BRL + GW 1+10 53 £6.1 29%3.2 18+23
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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 pS3 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.

Keywords: Taxol; p21 waf; pS3; Breast cancer cells

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. Ando).

E-mail addresses: mamissina@yahoo.it (M.L. Panno),
sebastiano.ando@unical.it (S. Ando).

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 ¢ 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 6
and ¢ 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, L-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

0014-5793/$32.00 © 2006 Federation of European Biochemical Societies. Published 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). [y**P]-
ATP and ECL system come from Amersham Biosciences.

The plasmid WWP-Luc containing human p2l1 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% L-glutamine
and 1% penicillin/streptomycin. The cells were cultured in phenol-
red-free DMEM (PRF-SFM-DMEM) containing 0.5% bovine serum
albumin, 1% L-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 x 10> 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 FuGENEG6 according to the manufacture’s
instructions with a mixture containing 0.1 pg/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.

120 d18h
100 m4sh

80 - %
60 -

40 4

Cell survivals (%)

20 -

0,7

C T2nM  T6nM  TI12nM T25nM T50nM T100nM
* p<0.05 ** p<0.01

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 x 10° 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
2nM 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%.
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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 MgCl,, 10 mM EGTA, pH 7.5, 10% glycerol, 1% Tri-
ton X-100 and protease inhibitors (2 uM Na3zVO,, 1% PMSF, 20 pg/
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, 5mM MgCl,, 0.5 M NacCl, 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 pug 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 Na;VOy,)
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 pg of
protein lysates or in 500 pg of immunoprecipitated cell proteins using
an anti-p21 WAF, anti-phospho-p21 waf (Thr 145), anti-PCNA, anti-
p53, anti-mdm?2, 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 1000x 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 x 10* 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 pg 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-
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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.

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 pg of cell lysates.
The immunoprecipitates were washed once with cold PBS, twice with
0.5M 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 MgCl,, 50 uM
ATP, 20 uCi [y**-P] ATP, and 10 pg of L-a-phosphatidylinositol-4,5-
bis phosphate (PI-4,5-P,) for 20 min at 37 °C. The reactions were

stopped by adding 100 pl of 1 M HCI. Phospholipids were extracted
with 200 pl of CHCl3/methanol. For extraction of lipids, 200 pl 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 pl 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’,N'-tetraacetic acid-treated silica gel 60 TLC
plates. Radioactive spots were visualized by autoradiography.
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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 pg 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.

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 x 10° 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 pl 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 pl of phenol-chloroform the supernatant was centrifuged at
12000 rpm for 5 min and then was precipitated with sodium acetate
(400 pl) and ethanol (800 pl) 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 pg/ml RNase A. The DNA fragments were re-
solved by electrophoresis at 75V 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 dosel
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).
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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.

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
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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 mdm?2 protein, after 18 h of drug treatment, exhibit a pre-
valent nuclear compartmentalization, while p21 waf protein

— - — — — - 18 h
e
ST —— | S5 Sy SR s T
= —— == = - == = ,;_:|1Bh
mdrn-Z—(: — = =
= E =} — —1 - —] |4Bh
-— — — — e — —_ 18 h
p21—(:
= - o — g — -— 48h
S 388823588 ¢8
= 8 2 =2 = = % 2
=
— — — — — —_— — 18 h
GAP-DH—(:
— — — — -— —— — 48 h
- —— -— — e -_— s |18 h
LaminB—(::
- - - - - - = wos |48 h
e o F 3 F 3 7 F F FF
N B D 2 32 RN RGO @O 2 o
NN EEEEEEE N
===%=z22:22zz3;%g

Fig. 5. Different subcellular compartmentalization of p53, mdm?2 and p21 waf in cells treated with Taxol. MCF-7 cells treated with Taxol, at the
concentrations reported in the figure, were harvested and cytosolic (c) and nuclear (n) protein lysates were subject to WB with an anti-p53, anti-
mdm?2, anti-p21 antibodies. C, control; T, Taxol-treated cells. The expressions of a nuclear protein, Lamin B, and a cytoplasmatic enzyme, GAP-DH,
were assessed by stripping and reprobing the filters to verify the purity of fractions.
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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-
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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 pg of
soluble cell protein; Cn, nuclear control.
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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 um along the z-axis

from the bottom of the cell to the top of the nucleus.
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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 pg 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.

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

(i) 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
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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.

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.
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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
MCEF-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 mdm?2
protein, which shows the same sub-cellular distribution re-
ported for p53.
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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 [y**P]-
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. P1-3,4,5-
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.

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 12nM 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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Abstract

In the present study, the molecular mechanism underying the up-regulatory effect of estradiol (E.) on mouse insulin
receptor substrate-1 ({IRS-1) promoter was investigated in CHO cells on which the same promoter had first been
functionally characterized. The mouse IRS-1 promoter bears four consensus half Estrogen Responsive Elements
(ERE) sequences and thirteen AP-1- and ten Spi-binding elements. We performed molecular dissection of this
promoter gene providing 3 different deleted constructs, containing the same AP-1 rich region with a progressively
increased number of ERE half sites located downstream. None of these constructs was responsive to E,, while a
downstream region (nt —1420 to —160) rich in GC elements was induced by E,. However, the latter region lost its
intrinsic E, responsiveness when the whole IRS-1 promoter was mutated for deletion in all four ERE half sites. Deletion
analysis of the ERE half sites demonstrated that only ERE located at the position —1500 to —1495, close to the GC-rich
region, was able to maintain the induced activatory effect of E, on the IRS-1 gene. Electropheretic mebility shift and
chromatin immunoprecipitation assays identified the region containing the half ERE/Sp1 (nt —1500 to —1477) as the
one conferring E, responsiveness to the whole promoter. This effect cccurs through the functional interaction between

E./ERa and Sp1.
Journal of Molecular Endocrinology (2006) 36, 91-105

Introduction

Estrogen and insulin-like growth factor (IGF) regulate
breast cancer cell growth and survival through the
activation of distinct transductional pathways (Dickson &
Lippman 1987, 1995, Surmacz 2000). However,
evidence of a cross-talk between estrogen and growth
factors (such as IGFs) has been documented, addressing
an additive effect of these two mitogenic systems on
breast cancer cell growth and survival (Molloy e al.
2000, Yee & Lee 2000).

The previous findings of ourselves and others have
disclosed novel arguments to sustain the cross-talk
between the two signals, demonstrating how exposure of
breast cancer cells to estradiol (E.) enhances the
expression of msulin receptor substrate-1 IRS-1), a key
molecule linked to phosphatidylinositol-3 kinase (PI-
3Kj/Alkt and ERKI1/ERK?2 pathways, crucial for cell
proliferative response and survival (Surmacz 2000,
Molloy et . 2000, Yee & Lee 2000, Mauro ¢ af. 2001).
This deduction fits well with previous evidence reporting
on how the mitogenic effects of insulin or IGF-I were

Journal of Malecular Endocringlagy (2006) 36, 91-105
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amplified by exposure to estrogen (Ando’ & a/. 1998, Lee
et al. 1999). In addition, breast cancer cells overexpress-
ing IRS-1 show a marked growth advantage and
reduced or abrogated estrogen growth requirements
(Guvakova & Surmacz 1997). Our recent data have
demonstrated that E, is able to increase IRS-1 mRINA
level through activation of the regulatory region of the
IRS-1 gene (Mauro ¢ «l. 2001). Mouse IRS-1 promoter,
characterized for the first time by Araki & @l (1995) in
CHO cells, has furthermore been analyzed and our
results show four consensus half Estrogen Responsive
Elements (ERE) sequences and thirteen AP-1- and ten
Spl-binding elements. These might be important
regulatory sites for the actions of estrogen. The
up-regulatory effect induced by E, on this promoter
activity in both MCF-7 and CHO cells, expressing
estrogen receptor o (ERa), seems to underscore a
general mechanism which is not strictly related to the
cell type (Mauro et &f. 2001).

In the present study, we have demonstrated, through
a molecular dissection of the IRS-1 promoter, how the
region bearing the ERE half site, separated by 12

DOl 10.1877me 1.01848
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nucleotides from the Spl site (5-AGGTCA(N),,CCG
CCCG-3") within nt —1500 to —1477, is responsible for the
E.-induced activation of the whole IRS-1 promoter.
Both electrophoretic mobility shift assay (EMSA} and
chromatin immunoprecipitation (ChIP) assay confirmed
that the above-mentioned sequence is functionally
involved in mediating the up-regulatory effect induced
by E; on IRS-1 expression. The effect, as documented
for other E-responsive genes, occurs through the
interaction between ERo and Spl proteins, bound
separately to the ERE half sequence and Spl responsive
element respectively and present in the ERE/Sp1 region
of the IRS-1 promoter (Dubik & Shiu 1992, Wu-Peng
et af. 1992, Krishnan e @. 1994, Rishi ¢ al. 1995, Porter
et al. 1996, 1997, Scholz e «. 1998, Petz & Nardulli
2000, Saville ¢ al. 2000, Khan e al. 2003).

Materials and methods

Materials

Dulbecco’s modified essential medium (DMEM)/Han’s
F-12, r-glutamine, penicillin/streptomycin, calf serum
{CS), bovine serum albumin (B5SA), aprotinin, leupeptin,
phenylmethylsulfonyl fluoride (PMSF), sodium ortho-
vanadate, 4-OH-tamoexifen and E, were purchased from
Sigma (Milan, Italy). FuGENE 6 and poly {dI-dC) were
from Roche Applied Science (Milan, Italy). Tag DNA
polymerase, T4 polynucleotide kinase, 1kb DNA
ladder, dual luciferase kit, pGL, basic vector and
timidine kinase promoter (TK) Renilla luciferase
plasmid were provided by Promega (Madison, WI,
USA). [v**P]ATP, Sephadex G50 spin columns and the
enhanced chemoluminescence (ECL) system were from
Amersham Biosciences. Spl (1C6), ERe F10 and P-actin
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). IRS5-1 antibody was from
UpState Biotechnology (New York, NY, USA). Human
recombinant ERo and Spl proteins were obtained from
Invitrogen (Carlsbad, CA, USA) and Alexis (Lausen,
Switzerland) respectively.

The plasmid pBluescript SKII centaining mouse
IRS-1 promoter (3-3 kb) and a codifying region of the
IRS-1 gene (3-4kb) was kindly given by Dr Kaku
Tsuruzoe (Research Division, Joslin Diabetes, Boston,
MA, USA). pHEGO plasmid, containing the full length
of ERo cDNA was generously provided by Dr Didier
Picard {Department of Cellular Biology, University of
Geneva, Geneva, Switzerland).

Plasmicds

The sequence of the IRS5-1 mouse promoter was
analyzed by MatInspector V2:2 software to identify
potential transcriptional regulatory sites, such as AP-1,
Spl and ERE, other than that characterized by Arald
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¢t al. (1995). The MatInspector V2:2 software is avail-
able at the web url http://transfac.gbf.de/cgi-bin/
matSearch/matsearch.pl; it allows the identification of
consensus sequences of transcriptional factors through
the TRANSFAC data base (http://transfact.ghf.de/
TRANSFAC/) (Quandt & f.1995).

Plasmid pIRS-1-luciferase (luc) was generated by
inserting the 3-3 kb fragment of the mouse IRS-1 gene
promoter into the pGL, expression vector containing a
luciferase gene. The sequence was confirmed by
automated sequencing analysis with a BigDye termin-
ator cycle sequencing ready reaction kit (Applied
Biosystems, Foster City, CA, USA).

IRS5-1 promoter fragments (pIRS-1A-uc, pIRS-1B-
luc, pIRS-1C-luc) were synthesized by unidirectional
deletion using the esonuclease III reaction (Ausubel ¢ .
1988). pIRS-1D-luc was obtained by PCR using 5"-C:CC
TCCCTCACTCCTGCGT-3" and 5'-GGAAGATAG
COCTGATCCGAG-3" as the sense and antisense
primers respectively.

All ligation products were transformed into competent
Escherichia eoli cells (Invitrogen). Plasmids were isolated,
and clones were confirmed by DNA sequencing.
pHEGO plasmid contains the full-length ERa cDNA.
The Renilla luciferase reporter vector pRL-TK
(Promega) was used as a transfection standard to
normalize transfection efficiency.

PCR mutagenesis

The plasmids pEREmut-luc, pEREL2,3 mut-luc and
PERE4 mut-luc were generated by PCR mutagenesis
{Clackson e af. 1991).

pEREmut-luc contained mutation of all ERE half
sites, located at sites nt — 2218 to — 2213, — 2128 to
— 2123, — 2050 to — 2045 and — 1500 to —1495. To
generate this plasmid, PCRs were performed using the
primers 1s (3-GGCACCTCAGAGCAGATGG-5") and
2a (5-TGGGGGCGUTGGGGUGGAGGGGACGAC
CCAACAGGTAAAGGCGACCCCCG-3) to obtain
the amplified product A (nt — 3350 to — 2240); the
non-mutagenic external primer 3s (3’-CGTCTAATGC
TCGTGCAAAC-5") and the mutagenic internal primer
Ba (5-TGGGGGCGCTGGGGCGGAGGGGACGAC
CCAACAGGTAAAGGCGACCCCCG-3) to obtain
the amplified product B {nt — 2026 to — 1466); the
mutagenic internal primer 5s (5-CGGGGGTCGCCT
TTACCTGTTGGGETCGTCCCCTCCGUCCCAGC
GCCCCCA-3") and the non-mutagenic external primer
4a (3-AGGAAGATAGCCTGCATCCGA-5 to obtain
the amplified product C (nt — 1556 to — 170}. Products
B and C were used as templates in a second PCR using
the primers 3s and 4a (product D, nt — 2026 to — 170).
Products A and D were restricted by BamHI (specific sites
were present in primers 2a and 3s) and ligated to obtain
product E, lacking all ERE half sites, which was further
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digested by Sacl and HindIT (specific sites were present
in primers ls and 4a) and inserted in the pGL,, plasmid.

pEREL, 2,3 mut-luc contained mutations of the three
ERE half sites, located at the sites nt — 2218 to — 2213,
— 2128 to — 2123 and — 2050 to —2045, and was
generated using product A, as described above, and
product F (nt — 2026 to — 170) obtained by PCR using
primers 3s and 4a. Products A and F were restricted by
BamHI, ligated to obtain product G, lacking the three
ERE half sites, which was further digested by Sacl and
HindIIl and inserted in the pGL, plasmid.

pERE4 mut-luc was mutated in the ERE hall sites
corresponding to nt — 1500 to — 1495, and was
constructed using product C, as described above, and
product H (nt — 3350 to — 1466) obtained by PCR
using the primers ls and Ga. Products C and H were
used as templates in a second PCR using the primers 1s
and 4a to cbtain product L. The latter product was
digested by Sacl and HindIIl and inserted in the pGLs,
plasmid.

Point mutations were done by PCR-mediated
site-specific mutagenesis using degenerate primers,
replacing one G with T in the ERFE sequences. Namely,
the ERE half site was located at position nt — 2218 to
— 2213: AGtTCA; the ERE half site was located at
position nt — 2128 to — 2123: TtACCC; the ERE half
site was located at position nt — 2050 to — 2045:
TCAAtG; the ERE half site was located at position nt
— 1500 to — 1495: AGUTCA (mutations are shown as
lower case letters).

Cell lines and culture conditions

CHO cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Wild-type
human breast cancer (MCF-7) cells were a gift from
Dr E Surmacz (Kimmel Cancer Institute, Philadelphia,
PA, USA).The cell lines were cultured in DMEM/
Ham’s F12 (1:1) medium supplemented with 5% CS,
1% r-glutamine and 1% penicillin/streptomycin. The
cell: were cultured in phenol reddree, serum free
medium, DMEM (PRF-SFM-DMEM) containing 0-5%
BSA, 1% r-glutamine and 1% penicillin/streptomycin,
24 h before each experiment.

Transfections and luciferase assay

CHO and MCF-7 cells were seeded (1 % 10° cells/well)
in DMEM/F-12 supplemented with 5% CS in 24-well
plates. CHO cells were cotransfected with pIRS-1-luc
promoter construct and pHEGO. Cells were transfected
in SFM using FuGENE6 according to the manufactur-
er’s instructions with a mixture containing 1 pg/well of
each specific plasmid and 25 ng/well of TK Renilla
luciferase plasmid. An empty pGL; vector was used as
the control vector to measure basal activity. Twenty-four

winw endocrinology-ourmals org

hours after the transfection the medium was changed
and the cells were treated in PRF-SFM-DMEM in the
presence of 10 pM and 1, 10 and 100 nM E.. The firefly
and Renilla luciferase activities were measured by using
a dual luciferase kit. The firefly luciferase data for cach
sample were normalized on the basis of the transfection
efficiency measured by Renilla Iuciferase activity.

Western blotting

CHO and MCF-7 cells were grown in 100 mm dishes to
70-80% confluence, shifted to SFM for 24 h and lysed.
Protein lysates were obtained with a buffer containing
50mM HEPES, pH 75 150mM NaCl, 1-5mM
MgCl,, 10mM EGTA, pH 75, 10% glycerol, 1%
Triton X-100 and protease inhibitors (2 pM NasVo,,
1% PMSF and 20 pg/ml aprotinin).

The expression of IRS-1 was tested by Western
blotting in 50 pg protein lysates using an anti-TRS-1
antibody. Proteins were separated by SDS5-PAGE and
then transferred to a nitrocellulose membrane, probed
with primary antibody and then stripped and reprobed
with B-actin antibody. The antigen—antibody complex
was detected by incubation of the membranes for 1 h at
room temperature with a peroxidase-coupled anti-IgG
antibody and revealed using the ECL system. Blots were
then exposed to film and bands were quantified by
densitometer. The results obtained are expressed in
terms of arbitrary densitometric units.

Gel mobility shift assay

Nuclear extracts were prepared from CHO cells as
previously described (Andrews & Faller 1991). The
probe was generated by annealing single stranded
oligonuclectides and labeled with [y*?P]ATP and T4
polynuclectide kinase, and then purified using Sephadex
G50 spin columns. The DNA sequences used as probe
or as cold competitors were as follows {the nucleotide
motifs of interest are underlined, mutations are shown as
lower case letters): Spl 5'-GTTGGGACTTGGCAGCt
CGCCTCCCCCTGCCCAAG-3; ERE/Spl 5'-GAG
AGCTAGCAGITCACCCGCGTCCCCTCGCCCCA
GCGCCCCCACCCTC-3". The DNA sequence used as
ERE cold competitor was as follows: 5-TCGCCCG
TGCAAGGTCACGGTGGCCACCCCGTG-3". Oligo-
nucleotides were synthesized by MWGBiotech (Ebersherg,
Germany). The protein binding reactions were carried
out in 20pl buffer (20mM HEPES, pH §, |mM
EDTA, 50 mM KCI, 10 mM dithiothreitol (DTT), 10%
glycerol, 1 mg/ml BSA, 50 pg/ml poly (dI-dC)) with
50000 cpm. labeled probe, 20pg CHO nuclear
protein or an appropriate amount of ERo or Spl human
recombinant proteins, and 5pg poly (dI-dC)j. The
mixtures were incubated at room temperature for
20min in the presence or absence of unlabeled
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competitor oligonucleotides. The specificity of the
binding was tested by adding specific antibodies
(anti-ERo and anti-5pl) to the reaction mixture. The
entire reaction mixture was electrophoresed through a
4% polyacrylamide gel in 0-25 % Tris borate-EDTA for
3h at 150V. The gel was dried and subjected to
autoradiography at —70 "C.

ChIP and Reverse (Re)-ChIP assays

We followed the ChIP methodology described by
Morelli e @l (2004). CHO cells were transiently
transfected with pHEGO plasmid and treated with
100 nM E, for | h, or left untreated in SFM. The cells
were then cross-linked with 1% formaldehyde and
sonicated. Supernatants were Immunocleared with
sonicated salmon DNA/protein A agarose (Upstate
Biotechnology Inc., New York, NY, USA) and
immunoprecipitated with anti-ERa antibody (Ab) F-10
{Santa Cruz Biotechnology). Pellets were washed as
reported in Morelli & &. (2004), eluted with elution
buffer (1% SDS and 0-1 M NaHCO — .} and digested
with proteinase K (Morelli & @l 2004). DNA was
obtained by phenol/chloroform extractions and precipi-
tated with EtOH. PCR was carried out with the
ERE/Spl primers: upstream 5-CTCACCCAGACAC
CGACATC-3" and downstream 5-ACGCCCGTGC
CACCCAGAGC-3', or with the primers amplifying the
IRS5-1 promoter region containing the three upstream
and neon-functional ERE half sequences: upstream
5-CAGGCAGTCTAGTGGATTGA-3" and down-
stream 5-TGTGTATATGTTAGCAGATGTTTG-3".

In Re-ChIP experiments, complexes from ERuo
immunoprecipitations (IPs) were eluted in RE-ChIP
buffer (05 mM DTT, 1% Triton X-100, 2 mM EDTA,
150 mM NaCl and 20mM Tns—HCl, pH &1) and
subjected again to the ChIP procedure by using anti-Sp |
antibody PEP2 (Santa Cruz Biotechnology). Inputs were
used as loading control and were obtained by eluting
DNA from 5 pl cell lysates prior to the IP step. Negative
control was performed using normal IgGs in place of the
primary antibody.

Statistical analysis

Each data point represents the means & s.D. of at least
three experiments. The data were analyzed by ANOVA

using the STATPAC computer program (Statpac Inc.,
Bloomington, MN, USA).

Results

Analysis of the IRS-1 mouse promoter sequence

Sequencing of the IRS-1 mouse promoter by
MatInspector V2-2 software (see Materials and methods)

Journal of Molecular Endocrinology (2006) 36, 91105

led us to the identification of new potential transcrip-
tional regulatory sites, in addition to those characterized
by Arald ¢ al. (1995), namely thirteen AP-1, ten Spl and
four ERE half sites (Fig. 1). All these sites could be
potential targets of E, action resulting in the activation of
the IRS-1 promoter.

Identification of an E,-activated IRS-1 promoter region

In CHO cells transiently co-transtected with pHEGO
and pIRS-1-luc, encoding the full length of TRS-1 gene
promoter linked to the firefly luciferase reporter gene,
E, (10pM and 1, 10 and 100nM) was able to
induce luciferase activity (Fig. 2A). The same results
were obtained in ER-positive human breast cancer
MCF-7 cells transfected with pIRS-1-luc (Fig. 2B). E,
up-regulated IR5-1 protein content in both CHC and
MCF-7 cells in a dose-dependent manner (Fig. 3).

Previous findings have demonstrated that ER may
indirectly modulate transcription by interaction with the
AP-1 sites (Umayahara e al 1994, Paech o al 1997,
Webb e al. 1999); thus, we checked the potential role of
the AP-1-rich region in mediating the activatory effect
induced by E; on the IRS-1 promoter. In the same vein,
we checked how the four ERE half sites may work,
together with AP-1, in mediating the up-regulatory effect
of E, on the activity of the whole IRS-1 promoter. With
this aim, we transiently co-transfected CHO cells with
pHEGO and three different 3’-deleted constructs
conjugated with a luciferase reporter gene containing
the same AP-1-rich region with a progressively increased
number of ERE hall sites, namely: (1) pIRS-1A-luc,
containing one ERE half site (nt — 3370 to — 2180), (11)
pIRS-1B-luc, containing three ERE half sites (nt — 3370
to — 1650} and (i) pIRS-1C-luc, containing four ERE
hall sites (nt — 3370 to —1308). None of these
constructs was stimulated by E, (Fig. 4).

On the contrary, the plasmid pIRS-1D-luc, contain-
ing the residual downstream region (nt — 1420 to
— 160), rich in GC elements, was responsive to E,
action (Fig. 4). The potential positive influence of AP-1
sites in the construct rich in Spl sequences has been
ruled out since in previous experiments the deletion of
the AP-1 site in the construct pIRS-1D-luc did not elicit
substantial effects in the E,-responsiveness (data not
shown). Earlier reports (Saville ¢ a/. 2000) have shown
how Spl cis-elements located in the promoter region
of some genes are responsive to Eo; we therefore
ascertained if the IRS-1 CGG-rich region, present in the
tull length of IRS-1 promoter, was able to yield estrogen
responsiveness independently on the four ERE half sites.
Consequently, we performed site-specific mutagenesis at
the ERE half sites of the IRS-1 mouse promoter located
upstream to the CG-rich region. The effects of the
site-specific nmutagenesis on basal activity and E,
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ggatccaatec
taacattact
tcecaaattaa
ggtacctcet
gaaggaagta
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gtctecegtac
ccogeatcac
taatccatta
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geagttgota
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aatctttaga
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aagatgactt ataaaaatet
aaaatacttt cctccataaa
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=1930 aaaaaaaatc
-1870 @ccac
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-1510 gagagctagc aggtcacccg
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ccgegggatt

aagtgtatag ggtegtetaa tgetegtgea aactatgaaa caaacatetg
gtgtacactt
ttacgaatgt
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tacattttat

gattccgaga
ttccaggtge

ttacatettt
ctcoagecce

aggaactcte
gataaggggt
taagtgtgaa
ttccttagtg
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ttcaccacgg
ctttagaaaa tcttacaaaa
catccagetg ccteecgggg
cgteccctoe geockagege

ctetecactge
agactececct
cctacgggece

tgaaggtcet
gocaggttte
tecctettea cctgeatgaa
atcagcgget aatagtgeoca
tagccaacag tcattgeccct
tacgtccgga gattccaggt
atgtagatet ccctaccagg
gtegecttta cctgttgggt
cecccacecte toggggetet

cacagtaagg
acaaatagac
cttttgeact
tggtgacttt
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cocctecote
cotgetttge
gggggcgete

actoctgegt
ggtagcecace
tgggtggcac

cttocccaga
caaacaagecc
gggcgtggga

gcagecgoag
teecceocoete

tgeceecteceg

-1270
-1210
-1150
-1080
-1030
=870
2910
-850
-790
=730
870
=610
=550
-490
-430
=370
=310
=250
-190
-130

cecgggetet
ctectgeggea
tagagcgage
gotgagegea
tgaagaggge
teggeaacte
aggaggagag
tcttcccaaa
ggactggage
tgecccagtag
gegggetgea
cagcgecgeg
tgaagggtgg
gttgggactt
ctacttccag
tectegggee
atagetectt

cgagegtgea
gegghegtdg
gggctggace
gotoctotgg
cgeagoegec
agggaggagg
cctecgggagg
cctecectegt ceccteecet
tecetetgga cegtecectg
ctttedecge cepecgagat
cagcagcagc agcagcagca
atttgggegg ctggtggega
ggagaaggag gagggagaac
ccaaggatat ttaatttgee
gcgcgogege ctagagagcc
gactcgacca aa

gacacagege agggegetge
agogegegeg
ggccggaatyg
cggccagget
eggegeggte
gttggggete
agaaggaggg
tteccegate
cctecettge
ctcecccage
gggctcgagt
geaacagecqg
eggggacggt
ceggtgoaac
tcgggaatceg
aagcggggac
gggatgcace
ttgeggetge
tcggatcagg
coaggaacag

70 atgtgegggyg

=10 ccgcagcage
Figure 1 Regulatory sites of the IRS-1 mouse promoter. The analysis of the IRS-1 mouse promoter sequence by Matinspector V2.2
software allowed identification of 13 AP-1 (underined nucleotides), ten Sp1 (nuclectides in the boxes) and four half ERE
{nuclectides in grey boxes) potential regulatory sites.

geggecacge
cggccagggg gtggagaggg
agggagaggg agagagaccc
gaggctcogt cacgtgtttt
cagegegegg tgecagecge
tcecgaggagg aggaaggagg
aagtaactgc agcggctgeg
cctececege
taggggcagg gatgagectyg
cgttgegegt ggaaaageca
gaggacgcegt cctegggegg
gtctctgoga ttgagotggt
gaggaggcag aggaggagga
gucadocoge ckceccctge
aggggaactc gggagggaag
atcgctgect cectacateg
ctetgetgea gggactgggg gagacatagt ccteggaaga
actcacccta gacccactge ccttecectet ggecatgaaac geccttasac
ctatettect tggogocagtt acctcgtecet teggetgece ctoccecaget

cgtgaatttt ggagtcagaa tttctgogag cttocctccag cocggagtge
cegeactgag aagccaccec tcacccagtt ttteaacace teeoctetget

gocaaagggcec
ggcgdgcteg
gtcceggegg
agtgagacgg
gottgttttg
aggagggagg
accgggegte
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Figure 2 E; enhances IRS-1 promoter activity, (A) CHO cells
were co-transfected with plRS-1-uc and pHEGO together with
pRL-TK.. (B} MCF-T cells were transiently transfected with DNA
mixiure containing plRS-1-uc and pRL-TK. The transfectants
were freated in the absence (C, control) or in the presence of
10pM and 1, 10 and 100 N E; for 24 h. These results
represent the means+s0. of five different experiments. In each
experiment, the activities of the transfected plasmids were
assayed in triplicate transfections. pGL, basal activity was
measured in cells transfected with pGL, basal vector. The
firefly luciferase data for each sample were normalized on the
basiz of the transfection efficiency measured by Renilla
luciferase activity.

responsiviess were determined in fransient transfection
studies using the plasmids pEREmut-luc, pERE4
mut-lue and pEREL2,% mut-luc (see Materials and
methods) (Fig. 5A)

Using the IRS-1 promoter mutated for delection of all
four ERE half sites, the CG-rich region, present in the
full length of the IRS-1, was unable per s to yield E,
responsiveness. O'n the contrary, only the ERE half site
localized at the position nt — 1500 to —1495, cloge to the
Spl elements, was crucial in maintaining the K,

Jowrnal of Molacifar Endosrinology (2006) 36, 91105
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Figure 3 E. up-regulates IRS-1 protein expression. Protein
expression of IRE-1 in (&) CHO and (C) MCF-7 cells treated in
the presence or absence of 10 and 100 ph and 1, 10 and
100N Ez for 24 b B-actin served as loading control.
Representative results are shown, The histograms represent
the means+s.0. of three separate experiments performed in (B)
CHO and (D) MCF-7 cells, in which the band intensities were
evaluated in terms of arbitrary densitometric units and
expressed as the percentage of the control assumed as 100%,
®F<0.01 vs contral.
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pIRS-1-lue =}

3370
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p/R5-1B-luc

p/RS-1C-luc

pRs-10-ue
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2.0+
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1.0
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Luciferase activity (fold induction)
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=
-
—
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A

fere fara Ispr

pIRS-1-lue pIRS-1A-luc

pIRS-1B-luc

pIRS-1C-luc pIRS-1D-luc pGLz

Figure 4 E, responsivenass of different IRS-1 promoter constructs. Transcriptional
activity of CHO cells co-transfected with pHEGO and with different IRS-1 promoter
luciferase reporter constructs are shown. CHO cells were transiently transfected with
pIRS-1A-luc, pIRS-1B-luc, pIRS-1C-luc 3'-deleted constructs and pIRS-1D-luc (see
Materials and methods) together with pRL-TK. Cells were treated in the absence

(C, control) orin the presence of 10 nM E, for 24 h. These results represent the
means=s 0. of five different experiments. In each experiment, the activities of the
transfected plasmids were assayed in triplicate transfections. pGL, basal activity was
measured in cells transfected with pGL, basal vector. The firefly luciferase data for
each sample were normalized on the basis of the transfection efficiency measured by

Renilla luciferase activity.

transactivation of the IRS-1 promoter. Similar results
were obtained by performing point mutations in ERE
half sequences (data not shown). The important role of
the fourth ERE half site together with the Spl region in
conferring FE, responsiveness was confirmed by a
functional study performed with the following construct
bearing: (i) the whole IRS-1 promoter, (i1) the fragment
containing the first three ERE half sites and (ii1) the
fragment containing the fourth ERE half site close to the
Spl  elements (Fig. 5B). The results showed that
pERE4/Spl-luc, transfected in CHO cells, reproduced
the E., responsiveness pattern similar to the full length of
IRS5-1 promoter (Fig. 5B).

On the basis of these findings, our attention was
focused on the sequence ERE/Spl assumed to be a
putative regulatory region target of E, action.

winw endocrinology-ourmals org

EMSA study

Nuclear extracts of CHO cells were incubated in the
presence of ERE/Spl-abeled oligonucleotide to prove if
this region was able to bind ERa and/or Spl proteins.
Nuclear proteins from CHO cells revealed the presence
of a single band {Fig. 6, lane 1), which was inhibited by
a 100-fold molar excess of the homologous ERE/Spl
cold competitor (Fig. 6, lane 2), but remained
substantially unchanged in the presence of the cold
mutated competitor (Fig. 6, lane 3). The results showed
an enhanced binding of the nuclear extracts, obtained
from CHO cells over-expressing ERw, to the ERE/Spl-
labeled oligonucleotide (Fig. 6, lane 5) and particularly
evident upon E, treatment (Fig. 6, lane 8). Both bands
were abrogated by a 100-fold molar excess of the cold

Journal of Molecular Endacrinalogy (2006) 36, 91-105
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competitor (Fig. 6, lanes 6 and 9). The specificity of the
binding was demonstrated by immunodepletion induced
by ERo and Spl antibodies (Fig. 6, lanes 10 and 11).
Using a labeled Spl oligonucleotide containing a GC
box motil present in the Spl-rich region of the TRS-1
mouse promoter (from nt —490 to nt —455), in a
cellfree system, ERo protein per s¢ was unable to bind
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the Spl sequence (Fig. 7, lanes 1 and 2). However, the
combined presence of ERu at a lower concentration and
Spl proteins resulted in a clearly enhanced Spl-DNA
binding (Fig. 7, lanes 8 and 9} with respect to the one
observed with Spl protein alone (Fig. 7, lanes 6 and 7).
Spl protein was able to up-regulate its binding to the
ERE/Spl sequence in a dose-related manner (Fig. 7,
lanes 6 and 7). Such an up-regulatory effect produced by
ERo was drastically attenuated in the presence of cold
ERE oligonucleotide (Fig. 7, lanes 10 and 11). On
performing a new set of experiments using the same
ERE/Spl-labeled oligonucleotide, as mentioned, it
emerged that both Spl and ERa were able to bind this
sequence (Fig. 84, lanes 1 and 4). Both bindings were
abrogated by a 100-fold molar excess of cold competitor
{Fig. 8A, lanes 2 and 5) and restored in the presence of a
mutated cold competitor (Fig. 8A, lanes 3 and 6). The
specificity of the separate binding of the two proteins to
the ERE/Spl sequence was demonstrated by the
immunodepletion obtained in the presence of the two
specific antibodies (Fig. 8A, lanes 8 and 9).

An increased amount of ERo enhanced Spl binding
to the ERE/Spl sequence (Fig. 8B, lanes 6 and 7). In
contrast, a progressive increase of Spl did not elicit any
apparent influence on ERa binding (Fig. 8B, lanes 4 and
5). This up-regulatory effect was reversed by an excess of
cold ERE oligonucleotide (Fig. 5B, lanes § and 9).

No cross-reaction was observed between the two
specific antibodies (data not shown).

ERa and Sp1 are recruited to the ERE/Sp1
sequences of the IRS-1 promoter in CHO cells

The binding of ERa and Sp! to the ERE/Spl-containing
sequence of the IRS5-1 gene promoter was confirmed by
ChIP assays. CHO cells were transiently transfected with
pHEGO and treated or not treated with E, for 1 h. The
chromatin was Immunoprecipitated with anti-ERa anti-

Figure 5 Identification of IRS-1 promoter region responsive to
E,. (A) CHO cells were transiently co-transfected with pHEGO
and with pIRS-1-luc or with pEREmut-luc, pERE4 mut-luc and
pERE1,2,3 mut-luc, obtained by site-specific mutagenesis of
IRS-1 promoter plasmid (see Materials and methods) together
with pRL-TK. Cells were treated in the absence (C, control) or
in the presence of different doses of E. for 24 h. (B)
Transcriptional activity of CHO cells co-transfected with
pHEGO and with pIRS-1-luc or pERE4/Sp1-luc or
pERE1,2,3-luc luciferase reporter constructs (see Materials and
methods) tegether with pRL-TK are shown. Transfectants were
treated in the absence (C, control) or in the presence of

100 nM E, for 24 h. The results represent the means+sDp of
five different experiments assayed in triplicate transfections.
pGL, basal activity was measured in cells transfected with
pGL, basal vector. The firefly luciferase data for each sample
were normalized on the basis of the transfection efficiency
measured by Renilla luciferase activity.
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Figure & Binding of nuclear extracts from CHO cells and CHO cells transfected with pHEGD
(CHO/HEGD) to ERESET oligonuclectide. Nuclear extracts from CHO (lanes 1—4) and CHO/HEGO
cells {lanes 5—11) were incubated with a double stranded ERE/Sp1 sequence probe labeled with
[¥*2PIATF and subject to electrophoresis in a 4% polyacrylamide gel. CHO and CHO/MHEGO nuclear
extracts freated with 100 il E; for 24 h incubated with probe are shown inlanes 4 and &
respectively. Competition experiments were performed by adding as competitor a 100-fold molar
excess of unlabeled ERESpT probe (lanes 2, 6 and &) or a cold mutated (mut) competitor {lanes 3
and 7). The specificity of the binding was tested by adding to the reaction mixture an ERu antibody
{r) {lane 10} or an Spi antibody () (lane 11). Lane 12 contains probe alone. The location of the
ERu/Sp1/DNA (ERw/Sp1) complex is indicated by the arrow.
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Figure 7 Binding of Sp1 to the Spi oligonuclectide in the presence of ERa. *2P-labeled
cligonucleotide containing the Spl-binding site was incubated with: (i) 360 fmol (lane 1) or 540 fmoal
lane 2) of ERw and (i) 10 ng (lanes 3 and &) or 15 ng (lane 7) of Sp1 and subjected 1o
electrophoresis in a 4% polyacrylamide gel ERw (360 fmol) was incubated in the presence of 10 ng
(lane 8) or 15 ng (lane 2) Sp1 protein. A competition experiment was performed by adding as
competitor a 100-fold molar excess of unlabeled probe (ane 4) or a cold mutated competitor {lane 5}
or a cold ERE {lanes 10 and 11). Lane 12 contains probe alone. The location of the Spl/DNA (Sp1)

complex iz indcated by the arrow.

body. Eluates from ER« IPs were re-immunoprecipitated
with anti-5pl antibody (Re-ChIF) to confirm the
co-existence of ERa/5pl complex on the promoter
(Fig. 9) The recovered DNA, opportunely amplified by
using specific primers mapping the ERE/Sp 1-containing

Jowrnal of Molacifar Endosrinology (2006) 36, 91105

sequence, showed an increased occupancy of this region
by the two protein: under E, treatment (Fig. 9). No
effect was obgerved when the amplified DNA region
contained the other three non-functional ERE half
sequences (data not shown).

W, endocringlogy-journals.org
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Figure 8 ER-enhanced binding of Sp1 to the half ERE/Spi -binding site. {4) 10 ng Sp1 or 360 fmol ERa proteins were incubated
with a double stranded ERESpT sequence probe labeled with [y22P]ATF and subject to electrophoresis in a 4% polyacrylamide
gel {lanes 1 and 4 respectively). The specificity of the binding was proved by incubating the reaction mixture containing Sp1 and
ERw proteins with an anti-3p1 or anti-ERo antibodies (lanes 8 and 9 respectively). Competition experiments were performed by
adding as competitor a 100-fold molar excess of unlabeled probe {lanes 2 and 5) or a cold mutated {mut) competitor {lanes 3 and
6. Lane 10 contains probe alone. The location of the Sp1/DMA (Sp1) and ERw/DMNA (ER®) complexes are indicated by the
arrows. (B) 3#P-abeled aligo containing the half ERE/Sp1-binding site was incubated with 10 ng Spl and 350 fmol ERw (lane 1}
and subjected o electrophoresiz in a 4% polyacrylamide gel . Competition experiments were performed by adding as competitor a
100-fold molar excess of urlabeled probe (lanes 2} or a cold mutated {mut) competitor {lanes 3). Binding reaction contained 10 ng
{lane 4) or 15 ng {lane &) Spl protein in combination with 360 fmol ERa protein. Sp1 (10 ng) was incubated with 360 fmal {lane &)
or 540 fmol {lane 7} ERw, in the absence (lanes 6 and 7) or presence (lanes & and 9) of cold ERE. Lane 10 containg probe alone.

The location of the Spi/DMA (Sp1) and ERc/DMA (ERo) complexes are indicated by the arrows.

Discussion

Cur previous findings have shown how treatment of
CHO cells and estrogen-responsive positive breast
cancer cell lines with E,, for up to 24 h, revealed an
up-regulatory effect of E, on the regulator region of the
mouse [RS-1 gene Mauro & &l 2001). We have here
demonstrated that E, at concentrations ranging from
10pM to 100nM produces the same up-regulatory
effect on IRS-1 protein content in both CHO and
human breast cancer MCF-7 cells. This suggests that

Whw. BNCocrinelogy-journals.org

there is a common regulatory mechanism controlling
IRS-1 expression in the human and the mouse.

In order to investigate the molecular mechanism
underlying the up-regulatory effect of E; on the mouse
IR5-1 promoter we used the same cell type where it had
been first functionally characterized. With thiz aim, we
transiently co-transfected CHO cells with the mouse
IRS-1 promoter and pHEGO and tested the response to
different doges of E, ranging from 10 pM to 100 nM.
The mouse IRS-1 gene, like other housekeeping genes,
lacks the typical TATA and CAAT boxes (Araki e af

Jowrnal of Molacifar Endocrinology (2006) 36, 91— 06
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Figure 9 Recruitment of ERw and Spi1 to the ERESpT -containing IRS-1 promoter in CHO cells. GHO cells were transiently
transfected with pHEGO and treated with 100 n E, for 1 h (+) or left untreated (—). The cells were then cross-inked with
formaldehyde, Ivsed and soluble, precleared chromatin was obtained as described in Materials and Methods. Chromatin (200 ul)
was immunoprecipitated with anti-ERw &b (Santa Cruz Biotechnology) (ChIF:anti-ER) and eluates from this P were
re-immunoprecipitated with anti-Sp1 Ab (Santa Cruz Biotechnology) (Re-ChiP: anti-Sp1). The immune complexes were reverse
cross-linked, and DN& was recovered by phenolichloroform extraction and Ethanol precipitation. IRS-1 promoter regions containing
ERE/SpT sequences were detected in the recovered DMNA by PCR amplification with specific primers (Materials and Methods). To
determine input DA, the IRS-1 promoter fragment was amplified from & pl purified soluble ehromatin before Immunoprecipitation.
PGR products obtained at 35 cycles are shown. GhIP with non-immune 190G was Used as negative control (M), M=marker. This

experiment was repeated three times with similar results.

1995) and contains thirteen AP-1- and ten Spl-binding
sites and four ERE half sites.

It appears that in addition to binding to a classic ERE
element, the ER may also modulate transcription
indirectly by interaction with other DNA-binding
proteins. Actually, ER interaction with AP-1-bound fos
and jun proteing confers E, responsiveness to the
ovoalbumin (Gaub e & 1990), c+os (Weisz & Rosales
1990), collagenase (Webb & o 1992) and IGE-I
(Umayahara & ol 1994) genes. However, previous
studies have demonstrated ligand- and cell-context
specific differences in ERa@/Apl and ERB/Ap1 action.
For example, in Hela cells both estrogens and
anti-estrogens activated ERa/Apl, but only anti-
estrogens activated ERBAApL (Paech & ol 19973 Thus,
the latter observation led us to investigate whether the
region of the IRS-1 promoter rich in AP-1-binding sites
was responsive to Ko Our results have shown that the
AP-1-rich region failed to be up-regulated by E,.

When we extended the molecular dissection down-
streamn to implement the AP-1-rich region with the ERE
half sites, the unresponsiveness to Eo was still persistent.
In contrast, the remaining downstream region of the
IRS-1 promoter rich in Spl-binding sites appears per se
to be responsive to E, stimulation,

EMSA studies, performed in a cell-free systern, using
an  oligonucleotide reproducing the Spl sequence
present in the mouse IRS-1 promoter, revealed how
ERa did not bind the Spl sequence but was able to
enhance 5pl binding to its own responsive element.

Spl was originally described as a rans-acting factor
that bound to the GC box and activated transcription of
the SV40 promoter (Dynan & Tjian 1983, Gidoni & af

Jowrnal of Molacifar Endosrinology (2006) 36, 91105

1964, However, it has been subsequently identified as a
higher affinity consensus Spl site 5'-GGGGCGGG
GGC-%" and it has been alo discovered that the
sequences that varied from thiz consensus sequence
displayed decreased affinities for Spl (Briges e ol 1986)
It iz worth noting how the GC-rich region, when present
in the full length of the IRS-1 mouse promoter mutated
for deletion in all four ERE half sites, loses ity intrinsic
E, responsiveness. This led us to investigate the potential
role of ERE half site as involved in IRS-1 E,
resporsiveness, taking into account the ability of ERa to
bind a8 a monomer to the consensug ERE half site
(Wood & al 1998). Among the different ERE half sites
tested, only the ERE at the position nt — 1500 to
— 1495, appears to be crucial in conferring E,
resporsiveness to the whole promoter. The latter ERE
half site was the clogest one to the Spl sequence nt
— 1482 1o — 1477, Indeed, in CHO cells, only the
construct bearing the ERE/Spl sequence has repro-
duced the same pattern of E, responsiveness as that
given by the full length IRS-1 promoter. Because of this
we ressonably postulated a functional interaction
between ERE half sites and the Spl-rich region
downstream.

Results from the EMSA showed that the binding of
the untreated nuclear extract to the labeled ERE/Spl
oligonucleotide, bearing both ERE half site and Spl
sequence (5'-GGTCAN,,,CCGCCC-2), resulted in a
single band which was enhanced in the presence of
ectopic ERa and drastically increased upon prolonged
E, exposure. In the latter condition, a clear immuno-
depletion occurred in the presence of either anti-Spl or
anti-ERa antibodies.

W, endocringlogy-journals.org



ERa/Sp1 complex activates IRS-1 gene promoler

M L PAMND, L MAURC and others

The ability of Spl and ERa to bind separately was
demonstrated by two distinct bands which were
abrogated in the presence of an excess of cold
oligonucleotide and immunodepleted in the presence of
an anti-ERa antibody in a cell-free system.

Progressively increased amounts of purified ERo
protein enhanced Spl binding to the half ERE/Spl-
binding site in a dose-dependent manner, while
increased amounts of Spl were unable to do so.

All these data have demonstrated that ERw enhances
Spl binding and that both ERo and Spl can bind
directly to the half ERE/Spl-binding site. On the other
hand, the binding of ERo and Spl to the ERE/Spl-
containing sequence of the IRS5-1 gene promoter was
confirmed by ChIP assay which showed an increased
occupancy of this region by the two proteins under E,
treatment. In contrast, this was not observed when, in
the ChIP assay, we used the sequence containing the
first three ERE half sites. On the basis of these findings,
it emerges that the ERE/Spl-binding site s crucially
involved in mediating E, responsiveness to the IRS-1
gene. In contrast, the three non-functional ERE half
sequences upstream of the ERE/Spl site are not
involved in the process. This finding acquired relevance
when we became aware of how the functional synergism
between 5pl and ERw, through the formation of the
ERo/Spl complex, was responsible of the activation of
other E.-responsive genes. For instance, in the promoter
region of such genes the hall palindromic ERE sequence
and Spl were separated by a number of nucleotides
ranging from 10 to 23 nt, such as cyclin DI, bcl2,
retinoic acid receptor ol, IGF-binding protein 4,
adenosine deaminase, DNA polymerase o, c¢-fos,
cathepsin D, transcription factor-E2F1, creatine kinase
B, human progesterone receptor A promoter and,
recently, cad gene (Dubik & Shiu 1992, Wu-Peng & ol
1992, Krishnan ¢ @l 1994, Rishi e af. 1995, Porter et al.
1996, 1997, Scholz ¢ al. 1998, Wang e al. 1998, Petz &
Nardulli 2000, Salvatori et al. 2000, Saville e af. 2000,
Tanaka e . 2000, Vyhlidal e of. 2000, Li e al. 2001,
Khan e al. 2003).

While models of DNA are typically drawn in a linear
array, the packaging of DNA and proteins into the
nucleus of a cell requires tremendous compaction. This
compaction could facilitate interaction between {frans-
acting factors bound to more distant ¢s elements. For
instance, both ERa and SPl are known to directly
associate with the Transcription Factor (TFII) compo-
nent. In particular, Spl has been reported to recruit
TFI/TFII-binding protein and mediate formation of
the transcription preinitiation complex on the TATA-
less promoter (Pugh & Tjian 1991).

On the other hand, ERa as is known, interacts with
the TATA-binding protein (TBP) transcription factor
ITb (TFIIb) and TBP-associated factor (TAF);30 (Ing
et al. 1992, Jacq et al. 1994, Sabbah e al. 1998)). Thus,

winw endocrinology-ourmals org

we can reasonably assume that the interaction of ERa
and SPl, by recruiting TFIL/TFIl-binding protein,
could foster the formation of a protein—protein network
that helps to establish an active transcriptional complex.
Furthermore, the E;-dependent recruitment of coactiva-
tors such as CREB binding protein (CBP)/p300, which
can function as a histone acetyltransterase (Ogryzko et al.
1996), could help remodel chromatin in different
promoters and enhance formation of an interconnected
protein—protein and protein—DNA network involved in
activation of the IR5-1 gene.

Thus, the active complex ER0/E;-5pl could trigger
the interaction between #rans-acting factors bound to
more distant ¢is elements, like the GC downstream
elements, potentiating the transcriptional machinery at
the level of the whole GC-rich region of the IRS-1
promoter, which is a region reported to have positive
active elements on IRS-1 promoter activity (Araki e 4.
1995).

Thus, with the present findings, we have demon-
strated the molecular mechanism through which
E,/ERa up-regulates mouse IRS-1 expression, thereby
amplifying IGF-I/insulin signaling.

Since IRS-1 i1s sufficient to increase rRNA synthesis
and cell size (Sun e al. 2003), its enhanced expression,
upon prolonged E, exposure, may establish another
intriguing link between E,, cell growth and its mitogenic
potentiality.
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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
(PI3BK)/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
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Abbreviations: CHOD, Cholesterol-oxidase; GSA, glycogen synthase
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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 sperma