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Sex steroid hormone receptors play a central role in all stages of prostate cancer. Here, we tested
whether estrogen receptor (ER) signaling contributes to telomerase activation, an early event in
prostate tumorigenesis. Following 17B-estradiol (E;) treatment, both mRNA encoding the catalytic
subunit of human telomerase (hTERT) and telomerase activity were promptly induced in human
prostate normal epithelial cells, fresh explants from benign prostate hyperplasia, and prostate cancer
explants and cell lines. Reporter expression studies and in vivo chromatin immunoprecipitation assays
revealed E;-dependent hTERT promoter induction and showed that both ERa and ERP bound this
sequence. Crucially, addition of the anti-estrogen 4-hydroxytamoxifen caused a differential recruit-
ment in vivo of ERo. and ERP onto the hTERT promoter and inhibited telomerase activity. Treatment
with the aromatase inhibitor letrozole, which prevented testosterone-mediated interaction between
ER and the hTERT estrogen response element, resulted in a negative regulation of telomerase activity.
Thus, intracellular conversion of androgens to estrogens may contribute to the etiopathogenesis of
prostate cancer. Given the present evidence for direct control of "7TERT gene expression and telom-
erase activity in the prostate by the ER, we suggest that this transcriptional regulator represents a pos-
sible therapeutic target in prostate cancer.

J. Clin. Invest. 110:219-227 (2002). doi:10.1172/JC1200215552.

Introduction

Strong experimental evidence has linked the mainte-
nance of functional telomeres, and thus telomerase
activity, to human cancer (1, 2). The absence of the
enzyme in human somatic cells and their replicative
senescence are considered a tumor suppressor mech-
anism, while activation of telomerase has been iden-
tified as an essential requirement for unlimited cell
proliferation (3-5). To date, telomerase has been
detected in over 95% of tumor samples and is there-
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fore one of the most widespread tumor markers (6).
In prostate cancer (PCa), the most common malig-
nancy in elderly men in Western countries (7),
increased telomerase activity is already evident at the
very early stages of the disease, namely prostate in situ
neoplasia. Indeed, evaluation of telomerase activity in
prostate biopsies has become a valuable diagnostic
marker for this malignancy (8, 9) in addition to meas-
urements of increased serum levels of prostate-specif-
ic antigen (PSA). The molecular mechanisms under-
lying telomerase activation during cancer
development are still largely undefined. Recently, we
provided evidence that estrogens can reverse telom-
erase silencing in normal telomerase-negative ovary
epithelial cells by transcriptional activation of the cat-
alytic subunit of the enzyme (10) whose induction is
a rate-limiting step for telomerase activity. The iden-
tification of the catalytic subunit of human telom-
erase (hTERT) as a target of ligand-activated estrogen
receptor (ER) has prompted us to investigate whether
such a mechanism could underlie telomerase activa-
tion in hormone-dependent tumors. We focused on
the prostate gland for a number of reasons. First, a
distinguishing feature of PCa is its intimate associa-
tion with aging, the most significant risk factor for
this malignancy (7). Second, due to their in vivo self-
renewal and, consequently, their short telomeres,
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prostate epithelial cells from which adenocarcinomas
arise may be particularly sensitive to variations in
telomere length. Third, steroid hormone receptor sig-
naling affects initiation and progression of PCa.
Although the relevance of androgen receptor (AR) in
the development of prostate and in the evolution of
PCa is well established (7), it does not account for the
frequent failure of conventional androgen-depriva-
tion therapy in advanced disease.

Several recent reports have focused on the role of
ERs in normal and transformed prostate epithelium
(11-15). It is becoming evident that the decline of cir-
culating androgens, resulting in a characteristic age-
related decrease of the androgens-to-estrogens ratio,
is a contributing factor in PCa development (7, 16).
A direct action of estrogens on the growth of normal
and malignant prostate cells was originally proposed
(17), and recent literature suggests that estrogens
may exert these direct effects via their own receptors
(12,13, 18, 19). Interestingly, the newly discovered ER
subtype B (ER-B) is abundantly expressed in the
epithelial compartment, whereas the o subtype
(ER-0) is mostly present in the stromal compartment
in both the rat and human prostate glands (7, 14, 20).
The relative expression levels of ERs in prostate ade-
nocarcinoma are still quite controversial. ER-§
mRNA has been detected in highly enriched or pure
human prostate epithelial cells and in PCa cell lines
(12, 20), whereas the ER-0. gene appears to be largely
inactivated by DNA methylation in most PCa cells
and PCa specimens (12, 13). Recent reports, however,
showed a frequent loss of ER-B expression in PCa
samples relative to normal prostate tissue in both
clinically localized and hormone-refractory tumors
(14, 21-23). Despite the controversy concerning the
expression of the two ER subtypes in normal and
malignant prostate epithelium, a growing body of
evidence suggests that abnormalities in ER signaling
may contribute to the complex molecular pathogen-
esis of PCa (11, 24).

The aim of the present study was to investigate
whether ER signaling may be responsible for telomerase
activation in prostate epithelial cells, thus representing
a pathogenetic factor in prostate carcinogenesis.

Methods

Hormones and inbibitors. Hormones and inhibitors used
were as follows: 17B-estradiol (E,), triiodothyronine
(T3), testosterone (T), 4-hydroxytamoxifen (OHT)
(Sigma-Aldrich, Milan, Italy), methyltrienolone
(R1881; gift from A. Banhiamad, Justus Liebig Univer-
sity, Gissen, Germany), and letrozole (gift from M.
Maggi, University of Florence, Florence, Italy).

Ab’s. Ab’s used were as follows: aER-o. HC-20, C-311,
D-12 (Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA), Ab-1 (NeoMarkers Inc., Fremont, Cali-
fornia, USA), and H-222 (gift from G.L. Greene, Ben
May Institute, University of Chicago, Chicago, Illinois,
USA; oER-B: L-20, H-150 (Santa-Cruz Biotechnology

Inc.), and 210-180-C050 (Alexis Biochemicals,
Liufelfingen, Switzerland); oNF-Y: pRatYB (gift from
R. Mantovani, University of Modena and Reggio, Mod-
ena, Italy); aAR: C-19 (Santa-Cruz Biotechnology Inc.).

Isolation and establishment of prostate epithelial cells. Pri-
mary cultures of prostate epithelial cells were explant-
ed from fresh tissue specimens and characterized for
the expression of PSA by direct staining with a specific
Ab (25). The histological diagnosis and Gleason score
was determined in each case during a routine clinical
workup after surgery. After approval by the Ethic
Committee of the Regina Elena Cancer Institute in
Rome, tumor specimens were obtained from three clin-
ically localized prostate carcinoma and two benign
prostate hyperplasia.

Cell lines. Prostate epithelial cells (PrEC) were cultured
according to the manufacturer’s protocols (Clonetics
Bio-Whittaker, Milan, Italy). Human PCa cell lines (gift
from G. Sica, Catholic University, Rome, Italy) were cul-
tured as follows: LNCaP in RPMI-1640 supplemented
with 10% FBS, 4.5 g/l glucose, and 0.1 M HEPES; PC-3
in F12 Coon’s modified medium supplemented with
10% FBS; and DU145 in RPMI-1640 supplemented
with 10% FBS. At least 72 hours prior to experimental
use, the cells were switched to medium supplemented
with hormone-deprived serum (26).

RT-PCR analysis. The hTERT and hTR mRNA analy-
sis was carried out by PCR amplification using
primers and conditions as described (27). The house-
keeping aldolase mRNA, used as external standard,
was amplified from the same cDNA reaction using
specific primers (10). The intensity of each band was
evaluated by densitometry using the NIH Image J 1.24
software (National Institutes of Health, Bethesda,
Maryland, USA).

Telomerase assay. Cell extracts were prepared by deter-
gent lysis, and enzymatic activity was detected by the
PCR-based telomere repeat amplification protocol
(TRAP) (28). All assays were repeated at least three
times with three different preparations of cell lysates.
Quantitative analysis was performed with the NIH
Image 1.61 software. Telomerase activity was quanti-
fied by measuring the signals of telomerase ladder
bands, and the relative telomerase activity was calcu-
lated as a ratio to the internal standard.

Plasmid. Plasmids p3996, p1009, and p1009Mut have
been described (10). Expression vectors encoding the
human ER-otand ER-f were gifts from P. Chambon (Insti-
tute de Genetique et de Biologie Moleculaire et Cellulaire,
CNRS/INSERM, Illkirch, France) and J.A. Gustafsson
(Karolinska Institute, Huddinge, Sweden), respectively.

Formaldehyde cross-linking and immunoprecipitation of
chromatin. Exponentially growing cells were cross-
linked as described (29). The chromatin solution was
precleared by addition of protein-G (Pierce Chemical
Co., Rockford, Illinois, USA) for 1 hour at 4°C and
incubated with 2 ug of specific Ab’s overnight at 4°C,
with mild shaking. DNA fragments were recovered and
analyzed by PCR (0.5-1 pl of immunoprecipitated
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Figure 1

Induction of hTERT mRNA by E,
in normal and transformed
human prostate epithelial cells.
Total RNA was extracted from
cells cultured in the presence or
absence of E; (107 M) for the
indicated times. Semiquantita-
tive RT-PCR analysis of hTERT
and hTR mRNA levels was per-
formed in (a) normal PrECs and
fresh explants from two BPH
lesions (no. 1 and 2), (b) three
PCa specimens (no. 1, 2, and 3),
and (c) three PCa cell lines
(LNCaP, DU145, and PC-3).
Hela cell RNA (Hela) and the
“no cDNA template” (no DNA)
were used as positive and nega-
tive controls, respectively. Den-
sitometric analysis of hTERT and
hTR mRNA levels in the presence
or absence of E; was performed
after normalization to values
obtained under the same condi-
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chromatin) using the following oligonucleotides:
hTERT-up 5’-GGC CCC AGG TCT GGA GGG GAC-3';
hTERT-down 5’-ACA GGT GCG TGC GGC GAC CCT TTG-
3’. PCR amplification for the cyclin B1 (Cyc B1) pro-
moter was carried out from the same DNA immuno-
precipitation as described (30). The same number of
PCR cycles (32-35) was used for all samples.

Results

HTERT expression and telomerase activity in normal and trans-
formed prostate epithelial cells after E, treatment. The cat-
alytic subunit of hTERT has been identified as a tran-
scriptional target of ER-0l in normal and transformed

epithelial cells from the human ovary (10) and breast
(31). Based on these observations, we have investigated
whether treatment with E; affects PTERT gene expres-
sion and telomerase activity in normal prostate epithe-
lial cells, in PCa cell lines, and in fresh explants from
lesions representing different stages of disease. Levels of
hTERT mRNA in E,-treated and -untreated cells were
evaluated by RT-PCR, and the extent of induction was
measured by densitometry (Figure 1). As expected, in
the unstimulated state " TERT mRNA was undetectable
in normal human PrEC cells and in fresh explants from
benign prostate hyperplasia (BPH). Treatment with E,
rapidly (between 3 and 6 hours) induced hTERT mRNA
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Figure 2

Induction of telomerase activity by E, in normal and transformed
human prostate epithelial cells. Cell extracts from (a) normal PrECs (1
ug) and fresh explants from two BPH lesions (1 ug), (b) three PCa
specimens (0.2 lg), and (c) PCa cell lines LNCaP, DU145, and PC-3
(0.1 ug), cultured in the absence or in the presence of E; (107 M) for
the indicated times, were assayed for telomerase activity by TRAP assay
in the presence of an internal control (IC; 36 bp). As positive and neg-
ative controls, cell extracts (0.1 l1g) from telomerase-positive Hela cells
were assayed before and after heat inactivation (Hela and Hela H.1.),
respectively. Panels relative to the internal control are shown at a lower
detection exposure.

expression in all samples (Figure 1a), with a kinetic sim-
ilar to that observed previously in the ovary epithelium
(10). Following E, treatment a reproducible increase in
hTERT mRNA levels was also observed in fresh explants
from PCa specimens (maximal stimulation ranging
from 2.1- to 3.8-fold; Figure 1b) as well as in cell lines
derived from PCa metastases (maximal stimulation
ranging from 2.5- to 3-fold; Figure 1c).

Since the presence of steroid hormone responsive ele-
ments has been reported in the promoter region of the

RNA component of telomerase, hTR (32), we investigat-
ed using RT-PCR analysis whether hTR was also respon-
sive to estrogen. No significant change in h'TR mRNA lev-
els was elicited in all samples by E, treatment (Figure 1).

Telomerase activity, measured by TRAP, paralleled the
induction profile of hTERT mRNA. E, treatment
reversed telomerase silencing in telomerase-negative nor-
mal PrEC cells and in fresh explants from BPH (Figure
2a). Hormone-dependent stimulation of enzymatic
activity, ranging from a three- to fivefold increase as
compared with untreated samples, was also observed in
telomerase-positive PCa specimens and cell lines (Figure
2,b and ¢). These data indicate that in the prostate cell
environment, there occurs a prompt estrogen modula-
tion of telomerase activity, essentially accounted for by a
significant induction of hTERT mRNA, suggesting a
mechanism acting primarily at the transcriptional level.

Ex-dependent transcriptional activation of the h\TERT pro-
moter and in vivo recruitment of ER-at and ER-3 by chro-
matin immunoprecipitation assay. In a previous study (10)
we demonstrated that expression of hTERT in ovary
epithelium is controlled by estrogens, mainly at the
level of transcription, through a specific interaction
between the ER and an estrogen response element
(ERE) located at position -949/-935 relative to the
ATG within the hTERT 5’-flanking region. Transient
transfection studies showed that, in the presence of Ey,
overexpression of ER-o. but not ER-f remarkably
increased hTERT promoter activity. We therefore asked
whether ER signaling is involved in modulating hTERT
transcriptional activity in the prostate environment.
Extracts from prostate cells were first analyzed by West-
ern blot to check the expression of endogenous steroid
receptors. In agreement with recent reports (12, 33), we
found that LNCaP and DU14S5 cells express predomi-
nantly ER-P and are AR positive and negative, respec-
tively (data not shown). Chimeric constructs contain-
ing the luciferase reporter fused to an hTERT promoter
fragment with 5’ endpoint at -1009 relative to the ATG
(encompassing the hTERT-ERE at -949/-935, either
wild-type, p1009, or mutated, p1009Mut) were trans-
fected alone or with expression vectors for ER-0t and
ER-f in the presence or absence of 107 M E,, a saturat-
ing concentration at which both receptors demonstrate
maximal transcriptional activity (34). In LNCaP and
DU145 cells, estrogen treatment in the absence of
exogenous receptors resulted in a significant increase
(two- to fourfold) in the activity of the wild-type p1009
reporter (Figure 3a). Mutation of the hTERT-ERE
(p1009Mut) essentially abrogated the estrogen respon-
siveness, thus emphasizing the importance and speci-
ficity of this motif. In agreement with previous result
(10), no change in promoter activity was observed in
ER-negative NIH3T3 cells. Upon estrogen stimulation,
exogenously overexpressed ER-0. caused a consistent
upregulation of p1009 luciferase activity over the basal
level in MCF-7 and LNCaP (fivefold) and DU145
(threefold) cells (Figure 3b). The variability in the mag-
nitude of the reporter transcriptional activity upon E,
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Functional reporter and in vivo chromatin immunoprecipitation assays with hTERT promoter in PCa cells. Transient transfections with (a)
p1009 or p1009Mut reporters containing wild-type or mutated proximal hTERT-ERE; (b) p1009 reporter alone (-ER), or in combination
with expression vectors for ER-o. (+ER-0.) or ER-B (+ER-B); () p1009 or VIT reporters with expression vectors for ER-B (+ER-}) were per-
formed. Values are expressed as fold of hormone induction, calculated as the ratio of normalized luciferase activity (light units per B-galac-
tosidase units per minute per g of protein) in the presence or absence of E; (+/- E;). Results represent the average (+ SEM) of six inde-
pendent experiments, each performed in duplicate. Similar results were obtained with a longer hTERT located at -949/-935 (proximal) and
at-2757/-2738 (distal) relative to the ATG (data not shown). Formaldehyde cross-linked chromatin from LNCaP and DU145 cells untreat-
ed (0%), or treated with E; (10”7 M) for 45 and 90 minutes (45’ and 90’), or with triiodothyronine (T3 ,10~7 M) for 45 minutes (+) was immuno-
precipitated with Ab’s to ER-0. (0-ER-0t), ER-B (0-ER-), NF-Y (0t NF-Y), or in the absence of Ab’s (no Ab) and analyzed by PCR with primers
specific for the h"TERT (d) and CycB1 (e) promoters. Input corresponds to nonimmunoprecipitated cross-linked chromatin. Primer position
(arrows) on schematic promoters relative to the start site of transcription (+1) and primer migration (*) are indicated.

treatment was not due to different intracellular levels
of transfected ER-0,, as assessed by Western blot analy-
sis (data not shown).

Notably, exogenously overexpressed ER-f in the pres-
ence of E; appeared to potentiate transactivation of the
endogenous receptor in the PCa cells, whereas it was
totally ineffective in modulating hTERT reporter activi-
ty in MCF-7 (Figure 3b) and NIH3T3 cells (Figure 3c) as
well as in several other human nonprostate cell lines
(WOO, MDA-MB-231, OVCA433; data not shown). To
assess the functionality of exogenously expressed ER-f3,
the vitellogenin promoter (VIT), containing a perfect
ERE, was used in parallel experiments (Figure 3c). Induc-
tion of this promoter over basal level by ER-B in the pres-
ence of E; was indeed observed in the nonprostate cell
lines, thus suggesting that hTERT promoter sensitivity
to ER-f is limited to the prostate environment. These

findings are remarkable since in a nonprostate cell back-
ground the estrogen responsiveness of the hTERT pro-
moter is essentially mediated by ER-0. (10, 31).

To elucidate DNA binding activity of both ERs to the
hTERT estrogen responsive element we investigated
the in vivo interaction of ligand-activated ER-o. or
ER-f to the hTERT promoter in LNCaP and DU145
cells before and after estrogen treatment by chromatin-
crosslinked immunoprecipitation (ChIP) (29). Cells
were grown in the absence of estrogen for 5 days, fol-
lowed by treatment with E, (10”7 M) for 45 and 90 min-
utes (35). After formaldehyde cross-linking and pre-
cipitation of the chromatin with ER-0. and ER-B Ab’s,
the precipitated DNA was subjected to PCR amplifica-
tion using specific primers spanning the endogenous
proximal hTERT-ERE (-949/-935). Treatment with E,
resulted in recruitment of both ER-at and ER-3 onto
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E; and OHT differentially modulate ER signaling on the hTERT promoter and on telomerase activity in LNCaP cells. (a) Cotransfections of
p1009 reporter alone (-ER) or in combination with expression vectors for ER-a (+ER-0.) or ER-B (+ER-3) were performed with or without
ligand (E2 or OHT). Results represent the average (= SEM) of four independent experiments, each performed in duplicate, and values are
expressed as fold induction (+/- ligand), as described in the legend to Figure 3. (b) ChIP assay was performed in LNCaP untreated (-) or
treated (+) with E;, OHT, or T3, as described in the legend to Figure 3. (c) Extracts (0.25 g) from cells treated with OHT for 0, 3, 6, and 24

hours were assayed for telomerase activity by TRAP.
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the hTERT promoter (Figure 3d). The ER-ot signal was
already detectable in the absence of the hormone,
increased after 45 minutes upon E, addition, and
returned to baseline by 90 minutes, thus resembling
the dynamic profile described for ER-a association
with three well-characterized estrogen target genes (35).
Similarly, ER-} was recruited onto the hTERT pro-
moter by 45 minutes of treatment and dissociated by
90 minutes. Treatment of cells with an unrelated lig-
and, the thyroid hormone T3, did not induce an associ-
ation of ER-0. or ER- with the hTERT promoter. Since
we could not use sequences upstream of the proximal
hTERT-ERE as negative “control promoter”, given the
presence of the distal K TERT-ERE (-2757/-2738) with-
in the size range of DNA fragments generated by soni-
cation, the sequence of the cell cycle-dependent human
Cyc B1 promoter was chosen. This promoter has been
shown to specifically recruit the CCAAT-binding factor
NEF-Y in the ChIP assay (30). As shown in Figure 3e, no
amplification was detected in the ERE-negative cyclin
B1 promoter when using ER-0- and ER-B-specific
Ab’s, while a positive signal was elicited in the NF-Y
immunoprecipitates as expected. It is of interest that
with the hTERT promoter we detected a specific signal
using the NF-Y Ab, regardless of hormonal treatment,
probably resulting from direct binding of this tran-
scription factor to CCAAT boxes flanking the hTERT-
ERE region. As a negative control, the chromatin was
immunoprecipitated either without (no Ab) or with a
B-galactosidase Ab (data not shown). In these immuno-
precipitates no amplification of hTERT or CycB1
sequences could be detected.

To rule out a nonspecific association between ERs
and the hTERT promoter, we used several polyclonal
Ab’s and mADb’s directed toward different receptor epi-
topes in the ChIP assay. Four different Ab’s for ER-0
and two for ER-B gave almost identical patterns of
association with the hTERT promoter.

These data clearly indicate a specific estrogen-
dependent recruitment of both ER-ot and ER-f to the
hTERT promoter in the prostate environment.

E, and tamoxifen as modulators of ER signaling on
bhTERT promoter and telomerase activity. Although ER-a.
and ER-f} share similar binding domains and both
bind EREs, they exhibit distinct transactivation prop-
erties in different cell backgrounds in response to
classical agonists, such as E;, or selective ER modula-
tors (SERMs), such as tamoxifen or raloxifen, which
function as antagonists but also as partial ER-ot ago-
nists (20, 36). To elucidate the specific role of ER-0t
and ER-B in the transcriptional regulation of the
hTERT promoter, functional experiments were car-
ried out in LNCaP cells transfected with the p1009
construct and treated or not with E; or OHT (107 M)
in the presence of the endogenous receptor(s) or after
overexpression of ERs. Treatment with E;, as previ-
ously observed, increased pl1009 transcriptional
activity over the basal level, whereas treatment with
OHT did not elicit a transcriptional response (Figure
4a). Upon overexpression of ER-o, E; and OHT
induced reporter activity with similar potency (five
and sixfold, respectively). It is interesting that upon
ER-} overexpression, while E; induced the hTERT
promoter, OHT repressed hTERT transcriptional
activity below basal levels.

These findings support previous observations indi-
cating that in different cell contexts SERMs act as pure
antagonists by way of ER-B when bound to EREs, while
they are capable of potentiating ER-0 transactivation
properties (20, 36). The findings also indicate that
ER-0.and ER-B can differentially contribute to the tran-
scriptional regulation of the hTERT promoter in the
prostate environment.

Because this opposite response substantially
reflects ER conformational changes specifically
induced by the interaction with structurally distinct
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ligands (20, 37), we asked whether OHT treatment
could affect endogenous ER in vivo recruitment onto
the hTERT promoter. ChIP analysis showed that, as
observed with E,, OHT treatment recruited ER-3
occupancy of the hTERT promoter in LNCaP (Figure
4b) and DU145 cells (data not shown). In contrast,
no OHT-dependent induction of ER-o was elicited,
indicating that OHT-mediated differential recruit-
ment of ER-o. and ER- ultimately modulates hTERT
gene transcription.

We further investigated the effects of differential
agonist/antagonist treatment on telomerase activity
by TRAP. As predicted from functional and ChIP
experiments, addition of OHT significantly inhibit-
ed the enzymatic activity in LNCaP (Figure 4c) and in
DU14S5 cells (data not shown), confirming the nega-
tive regulation of telomerase activity through OHT-
mediated ER signaling.

This finding discloses a novel role of ERs in modu-
lating telomerase in the prostate environment and
allows, potentially, prediction of the biological
response to hormone-based therapeutic approaches.

Effects of the selective aromatase inbibitor on telomerase
activity. It is traditionally assumed that PCa is strictly
androgen dependent in its growth and malignant pro-
gression. Our results, pointing to a specific role of
ERs in regulating telomerase activity in normal and
neoplastic prostate epithelial cells, indicate a poten-
tial role of estrogens in prostate carcinogenesis. In
this context, local conversion of androgens to estro-
gens by aromatase (38) may acquire pathophysiolog-
ical significance by exposing prostate epithelial cells
to amounts of estrogens higher than those circulating
in blood. We therefore used the nonsteroidal aro-
matase inhibitor, letrozole, to strengthen the role of
ER pathways in governing hTERT activation in PCa
cells. Nuclear extracts were prepared from LNCaP
cells cultured in the presence or absence of E; (107 M)
or T (107 M) with or without letrozole (1 uM). Mobil-
ity-shift analysis was performed using oligonu-
cleotides spanning the proximal hTERT-ERE (Figure
5a). A protein complex was elicited upon incubation
of nuclear extracts in the unstimulated condition
(lane 2). In the presence of E; a slow-migrating band
was stabilized (lane 4, arrow). In all conditions protein
complexes were promptly competed out by cold-spe-
cific oligonucleotide, but not mutant oligonucleotide
(data not shown). Addition of letrozole did not affect
binding of the endogenous ER to hTERT-ERE in
untreated (compare lanes 2 and 3) or E,-treated (com-
pare lanes 4 and 5) cells. It is of interest that treatment
with T yielded a binding pattern similar to that
obtained with E; treatment (compare lanes 4 and 6).
In the presence of letrozole, however, formation of
this specific binding pattern was prevented (compare
lane 6 and 9). To ascertain whether the binding pat-
tern detected upon T treatment (lane 6) was, in fact,
produced by interaction of E;-activated ER to hTERT-
ERE (upon conversion of T to E;), ER-B or AR Ab’s

were added to the binding mixture. Addition of
anti-ER-B Ab (lane 8), but not of anti-AR Ab (lane 7),
abrogated the specific interaction.

To investigate whether the impairment of in vitro bind-
ing in LNCaP cells following letrozole addition could cor-
relate with modifications in telomerase activity, we per-
formed TRAP assays with LNCaP cells upon treatment
with T or the nonaromatizable synthetic androgen
R1881 (10-% M) in the presence or absence of the aro-
matase inhibitor letrozole (Figure Sb). No significant
modifications were observed between treatment with
R1881 or combination of R1881 plus letrozole, whereas
combination of T and letrozole significantly inhibited
TRAP activity. These results indicate that in PCa cells con-
version of T to estrogens may favor telomerase activity,
allowing speculation on the use of aromatase inhibitors
as potential drug candidates in the treatment of PCa.

a hTERT-ERE
E, - - -+ + - - - -
Letrozole - - + - + - - - +
T - - - — — + + + +
a-AR - - - — — — + - -
o—ERf - - - - - - - + -
NE - + + + + + + + +
L | I 4_
eiribdbabies b
12 3 45 6 7 8 9
T
[v] (V]
- -
b O O
I T
2:;:_.
——
— . — —
AR ——
e
- S ——4-|C
R1881 - - + + - -
T - - - - + +
Letrozole - - - o+ - 4

Figure 5

Effect of the selective aromatase inhibitor letrozole on the interaction
between ERs and the hTERT-ERE and on telomerase activity. (a)
LNCaP cells were cultured for 16 hours in the absence (lanes 2 and 3)
or the presence of E; (1077 M, lanes 4 and 5) or T (107 M) (lanes 6-9)
with (lanes 3, 5, and 9) or without the nonsteroidal aromatase
inhibitor letrozole (1 uM) added 1 hour before hormone addition.
Nuclear extracts (5 ug) were then prepared and incubated with a
32P-labeled oligonucleotide encompassing the proximal hTERT-ERE.
Reaction in the presence of anti-AR (0LAR) or anti-ER-3 (0ERf3) Ab’s
are shown in lanes 7 and 8, respectively. Lane 1 corresponds to probe
incubated without nuclear extracts. Migration of a slower migrating
complex is indicated (arrow). (b) Extracts (0.1 pg) from LNCaP cells
treated for 4 hours with R1881 (108 M) or T (107 M) with or without
the nonsteroidal aromatase inhibitor letrozole (1 uM) added 1 hour
before ligand addition were assayed for telomerase activity by TRAP.
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Discussion

PCa is the second leading cause of cancer death in men
(39). Despite efforts made toward early detection of these
lesions, some of them progress into invasive cancers, for
which effective cure is not currently available. One of the
earliest molecular alterations in PCa is telomerase reac-
tivation (8, 9), which is thought to play a key role during
tumor progression. Sex steroid receptors are well-recog-
nized hormonal effectors in prostate tumorigenesis (7).
In the present study we propose an essential involvement
of ER signaling in the malignant conversion of human
prostate epithelium through reactivation and/or mod-
ulation of telomerase. We also provide evidence in favor
of a relevant role of ERs as therapeutic targets in PCa.

A prompt induction of hTERT mRNA and of telom-
erase activity is detected in normal and transformed
human prostate epithelial cells upon E; treatment, sug-
gesting a mechanism acting primarily at the transcrip-
tion level. It is of interest that functional studies show
that in the prostate cell environment, E; stimulation of
ER-B, in addition to that of ER-0, significantly
increased hTERT promoter activity. Results from ChIP
assays showing specific and E,-dependent in vivo
recruitment of ER-f} and ER-0 onto the hTERT pro-
moter substantiate a direct role of ERs in controlling
expression of the catalytic subunit of the enzyme whose
activity allows unlimited cell proliferation.

Our hypothesis favoring an etiopathogenetic role of
ERs in prostate tumorigenesis may appear at odds with
the well-known androgen dependency of prostate
tumors. However, the age-dependent decline of andro-
gens-to-estrogens ratio has been already suggested as a
pathogenetic factor for prostate tumor development
(7). In addition, local conversion of androgens to estro-
gens by aromatase may provide significant amounts of
intracellular estrogens, leading to activation of endoge-
nous ERs. Although molecular and cellular mecha-
nisms responsible for estrogen formation in the
prostate, and their physiological and clinical relevance,
are currently under investigation, it should be empha-
sized that in breast cancer aromatase inhibitors have
been proposed as second-line drugs in the hormonal
therapy of this disease to achieve a complete estrogen
deprivation (40). Indeed, in our study, the combination
of T and letrozole resulted in a consistent inhibition of
telomerase activity. In this regard we hypothesize that
the androgen effects on the prostate gland may be medi-
ated, at least in part, by ERs rather than by ARs, follow-
ing aromatization of androgen to estrogen. The recent
identification of the T metabolite So-androstane-
3B,17B-diol as a specific ligand of ER-f} in rat ventral
prostate (15) further supports our hypothesis of a rele-
vant role of ER signaling in prostate pathophysiology.

Our data highlight two critical issues in the clinical
oncology of the prostate gland: the possibility of regu-
lating telomerase activity in human prostate malignant
epithelium through agonist/antagonist modulation
of ER function and the relative expression of both ERs
as reference criteria in directing potential endocrine

therapeutical approaches. Indeed, since interaction
between the epithelial and stromal components seems
to be essential for normal prostate growth and devel-
opment, the compartmentalization of the two ERs —
ER-o exclusively in the stroma and ER-f mostly in the
epithelial compartment (7, 14) of normal and malig-
nant human prostate tissue — can account for a poten-
tial role of each receptor in perturbing such complex
stromal-epithelial interaction (41).

Although a recent study (14) on a large cohort of
PCa patients reported a prevalent decrease in ER-3
expression in most cases, it also supported a role for
ER-B in tumor progression by demonstrating that
those cases that retained ER-§ had a more aggressive
phenotype and poorer prognosis. It would be of inter-
est to measure telomerase activity and telomere length
in this group of tumors, since persistence of ER-3
expression and subsequent telomerase induction may
contribute to extending cell life span, thus favoring
genetic events leading to acquisition of the more
malignant phenotype. Our data demonstrating estro-
gen-dependent telomerase activation in normal and
transformed prostate epithelial cells strongly favor a
facilitating role of telomerase in tumor progression.
Similar conclusions have been drawn from studies
with telomerase-deficient mice, showing that,
although telomere dysfunction may facilitate carcino-
genesis (42), lack of telomerase is associated with
resistance to cancer (43-46).

An additional outcome of our study is the possibility
of negatively regulating the "TERT promoter and telom-
erase activities in PCa cells by OHT treatment. It is of
interest that our ChiP analysis showed a specific OHT-
dependent recruitment of ER-, but not ER-0,, on the
hTERT promoter. This differential occupancy may be
accounted for by an active involvement of the OHT-ER-
B complex in gene repression, probably through interac-
tion with cofactor(s) highly involved in nuclear hormone
receptor signaling (47). The absence of OHT-mediated
ER-0. recruitment, although not completely ruling out
ER-0 involvement, allows us to hypothesize that, in the
prostate, tamoxifen exerts its antagonist function essen-
tially through the ER-} pathway. This view mirrors data
from Shang et al. (35), showing, in transformed breast
epithelium (a tissue in which the antagonistic action of
tamoxifen is well characterized), a specific tamoxifen-
mediated ER-0l recruitment onto estrogen target gene
promoters. The antiproliferative effects of tamoxifen in
DU145 cells and the reversal of this process by treatment
with ER-f antisense oligonucleotides (12), strongly sup-
port our conclusions. An antiestrogen treatment of ER-
B-positive prostate tumors is also envisaged by Horvath
et al. in their recent study (14).

Our results, demonstrating a tight control of telom-
erase activity by ERs in human normal and malignant
prostate epithelial cells, suggest the possibility of pre-
dicting the biological response to hormone-based ther-
apies, commonly adopted in the management of PCa,
with relevant implications in clinical oncology.
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