
Androgen Receptor Repression of Gonadotropin-Releasing
Hormone Gene Transcription via Enhancer 1

Melissa J. Braymana, Patricia A. Pepaa, and Pamela L. Mellona

aDepartment of Reproductive Medicine and the Center for Reproductive Science and Medicine,
University of California, San Diego, La Jolla, California 92093-0674.

Abstract
Gonadotropin-releasing hormone (GnRH) plays a major role in the hypothalamic-pituitary-
gonadal (HPG) axis, and synthesis and secretion of GnRH are regulated by gonadal steroid
hormones. Disruptions in androgen levels are involved in a number of reproductive defects,
including hypogonadotropic hypogonadism and polycystic ovarian syndrome. Androgens down-
regulate GnRH mRNA synthesis in vivo and in vitro via an androgen receptor (AR)-dependent
mechanism. Methyltrienolone (R1881), a synthetic AR agonist, represses GnRH expression
through multiple sites in the proximal promoter. In this study, we show AR also represses GnRH
transcription via the major enhancer (GnRH-E1). A multimer of the −1800/−1766 region was
repressed by R1881 treatment. Mutation of two bases, −1792 and −1791, resulted in decreased
basal activity and a loss of AR-mediated repression. AR bound to the −1796/−1791 sequence in
electrophoretic mobility shift assays, indicating a direct interaction with DNA or other
transcription factors in this region. We conclude that AR repression of GnRH-E1 acts via multiple
AR-responsive regions, including the site at −1792/−1791.

Keywords
GnRH; androgen receptor; repression; hypothalamus; enhancer

1. Introduction
Serum gonadotropin levels are regulated by neuroendocrine feedback of gonadal steroid
hormones at the level of the hypothalamus and pituitary. One potential cause of improper
gonadotropin-releasing hormone (GnRH) action is the disruption of androgen feedback to
the hypothalamus. A number of reproductive defects involve alterations in androgen levels.
For example, androgen levels are lower in males with hypogonadotropic hypogonadism, and
polycystic ovarian syndrome is characterized by an increase in androgen levels in women.

Androgen exerts its effects via the androgen receptor (AR), a member of the nuclear
receptor superfamily. AR mediates a number of biological effects of androgens, including
spermatogenesis, sexual differentiation and maturation, and gonadotropin regulation. GnRH
expression is decreased by androgens in vivo (Roselli et al., 1990; Toranzo et al., 1989) and
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in vitro (Belsham et al., 1998; Shakil et al., 2002); the precise mechanisms of this repression
remain unclear. The low abundance of nuclear receptors make co-localization with the
small, dispersed, heterogeous GnRH neuron population difficult, although GnRH neurons
have been shown to express estrogen receptor (ER)-β in vivo (Herbison and Pape, 2001;
Hrabovszky et al., 2000; Hrabovszky et al., 2001).

The GnRH-expressing neuronal cell line, GT1, is an excellent model system for the study of
GnRH synthesis in response to steroid hormone treatments. The GT1 cell line was created
using a GnRH-SV40 T-antigen transgene in mice (Mellon et al., 1990). GT1 cells express
GnRH mRNA and display pulsatile secretion of GnRH peptide with the 30 min interpulse
interval found in vivo in the mouse (Chappell et al., 2003; Martinez de la Escalera et al.,
1992; Wetsel et al., 1992). They also extend neurites ending in growth cones or contacts
with other cells (Mellon et al., 1990) and express neuronal markers, including pre-synaptic
vesicle proteins (Mellon et al., 1992). GT1 cells have been shown to expresses androgen
receptor (AR), ER-α, ER-β, and progesterone receptor A (PRA) (Navarro et al., 2003;
Poletti et al., 2001; Roy et al., 1999). 5α-dihydrotestosterone (DHT) was shown to repress
GnRH mRNA levels in GT1-7 cells (a clone of the GT1 cell line) (Belsham et al., 1998).
Previously, we showed that liganded AR represses GnRH transcription through multiple
sites in the GnRH proximal promoter (GnRH-P), including a sequence containing a cluster
of Octamer-binding transcription factor-1 (Oct1), Pre-B cell leukemia transcription factor
(Pbx)/Prep, and NK2 homeobox 1 (Nkx2.1) binding sites (Brayman et al., 2012).

The aim of this study was to determine whether other conserved regions of the GnRH
regulatory region are involved in GnRH transcriptional repression by androgen. In addition
to GnRH-P, the 5000 bp regulatory region contains three highly-conserved enhancers,
GnRH-E1, GnRH-E2 and GnRH-E3 (Iyer et al., 2010). We found that R1881, an AR
agonist, repressed GnRH expression through GnRH-P and GnRH-E1, but not through
GnRH-E2. Moreover, repression was stronger when both GnRH-P and GnRH-E1 were
present. Chromatin immunoprecipitation (ChIP) assays showed increased interaction
between AR and GnRH-E1 after treatment with R1881. A reporter containing four copies of
the −1800/−1766 GnRH-E1 sequence was repressed by R1881, and mutation of a site
previously shown to be involved in O-tetradecanoylphorbol-13-acetate (TPA)-mediated
repression of full-length GnRH-E1 also resulted in a loss of androgen repression.
Electrophoretic mobility shift assay (EMSA) experiments showed AR to be part of protein
complexes binding to the −1796/−1791 sequence, which overlaps both the TPA-responsive
site and a putative hormone response element (HRE). Collectively, our findings show that
interaction of AR with GnRH-E1 causes repression of GnRH gene expression, and further
elucidates the mechanism of AR-mediated repression of GnRH1 gene transcription.

2. Materials and Methods
2.1. Plasmids and cloning

The expression plasmids used were: rat AR, pSG5-rAR (Ikonen et al., 1998); rat AR with a
point mutation in the DNA binding domain (DBD), AR-C562G (Ikonen et al., 1994); human
AR and human AR with a point mutation regarding in truncation of the ligand binding
domain, AR1-640 (Ceraline et al., 2004). The reporter plasmids used have been described
previously: those containing GnRH-P, GnRH-E1, GnRH-E2, Rous sarcoma virus enhancer
(eRSVe) and/or promoter (RSVp) (Givens et al., 2004; Nelson et al., 2000); 4×1800/1766
(Rave-Harel et al., 2005); 5’ and 3’ truncations of GnRH-E1 and mut1792/1791 (Tang et al.,
2005); mutOct1a, mutOct1b, and mutOct1ab (Belsham and Mellon, 2000; Tang et al.,
2005). The mutOct1a (taatgtaaaa changed to tactgtacaa) and mut1790/1788 (cagcaggagg
changed to cagactgagg) mutations in 4×1800/1766 were created by cloning synthesized
oligonucleotides into RSVp/pGL3-luc. The 4×1616/1589 reporter was created by inserting a
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synthesized oligonucleotide containing four copies of the sequence from −1616 to −1589
into TK/pGL3-luc. The −1796/−1794 mutation in GnRH-E1 was created using the
QuikChange® Site Directed Mutagenesis kit (Stratagene, La Jolla, CA) using the following
primer set: sense, 5' - TGA GCA GCA GTT AGC CCC ACA TCA CTC CTG CTG AGA
TTT TAC ATT - 3'; antisense, 5' - AAT GTA AAA TCT CAG CAG GAG TGA TGT GGG
GCT AAC TGC TGC TCA - 3' (mutated bases underlined). The 4×1800/1766mut1796/1794
plasmid was created by inserting an oligonucleotide containing the −1796/−1794 mutation
in four repeats of the −1800/−1766 sequence into TK/pGL3-luc. The −1790/−1788 mutation
in GnRH-E1 was created using the following primers: sense, 5' – GCA GTT AGC CCC
ACA GTC CTC AGT CTG AGA TTT TAC ATT AGG GCA - 3'; antisense, 5' - TGC CCT
AAT GTA AAA TCT CAG ACT GAG GAC TGT GGG GCT AAC TGC - 3' (mutated
bases underlined). Primers and oligonucleotides were synthesized by Integrated DNA
Technologies, Inc. (Coralville, IA).

2.2. Cell culture and transfections
GT1-7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Cellgro,
Mediatech, Inc., Herndon, VA), supplemented with 10% (v/v) fetal bovine serum (FBS;
Gemini Bio-Products, Sacramento, CA), penicillin (100 units/ml) and streptomycin (0.1 mg/
ml) (Invitrogen, Carlsbad, CA) at 37 C with 5% CO2. One day before transfection, cells
were plated in 24-well plates. Cells were transfected with FuGene 6 reagent (Roche Applied
Science, Indianapolis, IN) using 400 ng of AR expression plasmid (except in TPA
experiments), 400 ng of the indicated reporter plasmid, and 100 ng of the internal control
(Herpes simplex virus thymidine kinase 109 bp promoter upstream of the β-galactosidase
gene, TK-βgal). For R1881 experiments, media was changed to phenol red free DMEM,
supplemented with 2% (v/v) charcoal/dextran-treated (cs-) FBS (Gemini) and 2 mM
Glutamax (Invitrogen) approximately 5 h after transfection. Twenty-four h after
transfection, cells were treated with 100 nM R1881 (Sigma, St. Louis, MO) or ethanol
vehicle (0.1% [v/v]) in phenol red-free DMEM, supplemented with 2% (v/v) cs-FBS and 2
mM Glutamax, or with 100nM O-tetradecanoylphorbol-13-acetate (TPA) or ethanol vehicle
(0.1% [v/v]) in phenol red-free DMEM, as indicated. Cells were lysed 24 h after treatment
and assayed for luciferase and β-galactosidase expression as previously described (Lawson
et al., 1996). In all transfection experiments, luciferase values were normalized to the values
from a co-transfected TK-βgal reporter to control for transfection efficiency, and the data
represent the mean, ± SEM, of at least three experiments done in quadruplicate.

2.3. Electrophoretic mobility shift assay
GT1-7 cells were transfected with FuGENE 6 reagent in 10 cm dishes with 8 µg expression
vector in phenol red-free DMEM containing 10% (v/v) cs-FBS and 2 mM Glutamax. Forty-
eight h after transfection, cells were treated for 2 h with 100 nM R1881 in phenol red-free
DMEM containing 2% (v/v) cs-FBS and 2 mM Glutamax. Nuclear extracts were prepared as
described previously (Schreiber et al., 1989), and protein concentration was determined by
Bradford assay (Bradford, 1976). Baculovirus AR was made as described (Spady et al.,
2004). Oligonucleotide probe was labeled and purified as previously described (Tang et al.,
2005). Reactions were performed as described (Brayman et al., 2012). The sense strand
sequences of the double-stranded oligonucleotide probes and competitors were:
−1802/−1779, 5’-CCCACAGTCCTCCTGCTGAGATTT-3’; ARE, 5’-
GTCTGGTACAGGGTGTTCTTTTTG-3’. Sequences of mutated competitors are indicated
in Fig. 5B.

2.4. Chromatin immunoprecipitation
GT1-7 cells were transfected and treated as described for EMSA (above). Two hours after
addition of R1881, the nuclear fraction was obtained as described (Iyer et al., 2010).
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Chromatin was sonicated to an average length of 200 bp and immunoprecipitation was
performed using the ChIP Assay Kit (Millipore, Temecula, CA) and an anti-AR antibody
(PG-21; Upstate, Lake Placid, NY), as per the manufacturer’s instructions. Polymerase chain
reaction (PCR) was performed using primers as described (Iyer et al., 2010) and as indicated
in figure legends. The primers used were: mouse GnRH-E1 (amplifies the region between
−1814 and −1653) sense, 5’-GCCAAACACCACAGTCTTCTCTTGAGTGAC-3’ and
antisense, 5’- CTGGCACAAAGAGCAAAAGAACCTCCTCTC-3’; GnRH Intron 3
(amplifies the region between +3623 and +3820) sense, 5’-
CGGTGACTTCAATTTCCACACCCAATGGAC-3’ and antisense, 5’-
CATTAGCCGCGTAAAGGATGACGCTGTGAG-3’. Data are representative of three
independent experiments. Real time PCR was performed on the chromatin using the GnRH-
E1 primers, as described (Brayman et al., 2012).

2.5. Statistical analysis
Statistical analysis was performed using JMP version 9 (SAS Institute, Cary, NC). All
relative luciferase units were optimally transformed by the method of Box and Cox. Data
were analyzed by Student’s t test. A P value of less than 0.05 was the requirement for
declaring significance.

3. Results
3.1. AR represses the GnRH regulatory region through GnRH-E1 and GnRH-P

We previously identified four evolutionarily conserved regions of the 5000 bp GnRH
regulatory region (Fig. 1A): enhancer 3 (GnRH-E3, −4199/−3895 bp upstream of the
transcriptional start site), enhancer 2 (GnRH-E2, −3135/−2631), enhancer 1 (GnRH-E1,
−1863/−1571), and the proximal promoter (GnRH-P, −173/+1) (Iyer et al., 2010). AR
repression of GnRH transcription was retained in serial truncations of the 5000 kb regulatory
region through −173 bp, indicating that the GnRH-P is involved (Brayman et al., 2012).
However, we did not explore whether the upstream enhancers are also involved in AR-
mediated repression.

GT1-7 cells were transiently transfected with an AR expression plasmid, along with
luciferase reporter genes containing different combinations of GnRH-P, GnRH-E1, and
GnRH-E2. Although GT cells have been shown to express AR (Poletti et al., 2001), GT1-7
cells lose AR expression after only a few passages; transfection with exogenous AR was
required for response in our hands (Brayman et al., 2012). We utilized the non-responsive,
heterologous Rous Sarcoma Virus enhancer or promoter, RSVe or RSVp, to substitute for
the GnRH enhancers or promoter to isolate the activity of each element. GnRH-E3 was not
evaluated because truncations showed that the far upstream regions, including GnRH-E3,
were not involved (Brayman et al., 2012). Transfected cells were treated with or without 100
nM R1881 (a synthetic AR agonist) for 24 h. As expected, transcription from GnRH-P was
repressed by R1881 treatment, regardless of the enhancer used (RSVe, GnRH-E1 or GnRH-
E2) (Fig. 1B). Interestingly, GnRH-E1, but not GnRH-E2, was repressed when evaluated on
the neutral RSV promoter. For the rest of this study, we chose to evaluate the mechanism of
repression by AR using GnRH-E1 upstream of RSVp to avoid compensation by the
androgen-responsive GnRH promoter.

To determine whether AR interacts with endogenous chromatin in the GnRH-E1 region in
GT1-7 cells, ChIP assays were performed. GT1-7 cells were transfected with AR expression
plasmid and treated with 100 nM R1881 (or ethanol vehicle) for 2 hours prior to nuclei
isolation. An antibody specific for AR was used to immunoprecipitate chromatin associated
with AR. The resulting isolated DNA was used in a PCR with primers specific for GnRH-E1
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(or intron 3 as a control) (Iyer et al., 2010), and PCR products were visualized via gel
electrophoresis. AR interaction with GnRH-E1, but not GnRH intron 3, increased upon
treatment with R1881 (Fig. 1C). This was confirmed by real time PCR analysis of the
isolated DNA (Fig. 1D). Thus, liganded AR interacts, directly or indirectly, with the
androgen-regulated GnRH-E1 regulatory region in this GnRH neuronal cell line.

3.2. The AR DNA-binding domain is required for repression of GnRH-E1
AR contains three distinct regions that are involved in its activity: the amino-terminal
activation domain, the DNA-binding domain (DBD), and the carboxy-terminal ligand-
binding domain (LBD). To determine which domains are involved in repression of GnRH-
E1, GT1-7 cells were transiently transfected with the GnRH-E1 reporter plasmid (GnRH-E1
on RSVp) and wild-type AR, AR lacking the LBD (AR1-640), or AR with a point mutation
in the DBD (AR-C562G). AR1-640 has been shown to be active even in the absence of
ligand (Brayman et al., 2012; Ceraline et al., 2004). AR1-640 was constitutively active and
repressed GnRH-E1 transcriptional activity, regardless of treatment (Fig. 2A, compare
AR1-640 to Control). Thus, the LBD is not required for repression of GnRH-E1. In contrast,
AR-C562G was unable to repress GnRH-E1 transcriptional activity (Fig. 2B), indicating that
DBD interaction with chromatin or with another transcription factor is required for
repression of GnRH-E1 by AR. This is similar to previous findings that show that the DBD,
but not LBD, of AR is required for repression of GnRH-P (Brayman et al., 2012).

3.3. Multiple regions are involved in AR repression of GnRH-E1
Truncations of GnRH-E1 were utilized to determine what region(s) of GnRH-E1 is involved
in AR repression. E1 (−1862/−1563) was first reduced to −1800 to −1571, the E1 core
region defined in Tang et al. (Tang et al., 2005). Though basal expression was reduced
somewhat (Fig. 3A and B), repression remained. Further deletion from either the 3’ or 5’
end resulted in a dramatic reduction in transcriptional activity, but repression was still
present (Fig. 3). Truncation of the 3’ end, from −1800/−1571 to −1800/−1636, removed
several known transcription factor binding sites, including a binding site cluster of Oct1,
Pbx/Prep, and Nkx2.1 (Clark and Mellon, 1995; Rave-Harel et al., 2004), and resulted in
partial abrogation of AR repression (66% versus 41% repressed; Fig. 3A). Interestingly, a
similar binding site cluster was found to be sufficient for AR repression of GnRH-P
(Brayman et al., 2012). However, a multimer of the −1616 to −1589 sequence was not
repressed by liganded AR (Supplemental Fig. 1A), indicating that, unlike the similar GnRH
promoter cluster, this region of GnRH-E1 is not sufficient for repression.

Truncation of the core GnRH-E1 from the 5’ end, from −1800/−1571 to −1780/−1571, also
decreased both basal activity and AR repression (68% versus 30% repressed; Fig. 3B). This
truncation deleted part of an Oct1 binding site. To determine if Oct1 binding sites were
involved in repression by R1881, mutation of Oct1 sites (Oct1a at −1781/−1774 and Oct1b
at −1701/−1694) were made, both singly and in combination, within the full GnRH-E1
sequence. Mutations of these Oct1 sites did not affect repression (Supplemental Fig. 1B).
We conclude that repression of GnRH-E1 by androgen involves sites in both the
−1636/−1571 and −1800/−1780 regions, but the Oct1a and Oct1b sites do not appear to play
a role.

3.4. AR represses a multimer of the −1800/−1766 region, and repression requires the TPA-
responsive region

Since deletion of the sequence from −1800 to −1780 resulted in a decrease in AR-mediated
repression, we chose to examine this region in more detail. Interestingly, −1797/−1792 was
identified by Transcription Element Search Software (TESS) (Schug and Overton, 1997) as
a putative nuclear receptor hormone response element (HRE) half-site; no other half-site
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was identified nearby. This putative site (AGTCCT) is completely conserved between
mouse and rat. To determine if this region is sufficient for AR-mediated repression, a
multimer containing four copies of the −1800/−1766 sequence, upstream of RSVp,
(4×1800/1766) was transiently transfected into GT1-7 cells along with an AR expression
plasmid. The multimer was significantly repressed by R1881 treatment (Fig. 4B). Mutation
of the Oct1 binding site in this multimer (mutOct1) dramatically reduced basal activity, but
did not abolish AR-mediated repression (Fig. 4C).

The −1800/−1780 region was also shown to be involved in TPA repression of GnRH-E1
(Tang et al., 2005). The TPA response was mapped to a site spanning −1793 to −1785.
Mutation of three bases of the putative HRE that do not overlap the TPA-responsive site
(mHRE, −1796/−1794) decreased basal expression from 4×1800/1766, but not repression by
R1881 (Fig. 4B). On the other hand, mutation of three bases within the TPA-responsive site
(mTPA, −1790/−1788) dramatically reduced basal activity, but the multimer was no longer
repressed by R1881. We conclude that the −1800/−1766 region is sufficient for AR
repression and the TPA-responsive site may play a role.

Previous findings show that a two base-pair mutation at −1792/−1791 reduced basal activity
of GnRH-E1 and abrogated TPA repression (Tang et al., 2005). To determine whether the
TPA-responsive sequence is important in androgen repression of the full GnRH-E1,
mutations were made within GnRH-E1 and tested on the RSV promoter. Mutation of the
putative HRE had no effect on either basal activity or repression by AR (Fig. 4D, mHRE).
Conversely, mutation of the TPA-responsive site eliminated repression by R1881 (mTPA,
Fig. 4D). Similar results were obtained when two other bases within the more 5’ region of
the TPA-responsive site were mutated (Fig. 4E), indicating that this binding site is also
involved in AR-mediated repression of GnRH-E1.

3.5. AR and TPA repress GnRH-E1 via different mechanisms
Since repression of GnRH-E1 by both TPA and androgen requires the TPA-responsive site,
we hypothesized that they might act via similar mechanisms to achieve this repression.
However, unlike androgen, TPA activated the 4×1800/1766 multimer (Supplemental Fig.
2B), indicating that the two treatments utilize distinct mechanisms. Mutation of the TPA-
responsive (Supplemental Fig. 2B) or Oct1 site (Supplemental Fig. 2C) did not affect TPA
induction of the multimer, but mutation of the putative HRE (mHRE) resulted in repression
of the multimer by TPA (Supplemental Fig. 2B). Mutation of the putative HRE in the
context of the full enhancer did not affect TPA-mediated repression (Supplemental Fig. 2D).
As expected, mutation of the TPA-responsive site eliminated repression of GnRH-E1 by
TPA (Supplemental Fig. 2D and E).

3.6. AR binds to the −1802/−1779 region of GnRH-E1
To determine whether AR interacts with the −1800/−1766 sequence, electrophoretic
mobility shift assay (EMSA) was performed. Nuclear extracts from GT1-7 cells that had
been transiently transfected with AR expression plasmid and treated with R1881 were
incubated with a radiolabeled oligonucleotide probe containing the −1802/−1779 sequence.
Protein-DNA complexes were separated by polyacrylamide gel electrophoresis. Three bands
were observed (Fig. 5A, lane 2, bands 4–6) that were super-shifted by an antibody specific
for AR (lane 4, bands ss), but not normal IgG (lane 3). The AR antibody did not bind the
probe in the absence of nuclear extract (data not shown). Thus, AR binds the −1802/−1779
sequence of GnRH-E1. Unlabeled oligonucleotide containing the consensus androgen
response element (ARE) competed with the trio of bands 4–6 that was supershifted by anti-
AR antibody (Fig. 5C, lane 3), further confirming that these protein complexes include AR.
Other proteins bind this sequence, as well, as shown by bands 1, 2 and 3. Baculovirus-
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expressed AR from whole insect cell extracts bound to a consensus ARE but was unable to
bind the −1802/−1779 probe (data not shown), indicating that other proteins that are
expressed by GT1-7 cells are required for AR binding.

To determine where within the −1802/−1779 sequence AR binds, unlabeled
oligonucleotides containing three-base pair scanning mutations were utilized (Fig. 5B).
Unlabeled mutant oligonucleotides m2 and m3 were unable to compete for binding of bands
4–6 (lanes 6 and 7), indicating that AR interacts with the GnRH-E1 DNA sequence at
−1796/−1791. The m2 mutation corresponds to the mHRE mutation in Fig. 4, and m3
corresponds to the −1792/−1791 mutation in Supplemental Fig. 2 though it includes a third
mutated base pair at −1793. Band 3 likely corresponds to the protein found by Tang et al.
(Tang et al., 2005) to be important for TPA repression of the GnRH-E1 through this region
since its competition pattern is similar and indicates that it binds to region of −1793/−1785.
Thus, AR interacts with the −1796/−1791 sequence of GnRH-E1 to repress transcriptional
activity in the presence of androgen.

4. Discussion
A significant amount of work has been done to evaluate the mechanisms of gonadal steroid
hormone regulation of the GnRH promoter (Chandran et al., 1999; Nelson et al., 1998; Pak
et al., 2006). We previously showed that androgens repress GnRH transcription via multiple
sites in GnRH-P (Brayman et al., 2012). Here, as the first report of hormonal regulation of
the proximal enhancer region, we show that GnRH-E1 is repressed by AR in response to
agonist by a mechanism that is dependent on the AR DNA but not ligand binding domain
(DBD and LBD, respectively).

The highly conserved enhancers, GnRH-E1 and GnRH-E2, and the −173 bp promoter,
GnRH-P, were evaluated separately and in combination for regulation by AR. Any reporter
plasmid containing GnRH-E1 and/or GnRH-P was significantly repressed by R1881
treatment. Like GnRH-P (Brayman et al., 2012), AR association with GnRH-E1 chromatin
in GT1-7 cells was increased upon treatment with R1881, and AR repression of GnRH-E1
was dependent on the AR DBD. Thus, these data indicate that the AR DBD interacts either
directly with chromatin or indirectly through association with another transcription factor
bound to GnRH-E1.

Truncation analysis of GnRH-E1 suggested that multiple sites in GnRH-E1 are involved in
androgen repression. However, any truncation of the enhancer resulted in a dramatic
reduction in basal activity, confounding analysis of further repression by androgens. It is
possible that truncation results in such a low level of basal expression that transcription
cannot be further repressed. Nonetheless, removal of the sequence between −1636 and
−1571, and that between −1800 and −1780, reduced repression by AR. Both of these
sequences contain Oct1 binding sites, and the −1636/−1571 region contains a cluster of
Oct1, Pbx/Prep, and Nkx2.1 binding sites that is similar to the one shown to be involved in
androgen repression of GnRH-P (Brayman et al., 2012). However, unlike GnRH-P, the
binding site cluster alone was not sufficient for AR-mediated repression of GnRH-E1. The
two sequences (−1616/−1589 and −106/−91) share only 37% homology (Myers and Miller,
1988), perhaps explaining this difference.

A multimer of the −1800/−1766 sequence was repressed by liganded AR. Mutation of the
Oct1 site in the multimer did not affect repression, consistent with our observation that
mutation of that Oct1 site in the full GnRH-E1 did not alleviate repression. AR bound in
vitro to an oligonucleotide probe containing the −1802/−1779 sequence. The high mobility
of the complexes observed in EMSA suggests that AR binds to this region as a monomer,
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rather than as a dimer. AR bound specifically to the sequence at −1796/−1791 (GTCCTC),
which overlaps the putative HRE half-site at −1797/−1792 (AGTCCT) as well as the TPA-
responsive binding site at −1793/−1785 (CTCCTGCTG). Mutation of the GTC at
−1796/−1794 only partially affected binding of the TPA-responsive complex (Tang et al.,
2005), but was unable to compete for AR binding (see m2 in Fig. 5C). However, mutation of
this GTC did not affect AR-mediated repression of either the −1800/−1766 multimer or the
full GnRH-E1. On the other hand, a mutation of three base pairs, −1790 to −1788, which
also overlapped the TPA-responsive site, did relieve repression in the −1800/−1766
multimer. Mutation of this site did not disrupt AR binding (see m4 in Fig. 5C), suggesting
that either the TPA-responsive region is important in AR-mediated repression, or that the
dramatic reduction in basal expression did not allow further repression by R1881. AR does
not repress GnRH-E1 via the same mechanism as TPA targets (e.g., activator protein-1,
AP-1), since TPA treatment activated the 4×1800/1766 multimer.

Since the −1792/−1791 sequence was also bound by AR in EMSA (see m3 in Fig. 5C) and
overlaps the TPA-responsive site (Tang et al., 2005), we determined that mutation of these
two base pairs in GnRH-E1 was capable of relieving AR-mediated repression. While this
mutation also reduced basal transcription levels to approximately 20% of GnRH-E1, it is
unlikely that this reduction was responsible for the loss of repression, since the −1800/−1571
truncation resulted in approximately 94% lower basal activity but was still significantly
repressed by R1881 (see Fig. 3A). We concluded that AR binding to the region around
−1792/−1791, or interaction with another transcription factor bound to that site, is important
for androgen-mediated repression of GnRH-E1. AR likely requires interaction with another
protein to bind to GnRH-E1, possibly as a monomer, since baculovirus-expressed AR alone
was unable to bind.

Androgen represses GnRH gene expression through both GnRH-P and GnRH-E1, but AR
regulation of the two regions appears to be via distinct mechanisms. Repression of GnRH-P
by androgen involves a cluster of Oct1, Pbx/PREP, and Nkx2.1 binding sites, although other
sites also contribute to repression (Brayman et al., 2012). Interaction of all of these
transcription factors may be important for regulation of GnRH-P. Although a similar binding
site cluster is present in GnRH-E1, it is not sufficient for AR-mediated repression. Instead,
AR interacts with chromatin in GT1-7 cells in culture and by direct interactions with a site
within the 5’ end of the enhancer that is indispensable for enhancer activity (Tang et al.,
2005). We further determine that repression of GnRH gene expression by androgen is
maximal in the presence of both GnRH-P and GnRH-E1, suggesting the coordinate actions
of these regulatory regions provides a particularly effective repression mechanism for
androgens via the AR.

Dysregulation of the GnRH gene leads to improper levels of the GnRH peptide hormone and
thus abnormal communication between the hypothalamus, pituitary, and gonads. This report
indicates that AR can repress GnRH via its proximal enhancer in addition to its promoter
region. Identifying the proteins and regions involved in AR-mediated GnRH repression
could lead to novel protein targets for the treatment of reproductive disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

cs charcoal/dextran-treated

DBD DNA-binding domain

DHT 5α-dihydrotestosterone

GnRH-E GnRH enhancer

GnRH-P GnRH promoter

HPG hypothalamic-pituitary-gonadal

LBD ligand-binding domain

MMTV mouse mammary tumor virus

Nkx2.1 NK2 homeobox 1

Oct-1 octamer-binding transcription factor-1

Pbx Pre-B cell leukemia transcription factor

PMSF phenylmethylsulfonyl fluoride

RSVe Rous sarcoma virus enhancer

RSVp RSV promoter

TK thymidine kinase
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Highlights

- AR-mediated repression of GnRH gene expression involves enhancer 1.

- AR represses GnRH enhancer 1 via interaction with the −1796/−1791 region.

- Our study provides a new mechanism involved in the repression of GnRH by
androgens.

Brayman et al. Page 12

Mol Cell Endocrinol. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
AR associates with the enhancer 1 region of the GnRH regulatory region and represses
transcription. (A), Schematic of the −5 kb GnRH regulatory region, including the locations
of the known enhancers and proximal promoter. (B), GT1-7 cells were transiently
transfected with luciferase reporter constructs containing the GnRH-P (P), GnRH-E1 (E1),
and/or GnRH-E2 (E2) regions, and/or the RSV promoter (RSVp) or enhancer (RSVe), as
indicated, along with the AR expression vector. Cells were treated for 24 h with 100 nM
R1881 (closed bars) or ethanol vehicle (open bars) and subjected to luciferase assay. Data
are shown as relative luciferase units, relative to vehicle-treated RSVp, and represent the
mean, ± SEM, of at least three experiments done in quadruplicate. **P<0.01, and
***P<0.001 versus vehicle. (B), GT1-7 cells were transiently transfected with AR and
treated for 2 h with 100 nM R1881 or ethanol vehicle. Nuclei were extracted and subjected
to chromatin immunoprecipitation with no antibody (no Ab), an antibody specific for AR
(anti-AR), or IgG control. The resulting chromatin was analyzed by PCR with primers to
GnRH-E1 or Intron 3. The gels shown were representative of three independent
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experiments. (C), Quantitative real time PCR was performed on the chromatin samples
using primers to GnRH-E1.
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Fig. 2.
The AR DNA-binding domain, but not the ligand-binding domain, is required for repression
of GnRH-E1. GT1-7 cells were transiently transfected with (A), GnRH-E1 on RSVp and
wild-type human AR or AR lacking the LBD (AR1-640), or (B), GnRH-E1 on RSVp and
wild-type rat AR or AR containing a single bp mutation in the DBD (AR-C562G). Control:
empty vector (no AR). Cells were treated for 24 h with 100 nM R1881 (closed bars) or
ethanol vehicle (open bars) and subjected to luciferase assay. Data are expressed relative to
vehicle-treated control. *P<0.05, ***P<0.001 versus vehicle.
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Fig. 3.
Sequences between −1636 and −1571, and between −1800 and −1780, are involved in AR-
mediated repression of GnRH-E1. GT1-7 cells were transiently transfected with the AR
expression plasmid and either the (A), 3’ truncations or (B), 5’ truncations of the GnRH-E1
reporter plasmid on RSVp. Cells were treated with 100 nM R1881 (closed bars) or ethanol
vehicle (open bars) for 24 h and subjected to luciferase assay. Data are shown as relative
luciferase units, relative to vehicle-treated GnRH-E1, and represent the mean, ± SEM, of at
least three experiments done in quadruplicate. Numbers above each set of bars represent
percent repression by R1881. *P<0.05, **P<0.01 and *** P<0.001 versus vehicle-treated.
(C), Sequence and relative locations of known transcription factor binding sites in GnRH-
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E1. Box: putative HRE; overline: TPA-responsive site; underline: known transcription factor
binding sites.

Brayman et al. Page 17

Mol Cell Endocrinol. Author manuscript; available in PMC 2013 November 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
The −1800/−1766 region of GnRH-E1 is sufficient for androgen repression, and mutation of
the TPA-responsive site abrogates repression of GnRH-E1. (A), Sequences of the
−1800/−1766 region and mutations. Box: putative HRE; overline: TPA-responsive site;
underline: Oct1-binding site; bold/underline: mutations. (B), GT1-7 cells were transiently
transfected with the AR expression plasmid and a multimer of the −1800/−1766 sequence
(4×1800/1766), or this multimer with 3-bp mutations in the putative HRE (mHRE,
−1796/−1794) or the TPA-responsive site (mTPA, −1790/−1788). (C), GT1-7 cells were
transiently transfected with the AR expression plasmid and 4×1800/1766, or this multimer
with mutation in the Oct1-binding site (mOct1a). (D), GT1-7 cells were transiently
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transfected with the AR expression plasmid and GnRH-E1 on RSVp, or GnRH-E1 with 3-bp
mutations in the putative HRE (mHRE) or the TPA-responsive site (mTPA). (E), GT1-7
cells were transiently transfected with the AR expression plasmid and GnRH-E1 on RSVp,
or GnRH-E1 with a different mutation in the TPA-responsive site (m1792/1791). Cells were
treated with 100 nM R1881 (closed bars) or ethanol vehicle (open bars) for 24 h and
subjected to luciferase assay. Data are shown as relative luciferase units, relative to vehicle-
treated 4×1800/1766 or GnRH-E1, and represent the mean, ± SEM, of at least three
experiments done in quadruplicate. **P<0.01 and *** P<0.001 versus vehicle-treated.
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Fig. 5.
AR-containing complexes bind to the −1796/−1791 sequence of GnRH-E1. (A), Nuclear
extracts from GT1-7 cells that had been transfected with AR and treated with R1881 were
incubated with a radiolabeled probe containing the −1802/−1779 region of GnRH-E1, with
or without antibody. Lane 1: free probe (FP); Lane 2: probe with nuclear extract; Lane 3,
rabbit IgG; Lane 4, anti-AR antibody. Bands 4–6 represent AR-containing complexes; ss:
super-shifted AR. (B), Sequences of the wild type (wt) and mutant oligonucleotide
competitors. Box: putative HRE; overline: TPA-responsive site; bold/underline: mutations.
(C), Nuclear extracts from GT1-7 cells that had been transfected with AR were incubated
with a radiolabeled probe containing the −1802/−1779 region of GnRH-E1, with or without
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indicated unlabeled competitor. Lane 1: free probe (FP); Lane 2: probe with nuclear extract;
Lane 3: unlabeled androgen response element (ARE) competitor; Lane 4: wild type (wt)
unlabeled competitor; Lanes 5–10: indicated mutant unlabeled competitor. Bands 4–6
represent AR-containing complexes; NS: non-specific band.
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