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Abstract

Steroid hormone receptors including androgen receptor (AR), glucocorticoid receptor (GR), progesterone receptor (PR), and miner-
alocorticoid receptor (MR) recognize and bind to identical consensus hormone response elements (HREs), which consist of two hexa-
meric half-sites (5-AGAACA-3’) arranged as inverted repeats with a 3-bp spacer. Although only a few near-consensus HRE sequences
have been identified in the transcriptional regulatory regions of known steroid target genes, it has been unclear whether the exact con-
sensus sequences function as bona fide HREs in vivo. A genome-wide in silico screening of palindromic HREs identified 565 exact con-
sensus sequences in human genome (NCBI 35 assembly). In this study, of 565 exact consensus elements, functional in vivo receptor
binding was evaluated regarding 26 sequences located within 10 kb upstream to the 5’ end of annotated genes through chromatin immu-
noprecipitation (ChIP) assay using cells endogenously expressing steroid hormone receptors. Hormone responsiveness of proximal gene
expression was examined through quantitative RT-PCR. As far as performing ChIP assay for AR, GR, and PR, 14 of 26 elements sig-
nificantly recruited at least one of the receptors by hormone treatment (>2-fold enrichment versus vehicle). In terms of gene expression in
the vicinity of the above 14 functional perfect HREs, four genes were upregulated by >2-fold with hormone treatment. The present data
suggest that the combination of bioinformatics analysis and quantitative experimental evaluation is useful to identify novel functional
HRESs that may contribute to the transcriptional regulation of steroid target genes.
© 2005 Elsevier Inc. All rights reserved.
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Steroid hormone receptors are nuclear receptors that
play essential roles in various physiological and pathophys-
iological states. Forming complexes with coactivators and
general transcription factors, ligand-stimulated steroid hor-
mone receptors including androgen receptor (AR), gluco-
corticoid receptor (GR), progesterone receptor (PR), and
mineralocortitoid receptor (MR) recognize and bind to
hormone response eclements (HREs) in the regulatory
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regions of various hormone responsive genes, leading to
the modulation of target gene transcription [1]. Despite
the degeneracy of the nucleotide sequence of the HREs,
steroid hormone receptors generate distinct hormone-spe-
cific responses. The palindromic 15-bp sequence (5'-AGA-
ACAnnnTGTTCT-3’) that contains inverted repeats with a
3-bp spacer (IR3 sequence) has been identified as the con-
sensus sequence for HRE [2], though only a few perfect
consensus HREs have yet been identified in the regulatory
regions of known hormone responsive genes. A question
that continues to engage the steroid receptor field is
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whether perfect HRE sequences function as hormone
receptor binding sites in vivo, which regulate the transcrip-
tion of steroid target genes.

Previously, we have identified perfect ARE sequences of
IR3 type in silico in the human genome and characterized
AR-binding ability of perfect AREs on chromosome X [3].
More than one-third of perfect ARE sequences (8 of 21)
recruited more ARs compared with the proximal promoter
region of prostate-specific antigen (PSA) containing a func-
tional ARE. In the present study, we extend our study to a
question whether perfect HRE sequences in silico situated
in the proximal upstream regions of annotated genes func-
tion as bona fide functional binding sites for steroid hor-
mone receptors in human cells derived from different
tissues. Our combined approach of bioinformatics and
experimental validation identified several perfect HRE
sequences that could bind to steroid hormone receptors
and some proximal downstream genes that were responsive
to hormone treatment in the vicinity of the perfect HREs.

Materials and methods

Bioinformatics. Consensus HREs in the human genome (Ensembl
version 34 based on the NCBI 35 assembly retrieved from Ensembl ftp site
[4]) were screened by a ‘pipeline’ computational system called SayaMat-
cher [5], which utilizes in-house Perl script and a program for regular
expression search of a nucleotide sequence (program name: dreg) in
EMBOSS package [6]. The regular expression pattern for HRE was
obtained from a recent literature by Nelson et al. [7], in which the palin-
dromic 5'-AGAACAnnnTGTTCT-3’ sequence corresponding to the ARE
sequence in TRANSFAC database [8] was used as a consensus sequence.

Cell culture. Human prostate cancer LNCaP cells and DU145 cells,
breast cancer T47D cells, and osteosarcoma SaOS2 cells were purchased
from American Type Culture Collection (Rockville, MD). LNCaP cells
were maintained in RPMI 1640 supplemented with 4.5 g/dl glucose, | mM
sodium pyruvate, 10 mM Hepes, and 10% fetal bovine serum (FBS). Other
cells were maintained in DMEM supplemented with 10% fetal bovine
serum (FBS). Prior to hormone addition, cells were cultured for 2 days in
phenol red-free RPMI 1640 or DMEM supplemented with 5% dextran-
charcoal stripped FBS (dcc-FBS) and 1 day in phenol red-free medium
supplemented with 2.5% dcc-FBS.

Chromatin immunoprecipitation assay. Chromatin immunoprecipita-
tion (ChIP) assay was performed as described previously [3]. LNCaP
cells, T47D cells, and DUI145 cells as well as SaOS2 cells after 72-h
hormone depletion were treated with 10 nM R1881 (NEN Life Science
Products, Boston, MA), progesterone (Sigma), or dexamethasone (Sig-
ma), respectively, for indicated times. Control cells were treated with
0.1% ethanol as a vehicle. Cells were fixed in 1% formaldehyde for 5 min
at room temperature. Chromatin was sheared to an average size of
500 bp by sonication using a Bioruptor ultrasonicator (Cosmo-Bio,
Tokyo, Japan). Lysates corresponding to 2 x 107 cells were rotated at
4 °C for overnight with 3 pg of polyclonal antibodies against AR (H-280,
Santa Cruz Biotechnology, Santa Cruz, CA), PR (H-190, Santa Cruz
Biotechnology), or GR (H-300, Santa Cruz Biotechnology). Salmon
sperm DNA/protein A-agarose (Upstate Biotechnology, Lake Placid,
NY) was added and incubated for 1 h. Washing and reversal of cross-
links was performed as described [9]. Precipitated DNA fragments were
quantified by quantitative real-time PCR using the Applied Biosystems
7000 sequence detector (Foster City, CA) based on SYBR Green I
fluorescence. Primer pairs were designed by Primer Express ver. 2.0
software (Applied Biosystems), generating perfect ARE-containing
fragments with the requirements of primer 7}, temperature at basically
58-60 °C and the requirements of amplicon length for 50-150 bp. The
protocol of PCR was 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of

155 at 95°C and 1 min at 60 °C. To determine relative differences among
the treatment groups for the ChIP assays, we used the AACt method as
outlined in the Applied Biosystems protocol for reverse transcriptase-
PCR (http://www.appliedbiosystems.com/). The threshold cycle Cr was
defined as the cycle at which the fluorescence signal was statistically
significant over background. The reciprocal of 27 (used Cr as an
exponent for the base 2) for each target element was normalized by that
for an external control of the genomic fragment GAPDH and subse-
quently normalized by input DNAs obtained from either steroid or
vehicle-treated cells. Fold enrichment in steroid-treated cells was
obtained through the division by the values in vehicle-treated cells.
Genomic fragments containing proximal or distal ARE in the promoter
region of prostate-specific antigen (PSA) [—250 to —39 bp and —4170 to
—3978 bp from the transcriptional initiation site (TSS), respectively] [3,9]
were used as positive controls for AR binding. The proximal promoter
region of o subunit of amiloride-sensitive epithelial sodium channel
(ENaCua) (—867 to —761 bp from the TSS, containing the GRE sequence
as previously described [10]) was used as a positive control for GR
binding. We also used a genomic fragment on the intron 1 of FKS506
binding protein 51 (FKBP51) (+359 to +426 bp from the TSS of the
long isoform ENST00000357266) as a positive control for GR and PR
binding, which was newly identified in our ChIP assay scanning the gene
regulatory region of FKBP51. The quality of precipitated DNA was
analyzed by PCR amplification of positive controls and 8% polyacryl-
amide electrophoresis prior to quantitative analyses and the batches of
ChIP samples with maximal responses were selected for quantitative
PCR. The sequences of the primers used in ChIP assays (synthesized by
Sigma Genosys, Japan) are described in Table 1.

Quantitative reverse transcription-PCR. Total RNA was extracted from
hormone-treated or 0.1% ethanol-treated cells for indicated times using
ISOGEN reagent (Nippon Gene, Tokyo, Japan). First strand cDNA was
generated from RNase-free DNase I-treated total RNA by using Super-
Script II Reverse Transcriptase (Invitrogen, Carlsbad, CA) and pdT; g
primer (Amersham Biosciences, Piscataway, NJ). Hormone responsive-
ness of the proximal genes located downstream to the 26 perfect HRE
sequences was analyzed by quantitative reverse transcription-PCR (RT-
PCR) using the Applied Biosystems 7000 sequence detector based on
SYBR Green I fluorescence. Primer design and PCR protocol were as
described above. The evaluation of relative differences of PCR product
amounts among the treatment groups was carried out using the AACr
method. The reciprocal of 27 (used Cr as an exponent for the base 2) for
each target gene was normalized by that for GAPDH coding region,
followed by the comparison with the relative value in vehicle-treated cells.
PSA was served as a positive control for androgen responsiveness, while
FKBP51 was used for both progesterone and glucocorticoid responsive-
ness. ENaCo was another positive control for the glucocorticoid response
and the progesterone-dependent change of ENaCa mRNA level was also
evaluated. The primer sequences for the amplifications are described in
Table 2.

Results

In silico identification of perfect palindromic HRE sequences
in the human genome

In terms of palindromic HRE sequences composed of
two AGAACA sequences separated by a 3-bp spacer, only
a few near-consensus sequences have been identified in the
vicinity of human genes that are responsive to steroid hor-
mones including androgen, progesterone, glucocorticoid,
and mineralocorticoid. In order to answer the question of
whether perfect palindromic HRE sequences do function
as in vivo binding sites for steroid hormone receptors, we
computationally searched for all the consensus HRE
sequences in the human genome utilizing in-house Perl
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Table 1
Primers for quantitative ChIP assay

Target Forward primer Reverse primer

HRE sites

HREI 5'-CCAAATATGTCCATTCATCCAACA-3' 5'-GGAAACATACGCATTGCCTAGAA-3'
HRE2 5/-CCAACAAACACTAGCAGAACATTATG-3' 5'-AGAGGGCATCTGAACAATAGAAGA-3'
HRE3 5/-CAAGGCCTGGGGACATTTAA-3' 5'-CGAAGCTGCTGGGAGGTATC-3'

HRE4 5/-TCAAAGGTGGTGCTTATCAT-3' 5'-GAACTGAGTTCCAGGAAATATG-3'
HRES 5'-AAGGGAAAAGATCTCATATTGCA-3' 5'-CACGGCAATTTTAATACTCATCA-3'
HRE6 5’-GACCATACCTTGGTATGACCCCTT-3' 5/-TCTGTGGTTATCCTGCAAGTCAGT-3'
HRE7 5'-AAGAAACCATTTTGAAATGTGCC-3' 5'-CAGGTCAGTTAGGCTCTGATAAAACC-3’
HRES 5/-TACTTACCCAGTGCTTCCCAATC-3' 5'-GAGCACCTGAGGTGTTTTTTTT-3'
HRE9 5'-AGCGAGACTCCGTCTTAAA-3/ 5'-GGAGGAGTTACTGTTACAATTAT-3'
HREI10 5’-ACACTGTGGTGGGCAGGATT-3' 5/-GCTCAAACAAACAGGCTAAGACA-3/
HREI1 5'-TGTCCTTCTGAAGACTTCCATTCC-3' 5/-TACAGGCACACACCACCAGATTG-3'
HREI12 5/-CTTGCAGTGAGCCGAGATC-3' 5/-TTCTGGAGGAGTTACTGTTACAATTA-3'
HREI13 5'-CCTGCTCTTTGATTTTCGTAAGA-3' 5/-TGAAGCCAAATGCTGAAGTG-3'

HRE14 5/-TTGACAGTATATTTAGAGCGTGTTATCT-3' 5/-GTTAATTCTCTTTCCCTATGGTAGAAT-3'
HRELS 5'-TGTGCAAGAAATGCCATCCT-3/ 5'-CATCATAGCTGCATGGGTGTT-3'

HREI16 5/-TGAAAATAATTTCACTTATCCTTTAAGC-3' 5'-AATGACTTGCTGACCAAATCC-3'

HREL17 5'-GGCCTATTTTAATCAGCATTTCAGA-3’ 5'-ATCCTCATTCCTACCCAGCATCT-3'
HREI18 5’-ACATCAGTGGCTCTTAAGCACTG-3' 5'-CAGAGAGAATAAAAAAACTAGCCCAAA-3'
HREI19 5'-AATGCTGCTCAAAGAAATCAGA-3/ 5/-TTTAATTCCAAATGCATTTTAGAAC-3'
HRE20 5’-CTCCATGTTTGAGGCGGAGA-3’ 5'-CATCCCACTTTGTGCGTAACTTT-3'
HRE21 5'-CTCCAGGGCTGTACTGGTATCTG-3' 5’-CAGGTGTGGGCCCTCTGT-3/

HRE22 5/-TCTTAAGCAAAAGGCCAACAA-3' 5/-TCTATCATTACAAGAAAAGTTGGTTATCTG-3'
HRE23 5’-GCCAGCACTCACGTGGCTAT-3' 5/-CTGCGGTGCCGTGACA-3/

HRE24 5'-TGTACACACAAAAACTGCTAGAACACTCT-3’ 5'-GCTCAGCCATGGGTTGGT-3'

HRE25 5'-GGGAGCTGGCTAGAACACTCA-3’ 5/-CATGCTGGGCTAAAGCAGAAC-3'

HRE26 5/-TGTGTGCTCAAAGAGTAGATTGG-3' 5/-TCATCACTTATTGCCTGAACTATCA-3'

FKBP51 intron 1
ENaCo promoter

PSA proximal promoter
PSA distal promoter

5'-TGCAAGAGCGGTTGATCTG-3’
5'-CCTCTGGTTGCCCACATTC-3’
5'-TCTGCCTTTGTCCCCTAGAT-3’
5'-ACAGACCTACTCTGGAGGAAC-3’

5/-GCGAGAACAGCCTGACTCA-3’
5’-GGGCCCTAGGACATTCTGTT-3’
5/-AACCTTCATTCCCCAGGACT-3/
5'-AAGACAGCAACACCTTTTT-3’

script and a program for regular expression pattern search
of a nucleotide sequence in the EMBOSS package (pro-
gram name: dreg) as previously described [3,5]. The screen-
ing defined 563 sequences on the NCBI 34 assembly of the
human genome [3] and additional two sites on the NCBI 35
assembly. The two new sequences were located on chromo-
somes 1 and 14. The number of HRE sites was larger than
the expected frequency in random DNA sequences as cal-
culated by the total number of base pairs in the genome
devided by the frequency of a sequence with specific base
pairs at 12 positions (3272 Mb/4'? = 195). The distribution
of consensus sequences among the chromosomes is general-
ly consistent with chromosomal size [3]. The highest fre-
quency of HRE was 28.0 sites per 100 Mb on
chromosome 8 and the lowest frequency was 6.9 sites per
100 Mb on chromosome Y, the average being 17.4 +4.4
sites per 100 Mb.

Perfect HREs located in the proximal upstream regions of
annotated genes

To investigate whether the computationally identified
perfect HRE sequences located in the canonical proximal
promoters of annotated genes particularly function as ste-
roid hormone receptor binding sites, we selected perfect
HREs lying within 10 kb upstream to the transcriptional

start sites (TSSs) of known human genes on the Ensembl
Genome Browser [4]. We obtained 26 of 565 perfect
HRE sequences (4.6%) in the proximal promoter regions
of annotated genes (Table 3). The distribution of 26 perfect
HRE:s in the proximal promoter elements was limited to 14
of 24 chromosomes and rather independent of chromosom-
al size. The longest chromosome 1 contained 5 sequences,
while 4 sequences were found in both chromosomes 6
and 11.

In vivo recruitment of steroid hormone receptors to perfect
HREs located 5' to annotated genes

To assess whether these perfect HREs situated within
10 kb of the 5’ ends of known genes (5 HREs) do recruit
steroid hormone receptors in vivo, we performed ChIP
assay in human cells endogenously expressing receptors.
Hormone-depleted cells were treated for 24 h (also 2 h in
T47D cells) with either 10 nM of steroids or 0.1% ethanol
as a vehicle, cross-linked by formaldehyde, sonicated, and
immunoprecipitated by specific polyclonal antibodies
against steroid receptors. LNCaP cells were treated with
R1881 (or vehicle) and immunoprecipitated by AR anti-
body; T47D cells were treated with progesterone and
immunoprecipitated by PR antibody; and DU145 cells as
well as SaOS cells were treated with dexamethasone and
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Table 2

Primers for quantitative RT-PCR
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Target Adjacent HRE Forward primer Reverse primer

IQSEC2 HREI1 5’-ACATCACAGAACTTGAGGACTCCTT-3/ 5’-AGGGCTTCGTCGATGGATTC-3'

MELLI1 HRE2 5'-GAGATCACGCACGGCTTTG-3’ 5'-CCAATCCATCATGTTGCCATT-3’
HS163_ HUMAN HRE3 5'-GATGGAGGCGGTGGTGTTC-3' 5/-GTAATTATGAAGTAGACCGAGAGGAAGAT-3'
DISP1 HRE4 5/-CATGGAGCTGGAAAGGAGTACAG-3' 5’-CACCACTGCCCTGATAGTATCATT-3'
EXTL2 HRES 5/-AGGCAGCCACGTGTTCTATTG-3' 5/-TTAACGCAGCAAAACGATCACT-3'
NP_689710.1 HREG6 5'-GAGGGCAGTGGCGTGATC-3/ 5'-CAGTAGAATGGCGTGAACTCAGA-3/
B3GALT3 HRE7 5/-TGCAGCCCATGGCTTTTC-3' 5'-GGCATGTGGTGTTCCTTAGCA-3'
SLC36A1 HRES 5'-CGGAAGGCCTCAACAACCT-3’ 5'-CCATGTTGTGCTATTGCTTTGAC-3'
DAXX HRE9 5/-GCCCTTCACCACTGTCTTAGAGA-3' 5'-GAGACGCCTCCATTGAAGGA-3'

ULBP3 HRE10 5'-CGGACTGACCACCTTCTTCAA-3' 5/-TGCATCAGGAAGTCCCTAAGC-3'
KIFI3A HREI11 5/-GCTGCTATGGAGTTAGTATTACGAAAAC-3' 5/-CTTCAAACTCTGCGTGAAACTCTGT-3'
ZNF297 HREI12 5’-CCTCTCAAGGATGCGCTCTT-3/ 5'-GGGAATTTCCACGGGAAGTC-3/
GIMAPS HREI13 5'-CAGGTGAAAACAGGAACATGGA-3' 5-GGCCTGTGACTCAAAGATGGA-3'
ZNF398 HRE14 5'-GAGCTTCCGCTACAAACAGACA-3’ 5’-ACCCCCACAGCCTCCATT-3/
NP_055096.2 HRE1S5 5'-CAGTGACCTCTCTGCGTGACA-3' 5-AACCCAGAGGAAACAAGGAACA-3/
Q9COD7_HUMAN HREL6 5’-CCAGCTGTCCTGGCGACTAC-3/ 5'-AGTCGAGAGTCAGAGATGCTGTCTATT-3/
OR8D4 HRE17 5'-GCTTTTATCCTCACCAGCATCCT-3' 5'-GAGCTACAGGTGCTAAACGCTTT
ENSG00000182203 HREIS8 5'-ACACCAACAGGATACACTGAAAGC-3' 5'-GCACATTTAACTTGCAGGTTTTTG-3'
ENSG00000185439 HREI19 5/-TGCCTTCATGGTGGACAATG-3' 5'-GGATGCTCGATGTCCAGGTT-3'
CV106_HUMAN HRE20 5’-CACAATTTAACTTACGAACTTCCAACTC-3/ 5’-GCCAACTGAGCTCTAGTTAATGTCTTG-3'
SRP14 HRE21 5'-GTTGTTGGAGAGCGAGCAGTT-3’ 5'-CCGACGTCCGGCACTTC-3'
NP_874362.2 HRE22 5'-TGCAGCGACTTGTGGACATC-3/ 5'-CGAATGCAGGGCAGTCAGA-3'

MVD HRE23 5'-TGGCGGCAGTCACTTGTACA-3’ 5'-CGCGCTTGCCCCAGTA-3'
ENSG00000189289 HRE24 5’-GCCTGCTCCACCCAGAGAA-3’ 5’-AACAGGTTCCAGCAGCTCAGA-3'
NP_775751.1 HRE25 5'-CACCAAGTGCAGGACAGTCTTC-3’ 5'-GGTGCTTTTCGTCCACAGTGA-3’
NP_689725.2 HRE26 5/-CTTTACTAGCAACACCTCCTTCCAT-3/ 5/-TGCACCCGAAAGATTACAAACTT-3/

FKBP51 coding
ENaCua coding
PSA coding
GAPDH coding

5'-CTGCAGAGATGTGGCATTCACT-3’
5'-CGCATGAAGACGGCCTTCT-3’
5'-GCCCTGCCCGAAAGG-3’
5'-GGTGGTCTCCTCTGACTTCAACA-3'

5'-TCCAGAGCTTTGTCAATTCCAA-3'
5/-CGCATGAAGACGGCCTTCT-3’
5'-GATCCACTTCCGGTAATGCA-3’
5/-GTGGTCGTTGAGGGCAATG-3'

Table 3

Perfect HRE sites that locate upstream to annotated genes at a distance within 10 kb

HRE ID  Chr. location  Start position  Stop position ~ HRE sequence Proximal gene Ensembl ID Distance (kb)
HRELI Xpll1.22 53237415 53237429 AGAACAttaTGTTCT  IQSEC2 ENSG00000124313 3.9
HRE2 1p36.32 2603985 2603999 AGAACAagcTGTTCT MELLI1 ENSG00000142606 7.4
HRE3 1q42.12 220841360 220841374 AGAACAgttTGTTCT  HSI163_HUMAN ENSG00000143771 9.9
HRE4 1q41 219495172 219495186 AGAACAgtaTGTTCT DISP1 ENSG00000154309 9.4
HRES5 1p21.1 101079768 101079782 AGAACAtaaTGTTCT  EXTL2 ENSG00000162694 6.2
HREG6 1p36.11 25913162 25913176 AGAACAgctTGTTCT NP_689710.1 ENSG00000177493 9.9
HRE7 3q26.1 162310806 162310820 AGAACAttcTGTTCT  B3GALT3 ENSG00000169255 5.0
HRES 5q33.1 150798127 150798141 AGAACAggcTGTTCT  SLC36Al ENSG00000123643 9.2
HRE9 6p21.32 33401650 33401664 AGAACAttcTGTTCT DAXX ENSG00000007565 3.0
HREI10 6q25.1 150487454 150487468 AGAACAataTGTTCT ULBP3 ENSG00000131019 5.1
HREl11 6p22.3 18101058 18101072 AGAACAtgcTGTTCT  KIFI3A ENSG00000137177 5.4
HREI12 6p21.32 33401650 33401664 AGAACAttcTGTTCT ZNF297 ENSG00000168351 8.2
HREI13 7q36.1 149868965 149868979 AGAACAcaaTGTTCT  GIMAPS ENSG00000196329 3.2
HRE14 7q36.1 148274989 148275003 AGAACAttaTGTTCT ZNF398 ENSG00000197024 7.5
HREI15 8q24.3 144987498 144987512 AGAACAccgTGTTCT NP_055096.2 ENSG00000179950 8.9
HRE16 11g22.3 109509863 109509877 AGAACAtEtTGTTCT Q9COD7_HUMAN  ENSG00000149289 1.9
HRE17 11g24.1 123276891 123276905 AGAACAaagTGTTCT  ORS8D4 ENSG00000181518 5.5
HREI18 11q24.2 125433385 125433399 AGAACAa2aTGTTCT  ENSG00000182203 ENSG00000182203 9.3
HREI19 11ql12.3 62569237 62569251 AGAACAaatTGTTCT ENSG00000185439 ENSG00000185439 1.8
HRE20 14921.2 44792647 44792661 AGAACAtttTGTTCT  CV106_ HUMAN ENSG00000129534 0.5
HRE21 15q15.1 38128202 38128216 AGAACAaacTGTTCT  SRP14 ENSG00000140319 9.5
HRE22 15q22.3 62987265 62987279 AGAACAgatTGTTCT  NP_874362.2 ENSG00000166839 3.9
HRE23 16q24.3 87266241 87266255 AGAACAactTGTTCT MVD ENSG00000167508 9.2
HRE24 17q21.32 44836359 44836373 AGAACActcTGTTCT  ENSGO00000189289 ENSG00000189289 3.2
HRE25 19p13.3 2844818 2844832 AGAACAggaTGTTCT NP_775751.1 ENSG00000171970 7.1
HRE26 22q13.1 38616692 38616706 AGAACAgaaTGTTCT  NP_689725.2 ENSG00000176177 2.4
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immunoprecipitated by GR antibody. We performed quan-
titative PCR using the genomic DNA obtained from each
cell line (Fig. 1). The proximal and distal promoter regions
of PSA including ARE sequences were used as positive
controls for the AR association [3], and the proximal pro-
moter of ENaCa including HRE sequences [10] was used as
a positive control for the GR. The proximal promoter frag-
ment of ENaCa was also found to recruit PR in the present
study, as the PR recruitment to the fragment was ~9.5- and
~20-fold versus vehicle by 2 and 24-h treatments, respec-
tively (Fig. 1B). FKBP51 has been previously described
as a glucocorticoid or progesterone-inducible gene
[11,12], however, functional HREs in the gene regulatory
region have not been well characterized. We newly identi-
fied a functional HRE in the intron 1 of FKBP51 through
scanning the gene regulatory region by ChIP assay. The
intronic HRE of FKBP5I1 recruited PR in T47D cells as
well as GR in DU145 cells and SaOS2 cells (Figs. 1B-D).

Of 26 genomic fragments containing perfect 5 HRE
sequences, 14 fragments recruited either one of the three
steroid receptors by >2-fold enrichment in steroid-treated
cells versus vehicle-treated cells (Fig. 1). HRE20 recruited
three different receptors while HRE1, HREI5, and
HRE?24 recruited two different receptors by >2-fold enrich-
ment. Other HRE sequences preferentially bound to only
one steroid receptor. There seems to be no particular spec-
ificity of 3-bp spacer sequences for the receptor recruitment
among the 14 functional HRE sequences.

Potential transcriptional regulation of proximal genes
located downstream to perfect HREs

To examine whether the functional perfect 5 HREs reg-
ulate transcriptional activity of their downstream proximal
genes, we next performed quantitative RT-PCR for the
downstream genes in the vicinity of the functional perfect
5" HRE sequences. Of 7 proximal genes in the vicinity of
functional perfect 5 HRE sequences that recruited AR
by >2-fold enrichment in LNCaP cells, OR8D4 (olfactory
receptor family 8, subfamily D, member 4) adjacent to
HRE17 exhibited a >2-fold increase in the mRNA level
androgen-dependently (Fig. 2A). Of nine proximal genes
in the vicinity of functional perfect 5 HREs in T47D cells,
MELL1 (mel transforming oncogene-like 1) and
NP_775751.1 adjacent to HRE2 and HRE25, respectively,
were upregulated by >2-fold at the mRNA level by proges-
terone treatment (Fig. 2B). Neither gene adjacent to the 2
functional perfect 5 HREs in DU145 cells exhibited >2-
fold increase in mRNA level, whereas Q9C0OD7 adjacent
to HRE16 in SaOS2 cells was upregulated by >2-fold at
mRNA level glucocorticoid-dependently (Figs. 2C and D).

Discussion
A genome-wide in silico screening of palindromic perfect

HREs identified 565 exact consensus sequences in the
NCBI 35 assembly of the human genome. Of 565 perfect

HRE sequences, 26 sites were situated within 10 kb
upstream to the TSS of annotated genes. We investigated
whether these perfect 5 HRE sequences functioned as
bona fide binding sites for steroid hormone receptors in dif-
ferent cell lines, and demonstrated that 14 of 26 perfect
HREs significantly (>2-fold) recruited some of the recep-
tors by performing ChIP assay for AR, GR, and PR bind-
ing. Hormone-dependent upregulation of mRNA level by
>2-fold was shown in the four proximal genes adjacent
to the functional perfect 5 HREs. The average distance
between 5 HREs and the TSS of their proximal genes
was not significantly smaller among these four proximal
genes compared with the all 26 proximal genes in the vicin-
ity of perfect 5 HREs; the former and latter values were
4.5+ 2.4 and 6.0 £ 3.0 kb, respectively.

The four hormone-responsive proximal genes adjacent
to functional 5 HRE sequences were upregulated by only
either one of the three steroid hormone receptors and not
by two or three other receptors. OR8D4 (HRE17) was
identified as an AR target gene in LNCaP cells, MELL1
(HRE2) and NP_775751.1 (HRE25) were identified as
PR target genes in T47D cells, and Q9C0D7 (HRE 16)
was identified as a GR target gene in SaOS2 cells. Although
a single IR3 type consensus HRE may be a potential bind-
ing site for various steroid hormone receptors, no common
target gene for AR, PR, and GR was identified among the
proximal genes close to the functional perfect 5 HREs by
the functional criteria used in this study. It is also notable
that no significant GR target gene was shown in DU145
cells up to 24-h dexamethasone treatment, though the
mRNA level of NP_055096.2 (HRE1S5) was increased >2-
fold by 48-h treatment (data not shown). The results of
DUI145 and SaOS2 cells suggest that target genes for even
a single steroid hormone receptor may be varied in different
cell systems. Future studies including such as the chromo-
somal accessibility, the receptor recognition mechanism,
and the coactivator recruitment in the surroundings of con-
sensus HREs may reveal the specificity and the similarity of
the transcription factor binding sites.

Besides the functions of the above four perfect HRE
sequences adjacent to the steroid target genes, other near-
consensus HRE sequences may participate in the regula-
tion of gene expression. Using the SayaMatcher system
[5] that enables us to visualize the genomic position for
HREs on the Ensembl browser, we found several other
near-consensus HRE sequences (>80% relative profile
score threshold) based on the position-specific scoring
matrix for ARE (MAO0007) on the Jaspar database
(http://jaspar.cgb.ki.se/), which is a collection of transcrip-
tion factor DNA-binding preferences [13]. For instance,
there is a near-consensus HRE at ~8-kb downstream to
the 3’-end of MELLI. In the vicinity of Q9C0D7, one
near-consensus HRE is in the intron 1 and the other is sit-
uated at 40-kb downstream to the 3’-end. OR8D4 contains
a near-consensus HRE in its only exon. Although no par-
ticular high score position for the ARE matrix is found in
the vicinity of NP_775751.1, there are a number of nuclear
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Fig. 1. In vivo recruitment of steroid hormone receptors to perfect HREs in the proximal upstream region of annotated genes. LNCaP, T47D, DU145,
and SaOS2 cells after 72-h hormone depletion were treated with indicated hormones (10 nM each) or vehicle (0.1% EtOH) for indicated times.
Immunoprecipitated DNA fragments were quantified by quantitative real-time PCR. In each case, fold enrichment values in hormone-treated samples
precipitated by specific antibodies against receptors were normalized by those in vehicle-treated samples precipitated by the identical antibodies. Each
result is the mean + SD of two independent experiments in duplication (four determinants). Prostate-specific antigen (PSA) proximal (prox) and distal
(dis) promoter regions including HREs were used as positive controls for AR binding. FK506-binding protein, 51-kDa (FKBP51) intron 1, and epithelial
sodium channel o subunit (ENaCa) proximal promoter regions were used as positive controls for PR and GR binding. (A) AR recruitment in prostate
cancer LNCaP cells. (B) PR recruitment in breast cancer T47D cells. (C) GR recruitment in prostate cancer DU145 cells. (D) GR recruitment in
osteosarcoma SaOS2 cells.
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Fig. 2. Quantitative RT-PCR of proximal genes downstream to perfect
HREs. LNCaP, T47D, DUI145, and SaOS2 cells after 72-h hormone
depletion were treated with indicated hormones (10nM each) or
vehicle (0.1% EtOH) for indicated times. Real-time PCR was
conducted using the first strand cDNAs generated from the total
RNAs of these cells. Each result is the mean 4+ SD of two independent
experiments in duplication (four determinants). PSA was served as a
positive control for androgen responsiveness. FKBP51 and ENaCo
were served as positive controls for progesterone and glucocorticoid
responsiveness. The numbers in parentheses after annotations corre-
spond to the HRE ID in the vicinity of target genes. (A) R1881-
dependent gene expression in LNCaP cells. (B) Progesterone-dependent
gene expression in T47D cells. (C) Dexamethasone-dependent gene
expression in DU145 cells. (D) Dexamethasone-dependent gene expres-
sion in SaOS2 cells.

receptor binding sites in the surroundings of the gene, sug-
gesting that the region may be active for transcriptional
regulation. Future studies will reveal whether these near-
consensus HRE sequences coordinately function with the
perfect HRE in the transcriptional regulation of the prox-
imal genes.

Regarding the new steroid target genes identified in the
present study, none of the genes has been characterized in
connection with steroid hormones. The AR target gene
OR8D4 (UniGene Hs. 449688) encodes a putative G pro-
tein-coupled receptor that belongs to the olfactory receptor
superfamily, which is the largest gene family in the mam-
mal genomes. In the mouse genomes, ~1300 genes were
identified, whereas the number of olfactory receptors is
expected ~500-750 genes in human [14]. Although ligands
for most of the olfactory receptors have not been identified,
it is plausible that certain receptors for odors or phero-
mones may be regulated by sex steroid hormones including
androgen. The PR target gene MELL1 (UniGene Hs.
546429) is a membrane-bound zinc metalloprotease. It
has been recently shown that mouse ortholog NLI1 is
expressed mainly in the testis as a secreted protein and male
mice deficient in the NL1 exhibited reduced fertility [15]. It
seems to be an interesting question whether human
MELLI1 may also play a role in reproductive tissues, partic-
ularly in the organs regulated by the progesterone-medi-
ated gene network.

Another PR target gene NP_775751.1 encodes a puta-
tivem. KRAB domain-containing zinc finger protein.
KRAB-containing zinc finger proteins are characterized
to participate in the regulation of cell differentiation and
development through transcriptional repression of RNA
polymerase promoters, RNA binding, and RNA splicing
[16]. Although many of these proteins have been identified,
little is known about their structure and function. Since
NP_775751.1 is clustered with a number of KRAB-con-
taining zinc finger proteins on 19p13.3, these KRAB-con-
taining zinc finger proteins might have arisen from a
divergence event during evolution and may function coor-
dinately in the various developmental and differentiation
stages of organs. The GR target gene Q9C0D7 in SaOS2
cells is also annotated as zinc finger CCCH-type containing
12C (UniGene Hs. 376289). The CCCH-type zinc finger
proteins such as tristetraprolin has been known as a bind-
ing protein to AU-rich element containing RNA tran-
scripts [17], though no particular function of Q9COD7
has yet been characterized.

In the present study, we focused on the perfect HRE
sequences in the proximal upstream regions of annotated
genes and found some of the elements were functional
binding sites for steroid hormone receptors. It has been
recently revealed, however, that transcription factor bind-
ing sites in intronic regions or in the 3’ downstream
regions are also important for transcriptional regulation.
Indeed, half of the perfect intronic ARE sequences on
chromosome X (5 of 10) recruited more ARs compared
with the proximal ARE on the PSA promoter in our
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previous study [3]. In this study, we found that the
FKBP51 intronic HRE sequence exhibited a significant
binding ability for GR and PR. In the case of transcrip-
tion factor binding sites on chromosomes 21 and 22,
36% of these regions are situated within known genes or
proximal to the 3’ most exon of a gene and the frequency
was also higher than that of binding sites within 5’ to
known genes (22%) [18]. Thus, the further characterization
of HRE sequences in introns as well as 3’ downstream
regions will be required to reveal the whole entity of the
transcriptional regulation mechanism mediated through
steroid hormone receptors.

In summary, we have presented an integrated strategy
for exploring novel steroid target genes that possess a func-
tional perfect HRE sequence in their proximal upstream
regions. Our results have shown that more than half of
the perfect HREs identified by in silico analysis were func-
tional binding sites for some of the steroid receptors includ-
ing AR, PR, and GR. Potential steroid target genes were
identified in the vicinity of perfect HRE sequences. We
expect our strategy will be useful for further studies of gene
regulation and the elucidation of the steroid hormone
receptor-mediated gene network that exerts distinct physi-
ological and pathophysiological functions.
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