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Atlas of Dihydrotestosterone Actions on the
Transcriptome of Prostate InVivo
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BACKGROUND. Using serial analysis of gene expression (SAGE), we studied the tran-
scriptomic changes in vivo by dihydrotestosterone (DHT) treatment in mice to better
understand androgen effects in the prostate.

METHODS. Approximately 872,000 SAGE tags were isolated from intact and castrated (GDX)
mice with and without DHT injection.

RESULTS. GDX significantly altered 431 transcripts, including 110 transcripts restored by
DHT, and 146 potentially new transcripts. Totally, 187 transcripts were significantly affected by
DHT treatment, of which 124 were induced and 63 were repressed. Interestingly and consistent
with the prostate’s secretory role, DHT up-regulated the expression of many genes involved in
various steps of protein metabolism such as synthesis, folding, and secretion. GDX modulated
the expression of genes which induce cell apoptosis and inhibit cell proliferation through
polyamine biosynthesis, retinoid X receptor actions as well as several signaling pathways and
some related factors. These results clarify DHT effects on prostate transcriptome in the areas of
protein metabolism, cell proliferation and apoptosis. In addition, we detected gene expression
changes in metabolic pathways, cytoskeleton, immunity and endoplasmic reticulum stress.
Furthermore, knockdown of S-adenosylmethionine decarboxylase 1 in LNCaP cells confirmed
the importance of androgen-regulated genes (ARGs) in prostate cancer cell growth.
CONCLUSION. Our data support the idea that ARGs are essential for the normal develop-
ment of the prostate and can also be responsible for the pathogenesis of the prostate cancer.
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INTRODUCTION

Androgens are steroid hormones which induce the
differentiation and maturation of male reproductive
organs and the development of male secondary sex
characteristics. Testosterone is the major androgen
in circulation and dihydrotestosterone (DHT) is the
primary nuclear androgen as well as the most potent
androgen. These androgens exert their biologic func-
tions on target tissues and cells mostly by transcrip-
tional regulation of androgen-regulated genes (ARGs)
through androgen receptor (AR) [1]. Thus, to under-
stand the androgen action in the target tissues, it is
necessary to identify ARGs.

Prostate is a highly androgen-dependent glandular
tissue. The androgens play an essential role in prostate
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development, growth and the pathogenesis of prostate
diseases such as benign prostatic hyperplasia and
adenocarcinoma [2,3]. Thus, investigating ARGs in
prostate can help to extend our knowledge on prostate
physiology and suggest new approaches for the pre-
vention, early molecular diagnosis and treatment of
prostate cancer.
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There are several previous studies on androgen
targeted genes in the prostate cancer [4-7]. Gene
expression profiling using serial analysis of gene
expression (SAGE) have been carried out in some
studies investigating genes differentially expressed in
prostate cancer tissue [8] or genes regulated by
androgen in prostate cancer cell lines in vitro [4-6].
These ARGs are unlikely to account for all the effects of
androgens, especially in the early stage of prostatic
disease, since androgens are responsible not only for
initial prostate cancer growth but also for normal
prostate development. Moreover, the change in the
initial factor responsible for the development of
prostate cancer may be blunted after the occurrence
of cancer. Consequently, a more complete identifica-
tion of ARGs in the prostate is necessary.

An in vivo model would maintain tissue properties
stably during experimental treatment and allows
hormonal intervention. Moreover, such a model would
reflect tissue—tissue and/or tissue—organ interaction
through circulating factors such as hormones and
peptides, which are modulated by the hormonal
intervention.

SAGE is a powerful method to analyze a large
number of transcripts in a given tissue without any
prior selection basis. With the advent of SAGE strategy,
the expression of ARGs including known and novel
genes in prostate tissue can be identified. Thus, SAGE
offers a unique opportunity to understand the andro-
gen action. The current study has investigated the
transcriptomic changes induced by castration (GDX)
and DHT on the normal mouse prostate tissue in vivo,
using SAGE method. Here, we have identified 187
previously characterized transcripts and 89 novel
transcripts which have rapidly responded to androgen
within 24 hr in vivo. We have focused on gene
regulation occurring within 24 hr since genes respond-
ing to DHT within this time period would be enrich-
ed in direct androgen targets before cell growth and
tumorigenesis. The present findings confirm and ex-
tend previous studies and offer novel insights into
the molecular mechanisms by which androgens affect
the prostate in vivo such as DHT-induced protein
synthesis/secretion, lipid/energy metabolism, endo-
plasmic reticulum stress, polyamine biosynthesis, cell
proliferation and differentiation.

MATERIALS AND METHODS

ProstateTissues Preparation

Prostate tissues were obtained from 51 male C57BL6
mice 10- to 12-week old for the intact group, and from
14 mice per group for GDX and GDX plus DHT
treatment. The animals were purchased from Charles
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River, Inc. (Québec, Canada), and had free access to Lab
Rodent Diet No. 5002 (Ren’s Feed and Suppliers,
Ontario, Canada) and water. GDX was performed
7 days prior to organ collection for GDX and all DHT
groups. DHT (0.1 mg/mouse) was injected 1 hr
(DHT1hr), 3 hr (DHT3hr), 6 hr (DHT6hr), and 24 hr
(DHT24hr) prior to sacrifice in the DHT groups. The
control group (GDX) received vehicle solution (0.4%
w/v Methocel A15LV Premium/5% ethanol) 24 hr
prior to sacrifice. All mice were handled in a facility
approved by the Canadian Council on Animal Care
in accordance with the Guide for Care and Use of
Experimental Animals. The entire prostate tissues of all
mice from the same group were pooled together to
eliminate inter-individual variations and to extract
sufficientamount of mRNA for the analysis. The tissues
were stored at —80°C until RNA extraction.

Transcriptome Analysis

The SAGE method was performed as previously
described [9-12]. Polyadenylated RNA was extracted
with mRNA Mini kit (Qiagen, Mississauga, Canada),
annealed with the biotin-5'-T;5-3' primer and converted
to cDNA using the cDNA synthesis kit (Invitrogen,
Carlsbad, CA). The resulting cDNA was digested with
Nlalll (anchoring enzyme) and the 3’ restriction frag-
ments were isolated with streptavidin-coated magnetic
beads (Dynal Biotech, Oslo, Norway) and separated
into two populations. Each population was ligated to
one of the two annealed linker pairs and extensively
washed to remove unligated linkers. The tag including
the most 3' NIalll restriction site (CATG) of each
transcript was released by digestion with BsmFI
(tagging enzyme). The blunting kit from Takara Co.
(Kyoto, Japan) was used for the blunting and ligation of
the two tag populations. The resulting ligation prod-
ucts containing the ditags were amplified by PCR with
aninitial denaturation step of 1 min at 95°C followed by
22 cycles of 20 sec at 94°C, 20 sec at 60°C and 2 sec at
72°C using 27 bp primers [12]. The PCR products were
then digested with Nlalll and the band containing
the ditags was extracted from 12% acrylamide gel. The
purified ditags were self-ligated to form concatemers.
The concatemers ranging from 500 to 1,800 bp were
isolated by agarose gel. The resulting DNA fragments
were ligated into the Sphl site of pUC19 and cloned into
UltraMAX DH5aFT E. coli (Invitrogen). White colonies
were screened by PCR to select long inserts for
automated sequencing.

Sequence files were analyzed using the SAGEana
program, a modification of SAGEparser [13]. Tags
corresponding to linker sequences were discarded and
duplicate concatemers were counted only once. To
identify the transcripts, the sequences of 15 bp SAGE
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tags (Nlalll site CATG plus adjacent 11 bp tags) were
matched with public databases. The classification of
transcripts was mainly based on the genome directory
[14] and gene ontology (http://www.geneontology.
org/). The SAGE tags which did not match any
sequence in the public databases were classified as
potential novel transcripts.

Validation by Quantitative Real-Time
PCR (Q.RT-PCR)

Pooled RNA samples of nine mice in each exper-
imental group (GDX, DHT1hr, DHT3hr, DHT6hr, and
DHT24hr), except for intact group, from an independ-
ent experiment were used for the Q RT-PCR. First-
strand cDNA was synthesized using 5 pg of isolated
RNA in a reaction containing 200 U of Superscript III
Rnase H-RT (Invitrogen), 300 ng of oligo-dT;g5, 500 mM
deoxynucleotides triphosphate, 5 mM dithiothreitol
and 34 U of human RNase inhibitor (Amersham
Pharmacia, Piscataway, NJ) in a final volume of 50 pl.
The reaction was performed at 50°C for 2 hr and then
treated with RNase A for 30 min at 37°C. The resulting
products were purified with Qiaquick PCR purification
kits (Qiagen). The cDNA corresponding to 20 ng of
total RNA was used to perform fluorescent-based real-
time PCR quantification using the LightCycler real-
time PCR apparatus (Roche, Inc., Nutley, NJ). Reagents
were obtained from the same company and were used
as described by the manufacturer. The conditions for
PCR reactions were: denaturation at 95°C for 10 sec,
annealing at 56-66°C for 5 sec and elongation at 72°C
for 7-13 sec. The reaction was then heated for 3 sec at
2°C lower than the melting temperature of the DNA
fragment. Reading of the fluorescence signal was taken
at the end of the heating to avoid non-specific signal. A
melting curve was performed to assess non-specific
signal. Oligoprimer pairs that allow the amplification
of approximately 200 bp were designed by GeneTools
software (Biotools, Inc., Edmonton, AB) and their
specificity was verified by blast in GenBank database.
ARGs, GenBank accession numbers and regions used
for the primer pairs were the following: heat shock
70 kDa protein 5 (HSPA5), AJ002387, 1418-1440;
serine (or cysteine) proteinase inhibitor clade E
member 2 (SERPINE2), X70296, 944—1202; nucleobin-
din 2 (NUCB2), AJ222586, 399-545; regulator of
G-protein signaling 2 (RGS2), NM 009061, 1565—
1818; S-adenosylmethionine decarboxylase 1 (AMD1),
D12780, 592-845; and Ia-associated invariant chain (Ii),
NM 010545, 400-647. Data calculation and normal-
ization were performed using second derivative and
double correction method using the housekeeping
gene hypoxanthine guanine phosphoribosyl trans-
ferase 1 [15]. The expression levels of mRNA are
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expressed as number of copies/ g total RNA using a
standard curve of crossing point (Cp) versus logarithm
of the quantity. The standard curve was established
using known cDNA amounts of 0, 10%,10°,10* 10°, and
10° copies of hypoxanthine guanine phosphoribosyl
transferase 1 and a LightCycler 3.5 program provided
by the manufacturer (Roche, Inc.). The Q_RT-PCR was
performed in duplicate.

Cell Culture and Small Interfering
RNA (siRNA) Transfection

Androgen-sensitive human prostate cancer (LNCaP)
cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA). They were main-
tained in phenol red-free RPMI-1640 medium (Fisher
Scientific, Ottawa, Canada) supplemented with 10%
(v/v) fetal bovine serum (FBS) (Wisent, Inc., St-Bruno,
Canada) and antibiotics (100 U/ml penicillin and
100 pg/ml streptomyecin) (Sigma-Aldrich Canada Ltd,
Oakville, Canada) at 37°C under 95% air-5% CO,
humidified atmosphere.

LNCaP cells were seeded at 3 x 10° cells/well on
poly-L-lysine (Sigma-Aldrich Canada Ltd) treated 6-
well cell culture plates with phenol red-free RPMI-1640
medium supplemented plus 10% FBS and antibiotics,
and were allowed to adhere for 48 hr. The cells were
transiently transfected using Lipofectamine™ 2000
(Invitrogen) in Opti-MEM™ I Reduced Serum Medium
(Invitrogen), according to the manufacturer’s ins-
truction. Briefly, 80 nM negative control, positive
control (AR) or target (AMD1) Stelth™ RNAi oligo
(Invitrogen) was transiently transfected into LNCaP
cells for 24 hr, and then the medium was replaced with
fresh steroid-reduced medium (phenol red-free RPMI-
1640 medium supplemented plus 5% charcoal-stripped
FBS (Wisent, Inc.) and antibiotics) with 10 pM R1881
for 72 hr. Mock treatment was performed with Lip-
ofectamine™ 2000 alone. The GenBank accession
numbers (positions) used for the sense sequences
siRNA oligos were NM_000044.2 (3008—-3032) for AR
and NM_001634.3 (657-681) for AMDI.

Cell proliferation assay was performed 96 hr after
the transfection by measuring DNA contents with
diaminobenzoic acid (DABA) (Sigma-Aldrich Canada
Ltd). In brief, medium was removed and remaining
cells were fixed with 500 pl methanol per well. The
450 ul of filtered DABA solution (90 ml of 4N HCI
(Fisher Scientific), 20 g of DABA and 10 g of carbon
(Fisher Scientific)) was added in each well, and
incubated for 60 min at 60°C. After placing the plate
on ice, 3.75 ml of 1 N HCI was added in each well.
The absorbance at 400 nm (excitation) and 508 nm
(emission) was recorded with plate reader (Fluorolite
100, Opti-Ressources, Inc., Charny, Canada). The DNA
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contents were calculated using DNA standards (MP
Biochemical, Montreal, Canada). The values were tripli-
cate measurements on three unique samples, and
expressed with a ratio to the mock transfection.

Cell cycle analysis was also performed at 96 hr after
the transfection with flow cytometory by staining cells
with propidium iodide (PI) (Sigma-Aldrich Canada
Ltd). In detail, medium containing cells were trans-
ferred to 5 ml tube and centrifuged for 5 min at
2,000 rpm. The cells were washed twice with 2 ml of
phosphate buffer solution (PBS) (Invitrogen), in which
0.8 ml was used for following cell cycle analysis and
cells in 1.2 ml were collected, frozen with liquid N, and
stored at —80°C for Q_RT-PCR analysis. The sample for
cell cycle analysis was centrifuged for 5 min at
2,000 rpm and cells were re-suspended in 0.3 ml PBS.
The 0.7 ml ice-cold ethanol (Fisher Scientific) was
added and stored at —20°C for overnight. After
washing cells with 3 ml PBS, cells were re-suspended
in 250 pl of PI staining solution (5 ml of 0.1% Triton
X-100 in PBS (Sigma-Aldrich Canada Ltd), 250 pl of
1 mg/ml PI and 2 mg DNase-free RNase A (Sigma-
Aldrich Canada Ltd)), and incubated at 37°C for 30 min.
The tube was placed on ice until analysis with EPICS XL
set at 488 nm and System II Software (Beckman Coulter
Canada, Inc., Mississauga, Canada). The values were
expressed with a ratio to the mock transfection from
pooled data of three independent experiments in
triplicates for control as well as two independent
experiments in triplicates for AR and AMDI1.

Knockdown of the target genes and interferon
response at 96 hr after the transfection was evaluated
by the Q_RT-PCR. The GenBank accession numbers
(regions) used for the primer pairs were NM_000044
(3152-3401) for AR, NM _ 001634 (1946-2171) for
AMD1, NM 001547 (1645-1914) for interferon-
induced protein with tetratricopeptide repeats 2 (IFIT2)
and NM_001549 (1261-1489) for interferon-induced
protein with tetratricopeptide repeats 3 (IFIT3). The
values were triplicate measurements on three unique
samples, and expressed with a ratio to the mock
transfection.

Statistical Analysis

For the SAGE results, the comparative count display
(CCD) test was used to identify the transcripts signi-
ficantly differentially expressed (P <0.05) between the
groups with more than a twofold change [16]. The data
were normalized to 100,000 tags in order to facilitate
visual comparison in the tables.

For the siRNA experiments, the one-way ANOVA
test with the Fisher PLSD post hoc test or t-test was used
to determine statistical significance between groups
(P <0.05).
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RESULTS

Six SAGE libraries (Intact, GDX, GDX + DHT1hr,
3hr, 6hr, and 24hr) were generated to characterize the
effect of GDX and DHT on prostate transcriptome.
Approximately 150,000 tags were sequenced in each
group, which corresponded to about 50,000 distinct tag
species. A total of 872,587 tags were sequenced, which
corresponded to 168,219 tag species. In total, GDX
altered 431 transcripts, including 110 transcripts which
were restored to control level by DHT, and 146
potentially new transcripts. Moreover, DHT altered
187 transcripts, of which 124 were induced and 63 were
repressed. These transcripts are involved in a variety of
functions such as protein/RNA expression, energy
metabolism, cell proliferation, cell structure/motility,
cell signaling and cell defense. Tables I-IX present the
transcripts differentially expressed (P < 0.05) between
groups accordingly to their functions.

A major effect of DHT in the prostate is the induction
of protein synthesis and secretory activity (Table I).
DHT has up-regulated 25 transcripts involved in
protein synthesis, folding and secretion activity, such
as ribosomal protein S2/5/6/7 (RPS2/5/6/7), HSPA5,
SERPINE2 and seminal vesicle secretion 3/5/6 (SVS3/
5/6). In addition, GDX has up-regulated six transcripts
related to RNA synthesis and splicing process whereas
DHT has down-regulated half of them (DDX5 and
PABP1). GDX also increased the expression of several
transcription factors whereas DHT modulated four
transcripts (Table II). The majority of the transcripts
involved in lipid biosynthesis, as well as energy
metabolism were up-regulated by DHT (Table III).
DHT also induced transcripts involved in polyamine
biosynthesis such as AMD1 and methionine adenosyl-
transferase II alpha (MAT2A) (Table IV). In addition,
DHT increased the expression level of four transcripts
involved in cell structure (Table V). Eight signal
transducers including NUCB2 and RGS2 were modu-
lated by GDX and the effects were reversed by DHT
(Table VI). Moreover, DHT induced genes in cell
defense, such as interleukin 25 (IL-25) and complement
component 1 r subcomponent (C1R), while repressing
the expression level of Ii (Table VII). Other transcripts
such as lumican (LUM) and haptoglobin (HP) were also
down-regulated by DHT, whereas some transcripts
such as the expressed sequence tag (EST) similar to
tumor differentially expressed 1 were up-regulated by
DHT (Table VIII). Furthermore, 89 DHT responsive
tags did not match any known mRNA from public
databases, of which 54 were also concordantly regu-
lated by GDX (Table IX).

Six characterized ARGs found by the SAGE were
further validated by Q_RT-PCR. The results of Q_
RT-PCR on both the previously known (HSPAS5,
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@ - SERPINE2, RGS2, and AMD1) and unknown (NUCB2
§ = and li) ARGs showed concordant results with the
g = SAGE data (Fig. 1).
a 5 ¥ In order to explore the role of ARGs in human
3 3 XS prostate cancer cell growth, we have knockdowned
5‘; >[\< - g:: g5 AMD1 by 81% using siRNA in the LNCaP cells
& § % @: é (Table X). As seen after AR siRNA knockdown,
g < % Se < AMDI1 siRNA decreased DNA content whereas it in-
'@ o) E g & creased the proportion of cells in apoptosis. Moreov-er,
5 \g % = :% $ interferon responses were the same as the negative
z 52 T8 ¢e control siRNA oligo.
g| 22 EGE
Bl 2% Fii
2| 25 522 DISCUSSION
v TET
g é § ii ;;? Protein Expression
U «© o
g § é % E Consistent with the physiological effects of andro-
ES BRE gens on prostatic secretory activity [17], many tran-
<0 2es scripts involved in protein synthesis, folding and
secretion were up-regulated by DHT. Importantly,
K - S = many ARGs involved in protein secretion were
2 N2 2 % & increased by DHT, such as SVS 3/5/6/7, which
S <0 Z2<ao contributes to maintain the integrity and transport of
- spermatozoa [18], as well as serine protease inhibitor
g — . kazal type 3 and SERPINE2 (also known as PN-I) which
5 have been implied in androgen enhanced pros-
% tate secretion [19,20]. These increases explain well the
° = v &&z specialized androgen-induced secretion of prostate. On
8 i o o the other hand, DHT suppressed mRNA level of EST
s lipocalin 2, also called 24p3 and Ngal, an innate
g £ o immunity related gene which enhances spermatozoa
£l £ Ts 224 motility by elevating intracellular pH, cAMP accumu-
E % ° o lation and protein tyrosine phosphorylation [21]. In
= >‘<*‘ addition, GDX increased several transcripts with rol§s
V18] = g e wyg in protein trafficking and transport, including annexin
:E Cl e & A4 and EST RAB1la member RAS oncogene family
2 P which are involved in membrane remodeling, vesicle
g e ol @ B fusion and trafficking, respectively [22,23].
- = = a1 g & Several ARGs involved in the initial steps of
2 N z :% polypeptide synthesis such as eukaryotic translation
o :@ B factors and ribosomal proteins were also up-regulated
§ A °% ®©o ¥ _g E 2 by DHT. These results support the current view that
: O o 20 % DHT induces anabolic metabolism in prostate through
@ el g g0 up-regulation of these genes. Eukaryotic translation
o Bl LA R E “,Lg\ g elongation factor 1 alpha 1 (EEF1A1), eukaryotic trans-
u%- - - E\ = lation elongation factor 2 (EEF2) and eukaryotic trans-
) E S lation initiation factor 5A (EIF5A) are all involved in
8 ‘% S é regulation of proliferation [24—26] and/or transforma-
§ E 5 E 8 8 e § o tion of eukaryotic cells [25,26]. Eukaryotic translation
& S & T O&E SEZ initiation factor 3 subunit 6 (EIF3S6), also known as
a DEEc00 | » o8 Int6, can disrupt cell cycle control and/or promote
> o S E ;;5 29 8% % tumorigenesis [27]. DHT up-regulated EEF1A1 and
w TOEEcoa|sE g EIF5A whereas GDX decreased EEF1A1 and EIF3S6. In
2 5|=SCZEE0| 2538 addition, DHT increased several ribosomal protein S
IS S £ SR except for RPS17. Thus, DHT may increase protein
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synthesis and translation processing by up-regulating
these transcripts, some of which may also play positive
role in cell proliferation and transformation. On the
other hand, GDX up-regulated several ribosomal
protein L. Since it is not clear why RNAs coding for
ribosomal proteins L have been increased by GDX,
further studies are needed to investigate the role of up-
regulation of these ribosomal proteins after GDX.

Transcripts involved in protein folding and chaper-
ones such as FK506 binding protein (FKBP) 2, pepti-
dylprolyl isomerase A (PPIA), HSPAS5, calreticulin
(CALR) and protein disulfide isomerase-related pro-
tein (PDIR) were increased by DHT. The up-regulation
of HSPA5 could be a linchpin on DHT actions in
endoplasmic reticulum (ER). HSPA5 and CALR are
known ER-resident chaperones, which may fold
secretion proteins after these polypeptide products
are transported into the ER. In ER, HSPAS retains the
activating transcription factor 6 (ATF6) by inhibiting its
Golgi localization signals. The dissociation of HSPA5
during ER stress allow ATF6 to be transported to the
Golgi, which activates the transcription of ER molec-
ular chaperones [28]. Moreover, HSPA5 is homologous
to Kar2p which is required for protein biogenesis in the
yeast ER [29]. Furthermore, mitochondrial HSP70
family members are reported to be essential mediators
of mitochondrial biogenesis [30]. Indeed, mitochon-
drial transcripts such as ATP synthase FO subunit
6 (ATP6), cytochrome c oxidase subunit 1 and 3
(COX1 and 3), cytochrome b (CYTB) and NADH
dehydrogenase subunit 4 (MTND4) were increased
by DHT in the current study. On the other hand, GDX
significantly decreased the expression of EST heat
shock protein 1 beta (HSP90), another chaperone
protein. HSP90 has been reported to bind and
activate the AR, as well as to interact with FKBP5 in
the function of mature heterocomplexes [4]. In the
current study, DHT increased the transcript encod-
ing FKBP2, in agreement with another report [31].
FKBPs have peptidylprolyl isomerase (PPlase) activity
and the transcription of PPIA was also up-regulated by
DHT in the current study. Taken together, DHT
may induce protein folding and maturation through
up-regulating gene expression of HSPA5, CALR,
FKBP2, and PPIA.

Genes involved in protein turnover including the
D/H/S members of cathepsin (CTS) family and EST
matrix metalloproteinase 15 (MMP15) were signifi-
cantly increased by GDX. Cathepsins function in the
lysosomal degradation of proteins regulating cell
growth and tissue homeostasis. Recently, CTSD, also
known as CD, has been reported to mediate p53-
dependent apoptosis by a transcriptional mechanism
[32]. Thus, the current data suggest its potential role in
GDX-induced apoptosis. Moreover, CTSD secreted by
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TABLE X. Effects of AR and AMDI siRNA on LNCaP Cell Growth and Interferon Response

Control AR AMD1

Target mRNA expression — 0.24 £0.02* 0.15+£0.04*
Cell cycle®

Apoptosis 2.09£0.90 4.00£1.51* 6.73+£1.73*

S-phase 0.61+£0.12 0.32+0.17* 0.55+0.11
DNA contents 1.04+0.26 0.76 £0.09* 0.43 +£0.08*
IFIT2 mRNA expression 0.19+£0.08 0.17+0.05 0.09+0.03
IFIT3 mRNA expression 0.11+0.04 0.06 £0.02 0.06+£0.01

Values are mean +SD.

*Significantly different (P < 0.05) from control siRNA.

“Pooled values of three independent experiments in triplicates for control as well as two independent
experiments in triplicates for AR and AMDI1.
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prostate carcinoma cells contributes to the prevention
of tumor growth and angiogenesis-dependent meta-
stases through production of angiostatic peptides [32].
CTSS is the principal lysosomal cysteine protease, and
the degradation of Ii by CTSS is responsible for major
histocompatibility complex (MHC) class II maturation
and presentation in vivo [33]. Both CTSS and Ii were
increased by GDX and decreased by DHT. On the other
hand, GDX increased the mRNA level encoding EST
MMP15, a member of endopeptidases family which
degrades the extracellular matrix. Several studies have
pointed out that MMP family genes are associated with
tumorigenesis [34,35]. The present results suggest that
GDX may induce protein degradation through the
expression of these genes. It is also worth noting that
GDX increased the mRNA expression of basigin (BSG,
also called CD147 and extracellular MMP inducer:
EMMPRIN), which induces MMP synthesis in cancer
cells [35].

Interestingly, we have found a temporal order of the
changes in these many synthetic and secretory tran-
scripts. The expression of genes involved in ribosomal
proteins synthesis began to increase within 6 hr,
whereas genes active in protein folding and secretion
were induced later.

RNA Expression

GDXincreased the expressions of several transcripts
involved in RNA synthesis and splicing process
whereas DHT restored half of them, such as DEAD/
H (Asp-Glu-Ala-Asp/His) box polypeptide 5 (DDX5)
and EST poly(A) binding protein, nuclear 1. DDXS5,
which has a putative RNA helicase for pre-mRNA
processing and alternative splicing, has been thought to
act as a transcriptional co-activator. However, DDX5
(p68) has recently been shown to have a repressor
activity and to interact with histone deacetylase I
(HDAC1) and DDX17 (p72) [36]. DDX5 could act as
co-activator and/or co-repressor differently depend-
ing on the context of the promoter and the transcrip-
tional complex in which it exist [36]. Thus, DHT might
activate the transcription in the prostate by sup-
pressing the expression of DDX5. Two other family
members, DDX15 and 16, are two other transcriptional
co-activators induced by DHT in prostate cancer cell
[4,6]. GDX has increased the expression of most
transcription factors, 10 out of 14, whereas DHT
modulated four, of which half were induced. Indeed,
five of these transcription factors including early
growth response 1 (EGR1), FBJ osteosarcoma oncogene
(FOS), GATA binding protein 2 (GATA2), NK-3 tran-
scription factor locus 1 (NKX3A) and nuclear receptor
subfamily 4 group A member 1 (NR4A1) are known
ARGs. GDX has induced transcription repressors such
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as AE binding protein 1 (AEBP1), EST bromodomain
adjacent to zinc finger domain 2A (BAZ2A), histone
deacetylase 7A (HDAC7A), nuclear DNA binding
protein (C1D), TG interacting factor (TGIF) whereas
DHT induced activators EST nuclear factor I/B (NFIB)
and RNA polymerase II transcriptional coactivator
(PRO2TC1). DHT and GDX might activate and/or
repress transcription in the prostate through regulation
of these transcripts. Additionally, in consistence with
the GDX-induced apoptosis, the transcription factors
EGR1, FOS, HDAC7A and NR4A1, which are respon-
sible for prostate apoptosis [31,37-39] were all in-
creased by GDX, whereas DHT has repressed FOS and
HDAC7A.

Metabolism

The de novo unsaturation of fatty acid is regulated
by individual desaturase enzymes that introduce
double bonds between defined carbons of the fatty
acyl chain. In the present study, DHT has induced gene
expression of EST fatty acid desaturase 2 (FADS2) and
stearoyl-Coenzyme A desaturase 2 (SCD2), which
introduce double bond in the A® and A® position of
fatty acids, respectively. The first double bond intro-
duced into a saturated fatty acid is nearly always in the
A’ position. The principal product of SCD, an iron-
containing enzyme that catalyze a rate-limiting step in
the synthesis of unsaturated fatty acids, is oleic acid
which has anticancer effect on breast cancer cells
[40]. In human prostate cancer cells, androgen induc-
ed de novo fatty acid synthesis through fatty acid
synthase (FAS) [41], and RNA interference-mediated
down-regulation of FAS suppresses triglycerides and
phospholipids synthesizes and induces apoptosis,
which results in inhibition of LNCaP cell growth [42].
These data suggest that the androgen differentially
modulates de novo saturate/unsaturated fatty acids
synthesis in normal prostate tissue and prostate cancer
cells.

GDX also decreased gene expressions of two aldo-
keto reductase family (AKR) members, AKR1B3 and 7,
while DHT replacement increased them within 24 hr.
AKRI1B7 (also known as mouse vas deferens protein,
MVDP), the major secretory component of the mouse
vas deferens, encodes an enzyme responsible for
detoxification of isocaproaldehyde (a byproduct of
side-chain cleavage of cholesterol in the first step of
steroidogenesis) and 4-hydroxynonenal (a lipid perox-
idation product). AKR1B7 is regulated by ACTH in
adrenals, FSH in ovaries, and LH/hCG in testicular
leydig cells [43], whereas its strict androgen-depend-
ence is only mouse-specific in the vas deferens [44].
Mouse-specific 77-bp sequence in the promoter is
probably an androgen-responsive region containing a
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single ARE, which is likely to explain the mouse-
specific androgen responsiveness of AKR1B7 in vivo
[44]. The current study has shown, for the first time, the
induction of mRNA expression of the AKR1B7 gene by
DHT in mice prostate. Interestingly, Martinez et al. [43]
have suggested the role of AKR1B7 in the protection of
spermatozoa against peroxidative damage in the vas
deferens. Several transcripts involved in mitochondrial
oxidative phosphorylation such as ATP6, COX1/3,
CYTB and MTND4 were repressed by GDX and
increased by DHT. The elevated levels of metabolism
in lipid, sugar and mitochondrial oxidative phosphor-
ylation may reflect the mitogenic or secretory stimulus
of androgen by supplying their necessary energy
source.

Immunity

DHT inhibits and even suppresses immune func-
tions [45]. Consistently, GDX increased the expression
levels of most of these immunity-enhanced genes in
this group (13 out of 18) and DHT decreased Ii. On the
other hand, DHT increased IL-25 and complement
component 1 r subcomponent (C1R). IL-25 is a pro-
inflammatory cytokine which induces gene expression
of IL-4 and IL-13 in Th2 T cells [46]. CIR is the first
component of the classical pathway of the complement
system. GDX suppressed its expression level as well as
those of beta-2 microglobulin (B2M), EST defensin beta
1 (DEFB1), CEA-related cell adhesion molecule (CEA-
CAM) 2 and 10. B2M is the beta-chain of MHC class I
molecules, and DEFB1 protects the urinary tract against
infections [47]. Interestingly, CEACAMI10 has been
shown to be predominantly expressed in seminal
vesicles and decreased after castration, consistently
with the current results in the prostate [48].

Cell Structure and Motility

The prostate consists of collagen, smooth muscle and
striated fast and slow twitch myofibers [49]. We
have found many differentially expressed transcripts
encoding for components of extracellular matrix,
cytoskeleton and their modifying enzymes. For exam-
ple, GDX decreased three extracelluar matrix compo-
nents, decorin (DCN), EST procollagen type IV alpha 6
and mucin 10 submandibular gland salivary mucin,
while inducing cytoskeleton genes, keratin complex 1
acidic gene 19 and actin related protein 2/3 complex
subunit 1 B. These two latter genes are involved in actin
polymerization and membrane protrusion. Interest-
ingly, the genes of myofiber components down-
regulated by GDX were all of fast type, including
troponin C fast skeletal, troponin I skeletal fast 2,
troponin T3 skeletal fast (TNNT3) and myosin light
chain alkali fast skeletal muscle. In addition, DHT has
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increased gene expression of myosin heavy polypep-
tide 4 skeletal muscle (MYH4), tropomyosin 2 beta
(TPM2), TNNT3 and gelsolin (GSN), suggesting that
these genes are involved in prostate cell growth and
remodeling.

Cell Proliferation

In prostate, androgen has anabolic effect on protein
expression, lipid metabolism, cytoskeleton as well as
cell proliferation. DHT has induced the expression
of MAT2A and AMDI1, which promote polyamine
biosynthesis. MAT2A catalyses the biosynthesis of
S-adenosylmethionine and AMD1 converts putrescine
to metabolically active spermidine and spermine.
Polyamine biosynthesis contributes for spermatogene-
sis as well as tumorigenesis and organ hypertrophy.
Steady supply of polyamines is a prerequisite for cell
proliferation [50]. GDX down-regulated spermine
binding protein (SBP), a known androgen dependent
gene [51,52].

GDX has induced the expression of interferon
gamma induced GTPase (IGTP) and DHT has sup-
pressed it. IGTP mediates cell survival through
activation of PI3K/AKT and inhibition of glycogen
synthase kinase-3 (GSK-3) activity [53]. In the prostate
cancer cell, GSK3-beta activity is essential for andro-
gen-stimulated gene expression and cell proliferation
[53]. In the present study, DHT repressed IGTP.
Therefore, DHT may induce cell proliferation via
suppression of IGTP, which can result in activation of
GSK3-beta.

GDX increased the mRNA levels of serum amyloid
A 3 (SAA3) and apolipoprotein D (APOD), which
inhibit cell proliferation [54,55]. DHT has increased the
gene expression of LIM only 4 (LOM4) which is highly
expressed in proliferating cells [56] and similar to FGF
receptor activating protein 1 (FRAG1), which activates
the fibroblast growth factor receptor of rat osteosar-
coma cells (FGFR2-ROS) [57]. Interestingly, several
differentially expressed transcripts directly interact
with AR as co-regulator, such as amino-terminal
enhancer of split (AES) [58], CALR [59], gelsolin
(GSN) [60], and TGIF [61]. GDX has decreased the
mRNA levels of AES and CALR whereas DHT has
induced CALR and GSN. After 12 hr castration, rapid
loss of nuclear AR has been observed [62]. Thus, the
decrease of AR modulators by GDX in the current
results is consistent with this phenomenon. It is likely
that GDX may not only reduce AR but also its co-
regulators. Taken together, DHT may induce cell
proliferation in prostate not only through the up-
regulation of polyamine biosynthesis, but also through
some factors such as IGTP, SAA3, APOD, LMO4, and
FRAGT1 as well as some AR co-regulators.
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Tumorigenesis

Molecular and cellular bases supporting the effi-
ciency of selenium for the prevention of prostate
carcinogenesis are emerging [63]. Selenium potentially
prevents carcinogenesis through its effects on oxidative
stress, DNA repair, inflammation, apoptosis, prolifer-
ation, carcinogen metabolism, testosterone production,
angiogenesis, fat metabolism, and immune function.
Selenium effects can be indirect (via the interac-
tion with selenoproteins) and/or direct (via the
interaction with selenium molecular targets such as
p21, protein kinase C and AR) [63]. In the prostate, these
effects are supported by data showing that selenium
accumulates in human prostate, as well as selenium
accumulates, DNA damage reduces and apoptosis
increases in the prostates of older dogs [63]. In the
current results, DHT repressed EST selenoprotein R
(SEPR) and GDX induced selenoprotein W muscle 1
(SEPW1). These two selenium binding molecules could
be involved in the preventive effects of selenium on
prostate carcinogenesis. In addition, a recent study [64]
has shown that HSPA5, which was also up-regulated
by DHT in the present study, mediates the anticancer
activity of selenium.

RGS2 can also cause androgen-independent activa-
tion of AR in prostate cancer cells. Its repression has
been suggested to be an important step during prostate
tumorigenesis and progression [65]. Moreover, as pre-
viously described above, eukaryotic translation factors
EEF1A, EEF2, EIF5A, and EIF3S6 are also involved
in tumorigenesis. DHT and GDX might also activate
and/or repress tumorigenesis in the prostate through
regulation of these transcripts.

Cell Apoptosis

GDX has increased FOS expression and DHT has
suppressed it within 6 hr. The nuclear phosphoprotein
FOS forms heterodimeric complexes with members of
the v-JUN avian sarcoma virus 17 oncogene homolog
(JUN) family of proteins and contributes to the
activator protein-1 (AP-1) transcription factor complex.
Although a recent study suggested that FOS has no
function in epithelia apoptosis in the mouse male
accessory sex organs, including ventral prostate [66],
direct experimental data in FOS-deficient mice have
shown that FOS is essential for apoptosis and regres-
sion of the prostate following castration [37]. Thus, the
current results support the view that FOS is impor-
tant in the initiation of apoptosis under androgen
modulation.

In addition to some known prostate apoptotic
moleculars induced by GDX, such as FOS and clusterin
(CLU) (also known as testosterone-repressed prostate
messager-2, TRPM-2) [67,68], the current results iden-
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tified many novel ARGs in diverse signaling pathways
that are apoptosis related including p53 pathway,
retinoid X receptor (RXR) actions, calcium-dependent
pathways and IGF signaling pathway. Since p53 in-
hibits prostate growth by inducing pro-apoptotic genes
and cell cycle inhibitor, p53 can be expected to be
regulated by DHT. However, p53 mRNA level was
unaltered by DHT in this study. Similarly in both
LNCaP cancer celllines and rat ventral prostate, mRNA
level of p53 did not change, whereas the protein
expression and several p53-target genes were modu-
lated by DHT [31]. Likewise, in this study two p53
target genes were induced by GDX, including EGR1
which encodes an anti-proliferative/pro-apoptotic
protein that activate p53 expression [69], and the p53-
activated gene, insulin-like growth factor binding
protein 3 (IGFBP3) [70]. Thus, the current results
support the view that AR may indirectly inhibit p53
function post-transcriptionally and/or through p53
target genes such as IGFBP3 and EGR1 [31].

Two transcription factors in RXR actions were
additionally identified, NR4A1 (also called TR3,
NGFI-B, and Nur77) and TGIF. RXR regulates the
NR4A1-dependent apoptotic pathway by modulating
its nuclear export and mitochondrial targeting through
switching the RXR/NR4A1 heterodimerization inter-
faces [71]. Androgens rapidly induced NR4A1 in
LNCaP prostatic cancer cells, whereas castration in
rat ventral prostate induced the expression of NR4A1
[38]. Similarly, GDX induced NR4Al in the current
study. GDX increased TGIF, which interferes with the
retinol binding protein 2-RXR element and prevents
transcription by RXR. Thus, the current results suggest
that GDX may modulate RXR actions by up-regulating
NR4A1 and TGIF.

In the current study, HDAC?7 was up-regulated by
GDX and down-regulated by DHT. Similarly to some
pro-apoptotic factors such as cytochrome c and second
mitochondria-derived activator of caspase (Smac/
DIABLO), HDACY translocates from mitochondria or
nucleus to cytoplasm in response to apoptotic stimuliin
several human cell lines including normal prostate
epithelial cells, PC-3 and LNCaP [39]. Moreover,
HDAC?, interacts directly with silencing mediator for
retinoid and thyroid hormone receptors (SMRT) and
HDAC5, and promotes SMRT-mediated transcrip-
tional repression [72].

Several differentially expressed genes between GDX
and DHT treated mice participate in the different signal
transduction pathways, indicating that various signal-
ing pathways might be activated simultaneously. They
include serine/threonine protein kinase family mem-
bers (mitogen activated protein kinase kinase kinase 12
and raf-related oncogene), calcium binding proteins
(CALR, calcium binding protein intestinal (CAD),
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calmodulin 1/2 (CAM 1/2), NUCB2 and reticuocalbin
2 (RCN2)), IGF signaling modulators (IGFBP3 and 5)
and a group of small GTPases and their associated
factors (IGTP, RGS2, ral guanine nucleotide disso-
ciation stimulator like 2, guanine nucleotide binding
protein alpha inhibiting 2, guanylate nucleotide bind-
ing protein 2 and phospholipase c beta 3). In particular,
these results suggest important insights into the
androgen modulation of calcium related pathways
and IGF signaling.

Previous studies pointed to a potential role of
intracellular calcium levels in the activation of castra-
tion-induced apoptosis in the prostate [73]. In addition,
several studies demonstrated that GDX induced-
apoptosis is suppressed by blocking the influx of
Ca*" or its release from intracellular store in normal
rodent prostate [73,74]. Here, we identified some addi-
tional ARGs involved in this mechanism including
NUCB2 and the ARG CALR [51,74]. The expression
levels of these two calcium-binding proteins were
decreased by GDX and increased by DHT. GDX also
decreased other calcium binding proteins such as CAl,
CAM1, and RCN2. Since GDX induced-apoptosis is
regulated by intracellular calcium level, we have
identified the genes related to calcium such as NUCB2,
CALR, CAI, CAM1, and RCN2, as candidates which
can regulate GDX induced-apoptosis.

As expected, GDX and DHT regulated the IGF
signaling system, which plays an essential role in
prostate growth. GDX suppressed the mRNA level of
IGFBP5, while inducing those of IGFBP3 and trans-
ferrin (TRF). The latter is identified as a specific
IGFBP3-binding protein [75]. Moreover, the expression
of TRF was decreased 6 hr after DHT treatment. Since
IGFBP3 was induced by p53 in apoptosis as previously
described [70], the up-regulation of both TRF and
IGFBP3 by GDX might be the molecular mechanism in
GDX-induced apoptosis.

DHT decreased the mRNA level of solute carrier
family 39 (iron-regulated transporter) member 1,
SLC39A1 (also known as ZIP). As a major zinc uptake
transporter, this gene may be involved in the unique
function and capability of accumulating extremely
high intracellular levels of zinc in prostate secretory
epithelial cells. This zinc-accumulation can inhibit cell
growth and induce mitochondrial apoptogenesis
[76,77]. Thus, this ARG may play a role in androgen
modulation of cell growth or apoptosis in prostate cells
through its zinc accumulation action.

Oxidative Stress

Recent studies reported that oxidative stress is one of
the major factors associated with the progression of
prostate cancer through the accumulation of DNA
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damage. Notably, several oxidative stress related genes
were differentially expressed in GDX and DHT treated
mice, including selenoproteins (SEPR and SEPW1),
CLU and some chaperones and folding molecules
especially located in ER (HSPA5, CALR, PDIR and
glucose regulated protein 58 kDa (GPR58)). Unbalance
of ER homeostasis leads to accumulation of unfolded
or misfolded proteins and puts stress to ER, which
activates cell death-promoting pathways. DHT
increased HSPA5, CALR and PDIR, whereas GDX
decreased them, as well as GRP58 which is also part of
the protein folding machinery in ER [78]. PDIR is
another ER-stress inducible gene, which acts as a
catalyst or protein folding in the Iumen of ER. Thus,
the current results show that DHT induce ER stress
responsive genes in the prostate. Consistently, Travers
et al. [79] also reported that many aspects of secretory
pathways were affected by unfold protein response
(UPR), including protein translocation, glycosylation,
folding, degradation in ER as well as vesicle traf-
ficking and transport between ER and Golgi to
distal secretions. Activation of lipid biosynthesis and
metabolism may also constitute a component of UPR.
Indeed, many genes involved in such secretory path-
ways and lipid metabolism are identified in the current
study. Furthermore, one of these ER stress response
genes, PDIR, was induced by androgen in prostate
cancer cells [80].

Cellular Senescence

Unexpectedly, we found that some genes involved
in cellular senescence processing, were differentially
expressed after DHT administration. Genes up-
regulated during senescence such as GSN, RPS6/7
were induced by DHT whereas genes down-regulated
during senescence such as EGR1, cyclic AMP phos-
phoprotein (ARPP19) and RPS17 were induced by
GDX. Cellular senescence, similarly to apoptosis, is
thought to be a mechanism of tumor suppression [81].
The fact that DHT induced genes up-regulated in
senescence suggests that DHT has a potential role to
activate cellular senescence processing.

Novel Transcripts

Eighty-nine potential novel transcripts were differ-
entially expressed after DHT treatment. These tag
species did not match any known cDNA sequences in
public databases. Further characterization of these
transcripts will help to unravel the signaling and
metabolic pathways regulated by DHT in the prostate.

Validation of ARGs

ARGs in the prostate have been identified previ-
ously by studies using different methods, such as
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cDNA subtraction, differential display, RT-PCR, androgens on prostate differentiation and transforma-
microarray and SAGE [4-7,19,20,51,80,82]. However, tion to adenocarcinoma. This identification of genes
relatively few genes were overlapping between these modulated by DHT in prostate supplied many ARGs
studies. The difference between these studies could be that could be responsible for susceptibility to andro-
caused by multiple factors, such as the use of different gen-induced prostate neoplasia. Therefore, this func-
androgens, androgen dose, in vitro and in vivo models. tional genomic profile will be potentially useful for the
Our data have shown that many androgen-induced diagnosis, prevention and treatment in androgen-
genes observed by previous in vitro studies are also induced prostate neoplasia, especially in the androgen
induced in vivo. The current study with sufficiently activation pathways.

high tag numbers complements previously published In order to validate the role of ARGs in prostate
SAGE studies on ARGs by both validating recently cancer, we further performed knockdown of ARG in
identified ARGs and building upon existing gene polyamine metabolism which is closely related to cell
expression data with respect to androgen action in proliferation. Our results showed that knockdown of
prostate tissue. Although the specific mechanisms by AMDI1 gene expression by siRNA decreased LNCaP
which androgens alter cellular growth in prostate cell growth, which was not caused by interferon res-
disease states such as benign hyperplasia and cancer ponse. Remarkably, the level of inhibition of prostate
remain to be delineated, investigating ARGs in nor- cancer cell growth by AMD1 siRNA was comparable to
mal/benign prostate should extend our knowledge on AR siRNA. Moreover, this gene is abnormally highly
prostate physiology and elucidate the influence of expressed in endometrial adenocarcinomas [83] and is
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induced by the androgen (R1881) in LNCaP cells
(unpublished data). Furthermore, we have recently
demonstrated the similar growth-suppressive effect of
two other ARGs, namely HSPA5 and MAT2A on
LNCaP cells [84]. These evidences support the idea
that ARGs are essential for the normal development of
the prostate and can also be responsible for the
pathogenesis of the prostate cancer.

CONCLUSIONS

ARGs are essential for the normal development of
the prostate. Moreover, ARGs are also responsible for
the pathogenesis of the prostate cancer. Due to their
importance in normal prostate development and
prostate cancer initiation and progression, we have
focused the present study on the investigation of ARGs
in the normal mice prostate in vivo. Figure 2 provides a
complete compendium of the analysis of the transcripts
discussed in this manuscript. Here, we have identified
187 transcripts which rapidly responded to DHT
within 24 hr. Forty-seven of them are known ARGs,
whereas most of them were not previously known as
androgen target genes. Our results clarify DHT effects
on prostate transcriptome in the areas of protein
metabolism, cell proliferation and apoptosis. In addi-
tion, we detected gene expression changes in metabolic
pathways, cytoskeleton, immunity and endoplasmic
reticulum stress. Furthermore, knockdown of S-adeno-
sylmethionine decarboxylase 1 in LNCaP cells con-
firmed the importance of ARGs in prostate cancer cell
growth. These data support the idea that ARGs are
essential for the normal development of the prostate.
Further studies investigating their protein expression
and protein localization within specific lobes/regions
and cell types of the prostate as well as in different
prostate diseases will emphasis the importance of
ARGs in the pathogenesis of the prostate cancer.
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