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Abstract

Androgen regulates the proper development and physiological function of the prostate.
Here we investigated on the modulation of androgen and androgen receptor (AR)
antagonist on circadian oscillations of a clock core gene Period 2 (Per2) in rat prostate
mesenchymal cells (PMCs). Circadian oscillations were analyzed with the real-time
monitoring system of gene expression using transgenic rats introduced with mouse
Per2 promoter fused to a destabilized luciferase (Per2-dLuc) reporter gene. Analyses
of circadian oscillations, immunofluorescence and androgen response element
(ARE)-luciferase reporter assay revealed that circadian clocks are operative and the
AR protein is functional in PMCs in vitro. Androgen such as testosterone and
dihydrotestosterone did not cause any changes in circadian Per2-dLuc oscillations of
confluent cells. Conversely, flutamide (FL) up-regulated the amplitude of circadian
Per2-dLuc oscillations in a dose-dependent manner, whereas testosterone antagonized
the action of FL. The PER2 protein was markedly accumulated by FL treatment and
localized in both the nucleus and cytoplasm during the first peak period of circadian
Per2-dLuc oscillations. Simultaneously, FL treatment increased apoptotic cell death.
Collectively, the present study demonstrates that a clock gene Per2 is up-regulated in
PMCs during FL-induced apoptotic cell death. Thus, circadian oscillations of Per2
gene expression may be closely linked to the cellular states of PMCs such as apoptotic

cell death.
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Introduction

Physiology, pathology and metabolism in mammals are influenced by circadian
rhythms, which are integrated by the master pacemaker located in the suprachiasmatic
nucleus (SCN) of the hypothalamus [1]. At the molecular level, the pacemaker is
composed of transcriptional and translational feedback core loops. The CLOCK and
BMAL1, associated as heterodimers, bind to canonical E-Box cis-elements, and
positively drive the expression of the Period genes (Perl, Per2 and Per3) and
Cryptochrome genes, whose proteins, in turn, form multimeric complexes and feed
back to repress the transactivation by CLOCK/BMALL in the nucleus [1-3].

The master pacemaker synchronizes the peripheral circadian clocks through
complex interaction of neural, humoral, and behavioral cues [4, 5]. Autonomic
circadian clocks are also operative in various peripheral tissues including the heart,
liver, kidney, lung, spleen, adrenal gland, skeletal muscles [6, 7], and uterus [8-11]. In
contrast, thymocytes, Leydig cells, and ovarian immature granulosa cells [12-16] lack
their functions. So far, the identification of resetting cues and their regulatory effects
on circadian clocks are mostly based on molecular biological studies in cultured cell
lines. A variety of factors have been unraveled having the potential to reset circadian
clocks in peripheral cells [17-23]. Glucocorticoid, for example, can efficiently activate
Perl expression and synchronize circadian oscillations of clock genes in cultured cells,

also being able to phase-shift the circadian rhythms in peripheral tissues [19]. In the rat



Per2 gene, many regulatory cis-elements are in the upstream from its transcription start
site, such as estrogen response cis-element (ERE)-half and
progestin/glucocorticoid/androgen response cis-element (PRE/GRE/ARE)-half sites as
well as E-Box and D-Box cis-elements. Our recent studies have indicated that both
estradiol (E2) and progesterone (P4) up-regulate Per2 gene expression, and P4
especially plays a pivotal role in the circadian clocks of the uterus endometrial stromal
cells [10, 11]. Steroid hormones may be regulators for circadian oscillations of clock
genes in the hormone target tissues.

Androgens play an important role in the proper development and physiological
function of the prostate [24, 25]. In the prostate mesenchymal (PMCs) and epithelial
cells, the action of testosterone (T) or dihydrotestosterone (DHT) is initiated by their
binding to the intracellular androgen receptor (AR). Then, the androgen-bound
receptor complex binds to AREs in the promoter regions of target genes, and
transcriptional regulation occurs in a ligand-dependent manner. Since both T and DHT
modulate the growth of normal and malignant prostate tissues, androgen ablation and
antiandrogen hormonal therapy, including flutamide (FL), are effective for the
early-stage prostate cancer [26, 27]. Recent studies have reported that down-regulation
of Per2 gene expression accelerates breast cancer growth by altering its circadian
oscillations [28] and Per2 overexpression induces apoptosis in murine lung and breast

cancer cell lines [29]. However, there is little literature concerning the steroid hormone



regulation of circadian clocks in the prostate. From these recent studies, we can raise
the intriguing possibility of androgen and AR antagonist participation in the
modulation of circadian oscillations of clock genes in the normal prostate cells.

Here we focus on the modulation of androgen and AR antagonist on circadian
oscillations of a clock core gene Per2 in rat PMCs in vitro. The real-time monitoring
system of gene expression was employed to evaluate circadian clocks using transgenic
rats constructed with mouse Per2 promoter-destabilized luciferase (Per2-dLuc)
reporter gene [30]. In the present study, we extend our recent studies to prove the
differential roles of androgen and an AR antagonist FL in circadian clocks of PMCs.
Our results proved up-regulation of clock gene Per2 in PMCs during FL-induced

apoptotic cell death.

Materials and methods

Chemicals

T, FL, DHT, dexamethasone (DXM), forskolin, D-luciferin sodium salt, and Hoechst
were purchased from Sigma Chemical (St. Louis, MO). DMEM/F12, collagenase (type
1), DNase I, hyaluronidase, and penicillin-streptomycin (PS) were from GIBCO (Grand
Island, NY), and propidium iodide (P1) was from Dojindo (Kumamoto, Japan). Fetal
bovine serum (FBS) was from BioSource International (Camarillo, CA), and treated

with dextran-coated charcoal. Anti-PER2 (H-90) and anti-AR polyclonal antibodies



were from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-rabbit 1gG conjugated

with fluorescein was from Leinco Technologies (St. Louis, MO).

Animals

All the experiments were performed under the control of the Guideline for Animal
Experiment in Faculty of Medicine, Kyushu University and The Law (No. 105) and
Notification (No. 6) of the Government. Mouse Per2 promoter region (chrl (-):
93289505-93293019 on the Build 36 assembly by NCBI and the Mouse Genome
Sequencing Consortium) was fused to a dLuc reporter gene [30]. Per2-dLuc transgenic
rats were generated in accordance with the method described in the patent publication
number WO/2002/081682 (Y.S. New Technology Institute, Utsunomiya, Japan).
Transgenic and normal rats were maintained under 12-h light and 12-h dark (light

between 0800 and 2000) with water and food ad libitum.

Preparation and culture of PMCs

PMCs were prepared from mature rats as described previously [31], with slight
modifications. Briefly, small pieces of ventral prostates were washed 3 times with
sterile PBS, and treated at 37°C for 20 min in a shaking water bath in PBS containing 1
mg/ml collagenase, 1 pg/ml DNase I, 10 uM EGTA, and 0.1% bovine serum albumin

(BSA). Then, small pieces of ventral prostates treated were incubated at 37°C for 30



min in a shaking water bath in PBS containing 1 mg/ml collagenase, 1 pg/ml DNase I,
1 mg/ml hyaluronidase, 10 pM EGTA, and 0.1% BSA. The dispersed clumps of cells
and single cells were passed through 80-um stainless mesh and the fragments were
dispensed. The harvested cells were washed 3 times with phenol red free DMEM/F12
containing 10% charcoal-treated FBS and 1% PS and seeded onto 35-mm
collagen-coated dishes (IWAKI, Chiba, Japan) at the density of 2 x 10° cells/dish/2 ml.
After incubation for 3 days at 37°C, PMCs attached to the dish and floating epithelial
cells were removed. Cultured PMCs were positively immunostained for vimentin (a
marker protein of mesenchymal cells), with approximately 95%, but negatively for
cytokeratin (a marker of epithelial cells). After a 6-day culture, confluent cells were

subjected to real-time monitoring of circadian oscillations.

ARE-luciferase constructs in PMCs

The ARE was constructed as follows: sense oligonucleotide, 5’-CGCG (AGC ACA
TCG TGC TCA)6-3’; antisense oligonucleotide, 5’-GATC (TGA GCA CGA TGT
GCT)e-3’. The oligonucleotides were annealed, and inserted into the Mlul and Bglll
sites of the pGL3-promoter luciferase reporter vector digested with the corresponding
restriction enzymes. The constructed plasmid was transformed into JM 109 cells,
replicated and extracted with Endo-free Plasmid Preparation Kit (Qiagen). The plasmid

was transfected into subconfluent PMCs with LipofectAMINE-2000 reagent [32].



Upon the onset of bioluminescent measurement (time 0 h), PMCs were given in
replaced fresh medium supplemented with 5% charcoal-treated FBS, 1% PS, 15 mM
HEPES, 0.1 mM luciferin, and T (1, 10 pM) or vehicle. Luciferase activity was

chronologically monitored at 37°C with Kronos AB-2500 (ATTO, Tokyo, Japan).

Real-time monitoring of circadian oscillations

Upon the onset of bioluminescent measurement (time 0 h), cultured PMCs were given
in replaced fresh medium supplemented with 5% charcoal-treated FBS, 1% PS, 15 mM
HEPES, 0.1 mM luciferin, and various concentrations of T, DHT, or FL dissolved in
absolute ethanol, with final ethanol concentration of below 0.01%. Cultured PMCs
were also treated with 0.1 uM DXM or 1 uM forskolin as previously reported [15].
Monitoring of bioluminescence was performed for 4 days at 37°C using Kronos
AB-2500 interfaced to computer for continuous data acquisition as previously

described [10, 15, 16].

Immunofluorescence analysis

The ventral prostate sections at 8-pum thickness were fixed for 5 min in acetone at
-20°C. Nonspecific binding was blocked using 2% goat serum in PBS (blocking
buffer) for 30 min. Sections were incubated for 12-18 h at 4°C with anti-PER2 and

anti-AR antibodies diluted in blocking buffer. After washing with PBS, they were



incubated with the second antibody for 1 h at room temperature (RT). Sections were
subsequently washed in PBS and mounted with Mount-Quick Aqueous (Daido Sangyo,
Japan). Cultured PMCs were washed 3 times with PBS, fixed with 4%
paraformaldehyde at RT for 20 min, and treated for 30 min with 0.1% Triton
X-100-PBS, and incubated in blocking buffer at RT for 30 min. PMCs were incubated
at 4°C at 24 h with anti-PER2 antibody diluted in PBS containing 2% goat serum.
After washing, cells were treated for 1 h at RT with PBS containing anti-rabbit 19G
conjugated with fluorescein and 0.1 pg/ml Hoechst. PMCs were washed 3 times with
PBS, and immunostaining was detected under a fluorescence microscope (Nikon,

Japan).

Cell death

Cultured PMCs were washed twice with PBS, and incubated at 37°C for 20 min with
PBS containing 5 pg/ml Pl and 10 pug/ml Hoechst. After washing twice with PBS,
Hoechst-positive (total cells) and Pl-positive cells (apoptotic cells) were counted under

a fluorescence microscope.

Statistical analyses
The quantification of immunofluorescence staining intensity was performed as

previously reported [33]. A box was drawn through each compartment in a random
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orientation, and the pixel value of each box was measured by NIH Scion Image. A
mean value was obtained from the determination of more than twenty boxes for each
sample. All the experiments were independently repeated at least 3 times, and data
were expressed as means + SE. The differences between them were evaluated using

Student's t test. A P value < 0.05 was considered to be statistically significant.

Results

Expression of PER2 and AR proteins in PMCs

Immunofluorescent analysis using the prostates of mature rats was performed to
evaluate the expression and subcellular localization of the PER2 and AR proteins.
Weak immunostaining of the PER2 protein was observed in the mesenchyme, and
relatively strong staining in the epithelium (Fig. 1b). The AR protein was expressed in
both the mesenchyme and epithelium, especially distributed in the nuclei of both
compartments (Fig. 1c). In the merged image, both the PER2 and AR proteins were
detected in the mesenchyme (Fig. 1d). No staining was observed in the negative
control (data not shown). The response to androgen was assessed using ARE-Luc
constructs in PMCs. As the results are shown in Fig. 2, following a minor activity prior
to 24 h, there was a major peak in bioluminescence activity after 24-48 h of stimulation
with T (1, 10 uM), showing a dose-dependent manner. Immunostaining of the AR

protein was also detected in cultured PMCs. Consequently, the AR protein is functional
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in PMCs in vitro.

Circadian Per2-dLuc oscillations in PMCs

PMCs prepared from transgenic rats were stimulated with or without DXM or
forskolin, and subjected to monitoring of Per2-dLuc oscillation. As the results are
shown in Fig. 3, the amplitude of oscillations was increased after exposure to either
DXM or forskolin, as compared to that given by vehicle only. PMCs generated
oscillations with approximately 24 h per cycle, although the amplitude was gradually

decreasing. Thus, circadian clocks are operative in PMCs in vitro.

Effects of androgens and FL on circadian Per2-dLuc oscillations in PMCs

The effects of T, DHT, and FL on Per2-dLuc oscillations were analyzed. PMCs were
stimulated with or without reagents (each 1 puM), and subjected to monitoring of
Per2-dLuc oscillation. Circadian oscillations were not significantly altered after
treatment with T or DHT (Fig. 4A). In contrast, FL up-regulated the amplitude of
oscillations. The first (P1) and second (P2) peaks of Per2-dLuc oscillations in
FL-treated cells were significantly higher than those given by treatment with T or DHT
(P<0.05) (Fig. 4B). However, there was no significant difference in the first (T1) and
second (T2) troughs among all the treatments. The action of FL (0.1-10 uM) was

assessed for its dose-dependency. As the results are shown in Fig. 5A, FL increased the
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amplitude of oscillations, although no activity was generated at 0.1 uM. When the first
peaks of circadian oscillations were calculated, the action of FL occurred in a

dose-dependent manner (Fig. 5B).

Competitive inhibitory effect of T on FL-induced circadian Per2-dLuc oscillations in
PMCs

The effect of T on FL-induced Per2-dLuc oscillations was analyzed. PMCs were
pretreated for 5 h with increasing concentrations of T (0.1-10 pM), and given in
replaced fresh medium supplemented with 1 uM FL, and then subjected to monitoring
of oscillation. As the results are shown in Fig. 6, the pretreatment with 10 uM T caused
a significant decrease in the first peak of circadian oscillations stimulated by FL,

showing the competitive inhibitory effect of T on the action of FL.

Immunofluorescent analysis of PER2 in PMCs in vitro

To further investigate the effect of FL on circadian rhythms of the PER2 protein,
immunofluorescent studies were performed to analyze for its expression and
localization in PMCs. In control PMCs, PER2 immunostaining was slightly higher in
the first peak (34 h) than in the first trough (48 h), with several strongly stained cells
(Fig. 7b, arrowheads). In the FL-treated PMCs, PER2 immunostaining was much

stronger in the first peak than in the first trough. In the first peak, many cells were
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strongly stained, and round and small in size, that apoptotic cell death was induced
(Fig. 7i, arrowheads). In the first peak of both cell groups, the PER2 staining signal
was detected in both the nucleus and cytoplasm (Fig. 7c, g, j and n), whereas the signal
was not in the cytoplasm in the first trough (Fig. 7f, m). No staining was observed in
the negative control (data not shown). From the immunofluorescence observation,
changes of PER2 staining intensity in PMCs were calculated by NIH Scion Image
(Table 1). The intensity at P1 was 2.5-fold of that given by the control. Also, the

intensity at T1 was significantly higher that that given by the control.

Analysis of apoptosis in PMCs

To confirm apoptotic cell death, PMCs were cultured for 34 h (P1) and 48 h (T1) with
1 uM FL and subjected to PI staining. As the results are shown in Fig. 8, treatment
with FL caused a marked increase in cell death, with 2.5-fold over the control in both

P1 and T1.

Discussion

Several studies have demonstrated that circadian core clock genes Perl and Per2 are
rhythmically expressed in the steroid target tissues [8-11]. The purpose of this study is

to analyze the regulation of circadian clocks in PMCs by androgen and AR antagonist.
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Immunofluorescent analysis and ARE-luciferase reporter assay revealed that both the
PER2 and functional AR proteins were expressed in the mesenchyme, although the
PER2 protein was highly expressed in the epithelial cell layer. In addition, PMCs
generated strong circadian oscillations after exposure to DXM or forskolin in vitro,
indicating that circadian clocks are operative.

It was next investigated if circadian clocks are influenced by androgen such as T
and DHT in PMCs in vitro. Unexpectedly, both T and DHT did not cause any changes
in circadian oscillations. T and DHT could bind to their receptor, which, in turn,
interacts with its target cis-element in the promoters of target genes, thereby regulating
gene transcription [34]. Other steroid hormones can differentially modulate circadian
clocks in peripheral tissues. E2 does not induce circadian oscillations in the uterus
stromal cells, whereas P4 promotes the rhythmic pattern [10, 11]. Chronic treatment
with E2 also disrupts circadian oscillations of Perl and Per2 expression in the liver,
kidney and uterus [8]. On the other hand, FL is generally used as an AR antagonist for
therapy of prostate cancer [35]. Interestingly, FL dose-dependently up-regulated the
amplitude of circadian oscillations in PMCs in vitro. Since the E-Box cis-elements in
the Per2 promoter are essential for the binding of CLOCK/BMAL1 and generation of
circadian oscillations [36, 37], FL may promote the transcription of the Per2 gene
through direct or indirect transactivation of CLOCK/BMALL1. Immunofluorescent

studies were performed to analyze for PER2 expression and localization in PMCs.
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During the first peak in FL-treated cells, the PER2 staining signal was detected in both
the nucleus and cytoplasm, and thereafter the signal was drastically decreased in the
cytoplasm during the first trough. These findings may indicate that the negative feed
back loop by multimeric complexes of Period and Cryptochrome proteins is still
functional in survived PMCs after FL treatment. Anyway, our present results indicate
that FL is an inducer for overexpression of the Per2. Conversely, T could antagonize
the action of FL. There are several reports that FL behaves as a partial agonist. FL
modulates AR activity and DJ-1 in the human prostate epithelial cells [38], and also
activates AR phosphorylation for expression of prostate-specific antigen in the normal
prostate cell lines [39]. The agonistic action of FL may be related to SMRT (silencing
mediator of retinoid and thyroid hormone receptor) and N-CoR corepressors (nuclear
receptor corepressor) involved in transcriptional regulation by both agonist- and
antagonist-bound AR [39]. However, if our present data resulted from the agonistic
action of FL in PMCs, both T and DHT should be expected to up-regulate circadian
Per2 gene oscillations. Recent studies also reported the AR-independent action of FL
[40, 41]. FL activates the expression of protein kinase C isoenzymes in CSS-LNCaP
cells and can elicit responses in prostate cancer cells that do not express AR [40]. In
the rat prostate, apoptosis is suppressed by binding of decoy receptor DcR2 to
TNF-a-related apoptosis-inducing ligand and is induced through the decoy receptor

inhibited by FL [41]. Taken together with our present data, up-regulation of circadian
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oscillations by FL may result from both AR-dependent and -independent pathways.
Analyses of circadian oscillations using the Per2-dLuc reporter gene and
immunocytochemical studies demonstrated that FL also up-regulates the PER2 protein
in PMCs. Strongly immunostained cells in the first peak of circadian oscillations
appeared to apoptotic cell death. These apoptotic cells were observed as small particles
during the first trough. Consequently, FL-induced apoptosis may be closely related to
overexpression of the PER2 protein. Several studies reported that the Per2 gene not
only modulates circadian oscillations, but also regulates cellular function. The Per2
gene is reported to be tumor suppressor gene [42] and circadian disruption may
increase the risk of breast cancer [43, 44]. Overexpression of the PER2 protein induces
apoptosis in the mouse Lewis lung carcinoma cell line and mammary carcinoma cell
line [29, 45]. Conversely, down-regulation of Per2 expression accelerates the growth
of breast cancer [28]. Thus, overexpression of the PER2 protein may be linked to

apoptotic cell death in normal as well as several cancer cells.
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Figure legends

Fig. 1. Immunofluorescence analysis for the PER2 and AR proteins in the rat prostate.
a: Prostate sections stained with Hoechst. The square region shown in a is magnified
from a serial section subjected to immunofluorescence studies as shown in b and c. b:
Immunostaining with anti-PER2 antibody (red) on a section of prostate. c:
Immunostaining with anti-AR antibody (green) on a section of prostate. d: PER2 and

AR proteins merged image. Bars: 250 pum (a), 50 um (b-d)

Fig. 2. ARE-luciferase reporter assay in isolated PMCs. A: ARE-constructed
pGL3-promoter luciferase reporter plasmid was transfected to PMCs. At time 0 h, cells
were given in replaced fresh medium supplemented with 0.1 mM luciferin and T (1, 10
M) or vehicle (as a control). B: Immunofluorescence analysis for the AR proteins in
the cultured PMCs. a, Bright view. b. Immunostaining with anti-AR antibody (green).

Scale bars: 150 um.

Fig. 3. Generation of circadian Per2-dLuc oscillations in PMCs. At time 0 h, cells were

given in replaced fresh medium supplemented with 0.1 mM luciferin, and 0.1 uM

DXM, 1 uM forskolin or vehicle (as a control).
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Fig. 4. Profiles of circadian Per2-dLuc oscillations in PMCs treated with androgens or
FL. At time O h, cells were given in replaced fresh medium supplemented with 0.1 mM
luciferin, and T, DHT, FL (each 1 puM) or vehicle (as a control). A: Real-time
bioluminescent activity was monitored in PMCs treated with vehicle, T, DHT or FL.
P1-3: first to third peaks, T1-2: first to second troughs. B: The peaks and troughs were
normalized to the values of the control cells treated with vehicle and data are means +
SE of three determinations. Values with different letters are significantly different

(P<0.05).

Fig. 5. Dose-dependent increases in the amplitude of circadian Per2-dLuc oscillations
in PMCs treated with FL. At time 0 h, cells were given in replaced fresh medium
supplemented with 0.1 mM luciferin, and FL (0.1, 1, 10 uM) or vehicle (as a control).
A: Real-time bioluminescent activity was monitored in PMCs treated with vehicle or
FL. B: Each first peak was normalized to the values of the control cells treated with
vehicle and data are means = SE of three determinations. Values with different letters

are significantly different (P<0.05).

Fig. 6. Inhibitory effects of T on the amplitude of circadian Per2-dLuc oscillations in
PMCs treated with FL. Cultured PMCs were treated with increasing concentrations of

T (0.1, 1, 10 uM) or vehicle (as a control). At time 0 h, cells were given in replaced
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fresh medium supplemented with 0.1 mM luciferin, T (same concentrations), and 1 uM
FL or vehicle (as a control). A: Real-time bioluminescent activity was monitored in
PMCs treated with FL and T. B: Each first peak was normalized to the values of the
control cells treated with vehicle and data are means £ SE of three determinations.

Values with different letters are significantly different (P<0.05).

Fig. 7. Immunofluorescence analysis of PER2 protein in PMCs treated with or without
FL during circadian Per2-dLuc oscillations. (Panels a-g) Images were taken from
PMCs treated with vehicle at the first peak (P1) (34 h) (a-c, g) and first trough (T1) (48
h) (d-f) of circadian oscillations. (Panels h-n) Images were taken from PMCs treated
with FL at the first peak (P1) (34 h) (h-j, n) and first trough (T1) (48 h) (k-m) of
circadian oscillations. (Panels g and n) Magnified PER2 protein and Hoechst staining
merged images in the square regions shown in panels ¢ and j. In FL-treated cells,
especially apoptotic cells were detected (arrowheads). red: PER2 protein, blue:

Hoechst. Scale bars: 150 um.

Fig. 8. Determination of apoptotic cell death in PMCs cultured with or without FL.
PMCs were treated with 1 uM FL or vehicle (as a control) and taken at the first peak
(P1) (34 h) and first trough (T1) (48 h) of circadian oscillations. PMCs were subjected

to PI staining (apoptotic cells) and Hoechst staining (total cells). Data are means + SE
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of three determinations. * , P<0.05 versus control.
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Table 1. Changes of PER2 staining intensity in PMCs treated with or without FL
during circadian Per2-dLuc oscillations as revealed by immunofluorescence.
The experiments were independently repeated at least 3 times, and data were expressed

as means + SE. Different letters are significant (P<0.05).

Treatment Position PER?2 staining intensity

(Arbitrary units)

Control P1 35.62+211a
T1 21.31+047D
Flutamide P1 89.83+9.67¢c
T1 23.89+0.38d
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FIG. 7
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