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Summary

SUMMARY

Leptin, a cytokine mainly produced by adipocytes, appears to play a
crucial role in mammary carcinogenesis. In the present study, we
explored the mechanism of leptin-mediated promotion of breast tumor
growth using xenograft MCF-7, in 45 days old female nude mice, and
an in vitro model represented by MCF-7 three-dimensional cultures.
Xenograft tumors, obtained only in animals with estradiol (E,) pellet
implants, doubled control value after 13 weeks of leptin exposure.

In three-dimensional cultures leptin and/or E, enhanced cell-cell
adhesion. This increased aggregation appears to be dependent on E-
cadherin, since it was completely abrogated in the presence of
function-blocking E-cadherin antibody or EGTA, a calcium-chelating
agent. In three-dimensional cultures leptin and/or E, treatment
significantly increased cell growth, which was abrogated when E-
cadherin function was blocked. These findings well correlated with an
increase of MRNA and protein content of E-cadherin in 3D cultures as
well as in xenografts. In MCF-7 cells both hormones were able to

activate E-cadherin promoter.
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Mutagenesis studies, EMSA and ChlIP assays revealed that CREB and
Spl motifs, present on E-cadherin promoter, were important for the
upregulatory effects induced by both hormones on E-cadherin
expression in breast cancer MCF-7 cells. In conclusion, the present
study demonstrates how leptin is able to promote tumor cell
proliferation and homotypic tumor cell adhesion via an increase of E-
cadherin expression. This combined effect may give reasonable
emphasis to the important role of this cytokine in stimulating primary

breast tumor cell growth and progression particularly in obese women,
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Introduction

INTRODUCTION

Leptin is an adipocyte-derived hormone (1) which, in addition to the
control weight homeostasis by regulating food intake and energy
expenditure (Fig.1) (2,3), is implicated in the modulation of many
other processes such as reproduction, lactation, haematopoiesis,

Immune responses, cell differentiation and proliferation (4,5).
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Figure 1. Site of action and actions of leptin at hypothalamus level.

The activities of leptin are mediated through the transmembrane leptin

receptor (ObR) by the activation of JAK/STAT (Janus-activated
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kinase/signal transducers and activators of transcription) and MAPK
(mitogen-activated protein kinase) pathways (6-9).

The human leptin receptor belongs to the class | cytokine receptor
family, and two main isoforms, resulting from an alternative splicing,
have been identified. It is now well established that the long form
(ObR-I), mainly expressed in the hypothalamus, is responsible for
signal transduction through the activation of JAK/STAT, MAPK and
PI-3K/Akt pathways (Fig.2). On the other hand, the short isoform
(ObR-s), which is more abundant in peripheral tissues, mainly
activates the MAPK and seems to be responsible for mitogenic

activity (8, 9).
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Figure 2. Transductional pathways activated by leptin.

Epidemiological studies demonstrate a positive association between

obesity and an increased risk of developing different cancers, such as
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pancreatic, colon, prostate, ovarian, endometrial, lung, adrenal and
breast cancer (10, 11).

Several lines of evidence suggest that leptin and ObR are involved in
the development of normal mammary gland as well as in mammary
carcinogenesis (12-14). Hu et al. (12) reported that genetically obese
leptin-deficient Lep®Lep® and leptin receptor—deficient Lep®Lep®
mice have minimal epithelial development in the mature mammary
gland compared with their lean counterparts. Moreover, leptin- or
leptin receptor—deficient mouse overexpressing transforming growth
factor-o. mice do not develop mammary tumors (13, 14). Although
many studies suggested that leptin might be involved in mammary
carcinogenesis, the mechanisms through which this hormone
influences the primary breast cancer development is still not known.
It has been recently reported that in primary breast tumors leptin was
detected in 86.4% of cases examined. Besides, it is worth to mention
how the expression of leptin in primary tumors is highly correlated
with ObR, while in lymph node metastases the expression of leptin
was not significantly associated with ObR expression. This indicates
that leptin can influence breast cancer cells not only by endocrine

and/or paracrine actions but also through an autocrine leptin loop (15).
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In epithelium and epithelium-derived tumors, cell-cell adhesion and
tumor mass mostly depend on E-cadherin, a 120-kDa transmembrane
molecule (16,17). E-cadherin can establish calcium-dependent
homophilic interaction through their extracellular domain and these
binding are stabilized by the association of the intracellular domain

with a-, B- and y-catenins, which are linked to F actin to form

functional adherens junctions (Fig.3) (16, 17).
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Figure 3. E-cadherin/catenins complex.
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As it might be expected, E-cadherin appears to have a major influence
on primary cancer development and evolution. Alteration in the
function of E-cadherin and the cadherin-catenin complex have been
implicated in cancer progression (18) invasion (19-21) and metastasis
(22,23).

In this study, we explored a new aspect of the involvement of leptin in
initial steps of mammary tumorigenesis. Specifically, we asked
whether leptin can affect primary tumor mass either in vivo in MCF-7
cell tumor xenograft or in vitro in MCF-7 three-dimensional cultures.
Our results demonstrated that leptin is able to promote tumor cell
proliferation and homotypic tumor cell adhesion via an increase of E-
cadherin expression. These combined effects may give reasonable
emphasis to the important role of this cytokine in stimulating local
primary breast tumor cell growth and progression, particularly in

obese women.
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Materials and Methods

Plasmids

The plasmids containing the human E-cadherin promoter or its
deletions were given by Dr. Y. S. Chang (Chang-Gung University,
Republic of China) (24). pHEGO plasmid, containing the full length
of ERa cDNA was provided by Dr. D. Picard (University of Geneva).
pSGS vector containing the cDNA encoding dominant negative
STAT3, which is a variant of the transcription factor STAT3 lacking
an internal domain of 50 base pairs located near the C terminus
(STAT") was given by Dr. J. Turkson (University of South Florida,
College of Medicine, Tampa). pCMV5myc vector containing the
cDNA encoding dominant negative ERK2 KS52R (ERK2’) was

provided by Dr. M. Cobb (Southwestern Medical Center, Dallas).

Site-directed mutagenesis

The E-cadherin promoter plasmid bearing CREB mutated site (CREB
mut) was created by site-directed mutagenesis using Quick Change kit
(Stratagene). We used as template human E-cadherin promoter and the

mutagenic primers were the following:
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5’-AGGGTGGATCACCTGAtacCAGGAGTTCCAGACCAGC-3°
and 5’-GCTGGTCTGGAACTCCTGgtaTCAGGTGATCCACCCT-
3’. The constructed reporter vector was confirmed by DNA

sequencing.

Cell Lines and Culture Conditions

MCF-7, HeLa and BT-20 cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA). MCF-7 and HeLa cells
were maintained in DMEM/F-12 containing 5% CS, and BT-20 cells
were cultured in MEM supplemented with 10% FBS, 1% Eagle’s non-
essential amino acids and 1% sodium pyruvate (Sigma). Cells were
cultured in phenol-red-free DMEM (SFM), containing 0.5% bovine
serum albumin, 24h before each experiment. All media were
supplemented with 1% L-glutamine and 1% penicillin/streptomycin

(Sigma).

In vivo studies
The experiments in vivo were performed in 45 days old female nude
mice (nu/nu Swiss; Charles River). At day 0, the animals were fully

anaesthetized, by intramuscular injection of 1.0 mg/kg Zoletil (Virbac)
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and 0.12% Xylor (Xylazine), to allow the subcutaneous implantation
of estradiol pellets (1.7 mg/pellet 60 days release, Innovative Research
of America) into the intrascapular region of mice. The day after,
exponentially growing MCE-7 cells (5.0x10° cells/mouse) were
inoculated subcutaneously in 0.Iml of matrigel (BD biosciences).
Leptin treatment was started 24h later, when animals were injected
intraperitoneally with either solutions: -recombinant human leptin
(230ug/kg) diluted in saline + 0.3% bovine serum albumin (BSA) or -
saline + 0.3% BSA only, control. The treatment was performed for
five days a week until the 13" Tumor development was followed
twice a week by caliper measurements along two orthogonal axes,
length (L) and width (W). The volume (V) of tumors was estimated by
the formula: V =L x (W2)/2. At the time of killing (13 weeks) tumors
were dissected out from the neighboring connective tissue, frozen in
nitrogen and stored at -80°C. All the procedures involving animals
and their care have been conducted, in conformity with the
institutional guidelines, at the Laboratory of Molecular Oncogenesis,

Regina Elena Cancer Institute in Rome.

11
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Three-dimensional spheroid culture and cell growth

The cells were plated in single-cell suspension in 2%-agar-coated
plates and untreated or treated with 1000 ng/ml leptin and/or 100 nM
E, for 48h. To block E-cadherin function, the medium was
supplemented with E-cadherin antibody (1:100 dilution; Chemicon
International) or EGTA to a final concentration of 4 mM. To generate
three-dimensional spheroids, the plates were rotated for 4h at 37°C.
The three-dimensional cultures were photographed using a phase-
contrast microscope (Olympus). The extent of aggregation was scored
by measuring the spheroids with an ocular micrometer. The spheroids
between 25 and 50, 50 and 100, and >100 pum (in the smallest cross-
section) were counted in 10 different fields under <10 magnification.
Cell number was determined, after trypsinization of spheroids, by

direct cell counting at 48h of treatments.

E-cadherin adhesion assay
MCEF-7 cells were pretreated with leptin (1000 ng/ml) and/or E, (100
nM) for 48h and then plated on 6-well plates coated with 1.5 pg/ml

recombinant human E-cadherin/Fc chimeric. Before the experiment,

12
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the wells were blocked with 1% BSA for 3h at 37°C and then washed
with PBS.

After washing out nonadherent cells, adherent cells were incubated 3h
in medium containing 500 pg/ml MTT solution. The reaction product

was measured at 570 nm.

Total RNA extraction and Reverse Transcription-PCR Assay

Total RNA was extracted using TRIzol reagent (Invitrogen). Reverse
transcription was done using RETROscript kit (Ambion). The cDNAs
were amplified by PCR using the following primers:
5'-TCTAAGATGAAGGAGACCATC-3' and
5'-GCGGTAGTAGGACAGGAAGTTGTT-3' (cyclin D1),
5'-TGGAATCCAAGCAGAATTGC-3' and
5'-TATGTGGCAATGCGTTCTCTATCCA-3' (E-cadherin), and
5'-CTCAACATCTCCCCCTTCTC-3'and
5'-CAAATCCCATATCCTCGT-3' (36B4). The PCR was performed
for 30 cycles for cyclin D1 (94°C 1 min, 60°C 1 min, 72°C 2 min) and
E-cadherin (94°C 1 min, 55°C 1 min, 72°C 2 min) and 15 cycles
(94°C 1 min, 59°C 1 min, 72°C 2 min) to amplify 36B4, in the

presence of 1 pl of first strand cDNA, 1 uM each of the primers

13
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mentioned above, dANTP (0.5 mM), Taq DNA polymerase (2

units/tube) (Promega) in final volume of 25 pl.

Western blot analysis

Equal amounts of total protein were resolved on an 8-10% SDS-
polyacrylamide gel. Proteins were transferred to a nitrocellulose
membrane and probed with the appropriated antibody. The antigen-
antibody complex was detected by incubation of the membrane at
room temperature with a peroxidase-coupled goat anti-mouse or anti-

rabbit IgG and revealed using the ECL system (Amersham).

Transfection assay

MCF-7 cells were transfected using the FuGENE 6 reagent (Promega)
with the mixture containing 0.5 pg of human E-cadherin promoter
constructs. HeLa cells were transfected with E-cadherin promoter (0.5
png/well) in the presence or absence of HEGO (0.2 pg/well) or
cotransfected with STAT3 or ERK2 dominant negative (0.5 pg/well).
Twenty-four hours after transfection, the cells were treated with 1000
ng/ml leptin and/or 100 nM E, for 48h. Empty vectors were used to

ensure that DNA concentrations were constant in each transfection.

14
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TK Renilla luciferase plasmid (5 ng/well) was used. Firefly and
Renilla Iuciferase activities were measured by Dual Luciferase kit. The
firefly luciferase data for each sample were normalized on the basis of

transfection efficiency measured by Renilla luciferase activity.

Electrophoretic mobility shift assay

Nuclear extracts were prepared from MCF-7 as previously described
(25). The probe was generated by annealing single stranded
oligonucleotides and labeled with [y**P] ATP and T4 polynucleotide
kinase, and then purified using Sephadex G50 spin columns. The
DNA sequences used as probe or as cold competitors are the

following:

CRE: 5’-TGGATCACCTGAGGTCAGGAGTTCCAGACC-3’,

Spl: 5’-ATCAGCGGTACGGGGGGCGGTGCTCCGGGG-3’.

In vitro transcribed and translated CREB protein was synthesized
using the T7 polymerase in the rabbit reticulocyte lysate system
(Promega). The protein binding reactions were carried out in 20 pl of
buffer (20 mM HEPES pH 8, 1 mM EDTA, 50 mM KCI, 10 mM

DTT, 10% glycerol, 1 mg/ml BSA, 50 pg/ml poli dI/dC) with 50000

cpm of labeled probe, 20 pg of MCF-7 nuclear protein or an

15
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appropriate amount of CREB protein or Spl human recombinant
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. The specificity of
the binding was tested by adding to the mixture reactions specific
antibodies (anti-CREB and anti-Spl). Mithramycin A 100 uM (ICN
Biomedicals Inc.) was incubated with the labelled probe for 30
minutes a 4°C before the addition of nuclear extracts. The entire

reaction mixture was electrophoresed through a 6% polyacrylamide

gel in 0.25 X Tris borate-EDTA for 3h at 150 V.

Chromatin immunoprecipitation assay

We followed ChIP methodology described by Morelli et al. (26).
MCEF-7 cells were untreated or treated with 1000 ng/ml leptin and/or
100 nM E, for 1h. The cells were then cross-linked with 1%
formaldehyde and sonicated. Supernatants were immunocleared with
sonicated salmon DNA/protein A agarose (Upstate Biotechnology
Inc.) and immunoprecipitated with anti-CREB or anti-Sp1 antibodies
(Santa Cruz). Pellets were washed as reported (26), eluted with elution

buffer (1% SDS and 0.1 M NaHCO;) and digested with proteinase K

16
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(26). DNA was obtained by phenol/chloroform extractions and
precipitated with EtOH. 5 pl of each sample were used for PCR with
the CREB primers: 5'-TGTAATCCAACACTTCAGGAGG-3', and 5'-
TTGAGACGGAGTCTCGCTCT-3', and Sp1 primers:
5'-TAGCAACTCCAGGCTAGAGG-3', and
5'-AACTGACTTCCGCAAGCTCACA-3".

The PCR conditions were: 94°C 1 min, 56°C 2 min, 72°C 2 min for

30 cycles.

Statistical Analysis
Data were analyzed by analysis of variance using the STATPAC
computer program. Statistical comparisons for in vivo studies were

made by Wilcoxon-Mann-Whitney test.

17
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Results

Effects of leptin on breast cancer cell tumor growth

To determine in vivo the influence of leptin on breast cancer cell
tumor growth we utilized 45 days old female nude mice bearing, into
the intrascapular region, MCF-7 cell tumor xenografts with or without
estrogen pellets. Tumors were obtained only in animals with estrogen
pellet implants, which were in general larger in animals treated with
leptin at the dose of 230 ng/Kg (Fig. 4A). Particularly, 13 weeks of
leptin parenteral administration increased the tumor volume to 100%
the size of E, treatment. Besides, leptin significantly enhanced
phosphorylation of tumor derived MAPK and STAT3, suggesting that
concentration and dosing schedule of leptin were appropriated for in

vivo stimulation (Fig. 4B and C).
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Figure 4: Effect of leptin on growth of MCF-7 cell tumor xenografts.

A. Xenografts were established with MCF-7 cells in female mice implanted with estradiol pellet.
One group was treated with 230 pg/Kg leptin (O; n = 5) and a second group with vehicle (OJ; n =
5). * p < 0.05 treated versus control group. Representative western blot on protein extracts from
xenografts excised from control mice and mice treated with leptin showing MAPK (B) and
STAT3 (C) activation. The immunoblots were stripped and reprobed with total MAPK and
STAT3 which serve as the loading control. The histograms represent the mean + S.E. of three
separate experiments in which the band intensities were evaluated in terms of optical density

arbitrary units and expressed as the percentage of the control assumed as 100%. * p < 0.05
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Leptin enhances cell-cell adhesion and cell proliferation

We performed three-dimensional MCF-7 cultures to evaluate in vitro
the effects of leptin on cell aggregation. It has been reported that
multicellular spheroid culture can more closely mimic some in vivo
biological features of tumors and improve the relevance of in vitro
studies (27-30). Our results evidenced that leptin and/or E, treatment
for 48h enhances cell-cell adhesion of MCF-7 cells compared with
untreated cells (Fig. 5A). The combined exposure to both hormones
switches cell aggregation towards the formation of spheroids
exhibiting prevalently a diameter larger than 100 pm (Tab. 1).

E-cadherin is a major type of adhesion molecule, which forms Ca*'-
dependent homophilic ligations to facilitate cell-cell contact in
epithelial cells (16,17). Thus, to study whether E-cadherin was
responsible for leptin-enhanced cell-cell adhesion, we supplemented
the cell culture medium with function-blocking E-cadherin antibody
or EGTA, a calcium-chelating agent. As shown in Fig. 5A, in the
presence of the antibody MCF-7 cells formed small aggregates
demonstrating limited intercellular contact, while EGTA treatment

prevented cell-cell adhesion and cells remained rounded and singled

20
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suspended. In addition, the role of E-cadherin was confirmed using an
adhesion assay in which cells were allowed to adhere to E-cadherin/Fc
protein-coated dishes.

This assay demonstrated a greater binding of cells pretreated with
leptin and/or E, for 48h with respect to untreated cells (Fig. 5B). Thus,
the increased aggregation observed in the presence of leptin and/or E,
was dependent on E-cadherin. In three-dimensional cultures we also
observed a significant increase of cell growth upon leptin and/or E,
treatment. The leptin-induced cell proliferation was completely

abrogated when E-cadherin function was blocked (Fig. 5C).

Table 1: Effect of leptin on cell aggregation in MCF-7 breast cancer cells.

MCF-7 Spheroids
25<50 pm 50<100 pm > 100 um
Control 30+ 1.2 0.6£0.2 0.0+0.0
Leptin 6+0.8 26+ 1.8 85+2.5
Estradiol 7+0.6 32+ 2.1 78 £3.2
Leptin + Estradiol 3£09 40.5 £2.3" 80.7+£2.9

MCEF-7 cells were cultured as three-dimensional spheroids in SFM. The extent of aggregation was
scored by measuring the spheroid diameters with an ocular micrometer. The values represent a
sum of spheroids in 10 optical fiels under X 10 magnification. The results are mean = S.E. from at
least three experiments. Representative three-dimensional cultures are shown in Fig. 2A.

*p <0.05 versus leptin and E,.
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Figure 5: Leptin-enhanced cell-cell adhesion and proliferation depend on E-cadherin
function.

A. E-cadherin positive MCF-7 cells were seeded in 2%-agar-coated plates and cultured as three-
dimensional spheroids (a-d). To block E-cadherin function, the medium was supplemented with E-
cadherin antibody (1:100 dilution; a-E-cad) or EGTA (4 mM). Cells were untreated (a) or treated
with leptin (b), E; (c) and leptin plus E, (d) for 48h and then photographed under phase contrast
microscopy. The bar in d equals 50 um. B. 6-well plates were coated with E-cadherin/Fc
recombinant protein and binding of cells were measured by the MTT assay. Each bar is the mean
of five wells. C. Proliferation of MCF-7 cells treated with leptin and/or E, for 48h in the absence
or presence of E-cadherin antibody (1:100 dilution; a-E-cad) or EGTA (4 mM). The results are

average of three experiments. Rapresentative results are shown. * p <0.05.

22



Results

Furthermore, in MCF-7 spheroids and in xenografts, we observed an
increase of cyclin D1, a regulator of cell cycle progression, in terms of

mRNA and protein content in the presence of leptin and/or E, (Fig.6A

and B).

Leptin = + = +
E2 - - + +
CYC“FI D1 Cyclin D1
(353 bp) P D SR 45 (Da)
36B4 PR — GAPDH
(408 bp) (32 KDa)
Leptin - + Leptin — +
E2 + +
. Cyclin D1
Cyclin D1 ‘
(353 bp) ' (43 KDa)
36B4 GAPDH
(408 bp) - — (32 KDa)

Figure 6: Leptin increases cyclin D1 expression.

Total RNA was isolated from MCF-7 three-dimensional cultures (A) or xenografts (B) and
reversed transcribed. cDNA was subjected to PCR using primers specific for cyclin D1 (30 cycles)
or 36B4 (15 cycles). C, RNA sample without the addition of reverse transcriptase (negative
control). Protein extracts obtained from MCF-7 spheroids (A) and xenografts (B) were

immunoblotted with a specific antibody against human cylin D1. Rapresentative results are shown.

Leptin upregulates E-cadherin expression

To investigate if an enhanced expression of E-cadherin occurred in the

above mentioned conditions, we performed RT-PCR and western
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blotting analysis. Our results demonstrated that either leptin or E, and
in higher extent the exposure to both hormones increased expression
of E-cadherin in terms of mRNA and protein content (Fig 7A). The

latter results were also evident in MCF-7 xenografts (Fig. 7B).
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Figure 7: Leptin upregulates E-cadherin expression in MCF-7 spheroids and xenografts.

RT-PCR of E-cadherin mRNA was performed in MCF-7 three-dimensional cultures stimulated for
48h with 1000 ng/ml leptin and/or 100 nM E, (A) as well as in xenografts (B). 36B4 mRNA levels
were determined as a control. C, RNA sample without the addition of reverse transcriptase
(negative control). Protein extracts obtained from MCF-7 spheroids (A) and xenografts (B) were
immunoblotted with a specific antibody against human E-cadherin. Representative results are
shown. The histograms represent the mean + S.E. of three separate experiments in which the band
intensities were evaluated in terms of optical density arbitrary units and expressed as the

percentage of the control assumed as 100%.
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To evaluate whether both hormones were able to activate E-cadherin
promoter, we transiently transfected MCF-7 cells with human E-
cadherin promoter plasmid (p-1008/+49).

A significant increase in promoter activity was observed in the
transfected cells exposed to leptin and/or E, for 48h (Fig. 8A).

In contrast, we observed that leptin was unable to activate the
constructs containing different deleted segments of human E-cadherin
promoter (p-164/+49 and p-83/+49) with respect to the full length,
while E, induced activation in the presence of p-164/+49 construct

(Fig. 8B and C).
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Figure 8: Leptin upregulates E-cadherin full length promoter activity in MCF-7 cells.

MCEF-7 cells were transiently transfected with a luciferase reporter plasmids containing the human
E-cadherin promoter full length p-1008/+49 (A) or deleted segments of human E-cadherin
promoter p-164/+49 (B) and p-83/4+49 (C). Schematic representation of human E-cadherin
promoter constructs are shown. The +1 position represent the transcriptional initiation site. The
cells were left untreated (control) or treated in the presence of 1000 ng/ml of leptin and/or 100 nM
of E,. The values represent the means + S.E. of three separate experiments. In each experiment, the
activities of the transfected plasmid was assayed in triplicate transfections. * p < 0.05, ** p < 0.01

compared with control.
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Leptin enhances CREB- and Spl-DNA binding activity to E-

cadherin promoter

The role of leptin and E, on the trascriptional activity of E-cadherin
gene, was explored analyzing the nucleotide sequence of the E-
cadherin gene promoter. We evidenced, upstream to the initiation
transcription site, one CRE (-925/-918) and two Sp-1 (-144/-132 and -

51/-39) as putative effectors of leptin and estrogens (Fig. 9).

N cree [ spl
-1125 tctagaaaaa ttttttaaaa aattaggccg ctcgagcgag agtgcagtgg ctcacgectg
-964 taatccaaca cttcaggagg ctgaagaggg tggatcacct gaggtcagga gtteccagace
-904 agcctggcca acatggtgaa acccecgtctt gtactaaaaa tacaaaatta gcecggtgtgg
-844 tggcacacgc ctgtagtccc agctactcaa taggctgaga caggagagtc tcttgaacce
-784 ggcaggcgga ggttgcagtg agccgagatce gtgccactge actccagect gggcaagaca
-724 gagcgagact ccgtctcaaa aaatacaaac aaaacaaaca aacaaaaaat taggctgcta
-664 gctcagtgge tcatggctca cacctgaaat cctagcactt tgggaggcca aggcaggagg
-604 atcgcttcag cccaggagtt cgagaccagg ctgggcaata cagggagaca cagcgccccce
-544 actgccectg tecegececega cttgtectete tacaaaaagg caaaagaaaa aaaaaattag
-484 cctggegtgg tggtgtgecac ctgtactecece agetactaga gaggetgggg ccagaggace
-424 gcttgagcce aggagttcga ggctgcagtg agctgtgatec gcaccactge actccagett
-364 gggtgaaaga gtgagcccca tctccaaaac gaacaaacaa aaaatcccaa aaaacaaaag
-304 aactcagcca agtgtaaaag ccctttetga tcccaggtet tagtgagcca ceggegggge
-244 tgggattcga acccagtgga atcagaaccg tgcaggtccec ataacccacc tagaccctag
-184 caactccagg ctagagggtec accgcgtcta tgegaggceg ggtgggeggg ccgtcagete
-124 cgccctgggg aggggtccge gectgectgatt ggetgtggece ggcaggtgaa ccctcageca
-62 atcageggta cggggggcgg tgctecegggg ctcacctgge tgcagecacg caccccectet
-2 cagtggecgtc ggaactgcaa agcacctgtg agcttgcgga agtcagttca gacteccagcece
+1| N

+58 cgcteccagec cggcccgacc cgaccgcacce cggcgectge cctegectecgg cgtcecegge
+118 cagccatggg cccttggagce cgcagcctcect cggegetget gctgetgctg cag

Figure 9: Nucleotide sequence of the E-cadherin gene promoter.
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For instance, in MCF-7 cells transiently transfected with E-cadherin
promoter plasmid bearing CREB mutated site (CREB mut), we
observed that the stimulatory effect of leptin was abrogated, while the
activation of E, still persisted, even though in a lower extent with

respect to the intact promoter (Fig. 10).
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Figure 10: Leptin upregulates E-cadherin promoter activity through CREB site.

MCEF-7 cells were transiently transfected with a luciferase reporter plasmid containing the human
E-cadherin promoter full-length mutated in the CREB site (CREB mut). Schematic representation
of human E-cadherin promoter constructs. The +1 position represents the transcriptional initiation
site. The cells were left untreated (control) or treated in the presence of 1,000 ng/mL leptin and/or
100 nmol/L E,. Columns, mean of three separate experiments; bars, SE. In each experiment, the
activities of the transfected plasmid were assayed in triplicate transfections. *, P < 0.05 compared

with control.
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To characterize the role of these motifs in modulating E-cadherin
promoter activity, we performed EMSA. Nuclear extracts from MCF-
7 cells, using as probe a CRE responsive element, showed two
protein-DNA complexes (Fig. 11A lane 1), which were abolished by
the addition of a non-radiolabeled competitor (Fig. 11A lane 2).
Leptin treatment induced a strong increase in CREB DNA-binding
activity (Fig. 11A lane 3), which was immunodepleted in the presence
of CREB antibody (Fig. 11A lane 4). Using transcribed and translated
in vitro CREB protein, we obtained two bands migrating at the same
level as that of MCF-7 nuclear extracts (Fig. 11A lane 9). In the
presence of the MAPK inhibitor PD98059, the complex induced by
leptin treatment was reduced (Fig. 11B lanes 5 and 9). These findings
addressed a specific involvement of leptin signalling in the up-
regulation of E-cadherin expression.

Using a DNA probe containing an Spl site, we observed in MCF-7
nuclear extracts, a specific protein-DNA complex that was slightly
enhanced by leptin, increased upon E, exposure and furthermore by
the combined treatments (Fig. 11C lanes 1, 3, 5 and 7). In the presence
of Spl human recombinant protein we observed a single complex that

causes the same shift with respect to the band revealed in MCF-7
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nuclear extracts (Fig. 11C lane 10). The addition of mithramycin A
(100 uM), that binds to GC boxes and prevents sequential Spl
binding, to nuclear extracts treated with leptin and E,, blocked the
formation of DNA-Spl complexes (Fig. 11C lane 9). The original
band DNA-protein complex was supershifted by Spl antibody (Fig.
11C lanes 4, 6 and 8). In all hormonal treatments performed, the pure
antiestrogen ICI 182,780 reduced the Sp1-DNA binding complex (Fig.
11D lanes 5, 7 and 9) evidencing that leptin induced an activation of

ERa., as we previously demonstrated (25).
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Figure 11: Effects of in vitro leptin treatment on CREB and Spl DNA-binding activity in
MCEF-7 cells.

Nuclear extracts from MCF-7 cells were incubated with a double-stranded CREB- (A and B) or
Spl- (C and D) specific consensus sequence probe labelled with [y-"“P]JATP and subjected to
electrophoresis in a 6% polyacrylamide gel (lane 1). A. We used as positive control a transcribed
and translated in vitro CREB protein (lane 9). Competition experiments were performed by adding
as competitor a 100-fold molar excess of unlabeled probe (lanes 2 and 10). MCF-7 nuclear extracts
treated with 1000 ng/ml of leptin and/or 100 nM of E, for 48h incubated with probe are shown in
lanes 3, 5 and 7 respectively. The specificity of the binding was tested by adding to the reaction
mixture a CREB antibody (lanes 4, 6 and 8). B. MCF-7 cells were serum-starvated overnight with
10 uM PD 98059 (lanes 3, 5, 7 and 9). Lanes 11 (A) and 12 (B) contain probe alone. C. Spl
human recombinant protein was used as positive control (lane 10). Competition experiments were
performed by adding as competitor a 100-fold molar excess of unlabeled probe (lanes 2 and 11).
MCF-7 nuclear extracts treated with 1000 ng/ml of leptin and/or 100 nM of E, for 48h incubated
with probe are shown in lanes 3, 5 and 7 respectively. The specificity of the binding was tested by
adding to the reaction mixture a Spl antibody (lanes 4, 6 and 8). The formation of DNA-Spl
complexes was blocked by the addition of 100 uM mithramycin A (lane 9). D. The pure
antiestrogen ICI 182,780 (1 uM) was added in leptin- (lane 5) and/or E,-treated (lanes 7 and 9)

MCF-7 nuclear extracts. Lanes 12 contain probe alone.
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Effects of leptin on CREB and Spl recruitment to the E-cadherin

promoter

To corroborate EMSA results, we performed ChIP assay. We found
that the stimulation of MCF-7 cells with leptin increased the
recruitment of CREB to E-cadherin gene promoter (Fig. 12A).
Furthermore, we observed that leptin or E, stimulated the recruitment
of Spl to the E-cadherin promoter and the combined treatment
induced an additive effect (Fig. 12B).

The latter event suggests that leptin and E, may converge in activating

ERa to recruit Spl on E-cadherin promoter.
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Figure 12: Recruitment of CREB and Sp1 to the E-cadherin promoter in MCF-7 cells.

The cells were treated for 1h with 1000 ng/ml leptin and/or 100 nM E, or left untreated. The
precleared chromatin was immunoprecipitated with specific antibodies, namely, anti-CREB for
CREB IPs (A) or anti-Spl for Spl IPs (B). E-cadherin promoter sequences containing CREB or
Sp1 sites were detected by PCR with specific primers, as detailed in Materials and Methods. To
determine input DNA, the E-cadherin promoter fragment was amplified from 5 pl purified soluble
chromatin before immunoprecipitation. PCR products obtained at 30 cycles are shown. ChIP with
non-immune IgG was used as negative control (C"). This experiment was repeated three times with
similar results and the most representative experiment is shown. The histograms represent the
mean + S.E. of three separate experiments in which the band intensities were evaluated in terms of

optical density arbitrary units and expressed as the percentage of the control assumed as 100%.
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Involvement of ERea in the leptin-induced upregulation of E-

cadherin expression

Stemming from the data provided by EMSA and ChIP assays, we
evaluated the involvement of ERo in the enhanced E-cadherin
expression induced by leptin. Our results demonstrated that, in three-
dimensional cultures, in the presence of the pure antiestrogen ICI
182,780 the upregulatory effect of leptin on E-cadherin protein
expression still persisted, while the stimulatory effects of E, was
abrogated (Fig. 13A).

In addition, the specific role of leptin signalling in upregulating E-
cadherin expression, was also confirmed by functional studies in ERa
negative HeLa cells. We evidenced that leptin was able to activate E-
cadherin promoter (Fig. 13B) which was abrogated in the presence of
ERK2 and STAT3 dominant negative (Fig. 13C), sustaining
furthermore the involvement of leptin signalling. It is worth to note
how the ectopic expression of ERa in HelLa cells was able to

potentiate the effect of leptin (Fig. 13B).
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Figure 13: Influence of ERa on leptin-induced upregulation of E-cadherin expression.

A. MCF-7 spheroids were preincubated with 1 uM ICI 182,780 for 1h and then treated with leptin
(1000 ng/ml) and/or E, (100 nM) for 48h. Total proteins (50 pg) were immunoblotted with a
specific antibody against human E-cadherin. GAPDH serves as loading control.

B. Estrogen receptor negative HelLa cells were transfected with a plasmid containing E-cadherin
promoter or cotransfected with E-cadherin promoter and pHEGO. Transfected cells were treated
with leptin (1000 ng/ml) and/or E, (100 nM) for 48h. The values represent the means + S.E. of
three separate experiments. In each experiment, the activities of the transfected plasmids were
assayed in triplicate transfections. Small square shows western blot analysis for phosphorylated
ERa using anti-phospho-ERa (ser 118). * p <0.05, ** p <0.01 compared with control.

C. HeLa cells were transiently transfected with dominant negative ERK2 or STAT3 plasmid and
then treated for 48h with leptin. In each experiment, the activities of the transfected plasmids were
assayed in triplicate transfections. Small squares show western blot analysis for c-fos. * p < 0.05

compared with control.
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To test the activity of the transfected ERa we performed western
blotting analysis for phosphorylated ERa, while for dominant
negative ERK2 and STAT3 genes we evaluated the expression of c-
fos, as target of both pathways (31-33). Moreover, in BT-20 cells
lacking of ERa, leptin-enhanced E-cadherin protein content was
reduced in the presence of either ERK2 or STAT3 dominant negative.
In the same cells, cotransfected with ERa and ERK2 or STATS3
dominant negative, E, alone or in combination with leptin was unable

to maintain the upregulatory effect on E-cadherin expression (Fig. 14).
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Figure 14: Role of ERa on leptin-induced E-cadherin expression.

BT-20 cells were transfected with ERK2 dominant negative (A) or with STAT3 dominant negative
(B) in the presence or absence of ERa and then treated with leptin (1000 ng/ml) and/or E, (100
nM). Total proteins (50 pg) were immunoblotted with a specific antibody against human E-
cadherin. GAPDH serves as loading control. Results are representative of three independent

experiments.
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Discussion

Leptin stimulates cell growth, counteracts apoptosis, and induces
migration and angiogenic factors in different cellular cancer models
(10). For instance, hyperleptinemia is a common feature of obese
women, who have a higher risk of breast cancer than women with
normal weight (34), but the association between circulating leptin and
breast cancer is still not clear. It has been reported that in interstitial
fluid of adipose tissue, leptin concentration is higher than the
circulating levels (35). Thus, we may reasonably assume that in the
presence of an abundant adipose tissue surrounding epithelial breast
cancer cells, the paracrine leptin effects become crucial in affecting
local and primary tumor progression.

The aim of this study was to evaluate whether leptin can influence
local primary breast cancer development and progression, using an in
vivo model of MCF-7 xenografts implanted in female nude mice, and
an in vitro system represented by MCF-7 three-dimensional cultures.
Our results showed in MCF-7 xenografts that leptin treatment
significantly potentiated the E,-increased tumor size. In the same

view, in vitro studies revealed that the combined exposure to both

38



Discussion

hormones enhanced cell-cell aggregation with respect to the separate
treatments.

E-cadherin is an intercellular adhesion molecule generally implicated
as tumor suppressor in several types of epithelial tumors, based on
findings that the expression of this homotypic adhesion molecule is
frequently lost in human epithelial cancers (18,20,21). However, it has
well been demonstrated in ovarian epithelial tumors, that E-cadherin
expression is much more elevated than normal ovaries, suggesting that
E-cadherin can play a role in the development of ovarian carcinomas
(36). For instance, it is worth to mention that E-cadherin may serve
not only as an intercellular adhesion molecule, but it may trigger
intracellular activation of proliferation and survival signals (37).

In our study, the increased cell-cell aggregation, observed in MCF-7
three-dimensional cultures upon leptin and/or E, treatments, appears
to be dependent on E-cadherin molecule that has an indispensable role
in this process. Indeed, the addition of a function-blocking E-cadherin
antibody or a calcium chelating agent, EGTA, blocked cell-cell
adhesion induced by both hormones. Besides, we demonstrated by
adhesion assay a greater binding of cells pretreated with leptin and/or

E, on E-cadherin/Fc protein-coated dishes.
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In the same experimental conditions an increased proliferative rate
was observed upon leptin or E, exposure, which was completely
abrogated when E-cadherin function was blocked.

An important cell cycle regulator, such as cyclin DI, resulted to be
upregulated in three-dimensional cultures as well as in xenografts.
Besides, in both models we demonstrated that leptin and/or E,
enhanced E-cadherin expression in terms of mRNA, protein content
and promoter activity.

The analysis of E-cadherin promoter sequence, revealed the presence
of CRE and Sp1 sites, as potential target of leptin and E, signals. It is
well documented how leptin and E, through non genomic effects are
able to activate MAPK pathway that induces activation of CREB
kinase, a member of the p90*** family that corresponds to RSK2 and
thereby phosphorylates CREB serine 133 (38-40). This well fits with
our functional studies demonstrating that leptin was no longer able to
activate the E-cadherin gene promoter mutated in the CREB site,
while E, maintained an activatory effect even though in a lower extent
with respect to the intact promoter. The latter data suggest that the
activatory effect of E, may persist through its binding to Sp1-DNA

complex.
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The important role of Sp1 responsive element in activating E-cadherin
promoter was demonstrated by EMSA and ChIP assays. Our results
evidenced that E,, as extensively documented, acts in a nonclassic
way through the interaction of ERa with Spl (41-45). It is worth to
note that upon leptin exposure we also observed an increase in Spl-
DNA binding activity, clearly reduced in the presence of the pure
antiestrogen ICI 182,780, as well as an enhanced recruitment of Spl
to E-cadherin promoter. These observations are supported by our
previous findings reporting that leptin is able to transactivate, in a
unliganded-dependent manner, ERa through MAPK signal (25).

A cross-talk between leptin and E, has been well documented in
neoplastic mammary tissues and breast cancer cell lines (15,25,46,47).
For instance, E, upregulates leptin expression in MCF-7 cells (15),
while leptin is an amplifier of E, signalling through a double
mechanism: an enhanced aromatase gene expression (46) and a direct
transactivation of ERa (25). Thus, we investigated whether the
upregolatory effect induced by leptin on E-cadherin expression can be
modulated by ERa.. We found that E-cadherin protein appears still
upregulated by leptin in the presence of the pure antiestrogen ICI

182,780. Moreover, in HelLa cells, leptin was able to activate E-
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cadherin promoter, which was abrogated in the presence of ERK?2 or
STAT3 dominant negative, suggesting that leptin signalling is
involved in enhancing E-cadherin expression. These latter data are
supported by western blotting analysis performed in BT-20 cells
lacking of ERa in which ERK2 and STAT3 dominant negative
reversed leptin-enhanced E-cadherin  protein  content. The
upregulatory effect induced by E, on E-cadherin expression in the
presence of ectopic ERa appeared inhibited in the presence of ERK2
and STAT3 dominant negative. The latter findings may be a
consequence of the enhanced expression of leptin receptor upon E,
exposure (15), which may have an impaired signalling on E-cadherin
expression. An additional explanation, which could coexist with the
previous one, may be that both ERK2 and STAT3 dominant negative
could interfere with ERa/Sp1 interaction at level of E-cadherin gene
transcription (48).

A hypothetical model of the possible mechanism through which leptin
and E, may functionally interact in modulating E-cadherin expression
in breast cancer is shown in Scheme 1. Leptin through MAPK
activation may phosphorylate CREB and induce its transactivation.

For instance, CREB phosphorylated at serine 133 is often reported not
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only as an index of PKA but also as an effector of MAPK activation
(49). Concomitantly, leptin in the presence of E, may potentiate the
transactivation of ERa, which in turn may interact with Sp1 and bind
DNA in a nonclassic way. On the other hand it is well known that

ERa, in the presence of its natural ligand, interacts with Sp1.

Leptin

VAR5

Cytosol

E-cadherin
transcription

Nucleus

Scheme 1. Hypothesized model of leptin signalling in modulating E-cadherin expression in
breast cancer.

Interaction of leptin with its specific receptor (ObR) induces, through MAPK activation,
phosphorylation of CREB and its transactivation. Leptin may potentiate the transactivation of
ERa, which in turn may interact with Spl and bind DNA in a nonclassic way. Both CREB and
Sp! transcriptional factors bind on E-cadherin promoter at specific responsive sequences and

induce an enhanced E-cadherin expression.
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Thus, we may reasonably propose that, upon leptin exposure, the
increased E-cadherin-mediated cellular adhesion and activation of
proliferation signals may enhance the transformation of normal
epithelial cells to neoplastic cells, and then stimulate the growth of
tumor mass. Distinct from its role as a tumor suppressor, E-cadherin
may function as tumor enhancer in the development of primary breast
cancer.

In conclusion, all these data address how leptin and E, signalling may
represent a target of combined pharmacological tools to be exploited
in the novel therapeutical adjuvant strategies for breast cancer
treatment particularly in obese women.

In the latter concern, according to our on going results, derivate of
thiazolidinediones (TZDs) are intriguing molecule exhibiting both the
capability to inhibit leptin gene expression as well as to antagonized
estrogen signalling. The latter effects appear to occur through a double
mechanism: a) down regulation of aromatase expression, b)
antagonistic action on ERa at genomic level (50). Besides we should
taking into account how these substances may play important
metabolic action leading at a reduction of insulin-resistance generally

associated to the obesity (51). On the basis of these observation the
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derivate of TZDs may be implemented in the adjuvant strategies for

breast cancer treatment, particular in postmenopausal obese women.
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Abstract

Leptin, a cytokine mainly produced by adipocytes, seems to
play a crucial role in mammary carcinogenesis. In the present
study, we explored the mechanism of leptin-mediated promo-
tion of breast tumor growth using xenograft MCF-7 in 45-day-
old female nude mice, and an in vitro model represented by
MCF-7 three-dimensional cultures. Xenograft tumors, ob-
tained only in animals with estradiol (E,) pellet implants,
doubled control value after 13 weeks of leptin exposure. In
three-dimensional cultures, leptin and/or E, enhanced cell-
cell adhesion. This increased aggregation seems to be
dependent on E-cadherin because it was completely abrogated
in the presence of function-blocking E-cadherin antibody or
EGTA, a calcium-chelating agent. In three-dimensional cul-
tures, leptin and/or E, treatment significantly increased cell
growth, which was abrogated when E-cadherin function was
blocked. These findings well correlated with an increase of
mRNA and protein content of E-cadherin in three-dimensional
cultures and in xenografts. In MCF-7 cells both hormones were
able to activate E-cadherin promoter. Mutagenesis studies,
electrophoretic mobility shift assay, and chromatin immuno-
precipitation assays revealed that cyclic AMP-responsive ele-
ment binding protein and Spl motifs, present on E-cadherin
promoter, were important for the up-regulatory effects
induced by both hormones on E-cadherin expression in breast
cancer MCF-7 cells. In conclusion, the present study shows
how leptin is able to promote tumor cell proliferation and
homotypic tumor cell adhesion via an increase of E-cadherin
expression. This combined effect may give reasonable empha-
sis to the important role of this cytokine in stimulating
primary breast tumor cell growth and progression, particu-
larly in obese women. [Cancer Res 2007;67(7):3412-21]

Introduction

Leptin is an adipocyte-derived hormone (1) that, in addition to
the control weight homeostasis by regulating food intake and
energy expenditure (2, 3), is implicated in the modulation of many
other processes such as reproduction, lactation, hematopoiesis,

Note: Supplementary data for this article are available at Cancer Research Online
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immune responses, cell differentiation, and proliferation (4, 5). The
activities of leptin are mediated through the transmembrane leptin
receptor (ObR; refs. 6, 7) by activation of the Janus-activated
kinase/signal transducers and activators of transcription (STAT)
and mitogen-activated protein kinase (MAPK) pathways (8, 9).

Epidemiologic studies show a positive association between obe-
sity and an increased risk of developing different cancers (10, 11).
Several lines of evidence suggest that leptin and ObR are involved
in the development of normal mammary gland and in mammary
carcinogenesis (12-14). It has been recently reported that in
primary breast tumors, leptin was detected in 86.4% of cases
examined, and its expression was highly correlated with ObR (15).
This indicates that leptin can influence breast cancer cells not only
by endocrine and/or paracrine actions but also through autocrine
pathways.

In epithelium and epithelium-derived tumors, cell-cell adhesion
and tumor mass mostly depend on E-cadherin, a 120-kDa trans-
membrane molecule (16, 17). As it might be expected, E-cadherin
seems to have a major influence on primary cancer development
and evolution. Alteration in the function of E-cadherin and the
cadherin-catenin complex has been implicated in cancer progres-
sion (18), invasion (19-21), and metastasis (22, 23).

In this study, we explored a new aspect of the involvement of
leptin in initial steps of mammary tumorigenesis. Specifically, we
asked whether leptin can affect primary tumor mass either in vivo
in MCF-7 cell tumor xenograft or in vitro in MCF-7 three-
dimensional cultures. Our results showed that leptin is able to
promote tumor cell proliferation and homotypic tumor cell
adhesion via an increase of E-cadherin expression. These combined
effects may give reasonable emphasis to the important role of this
cytokine in stimulating local primary breast tumor cell growth and
progression, particularly in obese women.

Materials and Methods

Plasmids. The plasmids containing the human E-cadherin promoter or
its deletions were given by Dr. Y.S. Chang (Chang-Gung University, Republic
of China; ref. 24). pHEGO plasmid containing the full length of estrogen
receptor a (ERa) cDNA was provided by Dr. D. Picard (University of
Geneva). pSG5 vector containing the cDNA-encoding dominant-negative
STAT3, which is a variant of the transcription factor STAT3 lacking an
internal domain of 50 bp located near the COOH terminus (STAT ), was
given by Dr. J. Turkson (University of South Florida, College of Medicine,
Tampa, FL). pCMV5myc vector containing the cDNA-encoding dominant-
negative extracellular signal-regulated kinase 2 K52R (ERK2 ") was provided
by Dr. M. Cobb (Southwestern Medical Center, Dallas, TX).

Site-directed mutagenesis. The E-cadherin promoter plasmid-bearing
cyclic AMP-responsive element binding protein (CREB)-mutated site
(CREB mut) was created by site-directed mutagenesis using Quick Change
kit (Stratagene, La Jolla, CA). We used as template the human E-cadherin
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promoter, and the mutagenic primers were as follows: 5-AGGGTGGAT-
CACCTGAtacCAGGAGTTCCAGACCAGC-3" and 5-GCTGGTCTGGAACTC-
CTthaTCAGGTGATCCACCCT—IS'. The constructed reporter vector was
confirmed by DNA sequencing.

Cell lines and culture conditions. MCF-7, HeLa, and BT-20 cells were
obtained from the American Type Culture Collection (Manassas, VA). MCF-
7 and HeLa cells were maintained in DMEM/F-12 containing 5% calf serum
and BT-20 cells were cultured in MEM supplemented with 10% fetal bovine
serum, 1% Eagle’s nonessential amino acids, and 1% sodium pyruvate
(Sigma, Milan, Italy). Cells were cultured in phenol red-free DMEM (serum-
free medium), containing 0.5% bovine serum albumin, 24 h before each
experiment. All media were supplemented with 1% L-glutamine and 1%
penicillin/streptomycin (Sigma).

In vivo studies. The experiments in vivo were done in 45-day-old female
nude mice (nu/nu Swiss; Charles River, Milan, Italy). At day 0, the animals
were fully anesthetized by im. injection of 1.0 mg/kg Zoletil (Virbac) and
0.12% Xylor (Xylazine) to allow the s.c. implantation of estradiol (E,) pellets
(1.7 mg per pellet, 60-day release; Innovative Research of America, Sarasota,
FL) into the intrascapular region of mice. The day after, exponentially
growing MCF-7 cells (5.0 X 10° per mouse) were inoculated s.c. in 0.1 mL of
Matrigel (BD Biosciences, Bedford, MA). Leptin treatment was started 24 h
later, when animals were injected ip. with either solutions: recombinant
human leptin (230 pg/kg) diluted in saline + 0.3% bovine serum albumin
(BSA) or saline + 0.3% BSA only (control). The treatment was done for 5 days
a week until the 13th week. Tumor development was followed twice a week
by caliper measurements along two orthogonal axes: length (L) and width
(W). The volume (V) of tumors was estimated by the following formula:
V=L % (W?) /2. At the time of killing (13 weeks), tumors were dissected out
from the neighboring connective tissue, frozen in nitrogen, and stored at
—80°C. All the procedures involving animals and their care have been
conducted in conformity with the institutional guidelines at the Laboratory
of Molecular Oncogenesis, Regina Elena Cancer Institute in Rome.

Three-dimensional spheroid culture and cell growth. The cells were
plated in single-cell suspension in 2% agar—coated plates and untreated or
treated with 1,000 ng/mL leptin and/or 100 nmol/L E, for 48 h. To block
E-cadherin function, the medium was supplemented with E-cadherin
antibody (1:100 dilution; Chemicon International, Temecula, CA) or EGTA
to a final concentration of 4 mmol/L. To generate three-dimensional

spheroids, the plates were rotated for 4 h at 37°C. The three-dimensional
cultures were photographed using a phase-contrast microscope (Olympus,
Milan, Italy). The extent of aggregation was scored by measuring the
spheroids with an ocular micrometer. The spheroids between 25 and 50,
50 and 100, and >100 um (in the smallest cross-section) were counted in
10 different fields under x10 magnification.

Cell number was determined, after trypsinization of spheroids, by direct
cell counting at 48 h of treatments.

E-cadherin adhesion assay. MCF-7 cells were pretreated with leptin
(1,000 ng/mL) and/or E, (100 nmol/L) for 48 h and then plated on six-well
plates coated with 1.5 pg/mL recombinant human E-cadherin/Fc chimeric.
Before the experiment, the wells were blocked with 1% BSA for 3 h at 37°C
and then washed with PBS.

After washing out nonadherent cells, adherent cells were incubated 3 h in
medium containing 500 pg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide solution. The reaction product was measured at 570 nm.

Total RNA extraction and reverse transcription-PCR assay. Total
RNA was extracted using TRIzol reagent (Invitrogen, San Diego, CA).
Reverse transcription was done using RETROscript kit (Ambion, Austin,
TX). The cDNAs were amplified by PCR using the following primers:
5 TCTAAGATGAAGGAGACCATC-3 and 5-GCGGTAGTAGGACAGGAAGT-
TGTT-3 (cyclin D1), 5-TGGAATCCAAGCAGAATTGC-3 and 5-TATGTGG-
CAATGCGTTCTCTATCCA-3" (E-cadherin), and 5-CTCAACATCTCCCCC-
TTCTC-3" and 5-CAAATCCCATATCCTCGT-3' (36B4). The PCR was done
for 30 cycles for cyclin D1 (94°C for 1 min, 60°C for 1 min, and 72°C for
2 min) and E-cadherin (94°C for 1 min, 55°C for 1 min, and 72°C for 2 min)
and 15 cycles (94°C for 1 min, 59°C for 1 min, and 72°C for 2 min) to
amplify 36B4, in the presence of 1 pL of first-strand cDNA, 1 pmol/L each of
the primers mentioned above, deoxynucleotide triphosphate (0.5 mmol/L),
Taq DNA polymerase (2 units per tube; Promega, Madison, WI) in a final
volume of 25 pL.

Western blot analysis. Equal amounts of total protein were resolved on
an 8% to 10% SDS-polyacrylamide gel. Proteins were transferred to a
nitrocellulose membrane and probed with the appropriated antibody. The
antigen-antibody complex was detected by incubation of the membrane at
room temperature with a peroxidase-coupled goat anti-mouse or anti-
rabbit IgG and revealed using the enhanced chemiluminescence system
(Amersham, Buckinghamshire, United Kingdom).
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Figure 1. Effect of leptin on growth of MCF-7 cell tumor xenografts. A, xenografts were established with MCF-7 cells in female mice implanted with E; pellet. One
group was treated with 230 pg/kg leptin (@, n = 5) and a second group with vehicle (O, n = 5). *, P < 0.05, treated versus control group. Representative Western
blot on protein extracts from xenografts excised from control mice and mice treated with leptin showing MAPK (B) and STAT3 (C) activation. The immunoblots were
stripped and reprobed with total MAPK and STAT3, which serve as the loading control. pMAPK, phosphorylated MAPK; pSTAT, phosphorylated STAT. Columns,
mean of three separate experiments in which the band intensities were evaluated in terms of optical density arbitrary units and expressed as the percentage of the

control assumed as 100%; bars, SE. *, P < 0.05.
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Figure 2. Leptin-enhanced cell-cell adhesion and proliferation depend on
E-cadherin function. A, E-cadherin—positive MCF-7 cells were seeded in 2%
agar—coated plates and cultured as three-dimensional spheroids (a—d). To block
E-cadherin function, the medium was supplemented with E-cadherin antibody
(1:100 dilution; a-E-cad) or EGTA (4 mmol/L). Cells were untreated (a) or treated
with leptin (b), E» (c), and leptin plus E (d) for 48 h and then photographed
under phase-contrast microscopy. Bar, 50 um. B, six-well plates were coated
with E-cadherin/Fc recombinant protein, and binding of cells were measured
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
Columns, mean of five wells; bars, SE. C, proliferation of MCF-7 cells treated
with leptin and/or E, for 48 h in the absence or presence of E-cadherin antibody
(1:100 dilution; a-E-cad) or EGTA (4 mmol/L). Columns, average of three
experiments; bars, SE. Representative results. *, P < 0.05.

Transfection assay. MCF-7 cells were transfected using the FuGENE 6
reagent (Promega) with the mixture containing 0.5 j1g of human E-cadherin
promoter constructs. HeLa cells were transfected with E-cadherin promoter
(0.5 ng per well) in the presence or absence of HEGO (0.2 pg per well) or
cotransfected with STAT3 or ERK2 dominant negative (0.5 pug per well).
Twenty-four hours after transfection, the cells were treated with 1,000 ng/mL
leptin and/or 100 nmol/L E, for 48 h. Empty vectors were used to ensure that
DNA concentrations were constant in each transfection. TK Renilla
luciferase plasmid (5 ng per well) was used. Firefly and Renilla luciferase
activities were measured by Dual Luciferase kit. The firefly luciferase data for
each sample were normalized based on the transfection efficiency measured
by Renilla luciferase activity.

Electrophoretic mobility shift assay. Nuclear extracts were prepared
from MCF-7 as previously described (25). The probe was generated by
annealing single-stranded oligonucleotides, labeled with [y**PJATP and T4
polynucleotide kinase, and then purified using Sephadex G50 spin columns.
The DNA sequences used as probe or as cold competitors are as follows:
CRE, 5-TGGATCACCTGAGGTCAGGAGTTCCAGACC-3; Spl, 5-ATCAGC-
GGTACGGGGGGCGGTGCTCCGGGG-3. In vitro transcribed and translated
CREB protein was synthesized using the T7 polymerase in the rabbit
reticulocyte lysate system (Promega). The protein-binding reactions were
carried out in 20 mL of buffer [20 mmol/L HEPES (pH 8), 1 mmol/L EDTA,
50 mmol/L KCl, 10 mmol/L DTT, 10% glycerol, 1 mg/mL BSA, 50 pg/mL
poly(dI/dC) with 50,000 cpm] of labeled probe, 20 pg of MCF-7 nuclear
protein or an appropriate amount of CREB protein or Spl human
recombinant protein (Promega), and 5 pg of poly(dl-dC). The mixtures
were incubated at room temperature for 20 min in the presence or absence
of unlabeled competitor oligonucleotides. The specificity of the binding was
tested by adding to the mixture reaction-specific antibodies (anti-CREB
and anti-Spl). Mithramycin A (100 pumol/L; ICN Biomedicals, Inc., Costa
Mesa, CA) was incubated with the labeled probe for 30 min at 4°C before
the addition of nuclear extracts. The entire reaction mixture was
electrophoresed through a 6% polyacrylamide gel in 0.25X Tris borate-
EDTA for 3 h at 150 V.

Chromatin immunoprecipitation assay. We followed chromatin
immunoprecipitation (ChIP) methodology described by Morelli et al. (26).
MCF-7 cells were untreated or treated with 1,000 ng/mL leptin and/or 100
nmol/L E, for 1 h. The cells were then cross-linked with 1% formaldehyde
and sonicated. Supernatants were immunocleared with sonicated salmon
DNA/protein A agarose (Upstate Biotechnology, Inc., Lake Placid, NY) and
immunoprecipitated with anti-CREB or anti-Spl antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA). Pellets were washed as reported (26), eluted

Table 1. Effect of leptin on cell aggregation in MCF-7
breast cancer cells

MCF-7 Spheriods

25<50 um 50 <100 um >100 pm
Control 30 + 1.2 0.6 + 0.2 0.0 £ 0.0
Leptin 6+ 08 26 + 1.8 85 + 25
E, 7+ 06 32 + 2.1 78 + 3.2
Leptin + E, 309 40.5 + 2.3% 80.7 = 29

NOTE: MCEF-7 cells were cultured as three-dimensional spheroids in
serum-free medium. The extent of aggregation was scored by
measuring the spheroid diameters with an ocular micrometer. The
values represent a sum of spheroids in 10 optical fields under X10
magnification. The results are mean + SE from at least three
experiments. Representative three-dimensional cultures are shown in
Fig. 24.

*P < 0.05 versus leptin and E,.
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Figure 3. Leptin up-regulates E-cadherin expression in MCF-7 spheroids and xenografts. Reverse transcription-PCR of E-cadherin mRNA was done in MCF-7
three-dimensional cultures stimulated for 48 h with 1,000 ng/mL leptin and/or 100 nmol/L E, (A) as well as in xenografts (B). 36B4 mRNA levels were determined
as a control. C~, RNA sample without the addition of reverse transcriptase (negative control). Protein extracts obtained from MCF-7 spheroids (A) and xenografts (B)
were immunoblotted with a specific antibody against human E-cadherin. Representative results. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Columns,
mean of three separate experiments in which the band intensities were evaluated in terms of optical density arbitrary units and expressed as the percentage of the
control assumed as 100%; bars, SE. MCF-7 cells were transiently transfected with a luciferase reporter plasmid containing the human E-cadherin promoter full-length
p-1008/+49 (C) or mutated in the CREB site (CREB mut; D). Schematic representation of human E-cadherin promoter constructs. The +1 position represents the
transcriptional initiation site. The cells were left untreated (control) or treated in the presence of 1,000 ng/mL leptin and/or 100 nmol/L E,. Columns, mean of three
separate experiments; bars, SE. In each experiment, the activities of the transfected plasmid were assayed in triplicate transfections. *, P < 0.05; **, P < 0.01 compared
with control.

with elution buffer (1% SDS and 0.1 mol/L NaHCOj3), and digested with
proteinase K (26). DNA was obtained by phenol/chloroform extractions and
precipitated with ethanol; 5 uL of each sample were used for PCR with
CREB primers (5-TGTAATCCAACACTTCAGGAGG-3" and 5-TTGAGACG-
GAGTCTCGCTCT-3") and Spl primers (5-TAGCAACTCCAGGCTAGAGG-3’

and 5-AACTGACTTCCGCAAGCTCACA-3'). The PCR conditions were 94°C
for 1 min, 56°C for 2 min, and 72°C for 2 min for 30 cycles.

Statistical analysis. Data were analyzed by ANOVA using the STATPAC
computer program. Statistical comparisons for in vivo studies were made by
Wilcoxon-Mann-Whitney test.
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Results

Effects of leptin on breast cancer cell tumor growth. To
determine in vivo the influence of leptin on breast cancer cell
tumor growth, we used 45-day-old female nude mice bearing, into
the intrascapular region, MCF-7 cell tumor xenografts with or
without estrogen pellets. Tumors were obtained only in animals
with estrogen pellet implants, which were in general larger in
animals treated with leptin at the dose of 230 pg/kg (Fig. 14).
Particularly, 13 weeks of leptin parenteral administration increased
the tumor volume to 100% the size of E, treatment. Besides, leptin
significantly enhanced phosphorylation of tumor-derived MAPK
and STATS3, suggesting that concentration and dosing schedule of
leptin were appropriated for in vivo stimulation (Fig. 1B and C).

Leptin enhances cell-cell adhesion and cell proliferation. We
did three-dimensional MCF-7 cultures to evaluate in vitro the
effects of leptin on cell aggregation. It has been reported that
multicellular spheroid culture can more closely mimic some in vivo
biological features of tumors and improve the relevance of in vitro
studies (27-30).

Our results evidenced that leptin and/or E, treatment for
48 h enhances cell-cell adhesion of MCF-7 cells compared with
untreated cells (Fig. 24). The combined exposure to both hormones
switches cell aggregation towards the formation of spheroids
exhibiting prevalently a diameter larger than 100 pm (Table 1).

E-cadherin is a major type of adhesion molecule, which forms
Ca"-dependent homophilic ligations to facilitate cell-cell contact
in epithelial cells (16, 17). Thus, to study whether E-cadherin was
responsible for leptin-enhanced cell-cell adhesion, we supple-
mented the cell culture medium with function-blocking E-cadherin
antibody or EGTA, a calcium-chelating agent. As shown in Fig. 24,
in the presence of the antibody, MCF-7 cells formed small
aggregates showing limited intercellular contact, whereas EGTA
treatment prevented cell-cell adhesion, and cells remained rounded
and singled suspended.

In addition, the role of E-cadherin was confirmed using an
adhesion assay in which cells were allowed to adhere to E-
cadherin/Fc protein-coated dishes. This assay showed a greater
binding of cells pretreated with leptin and/or E, for 48 h with
respect to untreated cells (Fig. 2B). The adhesion was blocked using
either a function-blocking E-cadherin antibody or EGTA (data not
shown). Thus, the increased aggregation observed in the presence
of leptin and/or E, was dependent on E-cadherin.

In three-dimensional cultures, we also observed a significant
increase of cell growth upon leptin and/or E, treatment. The
leptin-induced cell proliferation was completely abrogated when
E-cadherin function was blocked (Fig. 2C).

Furthermore, in MCF-7 spheroids and in xenografts, we observed
an increase of cyclin D1, a regulator of cell cycle progression, in
terms of mRNA and protein content in the presence of leptin and/
or E, (Supplementary Fig. S1).

Leptin up-regulates E-cadherin expression. To investigate if
an enhanced expression of E-cadherin occurred in the above-
mentioned conditions, we did reverse transcription-PCR and
Western blotting analysis. Our results showed that either leptin
or E, and, in higher extent, the exposure to both hormones
increased expression of E-cadherin in terms of mRNA and protein
content (Fig. 34). The latter results were also evident in MCF-7
xenografts (Fig. 3B).

To evaluate whether both hormones were able to activate E-
cadherin promoter, we transiently transfected MCF-7 cells with
human E-cadherin promoter plasmid (p-1008/+49). A significant
increase in promoter activity was observed in the transfected cells
exposed to leptin and/or E, for 48 h (Fig. 3C).

In contrast, we observed that leptin was unable to activate the
constructs containing different deleted segments of human E-
cadherin promoter (p-164/+49 and p-83/+49) with respect to the
full length, whereas E, induced activation in the presence of p-164/
+49 construct (Supplementary Fig. S2).

Leptin enhances CREB-DNA and Sp1-DNA binding activity
to E-cadherin promoter. The role of leptin and E, on the trans-
criptional activity of the E-cadherin gene was explored analyzing
the nucleotide sequence of the E-cadherin gene promoter. We
evidenced, upstream to the initiation transcription site, one CRE
(—925/—918) and two Spl (—144/—132 and —51/—39) as putative
effectors of leptin and estrogens. For instance, in MCF-7 cells
transiently transfected with E-cadherin promoter plasmid-bearing
CREB-mutated site (CREB mut), we observed that the stimulatory
effect of leptin was abrogated, whereas the activation of E, still
persisted, although in a lower extent with respect to the intact
promoter (Fig. 3D).

To characterize the role of these motifs in modulating E-cadherin
promoter activity, we did electrophoretic mobility shift assay (EMSA).
Nuclear extracts from MCF-7 cells, using as probe a CRE-responsive
element, showed two protein-DNA complexes (Fig. 44, lane 1), which
were abolished by the addition of a nonradiolabeled competitor
(Fig. 44, lane 2). Leptin treatment induced a strong increase in CREB
DNA-binding activity (Fig. 44, lane 3), which was immunodepleted in
the presence of CREB antibody (Fig. 44, lane 4). Using transcribed and
translated in vitro CREB protein, we obtained two bands migrating
at the same level as that of MCF-7 nuclear extracts (Fig. 44, lane 9).
In the presence of the MAPK inhibitor PD98059, the complex induced
by leptin treatment was reduced (Fig. 4B, lanes 5 and 9). These
findings addressed a specific involvement of leptin signaling in the
up-regulation of E-cadherin expression.

Using a DNA probe containing an Sp1 site, we observed in MCF-
7 nuclear extracts, a specific protein-DNA complex that was slightly
enhanced by leptin, increased upon E, exposure and furthermore
by the combined treatments (Fig. 4C, lanes I, 3, 5, and 7). In the
presence of Spl human recombinant protein, we observed a single
complex that causes the same shift with respect to the band
revealed in MCF-7 nuclear extracts (Fig. 4C, lane 10). The addition

Figure 4. Effects of in vitro leptin treatment on CREB-DNA and Sp1-DNA binding activity in MCF-7 cells. Nuclear extracts from MCF-7 cells were incubated with

a double-stranded CREB-specific (A and B) or Sp1-specific (C and D) consensus sequence probe labeled with [y->*P]JATP and subjected to electrophoresis in a 6%
polyacrylamide gel (lane 7). A, we used as positive control a transcribed and translated in vitro CREB protein (lane 9). Competition experiments were done by adding
as competitor a 100-fold molar excess of unlabeled probe (/lanes 2 and 10). MCF-7 nuclear extracts treated with 1,000 ng/mL leptin (Lep) and/or 100 nmol/L E,
for 48 h incubated with probe (lanes 3, 5, and 7, respectively). The specificity of the binding was tested by adding to the reaction mixture a CREB antibody (/anes 4, 6,
and 8). B, MCF-7 cells were serum starved overnight with 10 umol/L PD 98059 (lanes 3, 5, 7, and 9). Lanes 11 (A) and 12 (B) contain probe alone. C, Sp1
human recombinant protein was used as positive control (lane 10). Competition experiments were done by adding as competitor a 100-fold molar excess of unlabeled
probe (lanes 2 and 11). MCF-7 nuclear extracts treated with 1,000 ng/mL leptin and/or 100 nmol/L E, for 48 h incubated with probe (lanes 3, 5, and 7, respectively).
The specificity of the binding was tested by adding to the reaction mixture a Sp1 antibody (/anes 4, 6, and 8). The formation of DNA-Sp1 complexes was blocked
by the addition of 100 pmol/L mithramycin A (lane 9). D, the pure antiestrogen ICI 182,780 (1 pmol/L) was added in leptin-treated (lane 5) and/or E,-treated (lanes 7
and 9) MCF-7 nuclear extracts. Lane 12 contain probe alone.
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of mithramycin A (100 pmol/L), which binds to GC boxes and
prevents sequential Spl binding, to nuclear extracts treated with
leptin and E, blocked the formation of DNA-Spl complexes
(Fig. 4C, lane 9). The original band DNA-protein complex was
supershifted by Spl antibody (Fig. 4C, lanes 4, 6, and 8). In all
hormonal treatments done, the pure antiestrogen ICI 182,780
reduced the Sp1-DNA binding complex (Fig. 4D, lanes 5, 7, and 9),
evidencing that leptin induced an activation of ERa, as we
previously showed (25).

Effects of leptin on CREB and Spl recruitment to the
E-cadherin promoter. To corroborate EMSA results, we did ChIP
assay. We found that the stimulation of MCF-7 cells with leptin
increased the recruitment of CREB to E-cadherin gene promoter
(Fig. 54). Furthermore, we observed that leptin or E, stimulated the
recruitment of Spl to the E-cadherin promoter, and the combined
treatment induced an additive effect (Fig. 5B). The latter event
suggests that leptin and E, may converge in activating ERa to
recruit Spl on E-cadherin promoter.

Involvement of ERa in the leptin-induced up-regulation of
E-cadherin expression. Stemming from the data provided by
EMSA and ChIP assays, we evaluated the involvement of ERx in the
enhanced E-cadherin expression induced by leptin. Our results
showed that in three-dimensional cultures, in the presence of the
pure antiestrogen ICI 182,780, the up-regulatory effect of leptin on
E-cadherin protein expression still persisted, whereas the stimu-
latory effects of E, was abrogated (Fig. 64).

In addition, the specific role of leptin signaling in up-regulating
E-cadherin expression was also confirmed by functional studies in
ERa-negative HeLa cells. We evidenced that leptin was able to
activate E-cadherin promoter (Fig. 6B), which was abrogated in
the presence of ERK2 and STAT3 dominant negative (Fig. 6C),
sustaining furthermore the involvement of leptin signaling. It is
worth to note how the ectopic expression of ERa in HeLa cells
was able to potentiate the effect of leptin (Fig. 6B). To test the
activity of the transfected ERa, we did Western blotting analysis
for phosphorylated ERa, whereas for dominant-negative ERK2
and STAT3 genes, we evaluated the expression of c-fos, as target
of both pathways (31-33). Moreover, in BT-20 cells lacking of
ERa, leptin-enhanced E-cadherin protein content was reduced in
the presence of either ERK2 or STAT3 dominant negative. In the
same cells, cotransfected with ERa and ERK2 or STAT3 dominant
negative, E, alone or in combination with leptin was unable to
maintain the up-regulatory effect on E-cadherin expression
(Supplementary Fig. S3).

Discussion

Leptin stimulates cell growth, counteracts apoptosis, and
induces migration and angiogenic factors in different cellular
cancer models (10). For instance, hyperleptinemia is a common
feature of obese women who have a higher risk of breast cancer
than women with normal weight (34), but the association between
circulating leptin and breast cancer is still not clear. It has been
reported that in interstitial fluid of the adipose tissue, leptin
concentration is higher than the circulating levels (35). Thus, we
may reasonably assume that in the presence of an abundant
adipose tissue surrounding epithelial breast cancer cells, the
paracrine leptin effects become crucial in affecting local and
primary tumor progression.

The aim of this study was to evaluate whether leptin can
influence local primary breast cancer development and progres-
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Figure 5. Recruitment of CREB and Sp1 to the E-cadherin promoter in
MCF-7 cells. The cells were treated for 1 h with 1,000 ng/mL leptin

and/or 100 nmol/L E; or left untreated. The precleared chromatin was
immunoprecipitated with specific antibodies [i.e., anti-CREB for CREB
immunoprecipitates (A) or anti-Sp1 for Sp1 immunoprecipitates (B)]. E-cadherin
promoter sequences containing CREB or Sp1 sites were detected by PCR
with specific primers, as detailed in Materials and Methods. To determine input
DNA, the E-cadherin promoter fragment was amplified from 5 pL purified
soluble chromatin before immunoprecipitation. PCR products obtained at

30 cycles. ChIP with non-immune IgG was used as negative control (C~). This
experiment was repeated three times with similar results. Most representative
experiment. Columns, mean of three separate experiments in which the band
intensities were evaluated in terms of optical density arbitrary units and
expressed as the percentage of the control assumed as 100%; bars, SE.

sion, using an in vivo model of MCF-7 xenografts implanted in
female nude mice and an in vitro system represented by MCF-7
three-dimensional cultures. Our results showed in MCF-7 xeno-
grafts that leptin treatment significantly potentiated the E,-
increased tumor size. In the same view, in vitro studies revealed
that the combined exposure to both hormones enhanced cell-cell
aggregation with respect to the separate treatments.

E-cadherin is an intercellular adhesion molecule generally
implicated as tumor suppressor in several types of epithelial
tumors, based on findings that the expression of this homotypic
adhesion molecule is frequently lost in human epithelial cancers
(18, 20, 21). However, it has well been shown in ovarian epithelial
tumors that E-cadherin expression is much more elevated than
normal ovaries, suggesting that E-cadherin can play a role in the
development of ovarian carcinomas (36). For instance, it is worth
to mention that E-cadherin may serve not only as an intercellular
adhesion molecule, but it may also trigger intracellular activation
of proliferation and survival signals (37).
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In our study, the increased cell-cell aggregation, observed in
MCF-7 three-dimensional cultures upon leptin and/or E, treat-
ments, seems to be dependent on E-cadherin molecule that has an
indispensable role in this process. Indeed, the addition of a
function-blocking E-cadherin antibody or a calcium-chelating agent
(EGTA) blocked cell-cell adhesion induced by both hormones.
Besides, we showed by adhesion assay a greater binding of cells
pretreated with leptin and/or E, on E-cadherin/Fc protein-coated
dishes.

In the same experimental conditions, an increased proliferative
rate was observed upon leptin or E, exposure, which was
completely abrogated when E-cadherin function was blocked.

An important cell cycle regulator, such as cyclin D1, resulted to
be up-regulated in three-dimensional cultures and in xenografts.

Besides, in both models, we showed that leptin and/or E,
enhanced E-cadherin expression in terms of mRNA, protein
content, and promoter activity.

The analysis of E-cadherin promoter sequence revealed the
presence of CRE and Spl sites as potential target of leptin and E,
signals. It is well documented how leptin and E, through
nongenomic effects are able to activate the MAPK pathway that
induces activation of CREB kinase, a member of the p90™S* family
that corresponds to RSK2 and thereby phosphorylates CREB Ser'*
(38-40). This well fits with our functional studies showing that
leptin was no longer able to activate the E-cadherin gene promoter
mutated in the CREB site, whereas E, maintained an activatory

effect although in a lower extent with respect to the intact
promoter. The latter data suggest that the activatory effect of E,
may persist through its binding to Sp1-DNA complex.

The important role of the Spl-responsive element in activating
E-cadherin promoter was shown by EMSA and ChIP assays. Our
results evidenced that E,, as extensively documented, acts in a
nonclassic way through the interaction of ERa with Sp1 (41-45). It
is worth to note that upon leptin exposure, we also observed an
increase in Spl-DNA binding activity, clearly reduced in the
presence of the pure antiestrogen ICI 182,780, as well as an
enhanced recruitment of Spl to E-cadherin promoter. These
observations are supported by our previous findings reporting that
leptin is able to transactivate, in a unliganded-dependent manner,
ERa through MAPK signal (25).

A cross-talk between leptin and E, has been well documented
in neoplastic mammary tissues and breast cancer cell lines (15, 25,
46, 47). For instance, E, up-regulates leptin expression in MCF-7
cells (15), whereas leptin is an amplifier of E, signaling through a
double mechanism: an enhanced aromatase gene expression (46)
and a direct transactivation of ERa (25). Thus, we investigated
whether the up-regulatory effect induced by leptin on E-cadherin
expression can be modulated by ERo. We found that E-cadherin
protein seems up-regulated still by leptin in the presence of the
pure antiestrogen ICI 182,780. Moreover, in HeLa cells, leptin was
able to activate E-cadherin promoter, which was abrogated in the
presence of ERK2 or STAT3 dominant negative, suggesting that
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Figure 6. Influence of ERa on leptin-induced upregulation of E-cadherin expression. A, MCF-7 spheroids were preincubated with 1 umol/L ICI 182,780 (/C/) for 1 h and
then treated with leptin (1,000 ng/mL) and/or E, (100 nmol/L) for 48 h. Total proteins (50 ng) were immunoblotted with a specific antibody against human E-cadherin.
GAPDH serves as loading control. B, ER-negative Hela cells were transfected with a plasmid containing E-cadherin promoter or cotransfected with E-cadherin
promoter and pHEGO. Transfected cells were treated with leptin (1,000 ng/mL) and/or E, (100 nmol/L) for 48 h. Columns, means of three separate experiments; bars,
SE. In each experiment, the activities of the transfected plasmids were assayed in triplicate transfections. Inset, Western blot analysis for phosphorylated ERa (pER)
using anti-phosphorylated ER« (Ser''®). *, P < 0.05; **, P < 0.01, compared with control. C, HelLa cells were transiently transfected with dominant-negative ERK2 or
STAT3 plasmid and then treated for 48 h with leptin. In each experiment, the activities of the transfected plasmids were assayed in triplicate transfections. Inset,
Western blot analysis for c-fos. *, P < 0.05, compared with control.
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Figure 7. Hypothesized model of leptin signaling in modulating E-cadherin
expression in breast cancer. Interaction of leptin (Lep) with its specific receptor
(ObR) induces, through MAPK activation, phosphorylation of CREB and its
transactivation. Leptin may potentiate the transactivation of ERa, which in turn
may interact with Sp1 and bind DNA in a nonclassic way. Both CREB and Sp1
transcriptional factors bind on E-cadherin promoter at specific responsive
sequences and induce an enhanced E-cadherin expression.

leptin signaling is involved in enhancing E-cadherin expression.
These latter data are supported by Western blotting analysis done
in BT-20 cells lacking of ERa in which ERK2 and STAT3 dominant
negative reversed leptin-enhanced E-cadherin protein content.
The up-regulatory effect induced by E, on E-cadherin expression in
the presence of ectopic ERa seemed inhibited in the presence of
ERK2 and STAT3 dominant negative. The latter findings may be a

consequence of the enhanced expression of leptin receptor upon E,
exposure (15), which may have an impaired signaling on E-cadherin
expression. An additional explanation, which could coexist with
the previous one, may be that both ERK2 and STAT3 dominant
negative could interfere with ERa-Spl interaction at level of E-
cadherin gene transcription (48).

A hypothetical model of the possible mechanism through which
leptin and E, may functionally interact in modulating E-cadherin
expression in breast cancer is shown in Fig. 7. Leptin through
MAPK activation may phosphorylate CREB and induce its trans-
activation. For instance, CREB phosphorylated at Ser'®® is often
reported not only as an index of PKA but also as an effector of
MAPK activation (49). Concomitantly, leptin in the presence of
E, may potentiate the transactivation of ERa, which in turn may
interact with Spl and bind DNA in a nonclassic way. On the other
hand, it is well known that ERa, in the presence of its natural
ligand, interacts with Sp1.

Thus, we may reasonably propose that upon leptin exposure, the
increased E-cadherin-mediated cellular adhesion and activation of
proliferation signals may enhance the transformation of normal
epithelial cells to neoplastic cells and then stimulate the growth of
tumor mass. Distinct from its role as a tumor suppressor, E-
cadherin may function as tumor enhancer in the development of
primary breast cancer.

In conclusion, all these data address how leptin and E, signaling
may represent a target of combined pharmacologic tools to be
exploited in the novel therapeutic adjuvant strategies for breast
cancer treatment particularly in obese women.
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Fas Ligand Expression in TM4
Sertoli Cells is Enhanced by
Estradiol “In situ’’ Production
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The testis is an immunologically privileged site of the body where Sertoli cells work on to favor local immune tolerance by testicular
autoantigens segregation and immunosuppressive factors secretion. Fas/Fas Ligand (FasL) system, expressed prevalently in Sertoli cells,
has been considered to be one of the central mechanisms in testis immunological homeostasis. In different cell lines it has been reported
that the proapoptotic protein FasL is regulated by 17-3 estradiol (E2). Thus, using as experimental model mouse Sertoli cells TM4, which
conserve a large spectrum of functional features present in native Sertoli cells, like aromatase activity, we investigated if estradiol “in situ”
production may influence FasL expression. Our results demonstrate that an aromatizable androgen like androst-4-ene-3,17-dione (A4)
enhanced FasL mRNA, protein content and promoter activity in TM4 cells. The treatment with N®,2'-O-dibutyryladenosine-3'-5'-cyclic
monophosphate [(Bu),cAMP] (simulating FSH action), that is well known to stimulate aromatase activity in Sertoli cells, amplified
A4 induced FasL expression. Functional studies of mutagenesis, electrophoretic mobility shift (EMSA) and chromatin immunoprecipitation
(ChIP) assays revealed that the Sp-| motif on FasL promoter was required for E2 enhanced FasL expression in TM4 cells. These data let us
to recruit FasL among those genes whose expression is up-regulated by E2 through a direct interaction of ERa with Sp-1 protein. Finally,
evidence that an aromatizable androgen is able to increase FasL expression suggests that E2 production by aromatase activity may
contribute to maintain the immunoprivilege status of Sertoli cells.

J. Cell. Physiol. 21 1: 448—456, 2007. © 2006 Wiley-Liss, Inc.

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

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

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

The Fas/FasL expression during testicular development and its
cell specific localization within the testis is still a matter of
debate, but it is generally assumed that FasL is predominantly
expressed in Sertoli cells (Suda et al., 1993; Bellgrau et al., 1995;
French et al., 1996; Lee et al., 1997; Francavilla et al., 2000;
D’Abrizio et al., 2004).

© 2006 WILEY-LISS, INC.

Among the different factors influencing FasL, it has been
reported that 17-3 estradiol (E2) is able to regulate the
expression of this proapoptotic protein in human endometrial
cells (Selam et al., 2001) and human ovarian tissue (Sapi et al.,
2002). Moreover, estrogen treatment increases FasL
expression in monocytes through the interaction of estrogen
receptor with FasL promoter (Mor et al.,, 2003).

It has been well established that the estrogens biosynthesis, in
the testis, is catalyzed by the enzyme complex referred to as
aromatase cytochrome P450, which aromatizes the A ring of
C19 androgens to the phenolic A ring of C18 estrogens
(Armstrong and Dorrington, 1977; Van der Molen etal., 1981).
The enzyme aromatase is composed of two polypeptides: an
ubiquitous non-specific flavoprotein NADPH-cytochrome
P450 reductase and a specific form of cytochrome P450
(P450arom encoded by the CYP 19 gene) (Simpson etal., 1994).
In the testis an age-related change has been observed in the
cellular localization of the aromatization event, primarily in
Sertoli cells inimmature animals, but located in Leydigand germ
cells in adults (Levallet et al., 1998; Ando et al., 2001). Besides,
the synthesis of estrogens is regulated at the level of the
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E2 UP-REGULATES FasL EXPRESSION

aromatizing enzyme system by Follicole-Stimulating Hormone
(FSH) and cyclic AMP (Dorrington and Armstrong, 1975).

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

In the present study, we investigated if an aromatizable
androgen like androst-4-ene-3,17-dione (A4), after its
conversion to E2, can modulate FasL expression in TM4 cells.
Our results demonstrate that estradiol “in situ” production
enhanced FasL mRNA, protein content and promoter activity.
Many transcription factors have been reported to regulate FasL
promoter by DNA-protein interaction upon diverse biological
signals in different cells and tissues (Latinis et al., 997; Kasihatla
et al., 1998; Matsui et al., 1998; Mittelstadt and Ashwell, 1998;
Kavurma et al., 2001; Kirschhoff et al., 2002; Kavurma and
Khachigian, 2003).

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

Materials and Methods
Materials

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
(DMEM/FI12), Triazol Reagent and 100 bp DNA ladder by Invitrogen
(Carlsbad, CA), L-Glutamine, penicillin, horse serum, Eagle’s
non-essential amino acids, calf serum (CS), streptomycin, bovine serum
albumine (BSA), phosphate-buffered saline (PBS) were purchased from
Eurobio (Les Ullis Cedex, France). FUGENE 6, Sephadex G50 spin
columns and poly (dI-dC) by Roche (Indianapolis, IN). GoTaq DNA
polymerase, T4 polynucleotide Kinase, TNT master mix, Dual
luciferase kit, Sp-1 human recombinant protein and TK renilla
luciferase plasmid were provided by Promega (Madison, WI). The
RETROscript kit and DNase | were purchased from Ambion (Austin,
TX). Aprotinin, leupeptin, phenylmethylsulfonyl fluoride (PMSF),
sodium orthovanadate, androst-4-ene-3,|7-dione (A4), 7a, 19a-
dimethyl-19-nortestosterone (miboleronez, formaldehyde, NP-40,
proteinase K, tRNA, Tamoxifen (Tam), N°,2'-O-dibutyryladenosine-
3'-5'-cyclic monophosphate [(Bu),cAMP] and 1,3,5-Tris(4-
Hydroxyphenyl)-4-propyl-1H-pyrazole (PPT) by Sigma (Milan, Italy).
Antibodies against ERa, ERB, 3-actin, Sp-1, and polymerase Il (N20)
were provided by Santa Cruz Biotechnology (Santa Cruz, CA) whereas
anti-FasL antibody by BD biosciences (San Jose, CA). ECL System and
[v*?P]ATP were purchased by Amersham Pharmacia
(Buckinghamshire, UK). Letrozole was provided by Novartis Pharma
AG (Basel, Switzerland), Mithramycin by ICN Biomedicals, (Shelton,
CT). Salmon sperm DNA/protein A agarose by UBI (Chicago, IL).
Diarylpropionitrile (DPN) and ICl 182,780 were purchased from
Tocris chemical (Bristol, UK). ABI Prism 7000 Sequence Detection
System, TagMan Ribosomal RNA Reagent kit, TagqMan Ribosomal RNA
Control Reagent kit and SYBR Green Universal PCR Master Mix by
Biosystems (Forster City, CA).

Cell cultures

The TM4 cell line, derived from the testis of immature BALB/c mice,
was originally characterized based on its morphology, hormone
responsiveness, and metabolism of steroids (Mather, 1980). This cell
line was obtained from the American Type Culture Collection (ATCC)
(Manassas, VA) and cultured in DMEM-F| 2 containing 2.5% fetal CS, 5%
horse serum, | mg/ml penicillin—streptomycin. Human uterin cervix
adenocarcinoma (Hela) cells were obtained from the ATCC. Hela
cells were cultured in DMEM/F12 containing 5% CS, 1% L-Glutamine,
1% Eagle’s non essential amino acids and | mg/ml penicillin—
streptomycin.

Western blot analysis

TM4 cells were grown in |0 cm dishes to 70—80% confluence and lysed
in 500 !l of 50 mM Hepes (pH 7.5), 150 mM NaCl, 1.5 mM MgCl,, | mM
EGTA, 10% glycerol, 1% Triton X-100, a mixture of protease inhibitors
(Aprotinin, PMSF and Na-orthovanadate). Equal amounts of total
proteins were resolved on a | 1% SDS-polyacrylamide gel and then
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electroblotted onto a nitrocellulose membrane. Blots were incubated
overnight at 4°C with: (1) mouse monoclonal ERa antibody, (2) rabbit
polyclonal ERB ??antibody, (3) mouse monoclonal FasL antibody, (4)
mouse monoclonal $-actin antibody. The antigen-antibody complex
was detected by incubation of membranes | h at room temperature
with peroxidase-coupled goat anti-rabbit IgG or goat anti-mouse IgG
and revealed using the ECL System. Blots were then exposed to film
and bands of interest were quantified by densitometer (Mod 620
BioRad, USA). The results obtained as optical density arbitrary values
were transformed to percentages of the control (percent control)
taking the samples from cells not treated as 100%.

Real-time RTPCR

Total cellular RNA was extracted from TM4 cells using “TRIAZOL
Reagent” as suggested by the manufacturer. All RNA was treated with
DNase | and purity and integrity of the RNA were confirmed
spectroscopically and by gel electrophoresis prior to use. Two
micrograms of total RNA was reverse transcribed in a final volume of
50 plusinga RETROscript kit as suggested by the manufacturer. cDNA
was diluted 1:5 in nuclease free water, aliquoted and stored at —20°C.
The cDNAs obtained were further amplified for FasL gene using the
following primers: forward 5-CGAGGAGTGTGGCCCATTT-3' and
reverse 5-GGTTCCATATGTGTCTTCCCATTC-3'.

PCR reactions were performed in the ABI Prism 7000 Sequence
Detection System, using 0.1 wM of each primer, in a total volume of
30 plL reaction mixture following the manufacturer’s
recommendations. SYBR Green Universal PCR Master Mix for the
dissociation protocol was used for FasL and 18S. Negative control
contained water instead of first-strand cDNA. Each sample was
normalized on the basis of its I8S ribosomal RNA content. The 18S
quantification was performed using a TagMan Ribosomal RNA Reagent
kit following the method provided in the TagMan Ribosomal RNA
Control Reagent kit. The relative FasL gene expression levels were
normalized to a calibrator that was chosen to be the basal, untreated
sample. Final results were expressed as n-fold differences in FasL gene
expression relative to 18S rRNA and calibrator, calculated following
the AACt method, as follows:

n-fold = 2_<ACtSamP|9_Athalibra(or)

where ACt values of the sample and calibrator were determined by
subtracting the average Ct value of the 18S rRNA reference gene from
the average Ct value of the different genes analyzed.

Transfection assay

Transient transfection experiments were performed using pGL,
vectors containing different deleted segments of human FasL gene
promoter (p-2365: —2365/—2; p-318: —318/—2; p-237: —237/-2)
ligated to a luciferase reporter gene (kindly provided by Dr. Paya,
Department of Immunology, Mayo Clinic Rochester, Minnesota, USA).
Deletion of Sp-1 sequence in FasL gene promoter was generated by
PCR using as template p-3 18 construct. The resulting plasmid encoding
the human Fas-L gene promoter containing the desired deletion was
designed p-280 Sp-1 and the sequence was confirmed by nucleotide
sequence analysis.

FuGENE 6 was used as recommended by the manufacturer to transfect
TM4 cells plated in 3.5 cm? wells with pGL, FasL promoter constructs
(0.5 pg/well).

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

Empty vectors were used to ensure that DNA concentrations were
constant in each transfection. TK renilla luciferase plasmid (25 ng/well)
was used to normalize the efficiency of the transfection. Twenty-four
hours after transfection, the medium was changed and TM4 cells were
treated in serum free medium (SFM) in the presence of A4, (Bu),cAMP,
mibolerone, letrozole, PPT and DPN. Hela cells, 24 h after
transfection, were treated in the presence or absence of E2 for 24 h.
The firefly and renilla luciferase activities were measured using Dual
Luciferase Kit. The firefly luciferase data for each sample were
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normalized on the basis of transfection efficiency measured by renilla
luciferase activity.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from TM4 as previously described
(Andrews and Faller, 1991). Briefly, TM4 cells plated into 60 mm dishes
were scraped into 1.5 ml of cold PBS. Cells were pelleted for 10 sec and
resuspended in 400 wl cold buffer A (10 mM HEPES-KOH pH 7.9 at
4°C, 1.5 mM MgCl,, 10mM KCl, 0.5 mM dithiothreitol, 0.2 mM PMSF, |
mM leupeptin) by flicking the tube. The cells were allowed to swell on
ice for 10 min and then vortexed for 10 sec. Samples were then
centrifuged for 10 sec and the supernatant fraction discarded. The
pellet was resuspended in 50 .l 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, | mM leupeptin) and incubated on ice
for 20 min for high-salt extraction. Cellular debris was removed by
centrifugation for 2 min at 4°C and the supernatant fraction (containing
DNA binding proteins) was stored at —70°C. The yield was
determined by Bradford method (Bradford, 1976). The probe was
generated by annealing single stranded oligonucleotides and labeled
with [y32P] ATP and T4 polynucleotide kinase, and then purified using
Sephadex G50 spin columns. The DNA sequences used as probe or as
cold competitor are the following (the nucleotide motifs of interest are
underlined and mutations are shown as lowercase letters): Spl
5-AAATTGTGGGCGGAAACTTCCAGGGG-3', mutated Sp-|
5-AAATTGTGttCGGAAACTTCCAGGGG-3'. Oligonucleotides
were synthesized by Sigma Genosys. The protein binding reactions
were carried outin 20 .l of buffer (20 MM HEPES pH 8, | nMMEDTA, 50
mMKCI, 10 mM DTT, 10% glicerol, | mg/ml BSA, 50 pg/ml poli dI/dC)
with 50,000 cpm of labeled probe, 10 g of TM4 nuclear protein and 5
wg of poly (dI-dC). The above-mentioned mixture was incubated at
room temperature for 20 min in the presence or absence of unlabeled
competitor oligonucleotide. For experiments involving Sp-1, ERa and
ERP antibodies, the reaction mixture was incubated with these
antibodies at 4°C for 12 h. For in vitro mithramycin treatment,
mithramycin (100 nM) was incubated with the labeled probe for 30 min
at 4°C before the addition of nuclear extract. As positive controls we
used Sp-1 human recombinant protein (| wl) and in vitro transcribed
and translated ERa protein (I wl) synthesized using T7 polymerase in
the rabbit reticulocyte lysate system as direct by the manufacturer. The
entire reaction mixture was electrophoresed through a 6%
polyacrylamide gel in 0.25 X Tris borate-EDTA for 3 hat 150 V. Gel was
dried and subjected to autoradiography at —70°C.

Chromatin immunoprecipitation (ChlP)

According to the ChlP assay procedure previously described (Shang
et al,, 2000), TM4 cells were grown in 60 mm dishes to 50-60%
confluence, shifted to SFM for 24 h and then treated with E2 (100 nM),
ICI 182,780 (10 wM), E2+ICl for | h. Thereafter, the cells were
washed twice with PBS and crosslinked with 1% formaldehyde at 37°C
for 10 min. Next, cells were washed twice with PBS at 4°C, collected
and resuspended in 200 .l of lysis buffer (1% SDS, |0 mM EDTA, 50 mM
Tris-HCI pH 8.1) and left on ice for 10 min. Then, cells were sonicated
four times for 10 sec at 30% of maximal power (Sonics, Vibra Cell
500W) and collected by centrifugation at 4°C for |0 min at 14,000 rpm.
The supernatants were diluted in 1.3 ml of IP buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.1, 16.7 mM
NaCl) and immunocleared with 80 .l of sonicated salmon sperm DNA/
protein A agarose for | h at 4°C. The precleared chromatin was
immunoprecipitated with a specific anti-Sp-1, anti ERa and anti
polymerase Il antibodies and with a normal mouse serum IgG (Nms) as
negative control. At this point, 60 pl of salmon sperm DNA/protein A
agarose were added and precipitation was further continued for 2 h at
4°C. After pelleting, precipitates were washed sequentially for 5 min
with the following buffers: Wash A (0.1% SDS, 1% Triton X-100,2 mM
EDTA, 20 mM Tris-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, | mM
EDTA, 10 mM Tris-HCI pH 8.1), and then twice with TE buffer (10 mM
Tris, | mM EDTA). The immunocomplexes were eluated with elution
buffer (1% SDS, 0. M NaHCO;), reverse crosslinked by heating at
65°C and digested with proteinase K (0.5 mg/ml) at 45°C for | h. DNA
was obtained by phenol/chloroform/isoamyl alcohol extraction. Two
microliters of 10 mg/ml yeast tRNA were added to each sample and
DNA was precipitated with 70% EtOH for 24 h at —20°C, and then

JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

washed with 95% EtOH and resuspended in 20 pl of TE buffer. One
microlitre of each sample was used for PCR amplification with the
following primers flanking Sp-1 sequence present in the Fas-L
promoter region: 5-GCAACTGAGGCCTTGAAGGC-3' (forward)
and 5-GCAGCTGGTGAGTCAGGCCAG-3' (reverse). The PCR
conditions were | min at 94°C, | min at 65°C, and 2 min at 72°C. The
amplification products obtained in 25 cycles were analyzed in a 2%
agarose gel and visualized by ethidium bromide staining.

Statistical analysis

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

Results
Estradiol “in situ” production, by aromatase activity,
enhances FasL expression in TM4 cell line

In TM4 cells, which exibit a spectrum of features in common
with native Sertoli cells, like the presence of aromatase activity,
we investigated if an aromatizable androgen A4, through its
conversion into E2, may influence FasL mRNA and protein
content by Real-time RT-PCR and Western blot analysis. Since
aromatase expression and activity, in Sertoli cells, is under FSH
control (Dorrington and Armstrong, 1975) we also evaluated
the treatment with (Bu),cAMP (simulating FSH action) on FasL
expression.

As shown in Figure | A the treatment with A4 (100 nM) for 24 h
resulted in an increase of FasL mRNA expression more than
|.9-fold. The simultaneous treatment with (Bu),cAMP (I mM)
and A4, further enhanced FasL mRNA expression compared
with A4 treatment alone (2.4-fold), suggesting that (Bu),cAMP
stimulates E2 “in situ” production by its action on aromatase
activity. These up-regulatory effects were reversed by addition
of the aromatase inhibitor letrozole (I wM) (90%), while no
significant difference was observed in the presence of a non-
aromatizable androgen mibolerone (100 nM) with or without
(Bu),cAMP.

Next, we performed Western blot analysis using a monoclonal
antibody anti FasL. We detected a band of 37 kDa which
intensity was increased upon A4 treatment. Exposure to
(Bu),cAMP combined with A4 enhanced the effect induced
by A4 alone. The addition of letrozole reversed these
up-regulatory effects (Fig. 1B,C).

To evaluate whether E2 “in situ” production was able to
activate FasL promoter we transiently transfected TM4 cells
with vector containing human FasL promoter fused to the
luciferase reporter gene. The treatment for 24 h with A4 or
A4 + (Bu),cAMP displayed a significant increase of the basal
promoter activity that was reversed by letrozole (Fig. 1D).

Effects of A4 on expression of human FasL promoter/
luciferase reporter gene constructs in TM4 cells

To delimit the cis-elements involved in FasL transcriptional
activation by A4, we transiently transfected TM4 cells with
plasmids containing different deleted segments of human FasL
promoter. Schematic representation of constructs is shown in
Figure 2A. Transfected cells were untreated (C) or treated with
100 nM of A4 and | M of letrozole.

p-318 plasmid showed a higher basal activity when compared
with the other plasmids (p-2365, p-237) (Fig. 2B) suggesting the
presence of a DNA sequences upstream from —318 to which
transcription factors with repressor activity bind. These data
well fit with previous results demonstrating that FasL gene
promoter region, located between —318 and —237, plays a
major role in promoting basal transcription in TM4 Sertoli cells
(McClure et al., 1999).

In TM4 cells transfected with p-2365 and p-318 plasmids the
treatment with A4 induced a significant increase of the basal
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Fig. I. Effects of A4 on FasL expression. A: Total RNA was obtained from TM4 cells untreated (control, C) or treated for 24 h with A4 (100 nM)
mibolerone (mib 100 nM), (Bu),cAMP (I mM), (Bu),cAMP + A4 and (Bu),cAMP + mib. One micromolar of aromatase inhibitor letrozole (Letro)
was used. Real time RT-PCR was performed to analyze mRNA levels of FasL. Data represent the mean * SE of values from three separate RNA
samples. Eachsample wasnormalized toits | 8S ribosomal RNA content. Final results are expressed as n-fold differences of gene expressionrelative
to calibrator (control) calculated with the AACt method as indicated in the “Material and Methods” section. *P<0.01 compared to control.
**P<0.01 compared to A4 treated samples; ll P<0.01 compared to (Bu),cAMP + A4 treated samples. B: Immunoblot of FasL from TM4 cells
treated in the absence (C) or in the presence of the above-mentioned treatments. C: The histograms represent the mean * SE of three separate
experimentsin which bandintensities were evaluated in term of optical density arbitrary units and expressed as percentage of the control assumed
as 100%. *P<0.01 compared to control; **P<0.01 compared to A, treated samples; ll P<0.01 compared to (Bu),cAMP + A4 treated samples.
D: Transcriptional activity of TM4 cellstransfected with p-2365 constructisshown. TM4 cellswere treatedinthe absence (C) orin the presence of A4
(100 nM), mibolerone (mib 100 nM), (Bu),cAMP (I mM), (Bu),cAMP + A4 and (Bu),cAMP + mib. One micromolar of aromatase inhibitor
letrozole was used. The values represent the means *+ SE of three different experiments. In each experiment, the activities of the transfected
plasmids were assayed in triplicate transfections. pGL,: basal activity measured in cells transfected with pGL, basal vector. *P<0.01 compared to
control. **P<0.01 compared to A4 treated samples; ll P<0.01 compared to (Bu),cAMP + A4 treated samples.

promoter activity that was completely reversed by letrozole. In
contrast, A4 was unable to activate p-237 construct eliciting, in
the region from —318 to —237, the presence of cis-element
involved in estrogen responsiveness. In fact, this region contains
Sp-1 site, a potential target of ER. In order to explore the role of
the Sp-1 binding site in the regulation of FasL expression by A4,
functional experiments were performed using the Sp-1 deleted
plasmid (p-280 Sp-1). Luciferase assay revealed that the
inducibility by A4 on FasL promoter was totally lost (Fig. 2D).
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These results suggest that the up-regulatory effects of estradiol
production by aromatase activity require Sp-| sequence motif.

ERp is not involved in E2-modulating FasL expression

Before exploring more closely the possible interaction between
E2/ER complex to Sp-1 and the role of this binding in modulating
FasL expression, we set out to determine which functional

ER(s) isoform was present in TM4 cells. By Western blotting
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Fig. 2. Effects of estradiol “in situ” production on expression of
human FasLpromoter/luciferase reporter gene construts in TM4
cells. A: Schematic map of the FasL promoter fragments used in this
study. All of the promoter constructs contain the same 3’ boundary
(—2). The 5’ boundaries of the promoter fragments varied from —237
to —2365. Each fragment was subcloned into the pGL, vector. B:
Transcriptional activity of TM4 cells with promoter constructs is
shown. TM4 cells were treated in the absence (C) or in the presence of
A4 (100 nM), and A4 + letrozole (I nM) for 24 h. The values represent
the means * SE of three different experiments. In each experiment,
the activities of the transfected plasmids were assayed in triplicate
transfections. pGL,: basal activity measured in cells transfected with
pGL, basal vector. *P<0.01 compared to control; **P<0.01
compared to A4 treated samples. C: Schematic representation of the
p-318 and p-280 Sp-1 constructs. The deletion of Sp-1 sequence is
present in p-280 Sp-1 construct containing the region from —318 to
—2 of FasL promoter gene. Each fragment was subcloned into the
pGL; vector. D: Transcriptional activity of TM4 cells with p-280 Sp-I
construct is shown. TM4 cells were treated in the absence (C) orin the
presence of A4 (100 nM), and A4 + letrozole (I pM) for 24 h. The
values represent the mean * SE of three different experiments. In
each experiment, the activities of the transfected plasmids were
assayed in triplicate transfections. *P<0.01 compared to control;
**P<0.01 compared to A4-treated samples.

JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

analysis, we demonstrated in TM4 protein extracts the
presence of both ER(s) (Fig. 3A, lane 2), As positive control, the
breast cancer cell line MCF-7 (ERa positive) and human
prostate cancer cell line LNCaP (ERpB positive) were used
(Fig. 3A, lane ).

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

To specify which isoforms of ER were mainly involved in FasL
transactivation, we cotransfected Hela cells (ER negative) with
p-318 FasL promoter and the wild type human ERa or ER
expression vector. The treatment with E2 (100 nM) for 24 h
showed an increased transcriptional activation of FasL
promoter only in cells cotransfected with ERa (Fig. 3D).
Finally, to demonstrate further the direct involvement of ERa in
FasL transactivation we used 100 nM of the selective agonists of
ERa [1,3,5-Tris(4-Hydroxyphenyl)-4-propyl- | H-pyrazole
(PPT)] and ERP [diarylpropionitrile (DPN)] in TM4 cells
transiently transfected with p-318 FasL promoter. The
treatment with PPT showed an increase of FasL promoter
activity while no change was observed in the presence of DPN
(Fig. 3E).

Effects of 17-f3 estradiol treatment on Spl DNA binding
activity in TM4 cells

On the basis of the evidences that the up-regulatory effects of
E2 on FasL require the crucial presence of Sp-1-RE, EMSA was
performed using synthetic oligodeoxyribonucleotides
corresponding to the putative Sp-| binding site. In the presence
of TM4 nuclear extracts (10 j.g) we observed the formation of a
specific complex (Fig. 4A, lane 1), which was abrogated by a

1 00-fold molar excess of unlabeled probe (Fig. 4A, lane 2). This
inhibition was not observed when a mutated Sp-|
oligonucleotide was used as competitor (Fig. 4A, lane 3).
E2-treatment induced a strong increase in Sp-1 DNA binding
activity (Fig. 4A, lane 4) compared with basal levels. In the
presence of ICl 182,780 the Sp-I DNA binding activity was
drastically reduced (Fig. 4A, lane 5). The addition of
mithramycin (100 nM), that binds to GC boxes and prevents
sequential Sp-1 binding, decreased the binding of E2 treated
TM4 nuclear extracts on Sp-1 DNA sequence (Fig. 4A, lane 6).
In a cell free system we observed in the presence of Sp-1
reconbinant protein a single band that causes the same shift
respect to the complex revealed in TM4 nuclear extracts
(Fig. 4A, lane 7) which was abrogated by 100-fold molar excess
of unlabeled probe (Fig. 4A, lane 8). Transcribed and translated
in vitro ERa protein did not bind directly to Sp-1 probe

(Fig. 4A, lane 9). When the nuclear extracts from TM4 cells
treated with E2 were incubated with either anti-Sp-1 or anti-
ERa antibody, the original band DNA-protein complex was
immunodepleted (Fig. 4B, lanes 3 and 4), whereas anti-ER3
antibody gave no effects (lane 5).

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

17-B Estradiol enhances recruitment of Sp-1/ER«a to the
promoter region of FasL gene in TM4 cells

Interaction of ERa and Sp-1 with the FasL gene promoter was
also investigated using a ChlP assay. After sonication and
immunoprecipitation by anti ERa or anti Sp-| antibodies, PCR
was used to determine binding of ERa/Sp-1 protein to the —318
to —2 DNA region of the FasL gene promoter. Our results
indicated that treatment with E2 induced an increased
recruitment of Sp-1/ERa complex to the FasL promoter. The
latter event was reduced in the presence of E2 +ICl. The
enhanced recruitment of Sp-I/ERa was correlated with greater
association of polymerase Il to the FasL regulatory region
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Fig. 3.

17B-Estradiol enhances FasL transcriptional activity through ERa. A: Lysates from TM4 cells were used to evaluate by Western blot

analysis the expression of ERa and ER (Iane 2). The human breast cancer cell line MCF-7 and human prostate cancer cell line LNCaP were used as
positive control for ERa and ERp respectively (lane I). B,C: Immunoblot of FasL from TM4 cells treated in the absence (C) or in the presence of E2
(100 nM) for 24 h. The pure anti-estrogen ICI 182,780 (10 M) and tamoxifen (Tam 10 uM) were used. The histograms represent the means * SE of
three separate experiments in which band intensities were evaluated in term of optical density arbitrary units and expressed as percentage of the
control assumed as 100%. *P < 0.0 compared to control; **P <0.01 compared to E2 treated samples. D: HeLa cells were transiently cotransfected
with p-318 FasL promoter construct (—318/—2) and ERa or ERp plasmids. The cells were untreated (C) or treated with E2 (100 nM) for 24 h. The
values represent the means * SE of three different experiments. In each experiment, the activities of the transfected plasmids were assayed in
triplicate transfections. *P < 0.0 compared to control. E: TM4 cells transfected with p-3 18 FasL promoter construct were untreated (C) or treated
with PPT (100 nM) and DPN (100 nM) for 24 h. *P<0.01 compared to control.

(Fig. 5A). No PCR product was observed using DNA
immunoprecipitated with normal mouse serum IgG.

Discussion

In testis, Fas/FasL interaction has been thought to play an
important role in the establishment of immunoprivilege.
Several reports have demonstrated that Sertoli cells through
FasL may trigger apoptotic cell death of sensitive lymphoid cells,
which express on their cell surface Fas receptor. This has
provided new insights into the concepts of tolerance and
immunoprivilege (Bellgrau et al., 1995; Sanberg et al., 1996;
Ferguson and Griffith, 1997). For instance, testis grafts from
mice expressing FasL survived when transplanted into
allogeneic animals. On the contrary, grafts derived from “gld”
mice, which lack functional FasL, were rejected (Bellgrau et al.,
1995).

In the present report, for the first time, we have provided
evidences that, in TM4 cell line, an aromatizable androgen A4
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induces a strong increase in FasL mRNA, protein content and
promoter activity. These effects are reversed by addition of
letrozole, an aromatase inhibitor, addressing how E2 “in situ”
production by aromatase activity plays a crucial role in
modulating the immunoprivileged status of these somatic cells.
A further support to the specificity of the above described
results raises from the evidence that no noticeable effect was
produced by mibolerone, a non-aromatizable steroid.

It is well known that postnatal development and function of
testicular Sertoli cells is regulated primarily by FSH, a
glycoprotein hormone secreted by the pituitary gland
(Dorrington and Armstrong, 1975). In the prepubertal testis,
FSH is required for Sertoli cells proliferation to achieve the
adult number of these cells (Griswold, 1998). This proliferative
stage of Sertoli cells development is also characterized by the
presence of FSH-dependent cytochrome P450 aromatase
activity (Carreau et al., 2003; Sharpe et al., 2003). In our recent
work (Catalano et al., 2003) we have documented in TM4 cell
line a strong dose-dependent stimulation of aromatase activity
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Fig. 4. Electrophoretic mobility shift assay of the Sp-1 binding site in the FasL promoter region. A: Nuclear extracts from TM4 cells were
incubated with a double-stranded SpI-specific consensus sequence probe labeled with [y-32P] ATP and subjected to electrophoresis in a 6%
polyacrilamide gel (lane I). Competition experiments were perfomed adding as competitora | 00-fold molar excess ofunlabeled probe (lanes 2and
8) or a 100-fold molar excess of unlabeled oligonucleotide containing a mutated Sp-1 (lane 3). Nuclear extracts were obtained from TM4 cells
treated with 100 nM of E2 (lane 4), E2 + ICI 182,780 (10 uM) (lane 5), E2 + mithramycin (100 nM) (Iane 6) for 24 h. As control we used human Sp- 1|
recombinant protein and transcribed and translated in vitro ER«a protein (lane 7 and 9). Lane 10 contains probe alone. B: Anti-ERq, anti Sp-1 and
anti-ERp antibodies (lanes 3-5) were incubated with E2-treated TM4 nuclear extracts. Lane 6 contains probe alone.

induced by (Bu),cAMP similar to that described previously in
immature Sertoli cells (Ando etal., 2001). In the present study it
is worth to emphasize that FSH induced an increased FasL
expression through the enhancement of aromatase activity.
To elucidate the molecular mechanism involved in A4 enhanced
FasL expression, we transiently transfected TM4 cells with
different constructs containing deleted segments of the human
FasL promoter.

A maximal constitutive reporter gene activity was observed
with p-318 construct, containing the region between —318 and
—2 bp from the transcriptional start site of the human FasL
promoter. This is in agreement with previous results
demonstrating that FasL gene promoter region from 318 to
—237 bp plays a major role in promoting basal transcription in
TM4 cells (McClure et al., 1999). Moreover, the induced
activation by A4 was not observed in cells transfected with
p-237 construct (—237 to —2) suggesting that the region
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between —318and —237 bp contains elements that mediate the
potentiating effects of estrogen on FasL expression.

A broadening number of transactivating factors has been
identified as regulators of FasL gene expression (Kavurma and
Khachigian, 2003), as nuclear factor in activated T cells (NF-AT)
(Latinis et al., 1997), nuclear factor-kappa B (NF-KB) (Matsui
etal., 1998), activator protein-1 (AP-1) (Kasihatla et al., 1998),
interferon regulatory factor-1 (IFN-1) (Kirschhoff et al., 2002),
early growth response factor (Egr) (Mittelstadt and Ashwell,
1998) and specificity protein-1 (Sp-1) (Kavurma et al., 2001).
Sp-1 is involved in the transcriptional regulation of many genes
and has also been identified to be important in the regulation of
FasL gene expression and apoptosis. Indeed, this transcription
factor is able to activate FasL promoter via a distinct recognition
element, and inducible FasL promoter activation is abrogated by
expression of the dominant-negative mutant form of Sp-|
(Kavurma et al., 2001). In addition, it has been recently
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promoter. A: Soluble precleared chromatin was obtained from TM4
cells treated for | h with 100 nM E2, 10 uM ICI and E2 + ICI or left
untreated (C) and immunoprecipitated (IP) with an anti-Sp-1, anti
ERq, anti polymerase Il antibodies and with a normal mouse serum
(Nms) as negative control. The FasL promoter sequences containing
Sp-1 were detected by PCR with specific primers, as described in
‘“Materials and Methods”. To control input DNA, FasL promoter was
amplified from 30 pl of initial preparations of soluble chromatin
(before immunoprecipitations). PCR products obtained at 25 cycles
are shown. Sample without the addition of DNA was used as negative
control (NC). This experiment was repeated three times with similar
results. B: The histograms represent the means * SE of three
separate experiments in which band intensities were evaluated in
term of optical density arbitrarl units and expressed as percentage of
the control assumed as 100%. "P<0.01 compared to control;
**P<0.01 compared to E2-treated samples.

demonstrated that nuclear extracts of TM4 Sertoli cells contain
high levels of Sp-1 and Sp-3 that specifically bind to the
GGGCGG consensus sequence present in the FasL gene, and
overexpression of Sp- | but not Sp-3 is able to increase the basal
transcription of the FasL promoter (McClure et al., 1999).
The latter observation fits with our functional studies
demonstrating that Sp- | is a crucial effector of estradiol signal in
enhancing FasL gene expression. For instance, it is well known
that ERs can transactivate gene promoters without directly
binding to DNA but instead through interaction with other
DNA-bound factors in promoter regions lacking TATA box.
This has been most extensively investigated in relationship to
protein complexes involving Sp-1 and ERa at GC boxes, which
are classic binding sites for members of the Sp-1 family of
transcription factors. Sp- | protein plays an important role in the
regulation of mammalian and viral genes, and recent results
have shown that E2 responsiveness of c-fos, cathepsin D,
retinoic acid receptor al and insulin-like grow factor-binding
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protein 4 gene expression in breast cancer cells is linked to
specific GC rich promoter sequences that bind ER/Sp-1
complex in which only Sp- | protein binds DNA (Krishnan etal.,
1994; Cowley et al., 1997; Porter et al,, 1997; Sun et al., 1998;
Qin et al., 1998; Saville et al., 2000).

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

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

In conclusion, the present study demonstrates that
aromatizable steroids, normally present in the testicular milieu,
through their conversion into E2 by aromatase activity, are able
to increase FasL expression in TM4 Sertoli cells. The aromatase
enzyme assures that estrogens through a short autocrine loop
maintain Sertoli cells proliferation before their terminal
differentiation. Thus, we propose that at the latter crucial
maturative stage, FasL may achieve an intracellular content
sufficient to protect Sertoli cells from any injury induced by Fas
expressing immunocells, then potentiating the
immunoprivileged condition of the testis.
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Abstract In the present study, we evidence how in breast cancer
cells low doses of Taxol for 18 h determined the upregulation of
p53 and p21 waf expression concomitantly with a decrease of the
anti-apoptotic Bcl-2. P53 and its gene product, the mdm2 pro-
tein, in treated cells exhibits a prevalent nuclear compartmental-
ization, thus potentiating p53 transactivatory properties. Indeed,
the most important finding of this study consists with the evi-
dence that Taxol at lower concentrations is able to produce the
activation of p21 promoter via p53. Prolonged exposure of
MCF-7 cells to Taxol (48 h) resulted in an increased co-associ-
ation between p21 and PCNA compared to control and this well
fits with the simultaneous block of cell cycle into the G2/M
phase.

© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

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).
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unable to alter all microtubule network, upregulate p53
and its nuclear compartmentalization [10]. Indeed, the poly-
merization of microtubules with the extension of their minus
end, induced by Taxol, may facilitate the translocation of
p53, using dynein as carrier, from the cytosol into the nucleus
[10,11].

In this compartment, p53 stimulates the expression of pro-
teins involved in a wide network of signals that act through
two major apoptotic pathways: the extrinsic death receptor
signalling which triggers caspases activation and Bid cleavage,
and the intrinsic mitochondrial pathway, which shifts the bal-
ance in the Bcl-2 family towards the pro-apoptotic members,
enhancing mitochondrial permeabilization with consequent
release of cytochrome ¢ 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 107 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 pS3 and its gene product,
the mdm?2 protein, after 18 h of drug treatment, exhibit a pre-
valent nuclear compartmentalization, while p21 waf protein
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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 mdm2
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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Peroxisome Proliferator-Activated Receptor (PPAR)y
Is Expressed By Human Spermatozoa:
Its Potential Role on the Sperm Physiology
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The peroxisome proliferation-activated receptor gamma (PPARY) is mainly expressed in the adipose tissue and integrates the control
of energy, lipid, and glucose homeostasis. The present study, by means of RT-PCR, Western blot, and immunofluorescence
techniques, demonstrates that human sperm express the PPARy. The functionality of the receptor was evidenced by 15-deoxy-
12,14-prostaglandin J, (PGJ2) and rosiglitazone (BRL) PPARy-agonists that were tested on capacitation, acrosome reaction, and
motility. Both treatments also increase AKT phosphorylations and influence glucose and lipid metabolism in sperm. The specificity
of PGJ2 and BRL effects through PPARy on human sperm was confirmed by an irreversible PPARy antagonist, GW9662. Our findings
provide evidence that human sperm express a functional PPARy whose activation influences sperm physiology. In conclusion, the
presence of PPARy in male gamete broadens the field of action of this nuclear receptor, bringing us to look towards sperm as an

endocrine mobile unit independent of the systemic regulation.

J. Cell. Physiol. 209: 977-986, 2006. © 2006 Wiley-Liss, Inc.

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

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

© 2006 WILEY-LISS, INC.

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

The mechanisms controlling the interaction between
energy balance and reproduction are the subject of
intensive investigations and compelling evidence
demonstrates a close link between energy status and
reproductive function (Quandt, 1984; Moschos et al.,
2002). The integrated control of those systems is
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probably a multi-faceted phenomenon conducted by an
array of signals governing energy homeostasis, metabo-
lism, and fertility. Interestingly, it was documented that
augmented insulin sensitivity may improve ovulatory
function and fertility in women with polycystic ovary
syndrome (Seli and Duleba, 2002). In mice, the loss of the
PPARYy gene in oocytes and granulosa cells resulted in
impaired fertility (Cui et al., 2002).

The energy homeostasis depends on very well tuned
machinery balancing energy storage and expenditure.
The transcriptional regulation, affecting the levels of
expression of key proteins is the most effective mechan-
ism on a longer time scale, however it is now quite
clear that some transcriptional factors as nuclear
receptors, in addition to their classic genomic action,
also regulate cellular processes through their non-
genomic mechanism (Cato et al.,, 2002). Different
nuclear receptors such as progesterone receptor (Shah
etal., 2005), estrogen receptor o, and estrogen receptor 3
(Aquila et al., 2004) were found to be present in human-
ejaculated spermatozoa, regulating cellular processes
through their non-genomic mechanisms. All these
findings strengthen the importance of the nuclear
receptors non-genomic signaling, which may represent
their exclusive modality of action in spermatozoa as they
are apparently transcriptional inactive cells. Sperm
functionalities need to be rapidly activated to accom-
modate dynamic changes in the surrounding milieu.
These mechanisms would enable the sperm to use tools
which are already present and which get functionally
activated or repressed.

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

MATERIALS AND METHODS

Chemicals

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

Human semen was collected, according to the WHO-
recommended procedure by masturbation from men under-
going semen analysis for couple infertility in our laboratory.
Sperm samples with normal parameters of semen volume,
sperm count, motility, vitality, and morphology, according to
the WHO Laboratory Manual (World Health Organization,
1999), were included in this study. In each experiment, three
normal samples were pooled. Washed pooled sperm were
subjected to the treatments and incubated for the indicated
times. Then, samples were centrifuged and the upper phase
was used to determinate the cholesterol levels, while the pellet
containing sperm was used for RT-PCR or lysed to perform
Western blots, triglycerides assay, acyl-CoA dehydrogenase
assay, GBPDH activity. At the beginning, prior the centrifuga-
tion, several aliquots were used to perform sperm motility,
viability, and acrosin activity. Spermatozoa preparations were
performed as previously described (Aquila et al., 2002). The
study was approved by the local medical—ethical committees
and all participants gave their informed consent.

Processing of ejaculated sperm

After liquefaction, normal semen samples were pooled and
subjected to centrifugation (800g) on a discontinuous Percoll
density gradient (80:40% v:v) (World Health Organization,
1999). The 80% Percoll fraction was examined using an optical
microscope equipped with a 100x oil objective to ensure that a
pure sample of sperm was obtained. An independent observer,
who observed several fields for each slide, inspected the cells.
Percoll-purified sperm were washed with unsupplemented
Earle’s medium and were incubated in the same medium
(uncapacitating medium) for 30 min at 37°C and 5% COs,
without (control) or with treatments (experimental). Some
samples were incubated in capacitating medium (Earle’s
balanced salt solution medium supplemented with 600 mg
BSA/100 ml and 200 mg sodium bicarbonate/100 ml). When the
cells were treated with an inhibitor, a pre-treatment of 15 min
was performed and subsequently the sperm were incubated
with the substances reported in the manuscript for 30 min.

Evaluation of sperm motility and viability

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

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

Total RNA was isolated from human-ejaculated spermato-
zoa purified as previously described (Aquila et al., 2002). Before
RT-PCR, RNA was incubated with ribonuclease-free deoxyr-
ibonuclease (Dnase) I in single-strength reaction buffer at 37°C
for 15 min. This was followed by heat inactivation of Dnase I at
65°C for 10 min. Two micrograms of Dnase-treated RNA
samples were reverse transcribed by 200 IU M-MLV reverse
transcriptase in a reaction volume of 20 pl (0.4 pg oligo-dT,
0.5 mM deoxy-NTP and 24 IU Rnasin) for 30 min at 37°C,
followed by heat denaturation for 5 min at 95°C. PCR
amplification of complementary DNA (cDNA) was performed
with 2 U of Taq DNA polymerase, 50 pmol primer pairin 10 mM
Tris-HCL (pH 9.0) containing 0.1% Triton X-100, 50 mM KCl,
1.5 mM MgCl,, and 0.25 mM each dNTP. PCR amplification of
cDNA was performed with 2 U of Taqg DNA polymerase,
50 pmol primer pair for PPARy. Contamination by leucocytes
and germ cells in our sperm cells preparations was assessed by
amplifying CD45 and c-kit transcripts respectively. The
applied PCR primers and the expected lengths of the resulting
PCR products are shown in Table 1. The cycle profiles used are
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TABLE 1. Oligonucleotide sequences used for RT-PCR

Size of PCR
Gene Sequenze (5'-3') product (bp)
pPAR, 5 —GAGITCATGCTTGTCAAGGATGC-3 933
7 5'~CGATATCACTGGAGATCTCGCC-3'
pit D —AGTACATGGACATGAAACCTGG-3' 780
c-ki 5'~GATTCTGCTCAGACATCGTCG-3'
cp45 B ~CAATAGCTACTACTCCATCTAAGCCA-3 930

5 —~ATGTCTTATCAGGAGCAGTACATG-3'

described in Table 2. For all PCR amplifications, negative
(reverse transcription-PCR performed without M-MLV
reverse transcriptase) and positive controls were included
(MCF7 breast cancer cells for PPARy (Elstner et al., 1998),
human germ cells for ¢-Kit, and human leucocytes for CD45).
The PCR-amplified products were subjected to electrophoresis
in 2% agarose gels stained with ethidium bromide and
visualized under UV transillumination.

Gel extraction and DNA sequence analysis

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

Western blot analysis of sperm proteins

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

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

Immunofluorescence assay

Sperm cells, recovered from Percoll gradient, were rinsed
three times with 0.5 mM Tris-HCl buffer, pH 7.5 and fixed with
absolute methanol for 7 min at —20°C. PPARy staining was
carried out, after blocking with normal horse serum (10%),
using a rabbit polyclonal anti-human PPARy as primary
antibody and an anti-rabbit IgG FITC-conjugated (1:100) as
secondary antibody. Sperm cells incubated without the
primary antibody or with normal rabbit serum instead of
the primary antibody were utilized as the negative controls.
The slides were examined under a fluorescence microscope
(Olympus BX41, Milan Italy), and a minimum of 200
spermatozoa for slide were scored.

TABLE 2. Cycling conditions for the different sets of pairs

Gene Cycle profile No. of cycles

Denaturation: 95°C/1 min

Annealing: 60°C/1 min 40
Extention: 72°C/2 min

Denaturation: 95°C/1 min

Annealing: 52°C/1 min

Extention: 72°C/2 min 40
Denaturation: 95°C/1 min

Annealing: 55°C/1 min 40
Extention: 72°C/2 min

PPARy

c-kit

CD45
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Measurement of cholesterol in the
sperm culture medium

Cholesterol was measured in duplicate by a CHOD—POD
enzymatic colorimetric method according to manufacturer’s
instructions in the incubation medium from human spermato-
zoa. Sperm samples, washed twice with uncapacitating
medium, were incubated in the same medium (control) or in
capacitating medium for 30 min at 37°C and 5% CQOs. Some
samples were incubated in the presence of increasing PGJ2
concentrations (1 to 20 pM). Other samples were incubated in
the presence of 10 uM GW alone or combined with 10 uM PGJ2.
At the end of the sperm incubation, the culture media were
recovered by centrifugation, lyophilized and subsequently
dissolved in 1 ml of buffer reaction. The samples were incubated
for 10 min at room temperature, then the cholesterol content
was measured spectrophotometrically at 505 nm. Cholesterol
standard used was 200 mg/dl. The limit of sensitivity for
the assay was 0.05 mg/dl. Inter- and intraassay variations
were 0.04% and 0.03%, respectively. Cholesterol results are
presented as mg per 10 x 10° number of spermatozoa.

Acrosin activity assay

Acrosin activity was assessed by the method of Kennedy et al.
(1989). Percoll-purified sperms were washed in Earle’s medium
and centrifuged at 800g for 20 min. Sperms were resuspended
(final concentration of 10 x 10% sperms/ml) in different tubes
containing no treatment (control) or the indicated treatments
(experimental). Then 1 ml of substrate—detergent mixture
(23 mmol/L BAPNA in DMSO and 0.01% Triton X-100 in
0.055 mol/L NaCl, 0.055 mol/LL HEPES at pH 8.0, respectively)
for 3 h at room temperature was added. Aliquots (50 pl) were
removed at 0 and 3 h, and the percentages of viable cells were
determined. No significant differences were detected between
the control and experimental conditions. After incubation,
0.5 mol/L benzamidine was added (0.1 ml) to each of the tubes
and then centrifuged at 1,000g for 30 min. The supernatants
were collected and the acrosin activity measured spectro-
photometrically at 410 nm. In this assay, the total acrosin
activity is defined as the amount of the active (non-zymogen)
acrosin associated with sperm plus the amount of active acrosin
thatis obtained by proacrosin activable. The acrosin activity was
expressed as pIU/10° sperms. Quantification of acrosin activity
was performed as previously described (Aquila et al., 2003).

Triglycerides assay

Triglycerides were measured in duplicate by a GPO-POD
enzymatic colorimetric method according to manufacturer’s
instructions in sperm lysates. Sperm samples, washed twice
with uncapacitating medium, were incubated in the same
medium (control) or in capacitating medium for 30 min at 37°C
and 5% COs. Other samples were incubated in the presence of
the indicated treatments. At the end of the sperm incubation,
10 pl of lysate was added to the 1 ml of buffer reaction and
incubated for 10 min at room temperature. Then the tri-
glycerides content was measured sgectrophotometrically at
505 nm. Data are presented as pg/10° sperms.

Assay of acyl-CoA dehydrogenase activity

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

Glucose-6-phosphate dehydrogenase (G6PDH) activity

The conversion of NADP* to NADPH, catalyzed by GGPDH,
was measured by the increase of absorbance at 340 nm. Sperm
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samples, washed twice with uncapacitating medium, were
incubated in the same medium (control) for 30 min at 37°C and
5% CO,. Some samples were treated with increasing concen-
tration of BRL or with 3.3 nM insulin, or 10 phM GW alone
or combined with 10 pkM BRL. Other samples were treated with
10 uM BRL plus 3.3 nM insulin or 10 uM GW plus 10 pM BRL
and 3.3 nM insulin. After incubation, 50 ul of sperm
extracts were loaded into individual cuvettes containing
buffer (100 mM triethanolamine, 100 mM MgCl,, 10 mg/ml
glucose-6-phosphate, 10 mg/ml NADP™, pH 7.6) for spectro-
photometric determination. The absorbance of samples was
read at 340 nm every 20 sec for 1.5 min. Data are expressed in
nmol/min/10° sperms. The enzymatic activity was determined
with three control media: one without glucose-6-phosphate as
substrate, one without the co-enzyme (NADP™), and the third
without either substrate or co-enzyme (data not shown). Every
experiment was performed eight times, in duplicate within
each experiment.

STATISTICAL ANALYSIS

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

RESULTS
Expression of PPARYy in human sperm

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

— — e +— PPARY
+ = 51 52 83
Fig. 1. PPARy expression in human-ejaculated spermatozoa. A: Rev-

erse transcription-PCR analysis of human PPARy, CD45, and c-Kit
genes in percolled human spermatozoa (S), negative control (no M-
MLV reverse transcriptase added) (—), positive controls (MCF7 breast
cancer cells for PPARy, human germ cells for c-Kit and human
leucocytes for CD45) (+), marker (lane M). Arrows indicated the
expected size of the PCR products. B: Western blot of PPARYy protein in
human sperm, expression in three samples of ejaculated spermatozoa
from normal men (S1, S2, S3). MCF-7 extract was used as control (+).
The negative control (see Materials and Methods, is represented in
lane 2 (). The experiments were repeated at least three times for RT-
PCR, six times for Western blot and the autoradiographs of the figure
show the results of one representative experiment.
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gene sequence and the RT-PCR amplification revealed
the expected PCR product size of 233 bp of the coding
region of the human PPARy ¢cDNA (Fig. 1A). This
product was sequenced and found to be corresponding to
the classical human PPARy. No detectable levels of
mRNA coding either CD45, a specific marker of human
leucocytes, or c-kit, a specific marker of human germ
cells, were found in the same semen samples (Fig. 1A),
ruling out any potential contamination. In addition,
the RT-PCR products were not a result of any DNA
contamination as the RNA samples were subjected to
DNAse treatment before RT-PCR.

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

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

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

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

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

Acrosin activity, performed in the same experimental
conditions, showed an increase by PGJ2 reversed by GW
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Fig. 2. Immunolocalization of PPARy in human-ejaculated sperma-
tozoa. A: PPARy immunolocalization; (B) Sperm cells incubated
without the primary antibody were utilized as negative control.
C: Sperm cells incubated replacing the anti-PPARy antibody by
normal rabbit serum were utilized as negative control. The pictures
shown are representative examples of experiments that were
performed at least three times with reproducible results.

(Fig. 4A). BRL also significantly induced sperm motility
(data not shown). The PGJ2-induced effects on sperm
motility were antagonized by the specific GW antagonist
while the antagonist alone had no significant effect
(Fig. 4B).

PPARYy affects lipid metabolism in human sperm

The favorable metabolic effects of PPARy-agonists are
supposedly related to the PPARy-driven changes in lipid
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Fig. 3. PGJ2 effects on tyrosine phosphorylation of sperm proteins
and cholesterol efflux are PPARy-mediated. Washed spermatozoa
were incubated in the unsupplemented Earle’s medium for 30 min at
37°C and 5% COs, in the absence (NC) or in the presence of increasing
concentration of PGJ2 (1, 10, 20 uM) or with 10 uM GW alone or
combined with 10 pM PGJ2. Other samples were incubated in
capacitating medium (CAP). A: Sperm lysates (70 pg) were used for
Western blot analysis of protein tyrosine phosphorylation. On the
bottom, quantitative representation after densitometry. B: Choles-
terol in culture medium from human-ejaculated spermatozoa was
measured by enzymatic colorimetric assay. Columns are mean + SD of
six independent ex;i:)erirnents performed in duplicate. Data are
expressed in mg/10° sperms. *P<0.05 versus control, **P<0.01
versus control; ***P < 0.001 versus control.

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

Stimulation with BRL induced a significant decrease
in sperm triglycerides levels however GW didn’t reverse
the effect addressing a PPARy-independent event
(Fig. 5A). While in the samples treated with PGJ2, GW
is able to block the PPARy-agonist effect (Fig. 5B). As it
concerns the B-oxidation of the fatty acids, a dose-
dependent increase under PGJ2 treatment was
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PPARy activation has been reported to regulate
components of the PI3K signaling cascade in various cell
types (Bonofiglio et al., 2005). We speculated that PPARy
may be involved in the control of some sperm functions,
perhaps by influencing the activity of PISK. Therefore,
we examined the effects of PPARy-agonist treatment on
PI3K-mediated signaling by evaluating the phosphoryla-
tion of the major downstream signal transducer, AKT,
since its phosphorylation has been correlated with its
activity (Datta et al., 1999).

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

Journal of Cellular Physiology DOI 10.1002/jcp

Fig. 5. PPARy-agonists influence lipid metabolism in sperm.
A: Sperm samples, washed twice with uncapacitating medium were
incubated in the same medium (NC) or in capacitating medium (CAP)
for 30 min at 37°C and 5% COs;. Other samples were incubated in the
presence of increasing BRL concentrations (1, 10, 20 pM) or in the
presence of 10 pM GW alone, or combined with 10 uM BRL. B: Sperm
samples were incubated with PGJ2 instead of BRL. Data are
presented as pg/10® sperms. C: Assay of acyl-CoA dehydrogenase
was performed on sperm lysates (see Materials and Methods) in the
same experimental conditions above mentioned. Columns are
mean + SD of six independent experiments performed in duplicate.
Data are presented as nmol/min/mg protein. Columns are mean + SD.
*P < 0.05 versus control; **P < 0.01 versus control.



PPARy EXPRESSION IN HUMAN SPERM

P — -

983

AKT tot.

(dal [ Lee LELY LN

300
§ W
2
=
3 *
2 200 . * -
g T X T
£
[y}
2 100
@
=]
-
5]
=]
o
Q

u [l 1 1 1 1 | 1 1 L

NC 1 10 20 - BRL - BRL GW+BRL ~- BRL - BRL
BRL GW ns W LY

Fig. 6. BRL increases insulin-induced AKT phosphorylation in
human sperm. Washed spermatozoa were incubated in the unsupple-
mented Earle’s medium for 30 min at 37°C and 5% COs, in the absence
(NC) or in the presence of increasing BRL (1, 10, 20 uM). Some
samples were incubated in the presence of 10 UM GW alone or
combined with 10 uM BRL, in the presence of 3.3 nM Ins alone or
combined with 10 uM BRL or combined with 10 pBRL plus 3.3 nM

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

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

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

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

As shown in Figure 7, 10 uM BRL activates G6PDH
activity and insulin in a higher extent. In the presence of
BRL, insulin action was further enhanced and this effect
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insulin (Ins), in the presence of 10 M worthmannin (W) alone or
combined with 10 pM BRL, in the presence of 10 uM LY294002 (LY)
alone or combined with 10 uM BRL. In the upper part, is reported total
AKT. On the bottom, is reported the densitometric evaluation. The
autoradiographs presented are representative examples of experi-
ments that were performed at least four times with repetitive results.
*P < 0.01 versus control, **P < 0.001 versus control.

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

DISCUSSION

Lipid and carbohydrate homeostasis in higher organ-
isms is under the control of an integrated system that
has the capacity to rapidly respond to metabolic
changes. The PPARYy is a nuclear fatty acid receptor
that has been implicated in energy homeostasis and in
many pathological processes (Knouff and Auwerx,
2004). Specifically, it modulates lipid homeostasis in
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Fig. 7. BRL effect on G6PDH activity. Sperm were washed with
the unsupplemented Earle’s medium and were treated in the absence
(NC) or in the presence of increasing BRL (1, 10, 20 uM). Some
samples were incubated in the presence of 10 pM GW alone or
combined with 10 uM BRL, in the presence of 3.3 nM insulin alone or
plus 10 uM BRL or combined with 10 pM BRL plus 10 pM GW.
Columns are mean + SD of eight independent experiments performed
in duplicate. Data are expressed as nanomoles per minute per 10°
sperms. *P<0.05 versus control; **P<0.01 versus control,
##%P < 0.001 versus control.
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metabolically active sites, including the liver, adipo-
cytes, muscle, and macrophage (Desvergne and Wahli,
1999 and references therein). Here we show that PPARy
is also expressed in human-ejaculated spermatozoa. The
effects of both natural and synthetic PPARy ligands on
different sperm functions were investigated.

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

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

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

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

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

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

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

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