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Introduction

This study is an attempt to determine whether estrogen could
directly regulate human gonadotropin-releasing hormone
(GnRH) gene expression. Human GnRHexpression vectors
were constructed by fusing various 5' flanking regions of the
human GnRHgene upstream of the luciferase reporter gene
(LUC) or the thymidine kinase promoter linked to the chloram-
phenicol acetyltransferase reporter gene (CAT). These con-
structs were transiently transfected into a human choriocarci-
noma cell line (JEG-3) and LUCor CATactivity was measured
after either no treatment or treatment with various concen-
trations of estradiol. A stimulatory estrogen response ele-
ment (ERE) was localized to a 32-bp region between -547 and
-516 bp.

To determine whether estrogen receptor bound to this re-
gion of the gene, we performed DNase I footprinting using puri-
fied calf uterine estrogen receptor. DNase I footprinting demon-
strates a strong footprint between -567 and -514 bp of the
human GnRHgene. In addition, an avidin-biotin complex
DNA-binding assay demonstrated that a biotinylated DNA
fragment containing -541 to -517 bp of the human GnRH
gene bound 3S-labeled estrogen receptor as well as a biotiny-
lated DNAfragment containing the xenopus vitellogenin ERE.
On the other hand, the negative control biotinylated DNAfrag-
ment derived from adenovirus 5 bound insignificant amounts of
35S1labeled estrogen receptor. Both the GnRHEREand vitel-
logenin EREbound 35S-labeled estrogen receptor with high af-
finity (- 1 nM).

These data indicate that the human GnRHgene contains an
EREsufficient to mediate a stimulatory response to estrogen in
heterologous cells. Based upon these data we hypothesize that
the human GnRHgene might also be directly regulated by es-
trogen in the hypothalamus, and that this regulation may ex-
plain the GnRHhypersecretion observed at the time of the
preovulatory luteinizing hormone (LH) surge. (J. Clin. Invest.
1991. 88:1649-1655.) Key words: GnRH* estrogen * gene regu-
lationo hypothalamus
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Gonadotropin-releasing hormone (GnRH)' is a hypothalamic
decapeptide that is key to controlling mammalian reproduc-
tion. GnRHis synthesized as a preprohormone in hypotha-
lamic neurosecretory cells and stimulates the release of lutein-
izing hormone (LH) and follicle-stimulating hormone (FSH)
from the anterior pituitary. GnRHimmunoreactivity is pres-
ent in the median emminence and arcuate nucleus of the me-
dial basal hypothalamus and in the organum vasculosum ofthe
lamina terminalis and suprachiasmatic nuclei. GnRHneurons
are also found in the cerebral cortex, limbic system, and olfac-
tory bulbs. In a recent study, Wray et al. (1) found GnRH
mRNAin approximately 800 neurons in the rat brain using in
situ hybridization techniques.

GnRHrelease occurs episodically from the hypothalamus,
and the frequency and amplitude of GnRHrelease determine
the pattern of gonadotropin secretion (2, 3). Estrogen is a major
hormonal regulator of GnRHrelease from the hypothalamus.
Several physiological studies in animals and man suggest that
estrogen regulates GnRHexpression. For example, castrated
rhesus monkeys demonstrate an increased amplitude of GnRH
release into their portal circulation (4). Additionally, Gross et
al. (5) showed that castration resulted in an increased level of
GnRHsecretion from the median emminence. GnRHlevels
were reduced to control levels by gonadal steroid hormone re-
placement. However, Rudenstein et al. (6) found that hypotha-
lamic GnRHrelease from castrated rats was significantly lower
than that from control animals. In this study, gonadal steroid
replacement increased GnRHrelease to near control levels. In
humans, Reameet al. (7) suggested that the late follicular phase
increase in estradiol may increase GnRHpulse frequency. Ap-
parent contradictions in these studies may be explained by dif-
ferent effects of gonadal steroids on hypothalamic GnRHre-
lease, depending upon the duration and dosage of hormone
exposure or perhaps upon the method used to measure GnRH
secretion.

To study more directly the effect of estrogen on GnRH
expression, several investigators have used in situ hybridization
to the GnRHmRNA. Pfaff (8) reported that estradiol given
over 7 d increased GnRHmRNAin ovariectomized rats. More-
over, Rothfield et al. (9) noted that male rats castrated for 2 wk

1. Abbreviations used in this paper: AD5, adenovirus 5; CAT, chloram-
phenicol acetyltransferace reporter gene; ER, estrogen receptor, ERE,
estrogen response element; GnRH, human gonadotropin-releasing
hormone; JEG-3, human choriocarcinoma cell line; LUC, luciferase
reporter gene; VIT.ERE, EREfrom the xenopus vitellogenin gene.
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had a significant decrease in GnRHmRNAcompared with
control animals. Similarly, Roberts (10), Rothfeld (1 1), and
most recently Park (12) reported stimulatory effects of estradiol
on GnRHgene expression. However, Zoeller et al. (13) found
that 2 d of estradiol treatment to ovariectomized rats signifi-
cantly inhibited GnRHmRNAexpression and Wray (14) simi-
larly found inhibition of GnRHgene expression by estradiol in
select GnRH-neuronal populations. Lastly, Toranzo et al. (15)
showed that estradiol replacement decreased proGnRH
mRNAaccumulation in the brain of ovariectomized rats. Ap-
parent contradictions among these studies point out the diffi-
culties in studying GnRHneuronal regulation in vivo where
complex neuronal pathways, different populations of GnRH
neurons, differences in sensitivity of various techniques, and
the physiologic time points studied may be major confounding
variables. However, it is clear from these studies that estrogen
regulates GnRHmRNAexpression.

Since estrogen interacts with a specific nuclear receptor that
binds to specific DNAsequences, termed EREs, it is clear that
estrogen-responsive cells must contain estrogen receptors. Re-
ceptors for estrogen are present in areas which largely overlap
those of GnRH-containing neurons (3). However, it is unclear
if the GnRHneuron itself contains estrogen receptors. For in-
stance, Shivers et al. (16) reported that only 0.2% of GnRH
neurons concentrate a measurable amount of radiolabeled es-
tradiol. Moreover, Watson et al. (17) reported that only a few
GnRHneurons were immunopositive for the estrogen recep-
tor. These studies, though, lack the sensitivity needed to detect
a low abundance of estrogen receptors sufficient to mediate a
hormonal response. For example, Kommet al. (18) and Erik-
sen et al. (19) reported that bone tissue contains a low number
of estrogen receptors, previously undetectable by standard
methods, sufficient to mediate an estrogen response. More-
over, it is also plausible that only certain populations of GnRH
neurons contain sufficient estrogen receptors and are directly
responsive to estrogen. Thus, whether estrogen affects GnRH
expression directly or indirectly via other neuronal circuits re-
mains to be determined.

In the present study, we sought to determine whether estro-
gen could directly regulate the expression of the human GnRH
gene in transfected cell cultures. Because a GnRH-secreting
neuronal cell line was not available at the time of these studies,
they were performed in a human placental cell line (JEG-3).
We localized an ERE to between -547 and -516 bp of the
human GnRH5' flanking region. DNase I footprinting and the
avidin-biotin DNA-binding assay demonstrate that the human
estrogen receptor binds with high affinity to human GnRH
sequences from -567 to -514 bp and -541 to -517 bp, respec-
tively. These data demonstrate, for the first time, that estrogen
can directly regulate GnRHgene expression, and suggest that
GnRHhypersecretion at the time of the preovulatory LH surge
might be explained by a direct stimulatory effect of estrogen on
human GnRHgene expression in the hypothalamus.

Methods

Materials. Restriction and modifying enzymes were obtained from Be-
thesda Research Laboratories (Gaithersburg, MD). Oligonucleotides
were synthesized on a gene assembler. Thermus aquaticus (Pharmacia
LKB, Inc., Piscataway, NJ). (Taq) polymerase was purchased from
Perkin-Elmer-Cetus Corp. (Norwalk, CT), and all PCRreactions were
carried out in a thermal cycler (Perkin-Elmer-Cetus). Cell culture re-

agents were purchased from Advanced Biotechnologies, Inc. (Colum-
bia, MD). Acetyl CoAwas purchased from Calbiochem-Behring Corp.
(San Diego, CA). Luciferin (sodium salt) was obtained from Sigma
Chemical Co. (St. Louis, MO).

Plasmid constructions. All plasmid constructs were made using
standard methods (20). The pTKCATconstructs were madeby ligating
various human GnRHgenomic fragments into the BamHI site up-
stream of the herpes virus thymidine kinase promoter (- 199 to + 12) in
pTKCAT(21). The - 1131/-546, -551/+5, and -551/-459 bp DNA
fragments were obtained using Hind III and BamHI, BamHI and Sca I,
and BamHI and Acc I, respectively and were inserted into the BamHI
of pTKCATusing BamHI linkers. Synthetic complementary oligonu-
cleotides containing either the palindromic vitellogenin ERE, 5'-
CTCAGGTCACAGTGACCTGAG-3',or one or two copies of the hu-
manGnRH. EREfrom -547 to -516 bp were synthesized with Kpn I
and BamHI ends and inserted upstream of the TK promoter in
pTKCAT.

For the construct pGnRH.2E, a -1131 to +829 bp gene fragment
was obtained using Hind III and Pst I and ligated to a +830 to + 1073
bp fragment obtained from the polymerase chain reaction (PCR) with a
115' primer and a 2E3' primer. The 5' primer was synthesized with a Pst
I restriction endonuclease site and the 3' primer with a Hind III site.
The 2E3' primer has a stop codon (TAA) at the end of the second exon
in the appropriate reading frame. For the construct pGnRH.3E, a
- 1131 to +2429 genomic fragment (Hind III and Bgl II site) was ob-
tained and ligated to a +2430 to +2684 PCRfragment (215' primer
with a Bgl II site and a 3E3' primer with a Hind III site). The 3E3'
primer had a stop codon (TAA) at the end of the third exon in the
appropriate reading frame. A -82 to + 1073 PCRfragment was synthe-
sized using a -82 primer and a 2E3' primer, both with Hind III sites. All
fragments were ligated into the Hind III site of pSVOALA5' (obtained
from S. Subramani, University of California, San Diego, CA [22]) and
each construct was confirmed using multiple restriction enzyme digests
and dideoxynucleotide DNAsequencing (23). pRSVL(obtained from
S. Subramani [22]) contains the Rous sarcoma virus promoter up-
stream of the luciferase reporter and was used as a control construct in
some experiments.

Transfection and reporter assays. JEG-3 cells were maintained in
DMEsupplemented with 4% fetal bovine serum, and replaced with
fresh media 4 h before transfection. Transfections were carried out in
triplicate using 20 Asg of test plasmid for each plate and the calcium-
phosphate precipitation method. In some experiments, 2 Mg of
pRSVCATwas cotransfected to correct for transfection efficiency.
After 16-18 h of incubation with precipitate, cells were shocked for 2
min with 15% glycerol in Hepes saline and washed with serum-free
medium. The cells were then incubated in DMEcontaining 4%char-
coal-stripped fetal bovine serum with or without estradiol at the indi-
cated concentration. Cells were harvested 48 h after transfection and
CATor LUCactivity was measured as described previously (22, 24).
Protein content of the cellular extract was determined by the Bradford
method (Protein assay Kit, Bio-Rad Laboratories, Richmond, CA).

Cell cultures transfected with the promoterless vector alone,
pSVOALA5', displayed LUCactivity similar to mock-transfected cells.
pSVOALA&5' contains two polyadenylation signals upstream from the
Hind III cloning site to prevent read-through transcription from cryptic
promoter sites in pBR322. Thus, this vector has low background activ-
ity in this assay system.

DNAse Ifootprinting. DNAse I footprinting was performed utiliz-
ing a human GnRH-DNA-PCRfragment from -611 to -82 bp. This
fragment contained a 5' Hind III site that was labeled using Taq poly-
merase, dGTP, dCTP, dTTP, and [a-32P]ATP. Purified calf uterus es-

trogen receptor was prepared as described (25). DNA-binding reactions
were performed in 50 Ml of a buffer containing 50 mMKCI, 10%glyc-
erol,20 mMTris pH 8.0,1 mMDTT, 1 mMMgC2, 1 mMEDTA, 100
nMestradiol, 100 Mg/ml BSA, 4 Mgof poly dI-dC, and 11 mM,B-mer-
captoethanol for 30 min at 25°C. Binding reaction contained between
0 and 17 nM of purified estrogen receptor. At the highest estrogen
receptor concentration (17 nM), receptor constituted only 1% of the
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total protein in the binding reaction due to the addition of BSAto each
reaction. DNase I (0.6 ug) was used for partial digestion of the radiola-
beled template (2 min at 250C); and the reaction was terminated by
adding 100 IAI of a solution containing 50 mMEDTA, 1%SDS, and 20
gg of yeast tRNA. The digested products were extracted with phenol
and chloroform, precipitated with ethanol, and resolved on an 8%dena-
turing polyacrylamide gel.

Avidin-biotin complexDNA-binding assay. To test whether EREof
human GnRHwould bind 35S-labeled human ER, the avidin-biotin
complex DNA-binding assay (ABCD assay) was employed. Double-
stranded oligonucleotides from the long terminal repeat of adenovirus
5 (5'-AGGGAAGGAAGGTGTACACAGGAAGTGACAATTTT-
CGCA-3' and 5'-GAAGAGAGAATGCGAAAATTGTCACTTCC-
TGTGTACACC-3'), the xenopus vitellogenin ERE (5'-AGGGAA-
GGAATCAGGTCACTGTGACCTGA-3'and 5'-GAAGAGAGA-
ATCAGGTCACAGTGACCTGA-3),and the human GnRHgene
(-551 to -512 bp, 5'-AGGGAAGGAAGGATCCTACATGGACT-
TGGTATATAGTGTCACTTACTTGT-3'and 5'-GAAGAGAGAA
ACAAGTAAGTGACACTATATACCAAGTCCATGTAGGATCC-
3') were synthesized with identical 5' overhangs (underlined) and filled
in with biotin-l1 dUTP and dCTP using Taq DNA polymerase.
Smaller biotinylated DNAfragments of the human GnRHgene, in-
cluding and surrounding the ERE, were also synthesized with the above
5' overhangs. Each DNAfragment was designed to incorporate 11 bio-
tin 1 l-dUTP residues. Radiolabeled [33S]methionine human ER was
prepared using an in vitro transcription-translation system. Briefly, the
human ER (gift of P. Chambon) was cloned into the pGEM4Zvector
and in vitro human ERmRNAwas synthesized using SP6 polymerase.
This mRNA(I Mg) was translated in a rabbit reticulocyte lysate system
containing [35S] methionine (New England Nuclear, Boston, MA).
Binding reactions were performed as described previously (20) except
that 0.1% BSA was added to the binding buffer. Each binding reaction
contained various concentrations of the respective biotinylated DNA
fragment (20 nM) and 1 x 10-4 cpm of 35S-labeled human ERas deter-
mined by TCAprecipitation. The concentration of biotinylated DNA
fragments was quantitated using a DNAfluorometric assay (Mini Fluo-
rometer, Hoefer Scientific, San Francisco, CA).

Results

DNA transfection studies to localize estrogen-responsive re-
gions in the human GnRHgene. To determine whether the
human GnRHgene contains DNAsequences that may medi-
ate estrogen responsiveness, CATexpression vectors using the
native promoter were initially constructed but gave very low
basal activity. Therefore, four 5' flanking regions, -1 131 to
-546 bp, -551 to +5 bp, -551 to -459 bp, and -547 to -516
bp of the human GnRHgene were placed upstream of the TK
promoter fused to the CAT reporter gene (pTKCAT). These
constructs were transfected into JEG-3 cells and CATactivity
determined. Wehave previously demonstrated low levels of
estrogen receptor (ER) mRNAby Northern blot analysis in
JEG-3 cells (data not shown), but to augment ER levels, an
expression vector containing the SV40 early promoter and the
human estrogen receptor cDNA(pKCR2ER, gift of P. Cham-
bon) was cotransfected in some experiments. Fig. 1 A shows
that in the absence of cotransfected estrogen receptor 0. 1 nMor
10 nM estradiol did not stimulate CAT activity from
pTKCAT, p-l 131/-546TKCAT, or p-551/+5TKCAT.

However, when 1 Ag of pKCR2ERwas cotransfected, the
constructs p-551/+5TKCAT, p-551/-459TKCAT, and p-547/
-516TKCAT but not p-l 131/-546TKCAT or pTKCAT dis-
played a 2.4-, 2.2-, and 3.6-fold increase, respectively, in CAT
activity when exposed to 10 nM estradiol (Fig. 1 B). Fig. 1 B
also demonstrates a concentration dependence of this estrogen

pTKCW

p-I 131/-546TKCA

p-551/+5TKCA

pTKCAT

p-i 131 /-546TKCAT
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I
0 NoE2

AT 0 0.1 nM
1.1 x 0 10 nM
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CAT Activity (corrected)

Figure 1. 5' flanking regions of the human GnRHgene were ligated
upstream of the TK promoter in pTKCAT. The regions placed up-
stream of TK are indicated by the numbers that precede TKCAT.

These constructs were transfected into JEG-3 cells without (A) or with

a human ER-cDNA (pKCR2ER) expression vector (B) and CATac-

tivity was measured 48 h after either no treatment, or treatment with

either 0.1 or 10 nM estradiol (E2). CATactivity is expressed as per-
cent acetylation in 16 h/mg of protein.

effect over a range from 0.1 to 10 nM estradiol for the p-55 1/
+5TKCATconstruct. These data indicate that, in the presence
of cotransfected estrogen receptor, estrogen responsiveness
could be conferred to the heterologous TK promoter in JEG-3
cells using DNAsequences located between -547 and -516 bp
of the human GnRHgene.

To study estrogen regulation of the native promoter, we

initially utilized only the 5' flanking region of the gene (-1 131
to +5 bp) fused to the LUCgene, but again this construct dis-
played low basal LUCactivity (Nakayama, Y., M. Yamada, G.
B. Cutler Jr., B. Weintraub, S. Radovick, manuscript submit-
ted for publication). Thus, we constructed several human
GnRH-LUC expression vectors containing DNA sequences
downstream from the transcription initiation site. pGnRH.3E
contains -1 131 to +2684 bp (end of the third exon) of GnRH;
pGnRH.2E contains -1 131 to +1073 bp (end of the second
exon) of GnRH; and pGnRH.2E/-82 contains -82 to + 1073

bp of GnRH. To prevent read-through translation from GnRH

coding sequences, translational stop codons were introduced

into each of these constructs in the appropriate reading frame.
To control for nonspecific effects, a construct containing the

Rous sarcoma virus promoter, pRSVL, was utilized. Fig. 2
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Relative Light Units (RLU x 10-3, corrected)
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- -U - pGnRH.3E(-1 131 to +2684)

pGnRH.2E/-82(-82 to +933)

pGnRH.2E(-I 131 to +933)

Figure 2. HumanGnRH-LUCexpression constructs were cotrans-
fected into JEG-3 cells with pKCRER. Constructs are shown dia-
grammatically here and described in the text. Shown is the relative
light unit production corrected for transfection efficiency from cell
cultures receiving either no treatment or treatment with 10 nMestra-
diol (E2). Activity of pRSVL (RSV) was determined from 0.1% of
the cell lysate used for human GnRHconstruct determinations.

shows the results of an experiment done in JEG-3 cells with all
constructs cotransfected with pRSVCAT(to correct for trans-
fection efficiency) and pKCRER(to maximize the estradiol
response).

Cell cultures transfected with pGnRH.2E and pGnRH.3E
displayed a significant three- to fivefold increase in LUCactiv-
ity upon treatment with estradiol 10 nM (P < 0.001). Since
there was a reduction in estrogen responsiveness when the sec-
ond intron and third exon were deleted (pGnRH.3E versus
pGnRH.2E), we can not exclude that an additional ERE is
located in this region. However, a 5' deletion of pGnRH.2E,
pGnRH.2E/-82, displayed no significant increase in activity.
As expected, LUCactivity from pRSVLwas unaltered by estra-
diol treatment. These results provide additional evidence that
an ERE is located between -1 131 and -82 bp of the human
GnRHgene, and when combined with previous CATdata, this
EREcan be localized to -547 to -516 bp.

o No E2

* 1OnME2 TK

VILt.ERE

GnRH.EREx2

GnRH.ERExl

0 10 20

J No E2
U IOnME2

30 40 50
CAT Activity (corrected)

Figure 3. Estrogen response elements were ligated upstream of
pTKCAT. The vitellogenin ERE, or one or two copies of the human
GnRHERE(-547 to -516 bp) was ligated upstream of the TK pro-
moter in pTKCAT forming VIT.ERE, GnRH.ERExl, and
GnRH.EREx2, respectively. These constructs were transfected into
JEG-3 cells with a human ER-cDNA (pKCR2ER) expression vector,
and CAT activity was measured 48 h after either no treatment or
treatment with 10 nM estradiol (E2). CAT activity is expressed as
percent acetylation in 16 h/mg of protein.

Comparison of the human GnRHand vitellogenin estrogen
response elements. To compare the EREs in the human GnRH
and vitellogenin gene, they were inserted upstream of the TK
promoter in pTKCAT. Fig. 3 illustrates that in the presence of
cotransfected estrogen receptor either one (GnRH.ERE X 1) or
two (GnRH.ERE x 2) copies of the human GnRHgene or the
vitellogenin ERE (VIT.ERE) conferred estrogen responsive-
ness to the TK promoter. Thus, a human GnRHERElocated
between -547 and -516 bp is necessary and sufficient to
confer estrogen responsiveness to a heterologous promoter. In-
terestingly, each of the EREconstructs displayed a significant
decrease in basal activity as compared with the parent con-
struct. This was most notable for the human GnRH.EREx 2
construct and may explain why the estrogen induction was
lower in this construct than in the human GnRH.EREX 1
construct. Moreover, the estrogen stimulatory responses may
be somewhat lower than expected because, in this experiment,
promoter activity from the parent construct, pTKCAT, was
inhibited by estradiol treatment.

DNase Ifootprinting of the human GnRHgene using puri-
fied estrogen receptor. To determine whether estrogen receptor
binds to the human GnRHgene, a DNAfragment from -61 1
to -82 bp was radiolabeled at the 5' end, incubated with
various concentrations of purified estrogen receptor derived
from calf uterus, and partially digested with DNase I. Fig. 4
demonstrates that increasing concentrations of estrogen recep-
tor from 0. 17 to 17 nM resulted in a strong footprint between
-514 and -567 bp at 17 nM. These results are consistent with
previous data from other investigators (25) who have deter-
mined that the Kd of estrogen receptor binding to estrogen re-
sponse elements was 2-5 nM. The footprinted region is some-
what larger than expected. This may be due to the pattern of
DNase I digestion and the location of the radiolabel near the 5'
border of the footprint. Other investigators have also had diffi-
culty establishing clear borders of estrogen receptor binding
using a modification of the DNase I footprinting tech-
nique (26).
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Figure 4. DNase I footprinting of the human GnRHgene using puri-
fied estrogen receptor. A radiolabeled human GnRHprobe (-611
to -82 bp) was incubated with either no receptor (lanes 2 and 6), or
0. 17, 1.7 or 17 nMpurified calf uterine estrogen receptor (lanes 3,
4, and 5, respectively) in 50 ul of a buffer containing 50 mMKC1,
10% glycerol, 20 mMTris pH 8.0, 1 mMDTT, 1 mMMgCl2, 1 mM
EDTA, 100 nM l7-fl-estradiol, 100 jig/ml BSA, and 4 ag of poly dl-
dC for 30 min at 25°C. The binding reactions were partially digested
with DNase I (0.6 Mg, 2 min at 25°C) and separated on an 8%dena-
turating polyacrylamide gel. Lane I contains a radiolabeled molecular
weight marker.

Estrogen receptor binding to human GnRHgene utilizing
the avidin-biotin DNA-binding assay. Therefore, we employed
the avidin-biotin DNA-binding assay to confirm the results of
estrogen receptor binding to sequences identified by DNase I
footprinting. A biotinylated DNAfragment containing -551
to -512 bp of the human GnRHgene (GnRH.ERE) was uti-
lized in the avidin-biotin DNA-binding assay. As a positive
control, a well-defined ERE from the xenopus vitellogenin
gene (VIT.ERE) was utilized; as a negative control we em-
ployed AD5, the same DNAfragment used by other investiga-

Figure 5. Estrogen
ADS receptor binding to

human GnRHgene
utilizing the avidin-

GnRH.ERE biotin complex
DNA-binding assay
(ABCD assay). Dou-

VIT.ERE ble-stranded oligonu-
cleotides from the

0.0 0.5 1.0 1.5 2.0 long terminal repeat
35S Estrogen Receptor bound (cpm x 10-3) of ADn , the

VIT.ERE, and the
human GnRHgene (-551 to -512 bp, GnRH.ERE) were synthe-
sized with identical 5' overhangs and filled in with biotin-l 1 dUTP.
Radiolabeled (35S methionine) human ERwas prepared using an in
vitro transcription-translation system. Each binding reaction con-
tained 1 pm of the respective biotinylated DNAfragment (20 nM)
and 1 X l0-' cpm of 35S-labeled human ERas determined by TCA
precipitation.

tors (27) studying estrogen receptor binding to biotinylated
DNAfragments in this assay. Fig. 5 demonstrates that both
GnRH.EREand VIT.ERE bound - 15-fold more "S-labeled
estrogen receptor than the negative control fragment, adenovi-
rus 5, (AD5) at a DNAconcentration of 20 nM. These results
confirm that the estrogen receptor binds to the human GnRH
gene, and localize the region of binding from -551 to -514 bp.

To localize further the region to which the estrogen receptor
interacts with the human GnRHgene, a series of adjacent bio-
tinylated DNAfragment of the humanGnRHgene was synthe-
sized. Fig. 6 demonstrates that a region from -541 to -517 bp
bound "S-labeled estrogen receptor to a similar extent as the
vitellogenin ERE. However, the regions surrounding -541 to
-517 bp did not bind significant amounts of the radiolabeled
receptor.

To determine the affinity of estrogen-receptor binding to
the GnRH.EREand the vitellogenin ERE, the avidin-biotin
DNA-binding assay was again employed with various concen-
trations of biotinylated DNAfragments. Fig. 7 demonstrates
that both the GnRHEREand the vitellogenin EREbound the
estrogen receptor with high affinity (Kd 1 nM), while
the AD5 bound the estrogen receptor at considerably lower
affinity.

GnRH-516/-492

GnRH-541/-517

GnRH-566/-542

VIERE

AD5

0 1 2 3

S Estrogen Receptor bound (cpm x 10-3)

Figure 6. Further location of estrogen receptor binding in the human
GnRHgene. The ABCDassay was employed using adjacent biotiny-
lated DNAfragments of the human GnRHgene, the long terminal
repeat of AD5, and the VITERE, as described in the Fig. 5 legend.
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Figure 7. Affinity of estrogen receptor binding to the GnRHand vi-
tellogenin ERE. The avidin-biotin DNA-binding assay was per-

formed with various concentrations of biotinylated DNAfragments
as described in the Fig. 5 legend. (A) Specific estrogen receptor (ER)
binding in cpm versus the concentration of biotinylated DNAfrag-
ments is displayed. Data points are the mean of duplicate determin-
ates from three separate experiments. (B) Scatchard analysis of DNA
binding was performed. The dissociation constants (Kd) were calcu-
lated from the Scatchard plots.

Discussion

The molecular mechanisms of GnRHregulation by estrogen
are largely unknown. For example, the effect of estrogen on
GnRHmRNAlevels is controversial as is whether estrogen
acts directly on the GnRHneuron to regulate its expression.
The GnRHneuron may be directly regulated by estrogen or

Fk.AT-{_TA3TGCxA- _ATSTCA
C;GkCTA--A C TI C-, TC CC

:; ^.RH

r ~A,.? lt.
JH5

*,;to_-TTGAAT TS(AG: 'CIACA' tTA'yrATAT.ArTGCCTTACr,,

-500 -460

AATCAGATTTTTAAAATTGGAAGCAACTCTGTGATCATCTAGTCCATCTAGTCTACACCC

Figure 8. Summary of functional and structural assays used to deter-
mine an EREin the human GnRH5' flanking region. Localization
by functional assays (line with arrowheads) of estrogen responsiveness
and structural assays, DNase I footprint (stippled box) and avidin-
biotin DNA-binding assays (black stippled box), of estrogen receptor
binding. At the top is the putative EREsequence in the human
GnRHgene, between -534 and -521 bp (boxed), compared with that
of the EREs in the rat prolactin, xenopus vitellogenin, and rat LH

indirectly regulated through contact with other neurons. Estro-
gen interacts with a specific nuclear-receptor protein and binds
to distinct DNAregions as a steroid-receptor complex to influ-
ence gene transcription (28, 29). Although a consensus-pallin-
dromic estrogen-response element (ERE) was not found upon
sequencing the 1.2 kb of 5-flanking GnRHDNA, one area
with high homology to known EREs was found. As shown in
Fig. 8, between -534 and -521 bp in the human GnRHgene
(boxed) is a DNAsequence that is 80%homologous to EREs in
the rat prolactin, xenopus vitellogenin, and rat LH(B genes (25,
28, 30).

Fig. 8 also demonstrates that both functional and structural
assays used in this study localize a stimulatory ERE to this
region of DNAsequence homology. Functional assays indicate
that a stimulatory EREis localized between -547 and -516 bp
(line with arrowheads), while DNAse I footprinting (stippled
box) and the avidin-biotin DNA-binding assay (black-stippled
box) indicate that the estrogen-receptor binds to -567 to -514
bp and -541 to -517 bp, respectively, of the human GnRH
gene. These regions overlap between -541 and -517 bp,
which, as noted above, contains a DNAsequence homologous
to other reported EREs between -534 and -521 bp.

Comparisons among the EREs indicate that the EREsfrom
the rLH# and hGnRHgene contain one- and two-bp inser-
tions, respectively, between putative half-sites of estrogen-re-
ceptor binding (31). The relatively modest stimulatory re-
sponse to estrogen (threefold) noted in the rLH,3 and hGnRH
genes, versus the dramatic stimulatory response noted in the
vitellogenin gene, in some systems, may be due to differences
in estrogen-receptor binding among these elements. Moreover,
differences among EREs may have physiological importance
where either a modest or dramatic stimulatory response to es-
trogen may be required to elicit the appropriate biological re-
sponse. However, in the cotransfection system we utilized, we
did not observe a significant difference in estrogen responsive-
ness among the EREs.

The data presented in this paper do not prove that estrogen
directly regulates human GnRHexpression in the hypothala-
mus. However, several lines of evidence strongly suggest a di-
rect regulatory role for estrogen. For example, in an analogous
system Petraglia et al. (32) showed that estrogen stimulated
expression of immunoreactive GnRHapproximately threefold
from cultured human placental cells. Since the human pla-
centa contains abundant estrogen receptors, this is consistent
with the data we have presented. Moreover, Kommet al. (18)
and Eriksen et al. (19) showed that as few as 200-500 estrogen
receptors per nucleus in osteoblastlike cells were sufficient to
mediate an induction of type I procollagen, transforming
growth factor-e, and progesterone receptor in these cells. In
addition, as few as 500 estrogen receptors per cell nucleus are
sufficient to initiate ovalbumin transcription in the chicken
oviduct (33). Thus, estrogen receptors sufficient to mediate a
GnRHstimulatory response might not be detectable in hypo-
thalamic GnRHneurons using in situ ligand (16) or antibody-
binding assays (17). Finally, in most studies, at least some
GnRHneurons do contain detectable estrogen receptors (16,
17). This leaves open the possibility that certain populations of
GnRHneurons are directly regulated by estrogen while other
neurons are either indirectly regulated or not regulated by es-

trogen. This is analogous to central regulation of the thyrotro-
pin-releasing hormone neuron where only certain populations
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of thyrotropin-releasing hormone neurons are regulated by thy-
roid hormone (34).

In conclusion, we have shown that the human GnRHgene
contains a functional EREbetween -547 and -516 bp. DNase
I footprinting and the avidin-biotin complex DNA-binding
assay demonstrate estrogen-receptor binding to -567 to -514
bp and -541 to -517 bp, respectively, of the human GnRH
gene. The presence of an ERE, defined by both functional and
structural studies, suggests that human GnRHgene expression
in the hypothalamus may be directly stimulated by estrogen,
and that this stimulation might account for increased GnRH
secretion observed at the time of the preovulatory LH surge.
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