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GRTH, a testis-specific member of the DEAD-box family of RNA helicases essential for spermatogenesis, is present in Leydig
cells (LC) and germ cells. In LC, it exerts an autocrine negative regulation on androgen production induced by gonadotropin.
GRTH is transcriptionally upregulated by gonadotropin via cyclic AMP/androgen through androgen receptors (AR). For studies
of GRTH regulation by androgen in LC, we utilized in vitro/in vivo models. Androgen-induced GRTH expression was prevented
by an AR antagonist. Two putative atypical ARE half-sites are present at bp �200 and �827 (ARE1 and ARE2). Point mutation of
ARE2 prevented androgen-induced AR binding/function and upregulation of GRTH transcription. Chromatin immunoprecipi-
tation (ChIP) assays showed recruitment of AR, SRC-1, Med-1, transcription factor IIB (TFIIB), and polymerase II (PolII) to
GRTH ARE2 (bp �980/�702) and to the promoter region (bp �80/�63). ChIP3C assays revealed short-range chromosomal
looping between AR/ARE2 and the core transcriptional machinery at the promoter. Knockdown of Med-1 and/or SRC-1 demon-
strated the presence of a nonproductive complex which included AR, TFIIB, and PolII and the essential role of these coactivators
in the transcriptional activation of GRTH. Our findings provide new insights into the molecular mechanism of androgen-regu-
lated transcription in LC.

Androgens (A) are steroid hormones that determine the ex-
pression of the male phenotype and are essential for the de-

velopment of secondary sex characteristics and the initiation and
maintenance of spermatogenesis (4, 12). Testosterone and dihy-
drotestosterone (DHT) are active A produced mainly in the Ley-
dig cells (LC) of the testis. Their production is induced by the
action of luteinizing hormone through its cognate receptor on the
cell membrane of LC. The testis is not only the main source of A,
but it is also a key target for A actions (31) that are mediated by the
A receptor (AR) expressed in LC and Sertoli cells (4). The AR, a
member of the nuclear receptor family, regulates gene transcrip-
tion in several target organs. A induces AR activation and its trans-
location to the nucleus of target cells, where it binds the A response
element(s) (ARE) of A-regulated genes and recruits/cross talks
with transcription factors, coactivators, histone acetyltransferase
enzymes, and components of the general transcription machinery
to activate transcription (2).

GRTH/DDX25 is a testis-specific member of the DEAD-box
family of RNA helicases present in LC and germ cells (26). It is a
multifunctional protein that is essential for the completion of
spermatogenesis (7, 25, 29). Males lacking GRTH are sterile due to
the absence of sperm resulting from failure of round spermatids to
elongate (30). In the LC, GRTH/DDX25 has a negative effect on
the mRNA stability of the steroidogenic regulatory protein (StAR)
with consequent reduction of mitochondrial cholesterol and A
production induced by gonadotropin. Testosterone production
by LC of GRTH-null mice is highly magnified over that of the wild
type (WT) upon gonadotropin stimulation in vivo and in vitro due
to removal of GRTH’s negative effect on the StAR message half-
life (9). These recent studies have revealed that GRTH has a regu-
latory role in gonadotropin-induced A production by LC.

GRTH is the only member of the RNA helicase family of pro-
teins to be hormonally regulated, and it is developmentally regu-

lated in pubertal and adult testes (26). Physiological studies dem-
onstrated that GRTH in LC is transcriptionally upregulated by
human chorionic gonadotropin (hCG). Induction of GRTH ex-
pression by hCG is mediated via a second messenger (cyclic AMP
[cAMP]) and A at the transcriptional level, presumably by direct
or indirect actions of A through AR present in LC (24). Such
hCG-induced increases were prevented when LC were preincu-
bated with a mixture of enzyme inhibitors of the steroidogenic
pathway (26) that effectively abolished A production. Similar to
hCG and cAMP, DHT significantly increased the expression of
GRTH. This action of A was confirmed by in vivo studies of ani-
mals treated with the AR inhibitor flutamide, which prevented the
GRTH increases induced by hCG (24). Studies with transgenic
mice carrying sequential deletions of 5=-flanking sequences of the
GRTH gene showed that the 1-kb (bp �1085/�63) transgene-
directed expression was required for hCG-induced gene activa-
tion. This stimulation was blocked by flutamide treatment (28).

There are two potential nonconsensus ARE half-sites
(TGTCCC), at bp �827 and �200, in the 1-kb 5=-flanking region
of the GRTH gene (27) that resemble functional sites of the hu-
man secretory component (sc) gene (11). To elucidate the mech-
anism of A action of GRTH, we employed the GRTH-expressing
hypothalamic neuron cell line GT1-7 stably expressing the AR and
adult LC of mice treated in vivo with gonadotropin to induce
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endogenous production of A. These studies have provided new
insights into A-induced AR control of GRTH transcription/ex-
pression.

MATERIALS AND METHODS
Animal treatment and LC preparations and culture. Adult C57BL/6-
SV129J strain mice (Charles River Laboratories Inc., Wilmington,
MA) were housed under pathogen-free, temperature- and light-con-
trolled conditions (20°C; alternating light-dark cycle with 14 h of light
and 10 h of darkness). All animal studies were approved by the National
Institute of Child Health and Human Development Animal Care and Use

Committee. For in vivo studies to explore gonadotropin-mediated AR,
coactivator and components of the preinitiation complex (PIC), and
polymerase II (PolII) recruitment to the GRTH promoter in LC, adult
male mice were pretreated with 0.5 mg of the AR antagonist flutamide
{2-methyl-N[4-nitro-3-(trifluoromethyl)-phenyl]propanamide} (Sigma-
Aldrich, St. Louis, MO) twice a day for 3 days; this was followed by 2
injections of flutamide 12 h apart and a single subcutaneous 0.5-�g dose
of hCG (Organon, Roseland, NJ) 24 h before sacrifice. Animals were killed
by asphyxiation with CO2 and decapitated 24 h after hCG or the vehicle
(control) treatment. LC were prepared by collagenase dispersion and pu-
rified by centrifugal elutriation as previously described (25).

FIG 1 GRTH expression is transcriptionally upregulated by DHT in GT1-7 cells stably expressing AR. (A, part I) Western blot analysis of extracts from GT1-7
cells expressing AR (GT1-7AR) or control cells (lane C) with the empty vector. �-Actin expression was used as a loading control. (A, part II, left half) Western
blot analysis comparing AR levels in GT1-7AR cells and mouse LC. (A, part II, right half) Signals from three independent experiments were quantified and
normalized to �-actin. The AR value in LC is presented as n-fold change relative to that of GT1-7AR. The values are means � standard errors. (B) Real-time qPCR
analysis of GRTH expressed in GT1-7AR (black bars) and GT1-7 cells (GT1-7C, striped bars) following treatment with the vehicle or DHT at 10�8 M for 1 to 24
h. (C, left half) Effect of the AR antagonist nilutamide (Nil) on DHT-induced GRTH mRNA expression in GT1-7 cells stably expressing AR (GT1-7AR). GT1-7
cells transfected with the empty vector were used as a control group (GT1-7C). (C, right half) GRTH expression in parental GT1-7 (GT1-7P) and GT1-7 cells
stably expressing AR (GT1-7AR). Cells were treated with nilutamide at 1 �M for 1 h prior to incubation with DHT at 10�8 M for 24 h, after which GRTH
expression was assessed by RT-qPCR. Results normalized to �-actin are expressed as n-fold over the control (cells treated with the vehicle only). Each value
represents the mean � the standard error of four separate experiments, each performed in triplicate. (D) Effect of A on GRTH protein expression. (Left half)
Western blot analysis of extracts from GT1-7AR cells treated with DHT in the presence or absence of nilutamide. �-Actin was used as a loading control. (Right
half) Diagram of n-fold changes due to various treatments (DHT, Nil, and Nil plus DHT) relative to the values of control cells treated with the vehicle only (bar
C). Signals were quantitated and normalized to �-actin. Values are means � standard errors. *, P � 0.05.
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We also utilized primary cultures of mouse LC to explore the role of
Med-1 and SRC-1 in A-induced GRTH transcription. LC were cultured as
previously described (26). Briefly, cells were cultured in medium 199 with
0.1% bovine serum albumin in the presence of Med-1, SRC-1, or scram-
bled small interfering RNAs (siRNAs). At 24 h after transfection, cells
were incubated with inhibitors of steroid biosynthesis (aminoglutethim-
ide at 100 �g/ml, cyanoketone at 1 �M, and spironolactone at 10 �M;
Sigma) for 1 h and kept throughout the culture. One hour later, cells were
cultured in the presence or absence of DHT at 10�8 M for 20 h. Subse-
quently, cells were evaluated for mRNA content and subjected to chro-
matin immunoprecipitation (ChIP) assays as described below.

Reagents, antibodies, and plasmids. DHT was obtained from Ster-
aloids Inc., Newport, RI. Flutamide and nilutamide were obtained from
Sigma-Aldrich. The mouse GRTH promoter/luciferase reporter gene
p�1084/�63, p�501/�63, and p�65/�63 constructs were previously
described (27). To mutate the ARE half-site located at bp �827 and �200,
the site-directed mutagenesis kit from Stratagene (La Jolla, CA) was used.
AR expression vector was from GeneCopoeia Inc., Rockville, MD. The
probasin promoter (270 bp)-luciferase pGL3 construct was kindly pro-

vided by Zoran Culig, Innsbruck Medical University, Innsbruck, Austria
(19). The rabbit polyclonal antibody against GRTH peptide (amino acids
466 to 467) purified by affinity chromatography and used in this study was
previously described (24). The antibody against AR (AG-21) was from
Millipore (Billerica, MA). Antibodies against histone deacetylase 1
(HDAC1), PolII, ARA54, ARA55, ARA70, GATA2, FoxA1, ETS-1, and
transcription factor IIB (TFIIB) were from Santa Cruz Biotechnology,
Santa Cruz, CA. Antibody against SRC-1 was from BD Bioscience, San
Jose, CA. Antibodies against Med-1 and Oct-1 were from Abcam, Cam-
bridge, MA. Antibodies against �-actin and Flag were from Sigma-Al-
drich.

Generation of a GT1-7 cell line expressing the AR (GT1-7AR). Im-
mortalized hypothalamic neuronal GT1-7 cells (20) that express GRTH
(27) were kindly provided by Pamela Mellon, University of California,
San Diego. These cells, which express very low levels of AR, were stably
transfected with an AR expression vector (GeneCopoeia Inc., Rockville,
MD). Full-length AR cDNA was cloned into the pReceiver vector, which
contains the neomycin resistance gene (GeneCopoeia) in frame with a
C-terminal tag encoding the Flag epitope. The construct was transfected

FIG 2 Identification of functional ARE essential for DHT-induced GRTH promoter activity in GT1-7AR cells. (A) Schematic representation of GRTH-luciferase
expression constructs p�1085/�63GL and 5=deletions. p�1085/�63GL comprises the GRTH minimal promoter region (bp �205/�63) relative to the ATG
translational codon (�1) and 5=-flanking sequences with ARE half-sites located at bp �827 and �201 (boxes). (B) Serial deletion constructs indicated in panel
A were transfected into GT1-7AR cells in the presence (black bars) or absence (striped bars) of DHT at 10�8 M. Luciferase activity is expressed relative to that of
pGL3basic (empty vector). (C) DHT-induced promoter activity was also assessed in the presence or absence of nilutamide (Nil) treatment as described in the
legend to Fig. 1. (D) Effect of a point mutation within the ARE half-site located at �827 or at �200 on DHT-induced promoter activity of p�1085/�63. WT ARE
and the mutant form (X, with the mutated base underlined) are shown at the top. Luciferase activity is expressed relative to that of pGL3-B (empty vector) in all
cases. The probasin construct (see Materials and Methods) was the positive control. Results are the means � the standard errors of three individual experiments
done in triplicate. *, P � 0.01.
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into GT1-7 cells cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) in the presence of 10% fetal bovine serum using Lipo-
fectamine TM2000 reagent (Invitrogen, Carlsbad, CA) in accordance with
the manufacturer’s protocol. Cells were selected by treatment with Gene-
ticin (Invitrogen) at 600 �g/ml for 2 weeks to obtain stable transfectants.
Clones were expanded and tested for AR expression by Western blot anal-
yses using antibodies against AR and Flag.

Cell culture, transfection, and reporter gene assay. GT1-7 controls
and GT1-7AR cells were maintained in DMEM-F12 (Invitrogen) supple-
mented with 10% fetal bovine serum. For transfection experiments,
40,000 cells were culture in 12-well plates under very low serum and

steroid-free conditions in phenol red-free medium without supplemental
growth factors with 5 and 1% dextran charcoal-treated fetal bovine serum
for 3 days at each serum concentration. Cells were then transiently
cotransfected with 0.25 �g of the 5=-flanking region of GRTH with the
reporter pGL3 gene or the empty vector (basal control) and 50 ng of the
pCMVSport/�-galactosidase construct (for normalization) using Lipo-
fectamine 2000 reagent (Invitrogen) in accordance with the procedures
recommended by the manufacturer. Sixteen hours later, DHT at 10�8 M
or the vehicle was added, and luciferase activity was determined 24 h later.

Site-directed mutagenesis. Mutagenesis of the ARE half-site was per-
formed using the QuikChange site-directed mutagenesis kit (Stratagene,

FIG 3 AR recruitment to the ARE half-site at �827/�822. DAPA were performed using probes for the WT ARE sites (underlined) with sequences 5=- and
3=-flanking nucleotides (10 bp). The ARE1-WT probe (�209/�183), the ARE2-WT probe (�836/�812), or a mutant form with a point mutation (G to T) in
the ARE site at �826 (ARE2-X) was incubated with nuclear extracts (panel I) or total extracts (panel II) of GT1-7AR cells treated with the vehicle, DHT [D] (10�8

M), nilutamide [N] (1 �M), DHT plus nilutamide (N�D), or in in vitro-translated AR (panel III) in the presence or absence of DHT at 10�8 M. DNA-protein
complexes were precipitated with streptavidin resin and subjected to Western blot analysis. Levels of AR are shown as the input using HDAC1 as a loading control
for nuclear extracts or �-actin as a loading control for total extracts. Input, 10% in vitro-translated AR. Probasin (PSA), ARE2 WT (ARE2-WT), or mutant ARE2
(ARE2-X) was used as the probe. (B) Exploration of flanking sequence requirement for association of AR upon treatment with DHT to ARE2 located at bp
�827/�822 of GRTH. DAPA analysis was performed using probes GRTH-WT (�836/�812), GRTH-WT-5= (�852/�818), and GRTH-WT-3= (�831/�797)
with in vitro-translated AR in the presence or absence of DHT at 10�8 M. Ten percent in vitro-translated AR was included as the input. (C) Effects of mutations
in 5=- or 3=-flanking sequence adjacent to ARE2 at �827 and sequences flanking nonfunctional ARE1 (italic) on DHT-induced promoter activity of p�1085/
�63. WT p�1085/�63GL (1085) with the WT ARE (underlined) and mutations of the adjacent 5= (5=m) and 3= sequences (3=m) are shown on the right.
Luciferase activity is expressed relative to that of pGL3 basic in all cases. The probasin construct (Prob) was used as a positive control. Results are the means �
the standard errors of three individual experiments done in triplicate.

Androgen Control of GRTH/DDX25 Transcription

April 2012 Volume 32 Number 8 mcb.asm.org 1569

http://mcb.asm.org


La Jolla, CA). The construct p�1085/�63GL was used as the template.
We used primers AAAGCTCGCGGGTTTCCCGCACAGCTGCGCCCC
GCAC (forward) and CGCAGCTGTGCGGGAAACCCGCGAGCTTTC
CGTTTGAC (reverse) to create p�1085/�ARE1X, CTAAGAGATTGAG
ATCCTTTCCCAACATCGTTTAATTAACAG (forward) and CTGTTAA
TTAAACGATGTTGGGAAAGGATCTCAATCTCTTAG (reverse) to
create p�1085/�ARE2X, TGAAAACTAAGAGAGCTCGCTCCTGTCC
CAACATCGTTTAATTAACAGAAATTTAACC (forward) and AACGA
TGTTGGGACAGGAGCGAGCTCTCTTAGTTTTCATATAGGGTAGC
CAGC (reverse) to create 5=m3-ARE, and ATTGAGATCCTGTCCCAAC
CAGCTGTAATTAACAGAAATTTAACCTTGAGAGTCG (forward)
and GTTAAATTTCTGTTAATTACAGCTGGTTGGGACAGGATCTCA
ATCTCTTAGTTTTG (reverse) to create 3=m3-ARE. All mutations were
confirmed by sequencing.

Real-time reverse transcription (RT)-PCR. Total RNA was isolated
from GT1-7C and GT1-7AR cells cultured in the presence or absence of

DHT (0 to 10 nM) for 24 h or from LC from mice treated with the buffer
control, hCG, flutamide, or hCG-flutamide using TRIzol (Invitrogen).
One microgram of the total RNA was used for the RT reaction in a final
volume of 20 �l using the Superscript II First Strand RT synthesis kit
(Invitrogen). One-step real-time RT-quantitative PCR (RT-qPCR) was
carried out using SYBR green QPCR Master Mix and an ABI 7500 se-
quence detection system (Applied Biosynthesis, Foster City, CA). The
specific primers for amplification of GRTH mRNA were TCCAAAATCC
AAGAGATGGC (forward) and GAACTTGCCCATCCTTTCAA (re-
verse). The primers for �-actin were GGTACCACCATGTACC CAGG
(forward) and GAAAGGGTGTAAAACGCAGC (reverse). The primers
for Med-1 were CCCTGTGAATG ACTCCCTTGTG (forward) and CCT
CATCGTCACAGGAATGGAC (reverse). The primers for SRC-1 were
GAGCGGCATAAAATTCTGCACCG (forward) and CACTGACACA
GCAGTAGAGGCT (reverse). The cycling program was denaturation at
95°C for 10 min followed by 30 cycles of 95°C for 15 s and 60°C for 1 min.

FIG 4 Recruitment of AR, SRC-1, Med-1, Sp1, TFIIB, and PolII to the GRTH gene promoter/5=-flanking region in GT1-7AR cells upon in vitro treatment with
DHT. Schematic representation of the locations of the GRTH gene regions (bp �980/�702, �290/�150, and �80/�63-intron17bp) analyzed by PCR for ChIP
analysis (Top). (Bottom) ChIP analysis of GT1-7AR treated with the vehicle (DHT�), DHT at 10�8 M (DHT�), (N) at 1 �M, or DHT plus nilutamide (N�D).
Recruitment of AR, SRC-1, Med-1, TFIIB, Sp1, and PolII to the �980/�702, �290/�150, and �80/�63-intron17bp regions was assessed by real-time PCR and
expressed as a percentage of the total input DNA. The broken line in the diagram at the top is the 17-bp intron, the solid circle is the ATG codon at position �1,
and the open arrow is the transcriptional start site. Results are the means � the standard errors of three individual experiments done in triplicate.
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The specificity of the PCR products was verified by melting curve and
agarose gel analyses. Values for each gene were normalized to the expres-
sion levels of �-actin. At least five independent experiments were per-
formed to demonstrate reproducibility.

Whole-cell lysate and nuclear protein preparation and Western blot
analysis. Whole-cell lysates were prepared using radioimmunoprecipita-
tion assay buffer (Thermo Scientific, Rockford, IL). The cytosolic and
nuclear fractions from the treated and nontreated cells were isolated using

FIG 5 Recruitment of AR, SRC-1, TFIIB, and PolII to GRTH promoter/5=-flanking sequences in LC upon in vivo treatment with DHT. Mice were treated with
flutamide (Flut) (0.5 mg twice a day) for 2 days prior to treatment with hCG (0.5 �g), flutamide alone, or a combination of the two. Mice treated with the vehicle
were used as a control. LC were prepared as described in Materials and Methods. (A) GRTH expression was assessed by RT-qPCR and normalized to �-actin
expression. Results are expressed relative to those of untreated control cells. *, P � 0.01 (B) ChIP analysis using antibodies against IgG, AR, SRC-1, Med-1, PolII,
and TFIIB. Real-time PCR to assess the recruitment of proteins to these regions was performed using primers for the �980/�702, �290/�150, and �80/�63-
intron17bp regions (top). The broken line in the diagram at the top is the 17-bp intron, the solid circle is the ATG codon at position �1, and the open arrow is
the transcriptional start site. Results are expressed as percentages of the total input DNA. Means � standard errors of three individual experiments done in
triplicate are shown.
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the Pierce NE-PER nuclear protein extraction kit (Thermo Scientific). All
of the preparations were performed in the presence of 1� Complete pro-
tease inhibitor mixture (Roche Applied Science, Mannheim, Germany)
and 1� Halt phosphatase inhibitor mixture (Thermo Scientific).

DNA affinity precipitation assays (DAPA). DAPA were performed as
previously described (6). For these studies, we used the following 5=-end
biotin-labeled sense and antisense oligonucleotides containing GRTH 5=-
flanking sequence with WT ARE2: �836/�812, TTGAGATCCTGTCCC
AACATCGTTT and its mutant form (change underlined) TTGAGATCC
TTTCCCAACATCGTTT. For ARE1, we used the following: �209/�183,
GCTCGCGGGTGTCCCGCACAGCTGCG; �852/�818, TATGAAAAC
TAAGAGATTGAGATCCTGTCCCAACA; �831/�797, ATCCTGTCC
CAACATCGTTTAATTAACAGAAATTT; �78/�39, CATTGGCCACT
GAGCCGAGCCGGCGCTGCCCCGCGCGGGG; �49/�10, CGCGCG
GGGGTGGCAGCACGTGCCAGGGGCGAGAGCGGA; �20/�21, AG
AGCGGAGACCGCAGCTATGGCGTCGTTACTTTGGGGA; �12/
�52, CTTTGGGGAGGCGACGCCGGGGCGGCGGAGAGCGAGC
GGC; �40/�63-Intron17bp, AGAGCGAGCGGCTGAACAGCCACGT

AACTGCCGCTGAGCA. The ARE half-site of the prostate-specific anti-
gen (PSA) promoter (AAATATGATAGCATCTTGTTCTTAGTCTTT)
(14) was used as a positive control. The oligomers were annealed and
purified by DNA extraction. Nuclear extracts (50 �g) were preincubated
with 20 �l of streptavidin-agarose (Promega, Madison, WI) for 1 h at 4°C
with rotation. The supernatant collected by centrifugation was incubated
with 0.5 �g of wild or mutant biotin-labeled probed in binding buffer (20
mM HEPES pH 7.9, 50 mM NaCl, 1 mM DTT, 0.01% NP-40 and 5%
Glycerol) overnight at 4°C with gentle rotation. DNA-protein complexes
were washed five times with binding buffer; pellet was resuspended in 40
�l of 2� protein sample buffer (Bio-Rad, Hercules, CA) and then boiled
for 10 min to dissociate complexes. Proteins were resolved by polyacryl-
amide gel electrophoresis, followed by Western blot detection with spe-
cific antibodies.

ChIP and ChIP3C assays. ChIP assays were performed using MAG-
nify ChIP System from Invitrogen in accordance with the manufacturer’s
instruction. Briefly, 2 � 105 cells (LC or GT1-7 cells) were cross-linked
with 1% (vol/vol) formaldehyde for 10 min at 37°C and then incubated

FIG 6 AR, coactivators, and PolII form a chromosomal loop between AR-bound ARE located at �827 and the GRTH transcriptional start site in GT1-7AR and
mouse LC. (A) Schematic diagram showing the primers and restriction enzyme used in the 3C assay at the GRTH 5=-flanking sequence (�980/intron17bp). The
diagram depicts the process of the ChIP3C/ChIP-loop assay. Y, antibody. Restriction enzyme BtgI was used for digestion. (B) 3C assays were performed with
GT1-7AR cells treated with or without DHT for 24 h using AR (left) and PolII (right) antibodies. Ligation products were detected by PCR using the primers
indicated in panel A. (C) 3C assay performed with LC from mice treated with control (untreated mice), flutamide (Flut), hCG, or hCG/Flut for 24 h using AR
(top) or PolII antibodies (bottom). Ligation products were detected by PCR using the primers indicated in panel A. (D) DAPA analysis of the GRTH
transcriptional start site region. GRTH probes (�78/�39, �49/�10, �20/�21, �12/�52, and �40/�intron17bp) were incubated with in vitro-translated AR
in the presence or absence of DHT at 10�8 M precipitated with streptavidin resin, and DNA-protein complexes were analyzed by Western blot analysis. A GRTH
probe (�836/�812) was included as a positive control. The broken line in the diagram at the top is the 17-bp intron, the solid circle is the ATG codon at position
�1, and the open arrow is the transcriptional start site. IP, immunoprecipitate.
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with 125 mM glycine for 5 min. Cross-linked cells were washed with
phosphate-buffered saline and resuspended in lysis buffer, and chromatin
was sheared to a size of 500 bp (average) by sonication with 13 pulses at
30% power using a Misonix sonicator 4000 (Misonix, Farmingdale, NY).
The sheared chromatin diluted 10-fold with dilution buffer was immuno-
precipitated overnight with 2 �g of the antibodies of interest or normal
IgG precoupled to Dynabeads. After extensive washes with immunopre-
cipitation (IP) buffer 1 and IP buffer 2, the antibody-Dynabead complexes
were reverse cross-linked and DNA was purified with DNA purification
magnetic beads. The relative binding of the proteins of interest to the
GRTH 5=-flanking gene sequence was quantitatively analyzed by real-time
PCR assay of the precipitated DNA and input DNA using SYBR green
Master Mix in an ABI 7500 sequence detection system. The primers uti-
lized for amplification of the GRTH gene sequence span the �980/�702,
�588/�353, �290/�150, and �80/�63-Intron17bp regions. ChIP3C/
ChIP-loop assays were performed as described previously (5, 33), with
minor modifications. Briefly, antibody-specific immunoprecipitated
chromatin was obtained as described for ChIP assays. Chromatin bound
to Dynabeads was digested with the restriction enzyme BtgI, ligated with
T4 DNA ligase (Promega), eluted, and reverse cross-linked. After purifi-
cation, the ChIP3C material was detected for short-range interaction with

a set of primers (�980/�960 and intron17bp) spanning the region from
the AR binding region (�827/�822) to the GRTH transcriptional start
site.

siRNA analyses. Validated siRNAs designed to knock down the en-
dogenous expression of Med-1, SRC-1, GATA2, Oct-1, FoxA1, and ETS-1
and scrambled control siRNAs were purchased from Ambion (Applied
Biosystems). Transfections of siRNA to GT1-7AR cells were carried out
with siPORTNeoFX reagent (Ambion, Applied Biosystems) as previously
described (17, 37). Briefly, diluted siPORTNeoFX were incubated with the
indicated siRNA (30 nM) in Opti-MEM I reduced-serum medium (Invit-
rogen) at room temperature for 10 min. The transfection complexes
formed were then dispensed into 12-well plates and overlaid with cells at
a density of 5 � 105/ml. Twenty-four hours after transfection, cells were
replaced with normal growth medium and cultured for an additional 40 h
before harvesting. For reporter gene assays, the GRTH gene promoter/
reporter gene (p�1085/�63) was transfected using Lipofectamine 2000
at 24 h after siRNA transfection. Sixteen hours later, DHT at 10�8 M or the
vehicle was added, and luciferase activity was determined 24 h later.

Statistical analysis. The significance of the differences between groups
in all studies was determined by the nonparametric Kruskal-Wallis test

FIG 7 Time course of recruitment of AR, coactivator, and components of the transcriptional machinery to ARE and the promoter region after DHT treatment.
GT1-7AR cells were treated with DHT at 10�8 M for 1 to 24 h. ChIP assays were performed as previously described using the antibodies indicated. DNA
precipitated was analyzed by real-time PCR with the primers indicated at the top. The broken line in the diagram at the top is the 17-bp intron, the solid circle
is the ATG codon at position �1, and the open arrow is the transcriptional start site. The results are presented as percentages of the input. Results are means �
standard errors.
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followed by Dunn’s multiple-comparison test using Prism statistical soft-
ware version 4.

RESULTS
GRTH expression is upregulated by A in GT1-7 cells stably ex-
pressing the AR. To investigate the transcriptional mechanism by
which GRTH is regulated by A in LC, we stably transfected GT1-7
cells with an AR expression vector. GT1-7 cells are immortalized
hypothalamic neuronal cells that express low levels of GRTH
mRNA in basal conditions and lack AR expression. GT1-7 cell
lines stably expressing the AR (GT1-7AR) showed high levels of
AR compared to cells with the empty vector (control) (Fig. 1A,
part I). GT1-7AR levels of AR were similar to those observed in
mouse LC (Fig. 1A, part II). Treatment of GT1-7AR with A (DHT
at 10�8 M) for 1 to 24 h produced significant upregulation of
GRTH mRNA expression at 3 h (P � 0.05), and further increases
were observed thereafter, reaching 2 times that of the controls at
24 h (Fig. 1B). However, A did not increase GRTH mRNA expres-
sion in GT1-7 cells expressing the empty vector (control) (Fig. 1C
left panel) or GT1-7 parental cells ((Fig. 1C, right panel). The
A-induced increases were prevented by treatment of cells with the
AR antagonist nilutamide for 1 h prior to the addition of A (Fig.
1C). Increases in GRTH expression induced by A were also ob-
served at the protein level (Fig. 1D). Taken together, these results
demonstrate that GRTH is upregulated by A through AR in GT1-7
cells.

Identification of functional ARE essential for DHT-induced
GRTH promoter activity in GT1-7 AR cells. Green fluorescent
protein reporter gene expression directed by the GRTH 5=-flank-
ing sequences extending 1 kb was markedly increased by in vivo
hCG treatment in LC (28). Computational analysis of the GRTH
promoter sequence revealed the presence of two ARE half-sites
located at bp �827/�822 and �200/�195 relative to the ATG
codon. To further investigate GRTH expression induced by A,
deletion constructs of the GRTH 5=-flanking region/promoter
with the luciferase reporter gene were transiently transfected into
GT1-7AR cells. This included p�1085/�63, which contains both
AREs at �827 and �200; p�501/�63, with only one ARE at
�200; and p�64/�63, with no AREs (Fig. 2A). pGL3Basic (empty
vector) was used as a negative control. The promoter region of the
gene for probasin, a gene known to be regulated by A, was used as
a positive control. The promoter activity of p�1085/�63 was sig-
nificantly increased by DHT treatment in GT1-7 cells expressing
AR (Fig. 2B). However, no A induction was observed with either
p�501/�63 or p�64/�63, which indicates that the region from
�1085 to �501 is responsible for this regulation. To investigate
whether the observed activation is mediated by AR, we treated
GT1-7 AR cells transiently transfected with the p1085/�63 con-
struct with DHT following preincubation with the AR antagonist
nilutamide or the buffer control. Nilutamide prevented the acti-
vation of GRTH promoter activity by DHT, indicating that the
induction by DHT is mediated by AR (Fig. 2C). Moreover, point
mutation of the ARE half-site sequence TGTCCC to TTTCCC at
�827 prevented DHT-induced promoter activity (Fig. 2D), indi-
cating the essential role of this site in the observed activation.
Furthermore, point mutation of the ARE1 half-site located at
�200/�195 did not affect DHT-induced promoter activity,
which confirms that this element is not functional. Taken to-
gether, these results indicate that GRTH is regulated by A in
GT1-7 AR cells and that this process is mediated by AR, presum-

ably by its association with the distal ARE half-site present within
the 5=-flanking sequence of the GRTH gene.

AR binds to the ARE site at bp �827/�822 of the GRTH 5=-
flanking region in response to DHT by DAPA. To determine
whether AR binds to the GRTH 5=-flanking region, we performed
DAPA using a GRTH probe that contains the ARE half-site at
�827/�822 or at �200/�195. This was incubated with nuclear
extracts (Fig. 3A, I) or total extracts (Fig. 3A, II) from GT1-7 AR
cells treated with the vehicle control, DHT, nilutamide, or a com-
bination of the latter two. DHT induced AR binding to the GRTH
probe that contains �827/�822 ARE2 but not to �200/�195
ARE1, and this binding was prevented by preincubation of the
cells with nilutamide in both total and nuclear extracts (Fig. 3A, I
and II). Most important, point mutation of the ARE2 half-site
almost abolished AR binding to the probe. Moreover, similar re-

FIG 8 AR coactivators SRC-1 and Med-1 are essential for DTH-induced
GRTH transcription and expression. (A) GT1-7AR cells were transfected with
siRNAs against Med-1 (siMed-1) and SRC-1 (siSRC-1) or control scrambled
siRNA. Knockdown was assessed by Western blot analysis (A) using �-actin as
a loading control. (B) Real-time qPCR analysis of GRTH expression in GT1-
7AR cells transfected with scrambled, Med-1, or SRC-1 siRNA following treat-
ment with the vehicle or DHT at 10�8 M for 24 h. Results (normalized to
�-actin) are expressed as n-fold differences from the control (scrambled
siRNA-transfected cells treated with the vehicle only). (C) The p�1085/�63
construct was transfected into GT1-7AR cells in the presence (black bars) or
absence (striped bars) of DHT at 10�8 M. Luciferase activity is expressed
relative to that of pGL3-B (empty vector) in all cases. Results are the means �
the standard errors of three individual experiments done in triplicate. *, P �
0.05.
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sults were obtained when these GRTH probes were incubated with
in vitro-translated AR (Fig. 3A, III). This indicated that the AR
protein binds directly to the ARE half-site located at �827/�822
and that no other protein/transcription factor is mediating its
binding.

Lack of effect on binding and function of sequences adjacent
to the functional consensus ARE half-site. AR dimerization is
produced as a consequence of its activation by DHT (4). Generally
the A/AR binds as a homodimer to an hexameric consensus DNA
half-site repeat sequence spaced by 3 bp. In the case of GRTH,
where only a half-site is present, the contribution of adjacent se-
quences to the binding of AR homodimer partners required fur-
ther investigation. To study the impact of immediately adjacent
sequences 5= or 3= to the ARE half-site located at �827/�822 on
AR binding, we used probes containing the ARE 5= or 3= exten-
sions and only 4 nucleotides (nt) in the 3= or 5= direction, respec-
tively, for DAPA analysis. The DHT-induced AR association with
these probes was essentially similar to that of the WT (�836/
�812) (Fig. 3B). To further investigate the participation of the
adjacent sequences 5= and/or 3= to the ARE half-site located at
�827/�822, we performed functional studies. For these studies,
we mutated the 5= and 3= adjacent sequences of the functional
ARE2 site located at �827/�822 to the flanking sequences of the
nonfunctional ARE1 half-site located at �200/�195 while leaving
the immediately adjacent 3 nt on the 3= and 5= sides of ARE2 as in
the WT and determined the transcriptional activity induced by
DHT. As shown in Fig. 3C, none of the mutations introduced
affected DHT-induced transcriptional activity except for the sin-
gle-point mutation within functional ARE2. This suggests that the
ARE2 half-site located at �827/�822 is mainly involved in DHT-

induced promoter activity and weak interactions, if present, at 3=
and 5= adjacent sequences do not appear to be required for pro-
ductive transcription.

Recruitment of AR, SRC1, TFIIB, and PolII to GRTH gene
promoter/5=-flanking region in GT1-7AR cells upon in vitro
treatment with DHT. To further investigate the involvement of
the ARE half-site located at �827/822 of the GRTH gene in DHT-
induced GRTH expression, we performed ChIP assays with GT1-7
AR cells treated with the vehicle control, DHT, nilutamide, or a
combination of the latter two. Three pairs of primers were used for
this study, including (i) the �980/�702 primer, which encom-
passes the distal ARE half-site located at �827/�822; (ii) the
�290/�150 primer, which covers the proximal nonfunctional
ARE half-site; and (iii) the �80/�63-intron17bp primer, which
encompasses the GRTH transcriptional start site region (Fig. 4).
Recruitment of AR was detected in the �980/�702 region in the
presence of DHT. Moreover, this was prevented by pretreatment
of cells with nilutamide. No AR recruitment was observed at the
�290/�150 region, which confirmed that the AR half-site located
at �201/�195 is nonfunctional. Sp1 recruitment to the �290/
�150 region was included as a positive control. An Sp1 functional
site at �163/�155 which binds Sp1/Sp3 and is responsible for
GRTH basal promoter activity was previously demonstrated in
our laboratory (27). In addition, recruitment of Sp1 to the �80/
�63-intron17bp region, where two putative Sp1 binding sites are
present that were not explored in our previous study, is shown in
Fig. 4 (bottom). In both cases, Sp1 recruitment was not affected by
DHT treatment. Surprisingly, DHT induced AR recruitment to
the �80/�63-intron17bp region, where no ARE was detected by
sequence analysis or functional studies. ChIP assays showed, in

FIG 9 SRC-1 and Med-1 are essential for DHT-induced GRTH transcription and expression in mouse LC primary culture. LC were prepared as described in
Materials and Methods. Cells were cultured in the presence of siRNA against Med-1 (siMed-1) or SRC-1 (siSRC-1) or control scrambled siRNA (SC) for 24 h.
Cells were incubated with inhibitors of steroid biosynthesis (see Materials and Methods) for 1 h and then treated with the vehicle or DHT at 10�8 M for 20 h. (A)
Knockdown of Med-1 or SRC-1 was assessed by real-time qPCR. (B) Real-time qPCR analysis of GRTH mRNA expression in GT1-7AR cells transfected with
scrambled, Med-1, or SRC-1 siRNA. Results (normalized to �-actin) are expressed as n-fold differences from the control (scrambled cells treated with the vehicle
only).
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addition to AR recruitment, recruitment of the SRC-1 coactivator
Med-1 and the transcriptional machinery components TFII-B
and PolII to the two regions of the 5=-flanking sequence of the
GRTH gene, and the recruitment of all of these proteins was pre-
vented by nilutamide. This implied that AR is part of a complex
formed by AR and the SRC-1 coactivator Med-1 and the tran-
scriptional machinery components. In addition, the crucial role of
AR in the formation of the complex was demonstrated.

Recruitment of AR, SRC-1, Med-1, TFII B, and PolII to
GRTH promoter/5=-flanking sequences in LC upon in vivo
treatment with DHT and AR antagonist. To investigate if the
recruitment demonstrated in GT1-7AR cells is also observed in
LC, we treated mice with hCG, flutamide (AR antagonist), or a
combination of the two (see Materials and Methods). Untreated
mice were used as a control. Analysis of LC from these groups by
RT-qPCR confirmed that hCG treatment upregulated GRTH ex-
pression and flutamide decreased basal GRTH expression by 80%
and also blocked hCG-induced GRTH expression (Fig. 5A). ChIP
assays (Fig. 5B) showed recruitment of AR, SRC-1, Med-1, TFIIB,
and PolII at both regions �980/�702 and �80/�63-intron17bp

in control untreated animals, and this was prevented by flutamide
treatment. The recruitment in the controls is explained by the
effect of endogenous A present in these cells, and the blockade
observed by the antagonist treatment indicates that this process is
mediated by AR. Recruitment of AR, SRC-1, Med-1, TFIIB, and
PolII was further increased by hCG and markedly reduced by flu-
tamide treatment (Fig. 5B). These results confirmed our previous
results with GT1-7AR cells in an in vivo system of physiological
relevance. No recruitment of any of the proteins studied was ob-
served at the �290/�150 region in any of the treatments, which
confirms that the ARE half-site located at �200/�195 is not func-
tional. These findings suggest the formation of a chromosomal
loop between the upstream and promoter regions.

Chromosomal loop formation as a result of interaction be-
tweenthe �980/�702 region and the GRTH transcriptional
start site. To further investigate if there is an interaction between
the �980/�702 region and the GRTH transcriptional start site
within the 5=-flanking sequence of the GRTH gene, we used a
ChIP-coupled 3C/ChIP-loop assay. In this assay, which is a vari-
ation of the 3C assay, an immunoprecipitation step is included to

FIG 10 Effect of knockdown of Med-1 and/or SRC-1 on AR, TFIIB, and PolII recruitment to the GRTH promoter/5=-flanking region in GT1-7AR cells.
GT1-7AR cells were transfected with siRNA against Med-1 (siMed-1) (A, left side), SRC-1 (siSRC-1) (B, left side), or siSRC-1 and siMed-1 combined (C, left
side). Scrambled siRNA was used as a control. Knockdown was assessed by Western blot analysis using �-actin (A and B, left side) or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (C, left side) as a loading control. ChIP assays were performed with these cells, and recruitment of AR, SRC-1, Med-1, TFIIB, and PolII
to the �980/�702 and �80/�63-intron17bp regions was assessed by real-time PCR. Results are the means � the standard errors of three individual experiments
done in triplicate, *, P � 0.05.
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enrich for a factor(s) bound to chromatin (21). Ligation products
were detected by PCR using the primer pairs indicated in Fig. 6A.
We used antibodies against AR and PolII, and the ligation product
was detected in both cases only when cells were treated with DHT
and ligase was included in the reaction mixture. In this case, the
DHT/AR-induced formation of a chromosomal loop between the
�980/�702 region and the GRTH transcriptional start site (�80/
�63-intron17bp) in GT1-7AR cells is clearly shown (Fig. 6B).

To confirm these results in vivo, we performed a ChIP-coupled
3C/ChIP-loop assay with LC from mice treated with the control,
hCG, flutamide, or a combination of the latter two (Fig. 6C). The
ligation product was detected in cells from control and hCG-
treated mice only in the presence of ligase, which indicates the
specificity of the reaction. Also, flutamide treatment prevents loop
formation, which indicates that nonactivated AR is unable to bind
ARE2 or recruit the coactivator Med-1 and the transcriptional
machinery components required to promote GRTH transcrip-
tion.

Some AR target genes have more than one region of AR bind-
ing. PSA contains three ARE located in two different regions
known as promoter and enhancer regions (23). It has been dem-
onstrated that AR is recruited to both region. This is followed by
recruitment of AR coactivators and transcriptional machinery
components to initiate PSA transcription (33). To further inves-
tigate the recruitment of AR, we used DAPA experiments employ-
ing in vitro-translated AR to rule out A-induced association of AR
to the GRTH transcriptional start site region. To cover the region
amplified by PCR in the ChIP assays at �80/�63Intron17bp (Fig.
6D, upper panel), we used five different DNA probes. As shown in
Fig. 6D (bottom), AR recruitment was not observed with any of
these probes, which indicated that transcriptional machinery
components bind to this site and associate with AR, SRC-1, and
Med-1, forming a chromosomal loop.

SRC-1 coactivator/Med-1 and transcriptional machinery
components are recruited after 3 h of DHT-induced complex
formation treatment in GT1-7 AR cells. To further investigate
the manner by which AR and associated proteins are recruited to
form the protein complex on the GRTH promoter, we performed
a time course study of protein recruitment to different regions of
the GRTH 5=-flanking/promoter in GT1-7AR cells treated with
DHT at 10�8 M for 0 to 24 h. Analysis of ChIP assays showed that
AR, SRC-1, Med-1, TFIIB, and PolII are recruited after 3 h of
treatment in both �980/�702 and �80 �63/intron17bp (Fig. 7,
parts I and III, respectively). The levels of recruitment increased
over 24 h. No recruitment of any of the relevant proteins, includ-
ing PolII, was found at �588/�353 (Fig. 7, part II) which indicates
the absence of PolII tracking from the ARE half-site at �827 to the
transcriptional start site.

Med-1 and SRC-1 coactivators are essential for transcrip-
tional activation and expression of the GRTH gene in LC. In an
effort to elucidate whether Med-1 and/or SRC-1 participate in
DHT-induced GRTH transcription, Med-1 or SRC-1 expression
was knocked down by siRNA in GT1-7AR cells (Fig. 8A) and
GRTH expression was measured after 24 h of DHT treatment.
Figure 8B shows that both siRNAs prevented the DHT-induced
GRTH mRNA expression observed in the scrambled control (SC).
Furthermore, the promoter activity of the GRTH p�1085/�63
construct, which is induced by DHT treatment, was abolished in
the presence of siRNAs against Med-1 and SRC-1 (Fig. 8C), which

indicates that these coactivators are essential for DHT-induced
GRTH expression in GT1-7AR cells.

In order to confirm the findings described above, we utilized
LC in primary culture. Med-1 and SRC-1 siRNAs reduced the
expression of the respective mRNAs by 50 and 55%, respectively
(Fig. 9A). Med-1 and SRC-1 knockdown prevented the DHT-
induced GRTH expression observed in the scrambled control
(Fig. 9B). This confirms that Med-1 and SRC-1 play an essential
role in DHT-induced GRTH expression in LC. The Med-1 and
SRC-1 siRNAs also reduced the basal levels of GRTH, which are
explained by the effect of residual endogenous A.

Med-1 and SRC-1 coactivators in DHT-induced complex as-
sembly. We subsequently determined the roles of Med-1 and
SRC-1 in complex assembly by ChIP assay with the GT1-7 AR
(Fig. 10) and LC in primary culture (Fig. 11) after knockdown of

FIG 11 Effect of knockdown of Med-1 and/or SRC-1 on AR, TFIIB, and PolII
recruitment to the GRTH promoter/5=-flanking region in primary cultures of
mouse LC. Cells cultured in the presence of siRNA against Med-1 (siMed-1) or
SRC-1 (siSRC-1) or control scrambled siRNA and treated with inhibitors of
steroid biosynthesis (see Materials and Methods) and DHT as described in the
legend to Fig. 9. ChIP assay was performed with these cells, and recruitment of
AR and PolII to the �980/�702, �290/�150, and �80/�63-intron17bp re-
gions was assessed by real-time PCR. Results are the means � the standard
errors of three individual experiments done in triplicate. *, P � 0.05.
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endogenous Med-1 and/or SRC-1. Forty-eight hours after siRNA
transfection, cells were treated with DHT at 10�8 M for 24 h.
Recruitment of AR, SRC-1, PolII, TFIIB, and Med-1 was assessed
by real-time PCR. In GT1-7AR cells, ChIP analysis showed that
recruitment of AR, PolII, and TFIIB was induced by DHT treat-
ment in the scrambled, Med-1, SRC-1, and simultaneous siRNAs
groups at the �980/�702 and �80/�63-intron17bp regions (Fig.
10A and C, respectively). This recruitment is attenuated in Med-1
siRNA-transfected cells compare to scrambled cells (Fig. 10A) in
both regions. However, reduction of PolII was only observed in
siSRC-1 at �80/�63-intron17bp. Simultaneous knockdown of
Med-1 and SRC-1 reduced significantly the recruitment of AR,
PolII, and TFIIB to both regions (Fig. 10C). This suggests that
Med-1 and SRC-1 facilitate the recruitment of AR, PolII, and
TFIIB to GRTH regulatory regions.

In LC, recruitment of AR and PolII was observed in untreated
cells which are explained by the effect of the residual endogenous
A. Importantly, AR and PolII recruitments are significantly in-
creased by DHT treatment in the scrambled control at both re-
gions �980/702 (Fig. 11, top panel) and �80/�63-intron17bp
(Fig. 11, bottom). Once again, no recruitment was observed at
�290/�150 region (Fig. 11, middle panel). Recruitment of AR
and PolII was also increased by DHT treatment in the presence of
Med-1 siRNA or SRC-1 siRNA at both regions compared to that
in the scrambled control. These results further indicate that
Med-1 and SRC-1 significantly enhanced the recruitment of AR
and PolII to regulatory regions of the GRTH gene (sc versus Med-1
or SRC-1 siRNA at �80/�702 and �80/�63-Intron17bp), which
is essential for AR-mediated GRTH transcription in LC (Fig. 11;
also Fig. 8 and 9).

GATA2, ETS-1, Oct-1, and FoxA1 do not participate in DHT-
induced GRTH expression. Some transcription factors have been
reported to play important collaborative roles in AR function in

prostate cancer (34), including GATA2 (3), Oct-1 (15), ETS-1
(35), and Forkhead BoxA1 (FoxA1) (10). We found putative bind-
ing sites for these transcription factors in the vicinity of the AR
half-site (i.e., GATA2 at �514/�509 and �508/�503; Oct-1 at
�882/�875, �514/�509, and �508/�503; and ETS-1 at �1083/
�1074; FoxA1 at �939/�931, �824/�816, �809/�801, �787/
�779, and �581/�573), either of which could play a role in the
efficiency of AR binding to its site and/or monomer-dimer part-
ner association and secondary DNA interactions. To study
whether these transcription factors participate in DHT-induced
GRTH transcription, the expression of these genes was knocked
down by their corresponding siRNA (Fig. 12 A) in GT1-7AR cells
and GRTH promoter activity was then assessed after 24 h of DHT
treatment. None of these transcription factors participate in
DHT-induced GRTH promoter activity. Thus, we can exclude
their participation in GRTH transcription.

DISCUSSION

In this report, we describe the mechanism by which A regulates the
expression of GRTH in LC through cognate receptors present in
these cells. We demonstrated that A (DHT) induced GRTH tran-
scription only in the presence of an AR half-site, and this effect was
inhibited by the AR antagonist flutamide. The functional noncon-
sensus ARE receptor half-site (5=-TGTCCC-3=) resides at �827
relative to the GRTH translational start site, while the identical
ARE half-site downstream at �200 is inoperative and could not
substitute for the upstream site in its absence.

The classic ARE DNA binding site consists of two inverted
repeats (AGAACA) with a 3-nt spacer (34). However, some AR
target genes contain noncanonical ARE sites within their promot-
er/5=-flanking or upstream sequences (enhancers), including sin-
gle half-sites or half-sites separated by more than a 3-nt spacer (18,
34). The nucleotide sequence of the functional ARE2 site in GRTH

FIG 12 GATA2, FoxA1, Oct-1, or ETS-1 does not participate in DHT-induced GRTH expression. GT1-7AR cells were transfected with siRNA against GATA2
(siGATA2), FoxA1 (siFoxA1), Oct-1 (siOct-1), or ETS-1 (siETS-1). Scrambled siRNA was used as a control. (A) Knockdown was assessed by Western blot
analysis using �-actin as the loading control. (B) The p�1085/�63 construct was transfected into GT1-7AR cells in the presence or absence of DHT at 10�8 M.
Luciferase activity is expressed relative to that of pGL3-B (empty vector) in all cases. Results are the means � the standard errors of three individual experiments
done in triplicate. *, P � 0.05.
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resembles the sequences identified in the A-specific enhancer re-
gion 3.5 kb upstream of the transcription start site of the human sc
gene (5=-TGTTCT-3=) (32) and is identical to that of the 3= half-
site of the two core ARE sites separated by 3 nt residing in the first
exon of this gene (11). In the sc gene, the G on the ARE half-site
located in the first exon is required for the transcription of sc
induced by A/AR. Point mutation of G to T in the ARE half-site at
�827 of the GRTH gene abolished AR binding and A-induced
promoter activity (Fig. 2D). In addition, permutations of se-
quences adjacent to the downstream nonfunctional ARE site did
not affect A/AR binding and activation of the functional ARE site
at �827. This suggests that this half-site is sufficient for A-induced
AR binding and GRTH transcriptional activation (Fig. 3C and D).
We have excluded the participation of several transcription factors
known to facilitate AR binding to its site with putative binding
sites in the vicinity of the ARE2 half-site (i.e., GATA2, Oct-1,
ETS-1, Forkhead box A1) in DHT-induced GRTH promoter ac-
tivity (Fig. 12).

ChIP analysis showed that AR was recruited to the ARE half-
site upon DHT treatment in vitro or upon hCG treatment in vivo
(Fig. 4 and 5B, respectively). In addition, recruitment of SRC-1
(36) and Med-1 (1) was observed. We could not detect recruit-
ment of other AR coactivators (ARA54, ARA55, and ARA70) (8,
13, 22) or SRC-2 (16). It is worth noting that AR, SRC-1, and
Med-1 were also recruited to the �80/intron17bp region and re-
cruitment of TFIIB and PolII was also observed at both sites,
which suggested interaction between AR bound to the ARE half-
site located at �827 and transcriptional machinery in the region
comprising start sites and adjacent sequences of the GRTH TATA-
less gene. ChIP assays and ChIP-coupled 3C/ChIP-loop studies
demonstrated short-range physical interaction between the ARE
half-site located at �827 and the GRTH transcriptional site in

vitro and in vivo (Fig. 6B and C). AR regulation of the PSA-encod-
ing gene in prostate cancer involves both the promoter and en-
hancer regions where AR is recruited together with essential co-
activators and the formation of a long-range chromosomal loop
(34) with inclusion of PolII. Here we conclusively demonstrated
that AR is directly bound to the ARE half-site located at �827 but
not to the GRTH transcriptional start site (Fig. 6D); thus, its as-
sociation with the promoter region must involve A-induced AR
interaction with a member(s) of the PIC. Association of both co-
activators Med-1 and SRC-1 was found to be essential for the
activation of GRTH gene transcription in GT1-7AR cells and in
LC in primary culture (Fig. 8 and 9). Moreover, recruitment of AR
and PolII was reduced when these coactivators were knock down,
which indicates that Med-1 and SRC-1 facilitate their recruitment
to regulatory regions of the GRTH gene in LC to induce GRTH
transcription in response to A.

In the case of GRTH enhancer-promoter communication,
temporal ChIP analysis of AR, coactivators, and PolII over 24 h of
exposure of cells in culture or in vivo treatment of mice with A
(DHT) demonstrated that exclusively chromosomal looping is in-
volved since PolII tracking from ARE2 to the transcriptional start
site was not observed in temporal studies (Fig. 7). This contrasted
with the A regulation of the PSA-encoding gene, where looping
and PolII tracking from the enhancer to the promoter (33) were
observed in prostate cancer cells. Thus, upon treatment, hCG-
stimulated endogenous A production in vivo induces AR activa-
tion and its binding to the ARE half-site at �827. This association
and changes in the recruitment of SRC-1 and Med-1 provide the
essential functional components which, in concert with the mo-
lecular bridge formed by AR (bound to the ARE half-site), the
components of the PIC, TFIIB, and PolII, elicit GRTH transcrip-
tion. Of interest is the finding that SRC-1 and Med-1 are not

FIG 13 Model of A action on GRTH gene transcription in mouse LC. In vivo and in vitro, A activates the AR (A/AR). The A/AR binds to the functional ARE2
site at �827/�822 and interacts with a member(s) of the PIC and PolII through short-range chromosomal looping. SRC-1 and Med-1, which associates with the
AR, are required for functional activation of transcription of the loop complex of the GRTH gene induced by A. Oct-1, ETS, GATA2, and Forkhead box A1 are
nonfunctional putative TF binding sites.
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required for looping and recruitment of PolII and TFIIB to the
linking complex. However, these coactivators are essential for max-
imal recruitment of the AR, TFIIB, and PolII to the complex and
transcriptional activation of the GRTH gene (Fig. 8 to 11). Moreover,
these coactivators may provide the changes in chromatin structure in
the promoter region necessary to elicit transcriptional activation (Fig.
13). Such changes presumably occur through coactivator association
with the p300/CBP-associated factor and/or coactivator-associated
arginine methyltransferase with the participation of chromatin-re-
modeling complexes (Fig. 13).

In summary, our findings describe the mechanism by which
AR regulates the expression of the GRTH gene in LC. These stud-
ies reinforce the concept that A/AR signaling in LC, through its
activation of GRTH transcription, participates in an autocrine
regulation mechanism with a major impact on LC steroidogenic
function (9). The combined expression of these two genes in the LC
is essential for the regulation of early steps of steroidogenesis in these
cells and for A production induced by gonadotropin in the male.
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