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Silencing of GSTP1, A Prostate Cancer Prognostic
Gene, by the Estrogen Receptor-� and Endothelial
Nitric Oxide Synthase Complex

A. Re,* A. Aiello,* S. Nanni, A. Grasselli, V. Benvenuti, V. Pantisano, L. Strigari,
C. Colussi, S. Ciccone, A. P. Mazzetti, F. Pierconti, F. Pinto, P. Bassi, M. Gallucci,
S. Sentinelli, F. Trimarchi, S. Bacchetti, A. Pontecorvi, M. Lo Bello, and A. Farsetti

Regina Elena Cancer Institute (A.R., A.A., S.N., V.B., V.P., L.S., M.G., S.S., S.B., A.F.), 00158 Rome, Italy;
Department of Clinical and Experimental Medicine and Pharmacology (A.R., F.T.), Section of
Endocrinology, University of Messina, 98100 Messina, Italy; Institute of Cellular Biology and
Neurobiology (A.A., V.B., A.F.), National Research Council, 00185 Rome, Italy; Catholic University (S.N.,
V.P., C.C., F.Pie., F.Pin., P.B., A.P.), Rome, Italy; Istituto Nazionale di Ricovero e Cura per Anziani (A.G.),
Cardiologic Unit, 60100 Ancona, Italy; Istituto Dermopatico dell’Immacolata (C.C.), 00168 Rome, Italy;
and Department of Biology (S.C., A.P.M., M.L.B.), University of Rome “Tor Vergata,” 00133 Rome, Italy

We recently identified in prostate tumors (PCa) a transcriptional prognostic signature comprising
a significant number of genes differentially regulated in patients with worse clinical outcome.
Induction of up-regulated genes was due to chromatin remodeling by a combinatorial complex
between estrogen receptor (ER)-�, and endothelial nitric oxide synthase (eNOS). Here we show
that this complex can also repress transcription of prognostic genes that are down-regulated in
PCa, such as the glutathione transferase gene GSTP1. Silencing of GSTP1 is a common early event
in prostate carcinogenesis, frequently caused by promoter hypermethylation. We validated loss of
glutathione transferase (GST) P1-1 expression in vivo, in tissue microarrays from a retrospective
cohort of patients, and correlated it with decreased disease-specific survival. Furthermore, we
show that in PCa cultured cells ER�/eNOS causes GSTP1 repression by being recruited at estrogen
responsive elements in the gene promoter with consequential remodeling of local chromatin.
Treatment with ER� antagonist or its natural ligand 5�-androstane-3�,17�-diol, eNOS inhibitors
or ER� small interfering RNA abrogated the binding and reversed GSTP1 silencing, demonstrating
the direct involvement of the complex. In vitro, GSTP1 silencing by ER�/eNOS was specific for cells
from patients with worse clinical outcome where it appeared the sole mechanism regulating
GSTP1 expression because no promoter hypermethylation was present. However, in vivo chroma-
tin immunoprecipitation assays on fresh PCa tissues demonstrated that silencing by ER�/eNOS can
coexist with promoter hypermethylation. Our findings reveal that the ER�/eNOS complex can
exert transcriptional repression and suggest that this may represent an epigenetic event favoring
inactivation of the GSTP1 locus by methylation. Moreover, abrogation of ER�/eNOS function by
3�-adiol emphasizes the significance of circulating or the locally produced sex steroid hormones
or their metabolites in PCa biology with relevant clinical/therapeutic implications. (Molecular
Endocrinology 25: 0000–0000, 2012)

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in U.S.A.
Copyright © 2012 by The Endocrine Society
doi: 10.1210/me.2011-1024 Received April 1, 2011. Accepted September 27, 2011.

* A.R. and A.A. contributed equally to this work.
Abbreviations: 3�-adiol, 5�-Androstane-3�,17�-diol; BPH, benign prostatic hyperplasia;
ChIP, chromatin immunoprecipitation; DSS, disease-specific survival; E2, estradiol; eNOS,
endothelial NO synthase; EpERE, electrophile ERE; ER, estrogen receptor; ERE, estrogen-
responsive element; FBS, fetal bovine serum; GSTP1, glutathione transferase P1; H3Ac,
acetyl-histone H3; HDAC1, deacetylase histone deacetylase 1; HIF, hypoxia-inducible fac-
tor; I, intensity; ICI, ICI 182,780; IHC, immunohistochemistry; 7N, 7-nitroindazole; NCoR,
nuclear receptor corepressor; NO, nitric oxide; NoAb, absence of antibody; PCa, prostate
cancer; Q, quantity; siRNA, small interfering RNA; TMA, tissue microarray; TSS, transcrip-
tion start site.
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Prostate cancer (PCa) is the most commonly diagnosed
cancer in men in industrialized countries, with the

highest incidence in North America (1). PCa, an andro-
gen-dependent tumor, is highly sensitive to perturbation
of intratumoral steroid biosynthesis and metabolism of
exogenous ligands: androgens but also estrogens and
their metabolites. It is now recognized that the combined
action, and specifically an imbalance in androgens and
estrogens ratio, is critical to PCa development, mainte-
nance, and progression (2, 3). Indeed, a finely tuned bal-
ance between estrogens and androgens and the relative
expression of the estrogen receptor (ER) subtypes, ER� in
the stroma and ER� in the epithelial compartments of the
human prostate (4–8), have been invoked as causative in
the etiology of prostate disease (3, 9).

The complexity of PCa pathophysiology is enhanced
by other signaling molecules such as nitric oxide (NO)
and oxygen. We have recently revealed a novel and piv-
otal function of ER� and endothelial NO synthase
(eNOS) in the acquisition of an aggressive PCa phenotype
(10). Specifically we demonstrated that activation of the
ER�/eNOS pathway is crucial for tumor progression
within the prostate microenvironment, highly sensitive to
local changes in hormonal levels and oxygen tension.

Estrogens are key signaling molecules regulating vari-
ous physiological processes, e.g. cell growth, develop-
ment, and differentiation, and also playing a role in many
pathological processes in hormone-dependent diseases.
Binding of estrogens to ER, particularly ER� in the hu-
man prostate epithelium, produces genomic effects (11,
12) that regulate gene transcription. The estrogen-ER
complex, once bound to its regulatory site, the estrogen-
responsive element (ERE), can interact with adjacent
transcription factors and recruit a variety of cofactors,
thus inducing modifications of the chromatin resulting in
activation or repression of target genes (13–16).

A second key molecule, NO, the product of eNOS, is a
free radical involved in many biological processes, among
which is angiogenesis. Recently it has been shown that
activated eNOS can translocate into the nucleus (17–20)
in which it binds ER� (10). Formation of an eNOS/ER�

combinatorial complex determines localized remodeling
of chromatin, leading to transcriptional activation of pre-
viously identified prognostic genes (e.g. hTERT, MSH2,
Cyclin B1, and PS2), all extremely sensitive to estrogen
stimulation and/or variations in the intracellular levels of
oxygen and NO (10). Of interest, in prostate epithelial
cells, other prognostic genes, among which the Pi class of
glutathione transferases (GSTP1), are down-regulated.

Glutathione transferase P1 (GSTP1) belongs to a fam-
ily of isoenzymes that protect cells from cytotoxic and
carcinogenic agents. It is highly expressed in embryogen-

esis and has been associated with preneoplastic and neo-
plastic changes (21, 22). In PCa, expression of the protein
is frequently lost because of promoter hypermethylation,
which has been detected in almost 90% of tumors and in
approximately 70% of prostatic intraepithelial neopla-
sias, making it a common and early event in prostate
carcinogenesis (23). Regulation of gene expression by
DNA methylation results from a series of events that in-
clude chromatin modifications and increased density of
repressive histone methylations. The regulatory signals
triggering these events are virtually unknown and largely
depend on the tissue microenvironment.

Although the functional role of the nuclear ER/eNOS
complex is not fully characterized, our previous observa-
tions indicate that activation of the ER�/eNOS pathways
may represent an early event in the transcriptional pro-
gram leading to an aggressive phenotype in PCa cells and
that nuclear translocation of eNOS affects chromatin re-
modeling of a subset of prognostic genes and activates
their transcription. These findings prompted us to inves-
tigate whether and how the same complex may also exert
a negative regulatory effect on gene transcription in re-
sponse to precise microenvironmental conditions.

Results

Expression of GST P1-1 in PCa tissue
microarrays (TMA)

To determine whether the ER�/eNOS complex, in ad-
dition to transcriptional activation (10), is involved in
transcriptional silencing, we chose to study its effects on
the expression of GSTP1, a gene comprised in the prog-
nostic transcriptional signature we identified in PCa and
down-regulated in more aggressive tumors. We first ana-
lyzed in vivo expression of the GST P1-1 protein by TMA
in a retrospective cohort of PCa patients characterized by
very long follow-up (10). We confirmed the loss of GST
P1-1, consistent with data in the literature (24, 25), and
correlated it with decreased disease-specific survival
(DSS; Fig. 1B). Of interest, a limited number of PCa sam-
ples (14 of 126) retained GST P1-1 expression (Fig. 1A,
rightmost panel) compared with the more abundant and
completely negative group (Fig. 1A, left and middle
panels).

GST P1-1 expression, activity, and promoter
methylation in cultured PCa cells

We recapitulated these findings in our ex vivo model of
cell lines established from PCa patients (10, 26) by docu-
menting a significant decrease of GSTP1 mRNA and pro-
tein expression and enzymatic activity, consistent with
data in the literature (Fig. 2, A–C, and Supplemental Fig.
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1, published on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org) in cells from
patients with worse vs. favorable outcome (G1 and G2
cells). As expected, cell lines established from benign
prostatic hyperplasia (BPH) showed strong GSTP1 ex-
pression and activity. Surprisingly, DNA methylation-
sensitive restriction assay (Fig. 2D) revealed that GSTP1

silencing did not involve promoter methylation, unlike
the case with LNCaP cells and as generally reported for
PCa (24, 27, 28). Lack of hypermethylation was not due
to cell immortalization because the parental primary cul-
tures (C10, C14, and C11) exhibited the same pattern as
their immortalized derivatives (C10IM, C14IM, and
C11IM).

FIG. 1. GST P1-1 expression in TMA. A, Representative TMA cores immunostained for GST P1-1 at magnification �10 (top panels), �20 (middle
panels) and, for indicated areas, at �40 (bottom panels). GST P1-1 protein levels (II � Q) in tumoral areas are indicated. Black arrows, Negative
tumor; white arrows, positive benign gland, prostatic intraepithelial neoplasia (PIN), and tumor. Basal cell positive staining served as internal
control. B, Kaplan-Meier DSS curves for PCa patients with the presence or absence of GSTP 1–1 (I � Q � 0 and I � Q � 0, respectively). The
difference between the two groups was statistically significant.
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Analysis of the GSTP1 promoter by chromatin
immunoprecipitation (ChIP), re-ChIP, and EMSA

We queried whether GSTP1 silencing could be
brought about by a repression mechanism mediated by
recruitment of the ER�/eNOS complex onto the gene-
regulatory sequences and performed ChIP assays on a

5-kb region of the GSTP1 promoter using selected G1 and
G2 cells (Fig. 3). Chromatins were immunoprecipitated
by antibodies to ER�, eNOS, and antiacetyl-histone H3
(H3Ac) and DNA sequences proximal to or encompass-
ing two ERE, the CpG island and the electrophile ERE
(EpERE) (29), were amplified (Fig. 3A). Dynamic occu-

FIG. 2. GSTP1 expression, activity, and promoter methylation in ex vivo experimental model of PCa. A, Semiquantitative RT-PCR analysis of GSTP1
mRNA levels in immortalized cells derived from BPH, PCa cells of the G1 and G2 groups, and LNCaP cells. Densitometric analysis of GSTP1
normalized to aldolase A (left panel) and representative RT-PCR (right panel). Average values from four experiments for each cell line (BPH, n � 2;
G1, n � 3; G2 n � 3) were expressed as mean � SEM. B, Western blot for GST P1-1 and loading control (�-actin) performed in BPH (n � 2); G2
cells (n � 3); G1 cells (n � 3); and LNCaP cells. Densitometric analysis of five experiments expressed as mean � SEM (left panel) and representative
gel (right panel) is shown. C, GST P1-1 enzymatic activity expressed as units per milligram. Average values from three experiments for each cell line
(BPH, n � 2; G1, n � 3; G2, n � 3) expressed as mean � SEM. D, Methylation analysis of the GSTP1 promoter in PCa cells before/after
immortalization (IM) using a restriction enzyme specific for methylated DNA (HpaII) in representative cultures of BPH cells (C10 and C10IM) and
PCa-derived cells from the G1 (C11 and C11IM) and G2 group (C14 and C14IM). LNCaP cells were positive control. White lines indicate extracts
run in noncontiguous lanes of the same gel. *, P � 0.05 vs. G2, G1, and LNCaP; #, P � 0.05 vs. G1 and LNCaP; §, P � 0.05 vs. LNCaP.

balt1/zmg-mend/zmg-mend/zmg00111/zmg4922-11z xppws S�1 10/11/11 5:10 4/Color Figure(s): F1,F3,F5,F7 Art: me-11-1024 Input-ss

4 Re et al. Silencing of GSTP1 by ER� and eNOS Complex Mol Endocrinol, January 2012, 25(1):0000–0000

F3

grasselli
Cross-Out

grasselli
Text Box
Please, delete ","

grasselli
Line

grasselli
Text Box
Please, change to non italic case

grasselli
Line

grasselli
Highlight



pancy of these sites by ER� and eNOS was observed in
basal conditions almost exclusively in G1 cells (Fig. 3B).
ER� and eNOS recruitment peaked at the ERE (sites I and
II) with an increase of 3- to 7-fold over control (NoAb).
Furthermore, serial ChIP assays showed recruitment of
the ER�/eNOS combinatorial complex with a similar dy-

namic, more pronounced in G1 than in G2 cells (Fig. 3C).
Of interest, a strong increase (35- to 70-fold over control)
in histone H3 acetylation density surrounding the GSTP1
transcription start site (TSS) was detected in PCa (G1 and
G2) but not in metastatic LNCaP cells, in agreement with
retained vs. lost GST P1-1 expression, respectively (data

FIG. 3. Analysis of the GSTP1 promoter by ChIP and re-ChIP. A, Cartoon of the promoter region and partial first exon of the GSTP1 gene (TSS
and ATG are indicated). Search for transcription factors binding sites was performed with MatInspector database, and location of ERE, EpRE, and
CpG island are indicated; double-headed arrow lines identify the regions I-IV amplified by quantitative PCR (qPCR). B, ChIP in immortalized PCa
cells from the G2 (n � 3) and G1 (n � 3) groups. Immunoprecipitations were with antibodies to ER�, eNOS, or NoAb. Recruitment onto the
GSTP1 promoter was detected by qPCR using primers specific for region I, II, III, and IV. Data are represented as fold induction over control (Ab/
NoAb) and are the mean of four experiments for each cell line. GST P1-1 expression level is indicated as �� and � (as in Fig. 2B). C, re-ChIP in G2
(n � 2) and G1 (n � 2) cells with antibodies to ER� or no antibody followed by antibodies to eNOS or no antibody. The data represent the mean
of two experiments. qPCR was as in B. D, ChIP in G2 (n � 2) and G1 (n � 2) cells with antibodies to ER�, eNOS, NCoR, mSin3A, HDAC1, or NoAb
and nonspecific antibody (IgG) as negative controls. The data represent the mean of two experiments. qPCR was as in B.
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not shown). Next, we asked whether ER� and eNOS can
repress the GSTP1 expression by recruiting corepressors
or deacetylases in a ligand-independent manner. ChIP ex-
periments were therefore performed using specific anti-
bodies to the corepressors nuclear receptor corepressor
(NCoR) and mSin3a and to the deacetylase histone
deacetylase 1 (HDAC1). As shown in Fig. 3D, strong
recruitment of all three proteins occurred exclusively in
G1 cells peaking at the ERE site II in parallel with ER�

and eNOS.
To further characterize the interaction of ER�/eNOS

complex with the GSTP1 promoter, EMSA were per-
formed using ERE and EpERE oligonucleotides (sites I, II,
and IV) and PCa cells cultured in unstimulated condition
(Supplemental Fig. 2). Incubation of nuclear extracts with
all probes gave rise to a specific complex that was sub-
stantially decreased upon addition of antibodies against
ER� or eNOS, mostly at the ERE site II, supporting a
physical interaction between ER� and eNOS, in parallel
with the peak of dynamic occupancy by ER�/eNOS in
ChIP and re-ChIP assays (Fig. 3, B and C). Of note, for-
mation of the complex was partially prevented also upon
addition of anti-cFos antibody on ERE II and EpERE
(compare lanes 2 and 5 in Supplemental Fig. 2, D–F). This
latter finding was confirmed by parallel detection of a
specific c-Fos recruitment (2.5-fold increase over control)
onto the GSTP1 promoter, most pronounced at the Ep-
ERE in the ChIP assay (Supplemental Fig. 2G).

Effects of pharmacological or genetic inhibition of
ER and eNOS on chromatin remodeling, GSTP1
mRNA level, and cell invasion

In support of our hypothesis that the ER�/eNOS acts
as a repressive complex on GSTP1 transcription, treat-
ment with a synthetic antagonist of ER [ICI 182,780
(ICI)] abrogated the binding of both proteins to the
GSTP1 promoter and relieved GSTP1 mRNA repression
in cells from patients with adverse prognosis (Fig. 4, A
and B). In agreement with these results, addition of ICI
further increased (about 3-fold over control) histone acet-
ylation density at the TSS (Fig. 4A). Rescue of mRNA and
protein expression was also obtained using noncompeti-
tive or competitive eNOS inhibitors [7-nitroindazole
(7N) or NG-nitro-L-arginine methyl ester] or by overex-
pression of a dominant-negative eNOS in the presence or
absence of ICI, exclusively in G1 cells (Fig. 4, B and C, and
Supplemental Fig. 3A and data not shown). Use of small
interfering RNA (siRNA) for ER� confirmed as well its
involvement in GSTP1 transcriptional regulation (Fig.
4D). Conversely, a NO donor silenced mRNA and pro-
tein expression in cells still expressing GSTP1 (G2 cells;
Supplemental Fig. 4). Lastly, pharmacological treatment

with ER or eNOS inhibitors, singly or in combination,
impaired the invasion capability of PCa cells (Fig. 4E),
suggesting that reexpression of GSTP1 through removal
of the ER�/eNOS complex may be associated with the
acquisition of a less aggressive phenotype (see also Fig. 6
below).

In vivo ChIP assays
We next asked whether the dynamic occupancy of the

GSTP1 promoter by ER� and eNOS and the local in-
crease in histone H3 acetylation occur also in vivo. ChIP
assays on fresh surgical tissues explanted from PCa pa-
tients were performed as proof of principle to validate the
data from PCa cell cultures. As shown in Fig. 5A, a re-
cruitment profile of ER� and eNOS, comparable with
that in G1 cells (Fig. 3B), was observed in patient A, with
a tumor at pathological stage T2c and an immunohisto-
chemistry (IHC) scoring for GST P1-1 of �. No recruit-
ment was seen, as expected, in normal/hyperplastic tissue
(patient C with an IHC scoring of ���) or patient B at
an earlier pathological stage (T2a) than patient A. The H3
acetylation pattern revealed a direct correlation between
acetylation density at the TSS in ChIP assays and protein
levels detected by IHC, both being less pronounced in
patient A. Cytosine methylation at the promoter CpG
island was investigated in the same fresh specimens by
methylated DNA immunoprecipitation (Fig. 5B). Meth-
ylation, at levels intermediate between that of the positive
(LNCaP) and negative (G1 and BJ cells) controls, was
observed in PCa patients A and B but not control patient
C. Of interest, the presence of methylation in patient A,
combined with the observed recruitment of ER� and
eNOS, indicated the existence in vivo of both mechanisms
of gene silencing.

Effects of 5�-androstane-3�,17�-diol (3�-adiol) on
GSTP1 expression and activity and ER� and eNOS
nuclear localization

The critical involvement of ER� in PCa progression is
mainly related to the observation that retained expression
of ER� in recurrent PCa is associated with increased mor-
tality and metastases (7, 30, 31). In addition, recent data
indicate that ER� is highly sensitive to variations in the
prostate microenvironment (10, 32–35) and particularly
affected by the relative abundance of its natural ligand
5�-androstane-3�,17�-diol (36, 37). Therefore, we asked
whether 3�-adiol-activated ER� would contribute to the
rescue of GSTP1 expression and to the reversion of the
aggressive phenotype. Indeed, 3�-adiol restored GSTP1
expression (mRNA and protein) and activity (Fig. 6,
A–C). Of note, 3�-adiol also significantly reduced the
invasion capability of G1 cells (Fig. 6D), correlating the
rescue of GSTP1 expression (through destabilization of
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the ER�/eNOS repressing complex)
and loss of its protective effect against
PCa progression.

With this ligand, we observed no oc-
cupancy of the GSTP1 promoter by
ER� and eNOS, individually or as a
complex, and a modest but reproduc-
ible increase in histone acetylation near
the TSS (Fig. 7, A–C). Mechanistically,
the natural ligand is likely to cause de-
tachment of ER� (and consequently
eNOS), rather than prevent its binding,
as may be the case with the ER� antag-
onist ICI (see Fig. 4). Interestingly, 3�-
adiol is capable of reversing recruit-
ment of ER� and eNOS also on other
estrogen-regulated target genes such us
the classical pS2 promoter and the cat-
alytic subunit of human telomerase
(hTERT) that are both activated by the
complex (Supplemental Fig. 5).

To understand the effects mediated
by small molecules such as ICI and 3�-
adiol on the ER�/eNOS complex signal-
ing, we examined by confocal micros-
copy the localization of both ER� and
eNOS in basal condition as well as upon
addition of estradiol (E2), ICI, or 3�-
adiol, alone or in combination (Fig. 7D
and Supplemental Fig. 6). ER� and
eNOS are present in G1 cells in both nu-
clear and cytoplasmatic compartments,
in agreement with our previous data
(10). Interestingly, the addition of the
sintetic or natural ligands, ICI and 3�-
adiol, respectively, resulted in significant
relocalization of both proteins in the cy-
toplasm and a significant reduction of
the mean fluorescence in the nuclei.
Most interestingly, pretreatment with
ICI or 3�-adiol prevented estradiol-
induced nuclear translocation, supporting
the concept that, at least in this context,
3�-adiol may act as an antagonist indistin-
guishablefromthesyntheticantagonist ICI
(E2�ICI and E2�3�-adiol vs. E2, P
�0.05).

Discussion

In the present paper, we provide evi-
dence in favor of an active repressive

FIG. 4. Effects of pharmacological or genetic inhibition of ER and eNOS on chromatin remodeling,
GSTP1 mRNA level, and cell invasion. A, ChIP assay onto the GSTP1 promoter was performed as in Fig.
3 using antibody to ER�, eNOS, H3Ac, or NoAb. PCa cells from the G1 group (n � 2) were treated
with/without ICI (10�7 M). The data represent the mean of two experiments. B, GSTP1 mRNA levels
were assessed by quantitative PCR (qRT-PCR) in G1 (n � 2) and LNCaP cells after 24 h of treatment
with ICI (10�7 M), the NO synthase inhibitors 7N (0.5 mM), alone or in combination. Results, plotted as
fold induction (with or without treatment), represent the mean � SEM of three experiments in
duplicate. *, P � 0.05 vs. NT. C, GSTP1 mRNA was analyzed by qRT-PCR in G1 cells (n � 2) transfected
with a dominant-negative mutant of eNOS (S1177A) or empty vector with or without ICI (10�7 M). The
data represent the mean � SEM of two experiments in duplicate. *, P � 0.05 vs. empty vector. D,
C27IM and LNCaP cells transfected with small interference to ER� or control (scr) were analyzed for
ER� expression by immunoblot (upper panel) and for GSTP1 mRNA by qRT-PCR (lower panel). Data,
expressed as fold induction, represent the mean � SEM of three experiments. *, P � 0.05. E, The
capability of G1 cells (n � 2) invasion was assessed by migration in matrigel under basal conditions
(20% FBS) or upon treatment with ICI, 7N, or combination of both as in B. Data represent the mean �
SEM of three experiments in quadruplicate. *, P � 0.05 vs. basal condition.
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mechanism on gene expression in PCa mediated by the
complex ER�/eNOS.

We previously demonstrated that in response to the
combination of constitutive hypoxia-inducible factor
(HIF)-1� expression and nuclear translocation of eNOS,
ER� and eNOS form a complex that induces transcrip-
tion of prognostic genes activated in PCa (10, 26). This
effect was enhanced by treatment with E2, alone or in

combination with hypoxic conditions. These findings led
us to query whether upon variations in the cell microen-
vironment the same complex may exert an opposite func-
tion and repress transcription of prognostic genes down-
regulated in PCa (26).

Here we demonstrate that in PCa cells featuring a con-
stitutively hypoxic phenotype, as are cells of the G1 group
(10), the ER�/eNOS complex is recruited onto the regu-

FIG. 5. In vivo ChIP assays. A, In vivo ChIP assays were performed using freshly explanted PCa samples (n � 3). Immunoprecipitations were with
antibodies to ER�, eNOS, H3Ac, or NoAb. Recruitment onto the GSTP1 promoter was detected by quantitative PCR (qPCR) using primers for
region I, II, and IV. The pathological stage of each tumor is indicated. Data represent the mean of two experiments. GST P1-1 expression was
evaluated by IHC, and its quantification is reported in each panel. B, ChIP assays were performed with antibody to 5methylcytidine (5mC) or NoAb
in G1 cells (n � 2), freshly explanted PCa samples (patient A, patient B, and patient C), BJ fibroblasts, and LNCaP cells (positive control).
Immunoprecipitated fragments were amplified by qPCR using primers for region III of the GSTP1 promoter (Fig. 3). Data represent the mean �
SEM of two experiments.
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latory regions of GSTP1 and represses transcription of
the gene. This is the first evidence of a repressive function
mediated by ER� in a ligand-independent fashion.

Mechanistically our finding is supported by parallel
occupancy of the GSTP1 promoter by the corepressors
nuclear receptor corepressor and mSin3A as well as by
HDCA1 (Fig. 3D), indicating a critical role of these pro-
teins in suppressing GSTP1 gene expression in the non-
activated condition. Occupancy of the GSTP1 promoter,
primarily at ERE sites, was abolished by the synthetic
antiestrogen ICI, resulting in local chromatin changes
such as an increase in the histone H3 acetylation density
surrounding the GSTP1 TSS. Ligand-dependent chroma-
tin remodeling was associated with modulation of gene
transcription and ultimately with rescue of GSTP1 ex-
pression. Of interest, recruitment of ER�/eNOS also was
abrogated by the addition of the androgen metabolite
3�-adiol, a natural ER� ligand, whereas no effect was
obtained with the more potent natural agonist E2 or the
antagonist of ER action, 4-hydroxitamoxifen (data not
shown). In this regard, our results are in agreement with
those of Dondi et al. (32), who demonstrated that ER�

activated by 3�-adiol, but not by E2, exerts antiprolifera-

tive and antiinvasion effects in the PC3
cell line and in xenografts in vivo. We
expanded on this aspect and analyzed
by confocal microscopy the nuclear/
cytoplasmic distribution of ER� and
eNOS in cells untreated or treated with
ICI or 3�-adiol. Interestingly, both
small molecules significantly reduced
the nuclear localization of both pro-
teins in basal conditions and virtually
abrogated the E2-induced nuclear
translocations, supporting the antago-
nistic role of the selective ER� ligand
(with a magnitude undistinguishable
from that of the synthetic antagonist
ICI) (see Fig. 7D and Supplemental Fig.
6). Detachment of the ER�/eNOS com-
plex by the same small molecules also
was observed onto target genes such as
hTERT or pS2 that are positively reg-
ulated by estrogen, indicating that the
reversal of the ER�/eNOS binding may
represent a common mechanism of
ER� signaling mediated by the classical
antagonist ICI as well as by 3�-adiol.

Thus, silencing of GSTP1, a prog-
nostic gene commonly repressed in
PCa, may represent a novel conse-
quence of an abnormal ER signaling,
essentially ascribable to a specific per-

turbation of intratumoral steroid biosynthesis and metab-
olism. An age-dependent imbalance in the estrogens to
androgens ratio in favor of estrogens has been invoked as
the main trait in the etiology of PCa (38–43). In partic-
ular, it is becoming evident that in the PCa microenviron-
ment, the traditional sex steroid hormone pathways, such
as androgen-activated androgen receptor and E2-acti-
vated ER, are accompanied by alternative estrogenic sig-
naling mediated by the 3�-adiol-ER� complex (10, 32,
33). More importantly, each ligand-activated pathway
appears to affect, with significant differences, tumor cells
behavior. Specifically, recent literature (32–34) has indi-
cated that 3�-adiol-activated ER� plays a pivotal role in
suppressing the acquisition of mesenchymal characteris-
tics and invasive behavior of PCa cells in vitro and in vivo.

In line with the above factors, abrogation of ER�/
eNOS recruitment by ICI or 3�-adiol, resulted in rescue of
GSTP1 expression and activity and impairment of the
invasion capability of PCa cells. Thus reexpression of
GSTP1 is associated with partial reversion of the aggres-
sive phenotype. Overall these data strongly indicate that
the nuclear steroid receptors, differentially activated by

FIG. 6. Effects of 3�-adiol on GSTP1 expression, enzymatic activity, and cell invasion. A,
GSTP1 mRNA levels assessed by quantitative RT-PCR in G1 cells (n � 2) after 1, 3, or 6 h of
treatment with 3�-adiol (10�6 M). The results, normalized to the housekeeping gene GAPDH,
are plotted as fold induction (with or without treatment) and represent the mean � SEM of
three experiments performed in duplicate. *, P � 0.05 vs. NT. B, Western blot of GST P1-1 in
G1 cells (C27IM and C11IM) in basal condition and after treatment with 3�-adiol (10�6 M) for
6 and 18 h. Heat shock protein 70 (HSP70) was the loading control. Ratio (with or without
treatment), after normalization to the HSP70 signal by densitometric analysis, is indicated in
the bottom row. C, GST P1-1 enzymatic activity before and after treatment with 3�-adiol as
in B was evaluated as described in Fig. 2C. D, The capability of G1 cell (n � 2) invasion
assessed by migration in matrigel under basal conditions (20% FBS) or upon treatment with
3�-adiol (10�7 M) for 7 h. The data represent the mean � SEM of three experiments in
quadruplicate. White lines indicate extracts run in noncontiguous lanes of the same gel.
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circulating or locally produced steroids or their metabo-
lites, greatly affects the fine equilibrium governing the
androgenic and estrogenic pathways in the human
prostate.

In addition, pharmacological inhibition of the NO/
eNOS pathway (Fig. 4B) or disruption of the eNOS/
calmodulin complex by the calmodulin inhibitor W-7
(44) (Supplemental Fig. 3) relieved the repression of
GSTP1 mRNA in cells from patients with adverse prog-
nosis. Similar results were obtained by genetic approaches
(siRNA to ER� and also overexpression of a dominant
negative eNOS), confirming the crucial role of the ER�/
eNOS complex in GSTP1 repression. Conversely, a NO
donor silenced this mRNA in cells still expressing GSTP1
(G2; Supplemental Fig. 4), suggesting that also NO sig-
naling contributes to the fine-tuned regulation of GSTP1
transcription.

Of interest, a positive correlation between NO biosyn-
thesis and grade of malignancy, specifically in terms of
increase in tumor blood flow has been reported also in
breast cancer (45). It has been further suggested that GST,
specifically GST P1-1, can act as an NO carrier or scav-
enger when the intracellular NO concentration is greatly

increased (46). Our results are consistent with this role
and with the down-regulation of GSTP1 being part of the
overall strategy by PCa cells to maintain NO bioavailabil-
ity and favor tumor progression.

An additional outcome of our study is the demonstra-
tion of the coexistence of two repressive mechanisms in
the prostate tumor cells: the already reported promoter
methylation and the repression by the combinatorial
ER�/eNOS complex mediated by chromatin remodeling.
Although silencing of GSTP1 did not appear to involve
methylation of its promoter in our cell lines, unlike the
case for LNCaP cells and generally for PCa, analysis of fresh
PCa tissues revealed in one patient the presence of both
ER�/eNOS recruitment and a significant level of methyl-
ated cytosines in the GSTP1 regulatory regions. Of inter-
est, in a second sample (patient B, at an earlier patholog-
ical stage), we observed appreciable level of methylation
of GSTP1 but no promoter occupancy by ER�/eNOS.
The presence or absence of ER�/eNOS in the two samples
inversely correlated with levels of GST P1-1 expression
and acetylation density at the GSTP1 TSS, an epigenetic
mark of transcriptionally permissive chromatin. These in
vivo data suggest that the repressive function exerted by

FIG. 7. GSTP1 promoter analysis and nuclear localization of ER� and eNOS in G1 cells treated with 3�-adiol. ChIP assays (A and B) and re-ChIP
assays (C) of the GSTP1 promoter were performed as described in Fig. 3 using antibody to ER� and eNOS (A and C) and H3Ac (B). NoAb was used
as control. PCa cells from the G1 group (n � 2) were treated with or without 3�-adiol (10�6 M). The data represent the mean � SEM of three
experiments. D, G1 cells were cultured for 72 h in stripped serum before treatment with the agonist E2, the antagonist (ICI), or the ER�-specific
ligand 3�-adiol, alone or in combination. Cells were stained with antibody to ER� or eNOS and examined by confocal microscopy. Nuclei were
stained with Topro 3. Original magnification was �80 (see Supplemental Fig. 6). Images were digitally transformed to quantify the mean
fluorescence intensity on selected areas for single eNOS- or ER�-positive cells. The resulting histograms reveal the presence or accumulation of the
eNOS or ER� proteins in the nuclei of prostate cells (nuclear localization index). Data, expressed as fold induction, represent the mean � SEM of
two independent experiments, each performed in duplicate. *, P � 0.05 vs. NT; §, P � 0.05 vs. E2.
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the ER�/eNOS complex may be an epigenetic event fa-
voring inactivation of the GSTP1 locus and representing
an alternative or reinforcing mechanism to DNA methyl-
ation (compare methylation profile of G1 cells, patients A
and B).

Overall our findings strongly support the concept that
in the physiopathology of the human prostate exists a
very complex signaling pathway mediated by ER� and its
cofactor eNOS, highly sensitive to variations in the tissue
microenvironment (androgens, estrogens and their me-
tabolites, oxygen tension, and NO) with major effects on
the acquisition of a malignant phenotype by human pros-
tate epithelial cells.

Materials and Methods

Cell cultures and treatments
PCa cells, primary and immortalized, were cultured and

characterized as described (10, 26). Metastatic prostate cancer
cells LNCaP were obtained from Aria Baniahmad (University of
Giessen, Giessen, Germany) and cultured in RPMI 1640 (Invit-
rogen, Carlsbad, CA) plus 20% fetal bovine serum (FBS; Cam-
brex, Charles City, IA). At least 72 h before experimental use,
cells were switched to a medium with hormone-deprived serum
(35) and treated with 7N (Biomol, Farmingdale, NY), ICI
182,780 (ICI; Sigma-Aldrich, St. Louis, MO), diethylenetri-
amine/NO adduct (Sigma-Aldrich), NG-nitro-L-arginine methyl
ester (Alexis, Lorrach, Germany), 3�-adiol (Sigma-Aldrich), or
N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydro-
chloride (Santa Cruz Biotechnology, Santa Cruz, CA) for the
concentrations and the times indicated in the figure legends.

Antibodies
Anti-ER� (L-20; Santa Cruz Biotechnology; and GTX110

607; GeneTex, Irvine, CA), anti-eNOS (BD Biosciences, Frank-
lin Lakes, NJ), anti-IgG (Santa Cruz Biotechnology), anti-NCoR
(H303; Santa Cruz Biotechnology), anti-c-Fos (4 and H-125;
Santa Cruz Biotechnology), anti-HDAC1 (Sigma-Aldrich),
anti-mSin3A (Abcam, Cambridge, UK), antiacetyl-histone
H3 (Upstate-Millipore, Billerica, MA), anti-5-methylcytidine
(Eurogentec, Seraing, Belgium), anti-�-actin (Sigma-Aldrich),
and anti-HSP70 (StressGen Biotechnologies, San Diego, CA).
The polyclonal anti-GST P1-1 was derived from rabbits immu-
nized against purified human GSTp.

GST P1-1 enzymatic activity and
promoter methylation

Enzymatic activity was determined spectrophotometrically
as described (47). Enzymatic restriction and analysis of GSTP1
promoter methylation were performed as described (48).

Transfections, cell extracts, and Western blot
Transient transfections were performed as described (10).

For Western blots, cells were lysed in 10 mM Tris-HCl (pH 7.4)
and 0.1 M phenylmethylsulfonyl fluoride buffer; 30 �g of ex-
tracts were resolved on 12% SDS-PAGE gel and transferred
onto a polyvinylidene difluoride membranes (Millipore).

RNA extraction and real-time PCR
RNA isolation, cDNA preparation, and PCR were per-

formed as described (19). Quantitative RT-PCR was performed
using SYBR master mix (Applied Biosystems Inc., Foster City,
CA) and primers for GSTP1 mRNA (Supplemental Methods).
The housekeeping genes aldolase, GAPDH, and �-actin (Ap-
plied Biosystems) served as controls (10). The following primers
were used: GSTP1 mRNA forward, 5�-GGA GAC CTC ACC
CTG TAC CA-3�; reverse, 5�-GGA CAG CAG GGT CTC AAA
AG-3�; GSTP1 mRNA for quantitative PCR forward, 5�-ATC
AGG GCC AGA GCT GGA A-3�; reverse, 5�-ATA GGC AGG
AGG CTT TGA GTG A-3�.

Chromatin immunoprecipitations
ChIP and re-ChIP assays from cultured cells were performed

as described (10) using specific antibodies to ER�, eNOS,
H3Ac, NCoR, mSin3A, HDAC1, and c-Fos. Negative controls
were absence of antibody (NoAb) or unrelated antibody, nor-
mal rabbit IgG. In vivo ChIP assays were performed on freshly
explanted prostate tissues, obtained after informed consent
from three patients undergoing radical prostatectomy (Depart-
ment of Urology, Catholic University, Rome, Italy). After fixa-
tion with formaldehyde and blockage as described (49), the
tissues were chopped, dounced in hypotonic buffer, and chro-
matin prepared as described (10). Immunoprecipitations were
performed with 20 ng of sonicated chromatin for each antibody
and subsequent ChIP steps were carried out as described (10).
DNA fragments were recovered and analyzed as described (10)
using the following primers for GSTP1 promoter by quantita-
tive PCR: 3034/3044 (site I), 5�-AAT TCC AGC CTG GCA
AAT TCT-3� and 5�-CGC ACT GTC AGG GTT CAA GA-3�;
4568/4632 (site II), 5�-TGG CAC GCA CCT ATA ATT CCA-3�
and 5�-TCT CGG GTT CAA GCA ATT CTG-3�; 4872/4929
(site III), 5�-GCG CGC CAG TTC GCT-3� and 5�-AGT AAA
CAG ACA GCA GGA AGA GGA C-3�; 5505/5573 (site IV),
5�-GGG CTC CAG CAA ACT TTT CTT-3� and 5�-CCT ACC
TCG AAC TGG GAA ATA GAC-3�. Primers for the hTERT
and pS2 gene promoters are as described (10).

Methylation analysis by DNA immunoprecipitation
The protocol was as described (50) with modifications.

Briefly, cultured cells or tissue samples were cross-linked and
sonicated, as for the ChIP protocol, digested by proteinase K and
reverse cross-linked overnight. DNA was recovered by phenol-
chloroform extraction, ethanol precipitation, and ribonuclease
digestion. Four micrograms of purified DNA was denaturated
(10 min at 95 C), placed on ice, and immunoprecipitated (2 h at
4 C) with 10 �g of 5-methylcytidine antibody in 500 �l inositol
phosphate buffer. After incubation with 30 �l of Protein G
(Pierce, Rockford, IL) overnight at 4 C, samples were washed
three times and treated with proteinase K (3 h at 50 C). Meth-
ylated DNA, recovered by phenol-chloroform extraction and
ethanol precipitation, was analyzed by PCR, using primers as
described (48), and by quantitative PCR, using primers for site
III of the GSTP1 promoter.

siRNA methods
Small interference to ER� was obtained using an optimized

combination of oligonucleotides: small interference to ER� cus-
tom stealth (51) plus predesigned stealth RNA interference oli-
gos (set of three, no. 1299003; Invitrogen). Cells were trans-
fected consecutively two times every 72 h, according to the
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manufacturer’s instructions (Lipofectamine RNAiMAX; Invit-
rogen). Negative control was a set of three oligos (no. 12935-
100; Invitrogen).

Cell invasion
An assay was performed using a 48-well modified Boyden’s

chamber (NeuroProbe Inc., Biomap, Gaithersburg, MD) and 8
�m pore polyvinyl pyrrolidone-free polycarbonate Nucleopore
(Carlo Erba Reagenti, Milano, Italy). The filter was coated with
a thin layer of 2 mg/ml Cultrex BME (Space Import Export).
PCa cells were treated as described in the figure legends. Cells
that invaded were fixed and stained with Diff Quick (Biomap)
and counted at �40 magnification in five fields per sample.

TMA construction, immunohistochemistry, scoring,
and outcome analysis

Tissue microarrays were generated, stained, and scored as
described (10). Briefly, TMA sections were scored semiquanti-
tatively based on the proportion of tumor cells stained [quantity
(Q)] and the staining intensity (I) to obtain the final score as the
product of I � Q relative to the tumoral area. The scoring system
(52, 53) was as follows: Q, 0, negative; 1, 1–9% positive cells; 2,
10–39% positive cells; 3, 40–69% positive cells; 4, 70–100%
positive cells; and I, 0, negative; 1, low; 2, moderate; 3, high.
Immunostaining was assessed by a histopathologist and re-
viewed independently by a second histopathologist. Both indi-
viduals were blinded to the patients’ outcome. Only representa-
tive tissue cores containing at least 20% of tumor cells were
scored.

Confocal microscopy analysis
PCa cells were grown on glass slides and after treatments

fixed in ice-cold acetone 80% for 1 h. Samples were incubated
for 1 h with 10% BSA/PBS to block nonspecific protein-binding
sites and overnight at 4 C with primary antibodies (ER�, 1:100;
eNOS, 1:50). After a brief rinse, slides were incubated for 1 h at
37 C with fluorescein isothiocyanate secondary antibodies (di-
lution 1:150; Dylight-Listarfish). Nuclei were stained with
TOPRO3 (1:200; Invitrogen). The quantification of eNOS and
ER� nuclear localization, expressed as an index, was deter-
mined measuring the relative mean fluorescence intensity on
selected regions using an LSM 500 Meta analyzer program.
Values are expressed as fold induction over control considered
equal to 1. About 300 cells/well were evaluated for each exper-
imental condition. Lasers’ power, beam splitters, filter settings,
pinhole diameters, and scan mode were the same for all exam-
ined fields of each sample. Negative immunofluorescence con-
trol was performed using normal rabbit IgG instead of the rabbit
primary antibody.

Electrophoretic mobility shift assays
The experimental procedure was performed as described

(35) with modifications. The EMSA reaction was in a final vol-
ume of 20 �l: 5 �g of nuclear extracts, prepared from G1 cells as
described (10); binding buffer (100 mM HEPES, 5 mM dithio-
threitol, 10 mM MgC12, 50% glycerol, 0.5 mg/ml BSA); 1 �g of
poly(deoxyinosine-deoxycytosine); 0.5 mM spermidine. Two
micrograms of specific antibodies to ER�, eNOS, cFos, and an
unrelated antibody (normal rabbit IgG) were added after the
addition of labeled probes. The following probes were used:
3132/3161 (ERE site I), 5�-TTCGCCGTGACCTTCTGCCCTG

TGATCTTT-3� (sense); 4482/4516 (ERE site II), 5�-CAGATCAC
CTAAGGTCAGGAGTTCGAGACCAGCC-3� (sense); and
5140/5161(EpERE),5�-CGGCCGGCGCCGTGACTCAGCACT
GGGGCGGA-3� (sense).

For competition binding experiments, increasing concentra-
tions of unlabeled specific (see above) or unrelated (5�-GGGCT-
GAGCTAGAGGCAGAAGGGGAAATCCC-3�, sense) oligo-
nucleotides were added to the binding mixture immediately
before the addition of the 32P-labeled probes.

Statistical methods
Statistical analysis was with Prism 2.01 statistical software

(GraphPad, San Diego, CA) and R Software (54). Differences
among subject groups were assessed by a two-tailed Mann-
Whitney U test. For TMA data analysis, the DSS was calculated
using the Kaplan-Meier method from the time of prostatectomy
(10). The statistical significance level was set at P � 0.05.
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