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Abstract

We previously demonstrated that all-trans-retinoic acid (all-trans-RA) regulates gonadotropin-releasing hormone (GnRH) release and
gene expression in rat hypothalamic fragments and GT1-1 neuronal cells. Promoter analysis of rat GnRH gene revealed that the enhancing
effect of al-trans-RA on GnRH transcription is mediated by cis-elements localized within —1640/ —1438 of the rat GhRH promoter. In
the present study, we attempted to localize functional retinoic acid response elements (RARES) within the all-trans-RA-responsive region
of the rat GnRH gene. Sequence analysis showed that there exist three putative repeats of AGGTCA-related sequences (—1637/—1617,
—1579/—1562, and —1494/—1470) within this promoter sequence. Among them, only the —1494/—1470 sequence could compete the
specific binding of GT1-1 nuclear extracts to the consensus RARE (direct repeat of AGGTCA with a 5-bp spacer, DR-5) and vice versain
electrophoretic mobility shift assays. In addition, like consensus RARE, the —1494/—1470 sequence could confer all-trans-RA
responsiveness when inserted into the upstream region of SV40 promoter. Treatment of GT1-1 cells with all-trans- or 9-cis-RA increased
the specific bindings of GT1-1 nuclear extracts to the consensus RARE and to the —1494/—1470 sequence while not affecting the
specific binding to the cAMP response element (CRE). Both retinoids induced RARB gene expression in GT1-1 cells. The —1494/—1470
sequence (5'-TCTTAGGACTCTGTGTGACCTAAGA) is similar to the direct repeat of TGACCT (complementary sequence of
AGGTCA) with a spacer of 5 bp (i.e. DR-5 in the reverse orientation). A mutation of the second core recognition motif of the
—1494/ —1470 sequence to a more divergent one from consensus RARE (from TGACCT to TTACAT) abolished the responsiveness to
al-trans-RA, whereas a mutation of first core recognition motif to a more TGACCT-like sequence (from AGGACT to TGAACT)
increased the responsiveness to all-trans-RA. These results indicate that the —1494/—1470 sequence is indeed a weak but functional
RARE of the modified DR-5 type. Taken together, these data indicate that all-trans-RA enhances GnRH transcription via functional
RARE present in the distal region of the GnRH promoter. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Gonadotropin-releasing hormone (GnRH) is a key

- neuroendocrine regulator controlling reproduction and
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tors (reviewed in Refs. [19,26]). Recently, we reported
evidence that all-trans-retinoic acid (al-trans-RA), an
active metabolite of vitamin A, may function as another
important regulator in GNRH neurons [9]. We demon-
strated that GNRH neurons express functional retinoid
receptors. In addition, we showed that all-trans-RA stimu-
lates GNRH secretion and increases GhRH mRNA levels
via enhanced gene transcription. The promoter region
responsible for the all-trans-RA action was mapped within
—1640/—1438 of the rat GnRH 5'-flanking sequence.

Vitamin A is an essential micronutrient, which plays
critical roles in diverse biological processes such as vision,
growth, reproduction, immunity, and epithelia tissue
maintenance [1,5,7,43,46]. Although the importance of
vitamin A in the maintenance of norma reproductive
function has been known for a long time [52], the precise
role of vitamin A in this process is only partially under-
stood. Retinoids seem to be essential for spermatogenesis
[16], oocyte maturation [50] and normal embryonic de-
velopment [40]. Previous studies also indicated in-
volvement of retinoids at the level of pituitary [2,21]. The
regulation of GnNRH gene expression and secretion by
al-trans-RA expands the role of vitamin A to the hypo-
thalamic level.

It is well documented that the biological functions of
al-trans-RA are mediated by high affinity retinoic acid
receptors (RARS) that act as ligand-activated transcription
factors (reviewed in Refs. [5,17,30,33]). The RARs belong
to the superfamily of steroid/thyroid/vitamin D/retinoid
hormone receptors and there exist three distinct subtypes,
a, B, and vy. When activated by their cognate ligand
al-trans-RA, RARs bind as homodimers or as hetero-
dimers with retinoid X receptors (RXRs) to DNA sequence
elements of target genes known as retinoic acid response
elements (RARES). In this way, RARs either enhance or
repress the transcription of target genes. Sequence analysis
of the known RAREs of severa genes characterized a
conserved RARE sequence (reviewed in Ref. [18]). The
conserved RARE is a direct repeat of nucleotide sequence
AGGTCA (aso known as haf site or core recognition
motif (CRM)) with spacing nucleotides of 5 bp (hence
abbreviated as DR-5). The best-known example of a DR-5
type RARE is one that is found in the upstream promoter
region of the RARB gene [11]. However, examination of
natural RARESs responding to all-trans-RA showed wide
variations in sequence, orientation and spacing. For exam-
ple, analysis of the medium acyl-CoA dehydrogenase gene
has led to the identification of a complex RARE consisting
of three CRMs [37]. The first two motifs are arranged as
inverted palindromes spaced by 8 bp and the third motif is
arranged as a direct repeat with respect to the second motif
a a spacing of 1 bp. A similar RARE with two inverted
paindromic RARE consensus sequences separated by an
eight-nucleotide spacer was found in the second intron of
the mouse H2Kb gene [22]. Moreover, it was reported that
the human RAR can interact with a palindromic element

located between —347 and —328 of the human immuno-
deficiency virus type 1 (HIV-1) long termina repeat (LTR)
[36]. Thus, it seems likely that not only DR-5 but aso
other arrangements of AGGTCA-related sequences can be
a functional RARE depending on the promoter context.
In the present study, we attempted to identify functional
RARE within the all-trans-RA responsive region of the rat
GnRH promoter. Of three putative AGGTCA-related se-
gquence repeats examined, we found that the —1494/—
1470 sequence is a weak but functional RARE of DR-5

type.

2. Materials and methods
2.1. Materials

All-trans-RA was obtained from Sigma (St. Louis, MO,
USA). Materias for cell culture were purchased from
Gibco (NY, USA). Other chemicas, if not mentioned
otherwise, were from Sigma. The plasmid pGnRH3.0LUC
(kindly provided by JL. Roberts, Mt. Sinai School of
Medicine, USA) contains 3 kb of the 5’ flanking sequence
of the rat GnRH promoter (—3002 to +88) fused to the
luciferase reporter vector pXP2 [35]. pPCMV-Bgal which
contains the cytomegaloviral promoter fused to the B-
galactosidase gene was obtained from Stratagene (La Jolla,
CA, USA). pGL3 luciferase reporter vectors were pur-
chased from Promega (Madison, Wi, USA).

2.2 Cdl culture

GT1-1 cells (kindly provided by H. Jarry, University of
Gottingen, Germany) were maintained in Dulbecco’'s
modified Eagle’s medium (DMEM) with 4 mM glutamine,
1 mM sodium pyruvate, 100 U/ml penicillin/strep-
tomycin, and 10% fetal bovine serum (FBS) under a
humidifying atmosphere containing 5% CO, at 37°C [9].
Medium was refreshed every 2—3 days. Prior to all-trans-
RA treatment, cells were incubated at least 2 days in
phenol red-free DMEM containing 10% dextran-coated
charcoal-stripped FBS.

2.3 Reverse transcription-coupled polymerase chain
reaction (RT-PCR)

RT-PCR was performed as described previously [44]
with dight modifications. Briefly, 1 g of total RNA was
reverse-transcribed in the presence of random hexamer (50
pmol) and dNTP (1 mM) at 42°C for 1 h. Aliquots (usualy
1 pl) of the RT mixture were subjected to PCR cycles as
follows. Step 1 (initial denaturation): 95°C for 5 min, step
2 (amplification): 95°C for 1 min, 55°C (for RAR« and B)
or 50°C (for RARy) for 1 min, 72°C for 1.5 min for 35
cycles, and step 3 (final extension): 72°C for 10 min. RAR
subtype-specific PCR primers were designed to amplify
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portions of cDNA sequences which encode the ligand
binding domains of rat RARa (Hellemans et al., 1997,
unpublished; EMBL accession No. AJ002940), mouse
RARR [20], and mouse RARYy [54]. The primer sequences
are as follows: for RARa, upstream 5'-ATCGAGAAGGT-
GCGCAAAGC, downstream 5-CAGCGTTGTGCATCT-
GAGTC to make 340-bp PCR products; for RARp,
upstream 5’-tatgaattcAATGCTGGCTTCGGTCCTCT,
downstream 5'-tatggatccGGGAATGTCTGCAACAGC-
TGGA to generate 502-bp PCR products; for RARYy,
upstream 5-CCCCTGGAGATGGATGACA, downstream
5'-GCGGTATCTGGGAAATGGTC to make 478-bp PCR
products. All PCR products were cloned into the pGEM-T
easy vector (Promega) and sequenced to confirm correct
amplification.

2.4. Oligonucleotides and generation of heterologous
promoter reporter vectors

Single-stranded oligonuclectides were synthesized from
Bioneer (Cheongwon, Chungbuk, Kores). Oligonucleotide
sequences are listed in Table 1. Single-stranded oligo-
nucleotides were annealed to their complementary strands
by heating to 85°C for 2—3 min and cooling slowly to
below 40°C for several hours in the annealing buffer (10
mM Tris, pH 80, 0.1 mM EDTA, 200 mM NaCl).
Complete annealing was confirmed by polyacrylamide gel
electrophoresis. Otherwise, annealed oligonucleotides were
eluted from polyacrylamide gels. Annealed oligonucleo-
tides were used directly as probes for electrophoretic
mobility shift assays and were also used to insert these
putative elements into the SV40 promoter-driven luciferase
reporter vector pGL3-promoter (Promega) at the Nhel/
Xhol sites. Correct insertions were confirmed by dideoxy

sequencing.

2.5, Transfection experiment

GT1-1 cells were plated in 60-mm dishes and grown to
30-40% confluence for 2—3 days. The cells were washed
twice with Dulbecco’s phosphate-buffered saline (D-PBS)
and the medium was changed to phenol red-free DMEM
with 10% dextran-coated charcoal-stripped FBS. Then, 2
days later, the cells were washed twice with D-PBS and
cultured in 5 ml of fresh medium for 2 h before transfec-
tion. The reporter plasmids for the transfection experi-
ments were purified on Qiagen columns (Qiagen, Hilden,
Germany) according to manufacturer’s instructions and
resuspended in 0.1X TE buffer (1 mM Tris, pH 8.0, 0.1
mM EDTA) at a concentration of 0.5-1 mg/ml. The
DNA-calcium phosphate mixture was prepared by mixing
one part of 2X BES-buffered saline (280 mM NaCl, 1.5
mM Na,HPO,, 50 mM BES, pH 6.96) with one part of
DNA-calcium chloride solution (60 wg/ml DNA, 250 mM
CaCl,) and incubated at room temperature for 15 min
before transfection. Each dish received 0.5 ml of the
DNA-calcium phosphate mixture containing 5 wg lucifer-
ase reporter vector (pGNRH3.0LUC or 3XBRARE-LUC)
and 10 p.g B-gaactosidase reporter vector (pCMV-Bga)
dropwise and was incubated at 37°C under 5% CO,
tension for 24 h. Excess DNA-calcium phosphate precipi-
tates were washed out by rinsing twice with calcium- and
magnesium-free D-PBS. Then the cells were cultivated in
medium containing appropriate drugs for additional 24—-48
h. Cell lysates were prepared by incubating cellsin 0.4 ml
of 1X reporter lysis buffer (Promega, Madison, WI, USA)
for 15 min a room temperature. After centrifugation,
supernatants were kept at —70°C until assayed. Protein
concentration was measured with a protein assay kit (Bio-
Rad, Hercules, CA, USA) using bovine serum albumin as a
standard. Beta-galactosidase and luciferase assays were

Table 1

Oligonucleotide sequences®

Name Sequence Reference

—1637/—-1617 CTAGAGGTCTTGGGTAAATTGGCCT [25]
TCCAGAACCCATTTAACCGGAAGCT

—1579/—-1562 CTAGAAAGCCTCAAAAGCCTCA [25]
TTTCGGAGTTTTCGGAGTAGCT

—1494/—1470 CTAGTCTTAGGACTCTGTGTGACCTAAGA [25]
AGAATCCTGAGACACACTGGATTCTAGCT

DR-3 (VD,RE) CTAGAAAAGGTCAAAAAGGTCA [18]
TTTTCCAGTTTTTCCAGTAGCT

DR-4 (T,RE) CTAGAGGTCACCGAAGGTCA [18]
TCCAGTGGCTTCCAGTAGCT

DR-5 (RARE) CTAGAGGTCACCGAAAGGTCA [18]
TCCAGTGGCTTTCCAGTAGCT

PAL-5 CTAGAGGTCACCGAATGACCT
TCCAGTGGCTTACTGGAAGCT

CRE CTAGTGATTGCCTGACGTCAGAGAGCA [39]

ACTAACGGACTGCAGTCTCTCGTAGCT

2 All oligonucleotide pairs were synthesized to make Nhel (CTAG) and Xhol (AGCT) compatible ends after annealing. **P-labeled probes were generated
during the end-filling reaction using the Klenow fragment. Annealed oligonucleotides were also used to insert the putative elements into the reporter vector
pGL3-promoter at the Nhel /Xhol sites for use in transient transfection assays. Bold characters are putative or conserved CRMs.
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performed using commercial enzyme assay kits (Promega).
Untransfected GT1-1 cell extracts showed no background
luciferase activity, and endogenous 3-gal actosidase activi-
ty was negligible under the assay condition used. Cyto-
megaloviral promoter-driven B-galactosidase activity was
used to compensate the transfection efficiency.

2.6. Preparation of nuclear extracts

Nuclear extracts were prepared with a dlight modi-
fication of the rapid nuclear extraction protocol described
by Dignam et a. [12]. Cells were grown to 40-50%
confluence in a 100-mm dish, and were fed with phenol
red-free DMEM with 10% dextran-coated charcoal-strip-
ped FBS and further incubated for 36 h. Cells were then
treated with vehicle (0.1% ethanol), 1 uM al-trans-RA or
1 uM 9-cis-RA for 12-48 h. Cells were washed twice with
D-PBS and harvested. Cell pellets were resuspended in 0.4
ml of buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl,, 10
mM KCI, 0.5 mM DTT, 0.2 mM PMSF) and incubated on
ice for 10 min. After vortexing for 10 s, nuclear pellets
were obtained by two-step centrifugation at 2000 rpm for
40 s and at 12,000 rpm for 5 min. The resulting pellets
were resuspended in 100 pl of buffer C (20 mM Hepes,
pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2
mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 1 png/ml of the
protease inhibitors leupeptin, aprotinin, and pepstatin) and
incubated on ice for 20 min. The nuclear extracts were
centrifuged for 5 min, and the supernatant was aliquoted
and stored at —70°C. Protein concentration was deter-
mined using the Bio-Rad protein assay system (Bio-Rad,
Hercules, CA, USA).

2.7. Electrophoretic mobility shift assays (EMSA)

For radiolabeling, 4 pmol of annealed oligonuclectides
were labeled with 20 pCi of [a-**P]dCTP (Amersham)
using Klenow fragment (Promega). Labeled probes were
diluted to 40 fmol/pl. A total of 40 fmol of **P-probe
were incubated with 2-5 g of GT1-1 nuclear extracts in
gel shift assay buffer (20 mM Hepes, pH 7.6, 0.1 mM KClI,
10% glycerol, 0.1% Nonidet P-40, 1 mM DTT) containing
2.5 g of polydeoxyinosinic-deoxycytidylic acid in a 20-
wl reaction. Binding reactions were performed on ice for
20 min and at room temperature for 30 min. The reaction
mixture was run on a 5% native polyacrylamide (29:1) gel
in 0.5X TBE (45 mM Tris-borate, 1 mM EDTA) at 150 V
for 2 h to resolve protein-DNA complexes. For competi-
tion assays, a molar excess (usually 50-fold) of unlabeled
double-stranded competitor DNA was added after addition
of **P-labeled probes.

2.8 SQatigtical analysis

Data for GnRH promoter activity were statisticaly

evauated using Student’s t-test or one-way anaysis of
variance followed by Fisher's least significant difference
test for a post hoc comparison. Statistical significance was
set at P<<0.05.

3. Results

31 A distal promoter sequence (—1494/ —1470) of the
rat GhnRH gene exhibits similar nuclear extract binding
characteristics comparable to the consensus RARE

We have recently demonstrated that all-trans-RA en-
hanced GnRH transcription via distal promoter element(s)
localized within —1640/ —1438 of the rat GnRH 5’-flank-
ing sequence [9]. In the present study, we attempted to
localize functional retinoic acid response elements
(RARES) within this region. It is well established that
direct repeats (DRs) of AGGTCA (or TGACCT in the
reverse orientation) or closely related sequences with
varying numbers of spacing nucleotides respond to al-
trans-RA [18]. Thus, we searched repeats of AGGTCA
(TGACKCT in the reverse orientation) or related sequences
within this region. Sequence analysis revealed the exist-
ence of three repeats of AGGTCA-related sequences
within —1640/—1438 of the rat GnRH gene (Table 1).
First, at —1637/—1617, a direct repeat of two putative
CRMs with a spacer of 1 bp isfollowed by athird putative
CRM which is arranged as a palindrome with respect to
the second motif at a spacing of 2 bp. Second, at —1579/
—1562, a direct repeat of GCCTCA with a spacer of 3 bp
is present. Finally, at —1494/—1470, a paindromic ar-
rangement of AGGTCA-related sequence with a spacer of
5 bp exists.

We performed cross-competition experiments to ex-
amine whether these putative enhancer elements have a
binding affinity for nuclear proteins comparable to the
consensus RARE. It is well established that direct repeats
of AGGTCA with spacers of 3, 4, and 5 bp (i.e. DR-3,
DR-4 and DR-5) are vitamin D, response element
(VD;RE), T, response element (T,RE) and RARE, re-
spectively [48]. Of these three putative enhancer elements
of the GnRH promoter, EMSA showed that only the
—1494/—1470 fragment showed qualitatively identical
binding characteristics with DR-5 (Fig. 1). As shown in
Fig. 1B, binding of GT1-1 nuclear proteins to —1494/—
1470 sequence was strongly competed with DR-5 and
DR-3. Competition with DR-4 was much weaker than with
DR-5 or DR-3. In addition, the —1494/—1470 sequence
could compete the binding of GT1-1 nuclear extracts to the
DR-5 probe (Fig. 1A). The cAMP response element
(CRE), used as a negative control, did not affect interac-
tions of nuclear factors with the DR-5 or —1494/—1470
sequence and the opposite was also the case (Fig. 1C).
This indicates that the distal sequence —1494/—1470 has
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Fig. 1. The —1494/—1470 sequence of the rat GnRH promoter showed similar nuclear protein-binding characteristics comparable to the consensus RARE.
Oligonucleotides corresponding to the consensus RARE (DR-5, panel A), —1494/—1470 sequence of the rat GnRH promoter (panel B) and consensus
cyclic AMP response element (CRE, panel C) as described in Table 1 were annealed and radiolabeled with [«-**P]dCTP during an end-filling reaction
using Klenow fragment. About 40 fmol of each **P-labeled probes were incubated with 2 wg of GT1-1 nuclear extracts in the presence or absence of
50-fold molar excess (2 pmol) of cold competitors as indicated. Representative autoradiograms are shown here. These experiments were repeated at least

three times with similar results.

identical binding characteristics with consensus RARE in
vitro.

3.2 The —1494/ —1470 sequence confers all-trans-RA
responsiveness when inserted into a heterologous
reporter vector

To test whether the —1494/— 1470 sequence is indeed a
functional RARE, we inserted these putative responsive
elements or consensus response elements into the Nhel/
Xhol sites of the luciferase reporter vector pGL3, and
transfected these heterologous reporter constructs into
GT1-1 cdlls (Fig. 2). The pGL3-promoter vector itself did
not respond to al-trans-RA. An insertion of a single copy
of the consensus RARE (DR-5) conferred all-trans-RA
responsiveness by inducing luciferase activity by ~3-fold.
The heterologous promoters with DR-3, DR-4, PAL-5
(palindromic arrangement of AGGTCA with a spacer of 5
bp) or CRE did not respond to the al-trans-RA treatment.
Among the three putative response elements of the GhRH
promoter, only the —1494/—1470 sequence could confer
al-trans-RA responsiveness. As shown in Fig. 2, the
—1494/—1470 construct significantly induced luciferase
activity by 70% over vehicle-treated control, while the
other constructs failed to show any effect. These results
indicate that the —1494/—1470 sequence is indeed a
functional RARE.
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Fig. 2. The —1494/—-1470 sequence of the rat promoter conferred
al-trans-RA responsiveness when inserted into a heterologous reporter
vector. Putative and consensus response elements described in Table 1
were inserted into the Nhel/Xhol site of the pGL3-promoter vector.
Correct insertions were confirmed by dideoxy sequencing. GT1-1 cells
were transfected with each DNA construct and treated with all-trans-RA
for 24 h. Luciferase activity in cell extracts was measured using a
luminometer. *P<0.05 versus vehicle-treated control.
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3.3 Retinoid treatment increases the binding activities
to the —1494/ —1470 sequence and induces RARS
expression

GT1-1 cells were treated with vehicle, all-trans-RA or
9-cis-RA (1 pM each) for 24 h and nuclear extracts were
prepared to test whether retinoid treatment can alter
consensus and putative response elements binding ac-
tivities. Changes in the response elements binding ac-
tivities were examined by EMSA. As shown in Fig. 3,
binding activities to consensus RARE were significantly
increased by both retinoids. In addition, treatment of GT1-
1 cells with al-trans-RA increased the binding to the
—1494/—1470 sequence, whereas it did not alter the
binding activities to the —1637/—1617 and —1579/—
1562 fragments (Fig. 3 and data not shown). This suggests
a possibility that retinoid treatment alters gene expression
of retinoid receptors. To test this, we examined changes in
mMRNA levels of the RAR genes. GT1-1 cells were treated
with vehicle, all-trans-RA, or 9-cis-RA (1 uM each) and
the total RNA was isolated at 24 and 48 h after the
treatment. The MRNA levels of RAR subtypes were
determined by RT-PCR procedure using subtype-specific
primers (Fig. 4). RARa mRNA level was induced upon 24
h incubation with retinoids and remained high at 48 h.
RARB mRNA level was undetectable in vehicle-treated
GT1-1 cells, but was induced by both retinoids. As
expected, all-trans-RA was more active than 9-Cis-RA in
the induction of RARB in GT1-1 cells. RARy mRNA level
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Fig. 3. Changes of binding activities to consensus nuclear hormone
receptor response element following retinoid treatment. Oligonucleotides
corresponding to DR-5, —1494/—1470 of the rat GnRH gene, and
consensus CRE (Table 1) were annedled and radiolabeled with [a-
#P|dCTP during an end-filling reaction using the Klenow fragment.
About 40 fmol of **P-labeled probes were incubated with 2 g of GT1-1
nuclear extracts prepared from cells treated with vehicle, al-trans-RA (1
M) or 9-cis-RA (1 uM) for 24 h. The binding reaction was performed
as described in Fig. 1. These experiments were repeated at least twice
with similar results.
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Fig. 4. RT-PCR analysis of RAR subtype gene expression in GT1-1 cells
following retinoid treatment. Total RNASs were isolated from GT1-1 cells
treated with vehicle, al-trans-RA (1 pM) or 9-cis-RA (1 pM) for 24 or
48 h as indicated. RT-PCR analysis was performed using RAR subtype-
specific primers as described in Materials and methods. Representative
pictures are shown here. RT-PCR analysis was repeated at least three
times with similar results.

was transiently induced 24 h after retinoid treatment and
returned to the control level by 48 h.

34. Point mutations in the —1494/ —1470 segquence can
alter responsiveness to all-trans-RA

It is well known that the consensus sequence of the 6-bp
CRM for retinoid receptors is 5-AGGTCA or more
loosely defined as 5'-PuG(G/T)TCA [5] and can be read
as 5’-TGACCT or more loosely 5'-TGA(C/A)CPy in the
reverse orientation. A closer evaluation of the —1494/—
1470 sequence of 5 -TCTTAGGACTCTGTGTGAC-
CTAAGA reveals two CRMs separated by five nucleo-
tides. The second CRM (5'-TGACCT) matches the con-
sensus sequence exactly in the reverse orientation, while
the first CRM is varied to 5'-AGGACT. The first motif
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5’-AGGACT can be read as a variation of 5'-AGGTCA
which has incorrect bases at the fourth and sixth positions.
In this case, the —1494/—1470 sequence can be a
variation of palindrome with a 5-bp spacer (PAL-5).
Alternatively, the 5'-AGGACT sequence can be read as a
variation of 5'-TGA(C/A)CPy where the first and third
nucleotides are not matched. In this case, the —1494/—
1470 seguence can be a variant of DR-5 in the reverse
orientation. In any case, the second and fifth nucleotides of
the first CRM that are known to interact directly with
retinoid receptors are well conserved as a putative CRM.
Alignment of the —1494/—1470 sequence with homolo-
gous sequences of either the mouse or human GnRH gene
revealed two important features (Fig. 5A). First, the
sequence of the second CRM and surrounding nucleotides
is well conserved among these species. Second, the
sequence of the first CRM has wide variations but the first
nucleotide is usually thymidine (T) and more related to
5'-TGA(C/A)CPy rather than 5'-AGGTCA.

We designed point mutated oligonucleotides to evaluate
whether the —1494/—1470 sequence is a direct repeat or a
palindromic repeat (Fig. 5A). We examined changes in
their ability to compete consensus RARE (Fig. 5B) and to
confer al-trans-RA responsiveness (Fig. 6). A mutation of
the second CRM to a more divergent one from the
consensus sequence (from TGACCT to TTACAT, the
G13T/C16A construct) completely abolished the ability to
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Fig. 6. A1T/G3A construct showed RARE activities comparable to the
consensus RARE. Consensus or mutated sequences of the —1494/—1470
sequence were inserted into the Nhel /Xhol sites of the pGL3-promoter
vector. GT1-1 cells were transfected with each construct and treated with
either vehicle or dl-trans-RA (1 uM) for 24 h and analyzed for luciferase
activity. These experiments were repeated twice with different DNA
preparations with similar results (n=4).
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MOUSE . ..TCCATAGGCTCTGTGTGACCTAAGA. . .
HUMAN . . GCCTTGAGATCTGTGTGACCTAAGA. . .

Design of mutant and consensus oligonucleotides

-1494/-1470 ctagTCTTAGGACTCTGTGTGACCTAAGAtcga
AlT/G3A ctagTCTTTGAACTCTGTGTGACCTAAGAtcga
G13T/C16A ctagTCTTAGGACTCTGTGTTACATAAGAtCga
S5to4 ctagTCTTAGGACTC_GTGTGACCTAAGAtcga

DR-5 (cRARE) ctagAGGTCACCGAAAGGTCAtcga
ctagAGGTCACCGAATGACCTtcga

PAL-5

-
-
i

Fig. 5. Point mutation experiments. (A) Sequence alignment of the putative RARE sequence of the rat, mouse, and human GnRH gene (upper) and design
of mutant oligonucleotides (lower). The putative RARE sequence of the rat GnRH gene (—1494 to —1470) was aligned with the homologous region of the
mouse and human GnRH promoter sequence. To analyze the characteristics of the putative RARE sequence, the —1494/—1470 sequence was mutated as
indicated (underlined). (B) The mutated oligonucleotides as indicated in (A) were annealed and radiolabeled with [a-**P]dCTP during an end-filling
reaction using the Klenow fragment. Electrophoretic mobility shift assays were performed as described in Fig. 1. Representative autoradiograms are shown

here. These experiments were repeated three times with similar results.
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compete consensus RARE and to confer al-trans-RA
responsiveness (Fig. 5B). This indicates that the sequence
of the second CRM is important for RARE activity.
Moreover, a mutation of the firss CRM to a more
TGACCT-like sequence (from AGGACT to TGAACT, the
A1T/G3A construct) increased the trans-activation re-
sponse as well as the ability to compete the DR-5 binding.
These results support the possibility that the —1494/—
1470 sequence is indeed a type of direct repeat. In support
of this notion, a consensus palindromic repeat of
AGGTCA with a 5-bp spacer could not compete the
consensus RARE and did not confer al-trans-RA respon-
siveness to a heterologous vector. Reducing the number of
spacing nucleotides from five to four (the S5to4 construct)
also completely abolished the characteristic of RARE.

4. Discussion

Various signals are known to regulate GhRH gene
expression at the level of transcription (reviewed in Ref.
[34]). POU-homeodomain transcription factors such as
Oct-1 [6,10,14] and SCIP/Oct-6/Tst-1 [51], second mes-
sengers including phorbol ester [4,13,47,53], and feedback
inputs to the GnRH neurons [8,23,24,27] contribute to the
regulation of GnRH expression at the level of transcrip-
tion. However, the physiological relevance of direct gen-
omic actions of steroids on GnRH transcription in vivo is
still obscured, since it has been impossible to detect the
steroid receptors in GnRH neurons [15,45], which would
specificaly transduce the steroidal feedback inputs [3].
The presence of retinoid receptors in GnRH neurons [9]
and the localization of functional RARE in the upstream of
GnRH promoter provided in this study clearly indicate that
RA is indeed a physiologically relevant signal to regulate
GnRH neuronal activity.

Previously, we have showed that GT1-1 neuronal cells
as well as hypothalamic tissues express functional retinoid
receptor genes including RARa, RARy, RXRa and RXRB
[9]. In addition, we have shown in the present study that
RARB expression can be induced in GT1-1 cells with
retinoid treatment (Fig. 4). This strongly suggests that
retinoids can be important regulators of GhRH neurons.
Since retinoids are versatile bioactive molecules that are
important for various biological processes including de-
velopment, differentiation, vision, immunity and reproduc-
tion (reviewed in Refs. [5,7,43,46]), the specific functions
of retinoids in GNRH neurons may also be multifaceted.
However, it seems evident in the present study that one of
the retinoid actions in GnRH neurons is regulation of
GnRH transcription as dictated by the presence of func-
tional RARE in the distal region of the GhRH promoter.
Other possible actions of retinoids on development, migra-
tion and differentiation of GnRH neurons await future
experiments.

Severa lines of evidence suggest that the —1494/—

1470 sequence is indeed a functional RARE of modified
DR-5 type. First, the mouse and human GnRH promoter
sequences homologous to the —1494/ —1470 sequence are
closer to direct repeats rather than palindromes (Fig. 5A).
In addition, the —1494/—1470 sequence is composed of
two CRMs that are separated by 5 bp. The second CRM
(5’-TGACCT) matches the consensus sequence exactly in
the reverse orientation, while the first CRM (5'-AGGACT)
has two mismatches compared to the consensus motif of
5'-TGA(C/A)CPy at position 1 and 3. Nevertheless, the
second base of guanine (G) and the fifth base of cytidine
(C) of the first CRM are well conserved. These bases are
highly conserved among naturally occurring response
elements and were reported to be contacted directly by
Lys22 and Arg27 of the nuclear receptor DNA binding
domain (DBD), respectively [28,42]. Thus, these two bases
of the first CRM of the —1494/—1470 sequence may
ensure the binding of retinoid receptors, as demonstrated
by specific competition of the binding of GT1-1 nuclear
extracts to the DR-5 and vice versa. In addition, this may
alow all-trans-RA responsiveness when inserted into a
heterologous promoter vector. Likewise, a mutation of the
well-conserved second CRM to a divergent one at position
2 and 5 of the CRM (the G13T/C16A construct) com-
pletely abolished the ability to compete DR-5 binding as
well as the trans-activation activity. Thus, the second CRM
seems indispensable for the maintenance of RARE activi-
ty.
The weak induction activity of the —1494/-1470
sequence by all-trans-RA compared to consensus RARE
can be attributed to the two mismatches in the first CRM,
since the mutation of the two bases of the first CRM to a
more conservative one (the A1T/G3A construct) recov-
ered the full trans-activation activity (Fig. 6) and enhanced
competition with the consensus RARE (Fig. 5B). This aso
raises a possibility that, not only the bases in direct contact
of the receptor DBD but also other surrounding bases of
the CRM are important for high affinity binding and/or
full trans-activation activity (see Ref. [31] and references
therein).

The 5-bp spacing between the two CRMs of the —1494/
—1470 sequence is also important for the RARE activity.
Indeed, it is well established that the nucleotide spacing
between direct repeats of CRMs determines the specificity
of binding among members of the nuclear receptor super-
family. Preferential transcriptional responses to vitamin
D, thyroid hormone (T ;) and all-trans-RA were observed
on direct repeat elements spaced by three (DR-3), four
(DR-4) and five (DR-5) base pairs, respectively [48].
Subsequent numerous studies established the ‘1 to 5 rule’,
where the DR-1 was identified as an RXR response
dement (RXRE) or peroxisome proliferator response
element (PPRE) and the DR-2 as a second type of RARE
(reviewed in Refs. [18,29,32]). In accordance with this
rule, a reduction of spacing from five to four nucleotides
(the S5to4 construct) completely abolishes the transactiva-
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tion activity (Fig. 6), supporting once again that the
—1494/—1470 is indeed a DR-5 type RARE. The reduc-
tion of spacing nucleotides however, slightly decreased the
ability to compete with DR-5 binding in vitro. This is not
surprising, since DR-3, DR-4 and DR-5 share common
CRMs and can compete with each other in EMSA under
appropriate binding conditions [48]. Moreover, these con-
served response elements have a common heterodimeric
partner RXR in their high affinity DNA-protein complexes
(reviewed in Ref. [41]).

It should be mentioned here that, when we examined the
two other sequence elements of the rat GnRH promoter
(the —1637/—1617 and —1579/-1562) in terms of
RARE activity, neither of them could compete with
consensus RARE in in vitro binding and vice versa (Fig. 1
and data not shown). Moreover, these sequences did not
respond to al-trans-RA in the heterologous promoter
analysis. Although specific DNA-protein complexes
formed with GT1-1 nuclear extracts were detected by
EMSA, these two sequences are unlikely to be related to
retinoid signaling. Indeed, the sequence, spacing and
orientation of the putative CRMs of these two sequences
examined in the present study are more divergent from the
conserved CRM (Table 1) and from other known natural
RAREs.

In the present study, treatment of GT1-1 cells with
al-trans-RA increased the binding of GT1-1 nuclear
extracts to the consensus RARE and to the —1494/—1470
sequence. Since the in vitro binding of the nuclear
receptors to the DNA elements as measured by EMSA is
independent of the presence of their cognate ligands
(reviewed in Ref. [38]), we assumed that increases in the
specific binding could be attributed to enhanced RAR
subtype gene expression. Accordingly, we observed that
RAR subtype gene expression was induced by retinoid
treatment in GT1-1 cells (Fig. 4). Constitutively expressed
RARa and RARYy transcripts were significantly increased
upon treatment of retinoids. Furthermore, the RARf
subtype, which was undetectable in vehicle-treated GT1-1
cells, was strongly induced upon retinoid treatment. This
may be due to the presence of a strong RARE in the
upstream sequence of the RARB promoter [11]. Although
changes in retinoid receptor transcripts and indirect evi-
dence for changes in the protein levels of RARs were
provided by this study, the retinoid signaling cascade in
GT1-1 cels leading to enhanced GnRH transcription
remains to be clarified. Specificaly, the subtype(s) of RAR
that are responsible for the enhancement of GNRH expres-
sion should be determined either by subtype selective
retinoids or by RAR co-transfection studies. In addition,
this study could not exclude the possibility that cell-
specific expression of cofactors may contribute to the DNA
binding activity of retinoid receptors in a ligand-indepen-
dent manner as has been studied recently (reviewed in Ref.
[49]).

In conclusion, the present study clearly demonstrated

that all-trans-RA activates GnRH transcription via a
functional DR-5 type RARE present at —1494/—1470 of
the GnRH promoter.
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