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Abstract
BACKGROUND—Blockade of androgen activity is a major effective therapy for advanced prostate
cancer. Estrogen analogs have been used for prostate cancer therapy for years presumably by
inhibiting testosterone biosyntheses, but with considerable adverse events due to their classic
estrogenic activity. With the discovery of the estrogen receptor (ER) β and its presence in prostate
tumor cells, evaluation of estrogen analogs with less classic estrogenic activity in prostate cancer
therapy is emerging.

METHODS—The effects of 17α-estradiol (αE2), a stereo-isomer of 17β-estradiol (βE2), on
dihydrotestosterone (DHT)-induced cell growth and gene expressions were examined in androgen-
dependent LAPC-4 prostatic tumor cells and in LAPC-4 xenograft animals, and compared to those
of βE2.

RESULTS—Both αE2 and βE2 attenuated DHT induction of PSA gene expression, cell
proliferation, and cell growth in cultured LAPC-4 cells. The inhibition of cell proliferation was
associated with a blockade of DHT-induced cyclin A and cyclin D1 expression by αE2 and βE2. In
LAPC-4 xenograft mice, αE2 significantly inhibited tumor growth without altering the plasma
testosterone level, while βE2 failed to inhibit tumor growth even though it significantly inhibited
PSA gene expression.

CONCLUSION—αE2 is an effective agent for inhibition of DHT-induced PSA, cyclin A, cyclin
D1 gene expression, and cell proliferation in LAPC-4 cells, and tumor growth in LAPC-4 xenograft
mice.
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INTRODUCTION
Prostate cancer is one of the most common malignancies and the second leading cause of tumor-
related mortality in American males [1]. Androgens play key roles in the development and
growth of prostate cancer. Androgen ablation is still the mainstay for the treatment of advanced
prostate cancer [2]. It is a strategy established to inhibit the effect of androgens on the
stimulation of prostate cancer and can be accomplished by surgery or medical castration using
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hormones including estrogens [3]. Estrogens have been used for the treatment of advanced
prostate cancer since studies pioneered by Huggins et al. in the 1940’s [4]. They presumably
act by inhibiting testosterone biosynthesis through the negative feedback of the hypothalamic–
pituitary–gonadal axis [5]. The use of estrogens in androgen ablation therapy is however limited
in clinical practice due to cardiovascular side effects [6]. The recent discovery of estrogen
receptor (ER) isoform, ERβ, and the demonstration of direct inhibition of androgen receptor
(AR) activity by estrogens in prostate cells have stimulated the development of ER isoform
specific ligands, which appear to have less classic estrogenic side effects while retaining tumor
inhibitory action. These findings have also promoted the re-evaluation of the implications of
estrogen analogs in prostate cancer prevention and treatment [7–9].

17α-Estradiol (αE2), an isomer of 17β-estradiol (βE2), has been shown to act differently from
βE2 in that it binds weakly to the ER, and the αE2–ER complex only transiently binds to the
estrogen-responsive element [2,10,11]. Consequently, αE2 is significantly less active as a
classic estrogen than βE2 [12,13] and is incapable of stimulating uterine growth [10]. It has
been demonstrated that αE2 has no carcinogenic effect on mammalian model systems [12–
14], and is less effective on the vascular smooth muscle system [15]. αE2, however, does share
some important functions with βE2. Its microtubule disruption potential is equal to that of
diethylstilbesterol or βE2 [16]. αE2 and βE2 both protect the neuroblastoma cell line, SK-N-
SH cell, from serum starvation [17]. Furthermore, αE2 is as effective as βE2 in repressing
prostatic cancer cell growth [18]. Taken together, it suggests that αE2 has potential as a new
and novel candidate for the prevention and treatment of prostate cancer.

We have previously shown that estrogens including αE2 and βE2 which act on ERs are able
to inhibit androgen-induced PSA gene expression and prostatic tumor cell growth [18]. In the
present study, we further analyzed the effects of αE2 and βE2 in LAPC-4 prostatic tumor cells,
and explored their in vivo effectiveness in inhibiting tumor growth in xenograft animals with
LAPC-4 prostate cancer. The results of this study suggest that androgen-induced LAPC-4 cell
growth is mainly mediated via regulation of cyclin activity, which is inhibited by the
concomitant administration of αE2 and βE2; and that αE2 is effective in inhibiting tumor
growth in xenograft animals with LAPC-4 prostate cancer, warranting further investigation.

MATERIALS AND METHODS
Chemicals, Antibodies, and Reagents

αE2, βE2, dihydrotestosterone (DHT) were purchased from Sigma Co. (St. Louis, MO), and
dissolved in absolute ethanol at a stock concentration of 10−2 M. R1881 (methytrienolone) was
obtained from Dupont NEN Life Science Products (Boston, MA). Roscovitine and antibodies
against human cyclin A (C4710), and α-tubulin were obtained from Sigma. All real-time PCR
reagents were purchased from Invitrogen (Carlsbad, CA). Hormone pellets for animal study
were purchased from Hormone Pellet Press (Leawood, KS).

Cell Proliferation and Caspase 3/7 Activity Assays
LAPC-4 prostate tumor cells (a gift from Dr. C. Sawyer), an androgen-dependent cell line
[19], were cultured in Isove’s modified Eagle’s medium (IMEM) which was supplemented
with 15% fetal bovine serum, 2 mM L-glutamine, 1 nM R1881, 50 units/ml of penicillin, and
50 µg/ml of streptomycin. R1881 was withdrawn 48 hr before cell passage to conduct the
experiments. LAPC-4 cells were plated in 96-well plates with the density indicated in the
experiments in phenol-red free IMEM with 5% stripped fetal bovine serum. Twenty-four hours
later, they were treated with various hormones as indicated in each experiment, and the media
and hormone treatment were replenished every 2–3 days. The numbers of viable cells and the
caspase 3/7 activity, a common pathway in cell apoptosis, were determined using the Cell Titer
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One Solution Cell Proliferation Assay kit and the Caspase-Glo 3/7 Assay kit from Promega
(Madison, WI) following the manufacturer’s instruction, respectively.

Bromodeoxyuridine (BrdU) Incorporation Assay
LAPC-4 cells were seeded in 96-well plates. Twenty-four hours later, the cells were treated
with DHT, αE2, or βE2 alone or in combination for 72 hr. At the end of experiments, the
bromodeoxyuridine (BrdU) incorporation was assayed using a BrdU Cell Proliferation Assay
kit from Calbiochem (San Diego, CA) according to the instructions of the manufacturer.

Flow Cytometry
Approximately 1 × 106 LAPC-4 cells were plated in 60-mm plates and treated with vehicle
control or 10 nM of DHT for 72 hr. At the end of treatment, cells were collected, washed with
phosphate buffered saline (PBS) and fixed with 70% ethanol. For DNA content, cells were
stained with propidium iodide (50 µg/ml) plus RNase A (5 µg/ml) in PBS. Stained cells were
analyzed using a FACSCalibus flow cytometer (Becton Dickinson, Mountain View, CA). The
data from 1.0 × 104 cells per sample were collected, stored, and analyzed using Cellquest
software (Becton Dickinson).

Real-Time RT-PCR
Real-time PCR was performed using the comparative CT method according to the instructions
of the manufacturer on the ABI Prism 7700 Sequence Detection System (PE Applied
Biosystems, Foster City, CA) with some modifications. In brief, total RNA was isolated from
cells cultured in 96-well plates with TriPure Isolation Reagent (Roche Diagnostics
Corporation, Indianapolis, IN). The total RNA was subjected to two-step realtime RT-PCR
using SuperSript™ III Platinum® Two-Step qRT-PCR Kit (Invitrogen). PCR condition was
set according to the protocol provided from Invitrogen. PCR primers are listed in Table I.
Glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The
difference between each sample was calculated by following the instructions of the
manufacturer (PE Applied Biosystems).

Western Blot Analysis
LAPC-4 cells were cultured and treated as described above. At the end of treatment, cells were
harvested and the pellets were dissolved in a passive lysis buffer (Promega) and analyzed by
Western blot using specific antibodies against cyclin A and α-tubulin as previously described
[20]. The specific signals of cyclin A and α-tubulin were quantitated by the Image J software.
The difference in cyclin A levels was calculated by comparison to control after normalizing
protein input based on α-tubulin levels.

Xenograft Animal Study
A xenograft LAPC-4 tumor model was prepared and monitored as previously described with
modifications [19]. Briefly, LAPC-4 cells were cultured and harvested from subconfluent
cultures, pelleted by centrifugation, and resuspended in medium. The viable cell numbers were
estimated by counting trypan blue excluding cells. The cell suspension was mixed with 50%
volume of Matrigel (Collaborative Biomedical Products/Becton Dickinson, Bedford, MA) to
a final concentration of 5 × 106 cells per 0.2 ml. An aliquot of 0.2 ml (5 × 106 cells) of the cell
suspension were injected into the subcutaneous flank of the intact adult male SCID mice
(Harlan Bioproducts for Science Inc, Indianapolis, IN). These animals were housed aseptically
in the Animal Facility of Weill Medical College. Tumor growth, body weight and mobility
change were checked twice a week. Tumor development was followed in individual animals
by caliper measurements of length and width of the tumor. Tumor volume was calculated using
the formula: volume = (width)2 × length/2 [21]. The animal study was approved by the
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Institutional Animal Care And Use Committee and conducted in accordance with accepted
standards of humane animal care.

When the tumor was approximately 200 mm3, the animals were randomly assigned to one of
the three groups, and implanted subcutaneously with a placebo (20 mg of cholesterol, n = 5),
αE2 (2 mg of αE2 plus 18 mg of cholesterol, n = 5), or βE2 (2 mg of βE2 plus 18 mg of
cholesterol, n = 4) pellet on the opposite flank. The treatment lasted for 4 weeks and the tumor
size was monitored twice a week after pellet implantation. At the end of the experiment, the
animals were euthanized by carbon dioxide, and plasma and tumor samples were collected and
stored at −80°C until analysis.

Determination of PSA and Testosterone Levels
The levels of PSA in the cell culture media and animal plasma were measured using an ELISA
assay, and the levels of total plasma testosterone were measured using a radioimmunoassay
from Diagnostic Systems Laboratory (Webster, TX) following the manufacturer’s instructions.

Statistical Analysis
The data are presented as mean ± standard error of the mean (SEM). One-way analysis of
variance (ANOVA) following post-hoc Student–Newman–Keuls test was used to determine
the difference among multiple groups. A P-value less than 0.05 was considered as statistically
significant.

RESULTS
Both αE2 and βE2 Inhibited DHT-Induced PSA Gene Expression and Cell Proliferation in
LAPC-4 Prostatic Tumor Cells

To test the influence of αE2 and βE2 on DHT-regulated gene expression, the expression of
PSA, an androgen inducible gene, was determined by ELISA for PSA protein in cell culture
media and by realtime RT-PCR analysis for PSA mRNA in the cells (Fig. 1A,B). As shown
in Figure 1A, treatment with DHT at a dose of 10 nM for 72 hr produced an approximately
four-fold induction of PSA in culture medium of LAPC-4 cells. This DHT-induced PSA
expression was significantly inhibited by concomitant treatment with either αE2 or βE2 in a
dose-dependent manner. The effect of βE2 was more potent than αE2. Changes in PSA mRNA
(Fig. 1B) in LAPC-4 cells were parallel to the changes in medium PSA concentration. These
results are in agreement with our previous demonstration [18].

To further assess the roles of DHT, αE2, and βE2 in cell growth, LAPC-4 cells were treated
with DHT, αE2, or βE2 alone (Fig. 1C), or in combination (Fig. 1D) for various durations up
to 20 days, and the numbers of viable cells were determined at the end of experiments. As
shown in Figure 1C, treatment with DHT (10 nM) alone produced a time-dependent increase
in viable cell number. Compared to the parallel vehicle control, the viable cell numbers were
significantly increased by approximately 28, 55, and 43%, respectively, at 3, 7, and 20 days of
DHT treatment while a one-day treatment had no significant effect. This DHT-induced cell
growth was inhibited by the addition of αE2, or βE2 in a dose dependent manner (Fig. 1D). At
doses ranging from 0.1 µM to 10 µM, both αE2 and βE2 significantly attenuated, or completely
blocked the DHT-induced cell growth at 3 days of treatment. Similar inhibition of cell growth
by αE2 and βE2 were observed at 7 and 20 days of treatment. Treatment with αE2 or βE2 alone
at doses of 0.1–10 µM did not significantly affect viable cell numbers except αE2 treatment at
10 µM for 20 days significantly decreased cell growth as shown in Figure 1C.

DHT-induced cell growth was associated with increases in DNA biosynthesis and quiescent
cells entering into cell cycle. As shown in Figure 2, DNA biosynthesis as measured by BrdU
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incorporation in LAPC-4 cells was greatly elevated after DHT (10 nM) treatment for 72 hr.
This DHT-induced DNA biosynthesis was significantly inhibited by the coadministration of
αE2 or βE2 in a dose-dependent manner. Moreover, treatment with DHT (10 nM) for 72 hr
resulted in a decrease in G1 cells from 37 to 28%, while an increase in percentage of cells in
S and G2/M phases from 49 to 57% as determined by flow cytometry without notable change
in sub-G1 fraction (7.2% in control vs. 7.0% in DHT group), the apoptotic cell fraction (data
not shown). The effects of these steroid hormones on cell apoptosis were further evaluated by
analyzing cell caspase 3/7 activity and DNA fragmentation. Treatment with DHT (10 nM), or
αE2 (0.1–10 µM), or βE2 (0.1–10 µM) alone or in combination for 20 days neither altered
caspase 3/7 activity, nor caused DNA fragmentation in LAPC-4 cells (data not shown).

DHT-Induced Cyclin A and Cyclin D1 Expression in LAPC-4 Cells, Which Were Inhibited by
αE2 or βE2

To decipher the potential molecular mechanisms of DHT and estrogen actions on LAPC-4 cell
growth, the expression of cell cycle genes were investigated. Androgen and estrogen have been
reported to regulate the expression of cell cycle genes such as cyclin D1, cyclin A, and cyclin
B1, and therefore interfere with cell cycle progression and cell proliferation [22,23]. As shown
in Figure 3, treatment with DHT (10 nM) for 72 hr elevated cyclin A gene expression as
demonstrated by real-time RT-PCR analysis of cyclin A mRNA (Fig. 3A) and Western blot
analysis of cyclin A protein (Fig. 3B). This DHT treatment also increased the cyclin D1
expression (Fig. 3C) without significant effect on cyclin B1 expression (data not shown).
Moreover, the DHT-induced cyclin expression in LAPC-4 cells was significantly blocked by
the coadministration of either αE2 or βE2 at doses ranging from 0.1 to 10 µM (Figs. 3A and
C). Similar inhibition of DHT-induced cyclin A protein by αE2 and βE2 was observed using
Western blot analysis (see Fig. 3B).

To address the functional significance of DHT-induced cyclin expression, the effect of
roscovitine (Ros), a cyclin-dependent kinase (Cdk) inhibitor, on DHT-induced cell growth was
examined. As shown in Figure 3D, Ros blocked DHT-induced cell growth in a dose-dependent
manner, indicating that DHT-induced cell growth is mediated, at least in part, through
regulation of cyclin-Cdk activity in LAPC-4 cells.

αE2 Inhibited Tumor Growth in a Xenograft Animal Model With LAPC-4 Prostate Cancer
Without Altering Circulating Testosterone Level

In order to evaluate the in vivo effectiveness of αE2 in prostate cancer treatment, xenograft
animals with LAPC-4 prostate cancer were treated with placebo, αE2, and βE2 as described
in the Section “Materials and Methods.” As shown in Figure 4A, treatment with a 2 mg αE2
pellet (2 mg of αE2 plus 18 mg of cholesterol) significantly inhibited the tumor growth as
estimated by tumor size compared to placebo and βE2-treated group. The initial tumor sizes
among the three groups were almost the same with an average size of approximately 235

mm3. αE2 produced a notable effect beginning at  weeks of pellet implantation. It

significantly decreased the tumor size at approximately  weeks, and approached a maximal
effect by 3 weeks of treatment. Surprisingly, treatment with the same dose of βE2 failed to
inhibit tumor growth in the present experiment. The tumor size in the βE2 group was not
significantly different from that in the placebo group at all time points. Notably, the tumor size
between Weeks 3 and 4 was slightly larger in the βE2 group than in the placebo group though
not statistically significant due to small sample size and large variation.

The effects of estrogens on PSA gene expression was accessed through determination of PSA
levels in circulation by ELISA, and PSA mRNA levels in primary tumor tissues by RT-PCR
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as described in the Section “Materials and Methods.” In agreement with in cell culture study,
βE2 at the dose tested significantly decreased circulating PSA level, and PSA mRNA in the
tumor tissues. However, αE2 had a lesser effect on PSA gene expression as shown in Figures
4B,C, which is in parallel with in vitro cell culture analysis (Figs. 1A,B).

To determine whether αE2 treatment inhibits androgen production, the levels of plasma
testosterone were assayed in these animals at the end of experiment. As shown in Figure 5A,
plasma testosterone levels among these three groups were not significantly different though it
was slightly decreased in the βE2-treated group.

The body weight among these three groups was similar (Fig. 5B), and there was no significant
change after estrogen treatment, although it was marginally but not statistically significantly
decreased at 4 weeks of βE2 treatment. In addition, there were no notable differences in animal
mobility among these three groups.

DISCUSSION
Regulation of the cell cycle plays an essential role in cell proliferation, differentiation, and cell
death [24,25]. The cell cycle is controlled by the sequential activation of Cdks upon association
with their partner cyclins. Both cyclin D1 and cyclin A are key regulators in cell cycle
progression especially for cells to enter into S phase. Cyclin D1 works in the G1 phase and
cyclin A in the S and G2 phase of the cell cycle [24,26]. The action of cyclin-Cdks in cell cycle
regulation is mediated via pRb that binds and inhibits E2F in G0 and early G1. When pRb is
phosphorylated by cyclin C/Cdk3, cyclin D-Cdk4/Cdk6, and cyclin E-Cdk2, E2F is relased,
which induces genes that mediate G0 exit and S phase entry. It has been shown that cyclin D1
and A are over-expressed in prostate cancer cells [27], and in human prostate cancer tissues
[28]. In prostate LNCaP tumor cells, over-expression of cyclin D1 results in an increase in cell
growth, tumorigenicity, and resistance to androgen ablation therapy [29]. Recent studies
demonstrated that AR directly regulated the expression of cell cycle genes and thus controlled
prostate cancer cell proliferation and tumor growth [30,31]. Thus, the cyclin-Cdks may
function to link androgens and their proliferative effects on the prostatic cells [30,32]. In
agreement with previous reports [30,32], we have demonstrated in the present study that DHT
induced both cyclin D1 and A expression in the androgen-dependent LAPC-4 prostatic tumor
cells, leading to increases in BrdU incorporation or DNA biosynthesis, cells entering into cell
cycle, and cell growth. Furthermore, treatment with roscovitine, a Cdk-inhibitor, resulted in a
dose-dependent inhibition of DHT-induced cell growth (see Fig. 3D). These results support
the concept that DHT-induced cell growth is mediated, at least in part, through the regulation
of cyclin-Cdks activity in LAPC-4 prostatic tumor cells.

Consistent with our previous demonstration [18], coadministration of αE2 or βE2 with DHT
produced a dose-dependent inhibition of DHT-induced PSA gene expression and cell growth
in LAPC-4 prostatic tumor cells. Moreover, we observed in the present study that αE2 and
βE2 blocked DHT-induced cyclin A and D1 gene expression as well as DHT-induced DNA
biosynthesis, suggesting that inhibition of DHT-induced cyclin A and cyclin D1 expression by
αE2 and βE2 may be a plausible molecular mechanism underlining estrogen inhibition of DHT-
induced cell proliferation. Recently, Pravettoni et al. [33] have also reported that estrogens
could modulate cyclin-Cdks activity via up-regulation of p21, a Cdk inhibitor, resulting in a
reduction of cell proliferation. This direct modulation of DHT actions by αE2 and βE2 in the
prostatic tumor cells is most likely mediated via interaction with ERs [18,34]. In LAPC-4
prostatic tumor cells, ERβ is the predominant ER isoform while ERα is quite low [18],
suggesting that the effects of αE2 and βE2 are mainly mediated through interaction with
ERβ. This concept is further supported by findings that demonstrated prostate epithelial cells
proliferated much more rapidly in ERβ knockout mice compared to wild-type animals [35,
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36]. Moreover, Jarred et al. [37] have reported that estrogen could directly modulate androgen
actions in prostate cells; and Pravettoni’s group [33] have recently demonstrated that the anti-
proliferative action of estradiol was mediated through ERβ. Taken together, these results
suggest that ligand-ERβ in the prostate cells can inhibit cell proliferation, which may be
mediated via interfering androgen actions.

To evaluate the in vivo effects of estrogens on prostatic tumor growth, animals with xenograft
LAPC-4 prostatic tumors were treated with placebo, αE2, or βE2. Consistent with in cell culture
studies, treatment with αE2 (20 mg pellet containing 2 mg αE2) significantly inhibited prostate
tumor growth while, surprisingly, administration of the same dose of βE2 failed to inhibit tumor
growth (Fig. 4A). The dose of 17β-estradiol used in the current study was selected according
to the reported dosage used by Li’s group [38], in which the level of circulating βE2 is reported
to reach the physiological concentration of 17β-estradiol in females. This βE2 dose was clearly
effective in the animal as the PSA level in the circulation and PSA mRNA level in the tumor
tissues were significantly decreased in βE2-treated animals compared to placebo controls (Figs.
4B–C). The reasons for the discrepancy between the in vitro and in vivo effect of βE2 and the
differential effects between αE2 and βE2 are currently unclear and remain to be elucidated.

Although αE2, a stereo-isomer of βE2 and a phytochemical in pomegranate [39], is much less
active as a transactivating hormone, and has much weaker classic estrogenic activity than βE2
[40,41], it has similar potency as βE2 in inhibiting DHT-induced PSA gene expression and
cell growth in prostatic tumor cells [18], and it is as potent as βE2 in protecting neuronal cells
from ischemic damage [42]. In cotransfection assays and in prostatic tumor cell cultures, we
[18] have shown that both βE2 and αE2 via ERs can inhibit androgen-induced AR
transactivation activity, which was further confirmed in the current study (see Fig. 1). However,
it was also shown that they possess distinctive features which may involve different molecular
mechanisms. αE2 blocks DHT-induced PSA transcription via either ERα or ERβ, while βE2
is effective via ERα but has a much weaker effect via ERβ in the same cotransfection system
[18]. Although both αE2 and βE2 inhibit DHT action via ERα, distinctive functional domains
of ERα are involved in their actions [18]. Collectively, these data suggest that estrogen
modulation of DHT effects on PSA expression and prostatic tumor cell growth may involve
other mechanisms in addition to those associated with classic estrogenic activity.

It is well known that one of the mechanisms of systemic estrogen therapy in prostate cancer is
suppression of the hypothalamic–pituitary–gonadal axis and consequently, a decrease in
testosterone biosynthesis [5]. The levels of plasma testosterone in these animals were
determined, and the changes in plasma testosterone levels were not correlated with the effects
of estrogens on tumor growth. αE2 significantly inhibited tumor growth without notably
altering circulating testosterone level (Fig. 4A). These results indicate that estrogens may
possess direct effects in prostatic tumor cells, such as inhibition of DHT actions. Although the
precise cellular and molecular events of αE2 and βE2 actions on prostate cancer remain to be
elucidated, our current results and previous studies [18] suggest that αE2 is superior to βE2 for
prostate cancer prevention and therapy as αE has less classic estrogenic activity, produces fewer
side effects, and is more effective in the inhibition of tumor growth in xenograft animals with
LAPC-4 prostate tumor.

CONCULSIONS
The present study demonstrated that both αE2 and βE2 were able to inhibit DHT-stimulated
PSA gene expression and cell proliferation in cultured LAPC-4 prostate tumor cells, which
may be mediated through the inhibition of DHT-induced cyclin activity by these estrogen
analogs. However, in the xenograft animal model with LAPC-4 prostate tumor, αE2
significantly inhibited tumor growth probably mediated through direct actions on prostatic
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tumor cells while βE2 had no significant effect. Although the mechanisms of αE2 actions
remain to be further elucidated, the results obtained indicate that αE2 may be a potential agent
for prostate cancer prevention and therapy, and warrants further investigation.
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Fig. 1.
The dihydrotestosterone (DHT)-induced prostate specific antigen (PSA) gene expression (A–
B) and cell growth (C–D) in LAPC-4 cells were inhibited by estrogens. LAPC-4 cells were
cultured as described in the Section “MATERIALS AND METHODS.” In panels A and B,
LAPC-4 cells were treated with vehicle control (0.2% ethanol) or DHT (10 nM) with or without
various doses of 17β-estradiol (βE2), or 17α-estradiol (αE2) for 72 hr. PSA levels in culture
media were determined by ELISA (Panel A). The values are the mean ± SEM of six samples
obtained in two independent triplicate experiments. Panel B shows a representative experiment
of real-time RT-PCR determination of PSA mRNA in LAPC-4 cells. The values are the mean
± SEM of a duplicate assay. In panels C and D, LAPC-4 cells were treated with vehicle control
(0.2% ethanol) or DHT (10 nM) with or without various doses of βE2, or αE2 for 1–20 days.
The number of viable cells was determined as described in the Section “MATERIALS AND
METHODS” and expressed as OD490 absorbance units. The data are the mean ± SEM of six
individual samples of two independent triplicate experiments. *P < 0.05 compared to vehicle
control, and #P < 0.05 compared to DHT treatment at the same time point.
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Fig. 2.
Both 17α-estradiol (αE2) and 17β-estradiol(βE2) inhibited DHT-induced BrdU incorporation
in LAPC-4 cells. LAPC-4 cells were treated as indicated for 72 hr. BrdU incorporation assay
was performed as described in the Section “Materials and Methods.” The relative absorbance
values were calculated by the real absorbance values from various treated samples divided by
percentage of cell number that were obtained from cell proliferation assay when the vehicle
control (0.2% ethanol) was considered as 100 percent. The values are the mean ± SEM of a
triplicate experiment. *P < 0.05 compared to vehicle control, and P < 0.05 compared to DHT
treatment. Similar result was obtained from another independent experiment.
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Fig. 3.
Dihydrotestosterone (DHT) induced expression of cyclin A and cyclin D1 were inhibited by
estrogens (A–C) and DHT-induced cell growth was dependent on cyclin activity (D). LAPC-4
cells were treated as indicated in each panel for 72 hr. In panels A and C, Real-time qPCR
was done for transcriptional expression of cyclin A1 and cyclin D1. The data are mean ± SEM
of 3–5 individual samples. *P < 0.05 compared to vehicle control, and #P < 0.05 compared to
DHT treatment alone. Panel B shows a representative Western blot analysis of cyclin A1 for
samples treated with or without hormones, and α-tubulin was used as an internal control. The
quantitative data expressed as fold of control are presented. In panel D, LAPC-4 cells were
treated with or without DHT (10 nM) in the presence or absence of various doses of roscovitine
(Ros), a specific cyclin-dependent kinase inhibitor for 72 hr. The number of viable cells was
determined by Cell Titer one solution cell proliferation assay and was expressed as a percentage
of vehicle control. The data are the mean ± SEM of 6–12 individual samples of 2 – 4
independent experiments. *P < 0.05 compared to vehicle control; #P < 0.05 compared to DHT
treatment alone.
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Fig. 4.
The effects of αE2 and βE2 on tumor growth (A) and PSA gene expression (B and C) in
xenograft animals with LAPC-4 prostatic tumor. SCID mice were inoculated with LAPC-4
tumor cells on the left flank. When tumor size reaches approximately 200 mm3, the animals
were treated with placebo (n = 5), βE2 (2 mg, n = 4), or αE2 (2 mg, n = 5) for 4 weeks. Tumor
size was recorded twice a week. The levels of circulating PSA (B) and primary tumor PSA
mRNA (C) were determined at the end of experiment by ELISA and real-time RT-PCR
respectively as described in the Section “Materials and Methods.” The data are presented as
mean ± SEM. *P < 0.05 compared to placebo group, #P < 0.05 compared to E2 group.
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Fig. 5.
Neither plasma testosterone concentration (A) nor animal body weight (B) was altered by
estrogen treatment in LAPC-4 xenograft mice. The levels of plasma testosterone were
determined using RIA at the end of experiment. Animal body weight was recorded twice a
week. The data are presented as mean ± SEM of 4–5 individual samples.
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TABLE I

Primers for Real-Time PCR

Genes Primers

GAPDH Forward: 5′-GAAGGTGAAGGTCGGAGTC-3′

Reverse: 5′-GAAGATGGTGATGGGATTTC-3′

PSA Forward: 5′-TTGTCTTCCTCACCCTGTCC-3′

Reverse: 5′-CAGGGTTGGGAATGCTTCT-3′

Cyclin A1 Forward: 5′-GGGCTCCCAGATTTCGTCT-3′

Reverse: 5′-CTGCAGTGCATTGCTTCAGA-3′

Cyclin D1 Forward: 5′-AGGAGAACAAACAGATCATCCG-3′

Reverse: 5′-GAGGGCGGATTGGAAATGAACT-3′
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