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Although estrogen receptors (ERs) recognize
15-bp palindromic estrogen response elements
(EREs) with maximal affinity in vitro, few near-
consensus sequences have been characterized in
estrogen target genes. Here we report the design
of a genome-wide screen for high-affinity EREs
and the identification of approximately 70,000 mo-
tifs in the human and mouse genomes. EREs are
enriched in regions proximal to the transcriptional
start sites, and approximately 1% of elements ap-
pear conserved in the flanking regions (—10 kb to
+5 kb) of orthologous human and mouse genes.
Conserved and nonconserved elements were also
found, often in multiple occurrences, in more than
230 estrogen-stimulated human genes previously
identified from expression studies. In genes con-

taining known EREs, we also identified additional
distal elements, sometimes with higher in vitro
binding affinity and/or better conservation be-
tween the species considered. Chromatin immu-
noprecipitation experiments in breast cancer cell
lines indicate that most novel elements present in
responsive genes bind ER« in vivo, including some
EREs located up to approximately 10 kb from tran-
scriptional start sites. Our results demonstrate that
near-consensus EREs occur frequently in both ge-
nomes and that whereas chromatin structure likely
modulates access to binding sites, far upstream
elements can be evolutionarily conserved and
bind ERs in vivo. (Molecular Endocrinology 18:
1411-1427, 2004)

STROGENS, SUCH AS 17B-estradiol (E2), are
steroid hormones produced mainly by the ovary
and act by endocrine, paracrine, and possibly auto-
crine mechanisms on a number of target tissues. Their
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actions on the reproductive, cardiovascular, and cen-
tral nervous systems and on bone (1-4) are mediated
by two estrogen receptors, ERa and ERp (4, 5), mem-
bers of the nuclear receptor superfamily of ligand-
inducible transcription factors (6-9). A central DNA
binding domain, which corresponds to the conserved
C region (10, 11), is responsible for primary sequence
recognition and cooperative binding by receptor
dimers on elements containing two appropriately
spaced copies of specific recognition motifs. The Ii-
gand binding domain contains a strong dimerization
interface that stabilizes receptor homodimers or het-
erodimers (12-14) and enhances binding to imperfect
motifs and even to single copies of recognition motifs
(11, 15-17). However, ERs bind with highest affinity to
15-bp palindromes composed of PUGGTCA motifs
separated by three variable bp (17-19). These estro-
gen response elements (EREs) are recognized by ERs
with high specificity, because other nuclear receptors
bind either different motifs or similar motifs with dif-
ferent spacing and/or orientation (7, 19-21). Studies
using chromatin immunoprecipitation approaches
have demonstrated that ER binding to EREs is hor-
mone inducible in vivo (22-25) and results in the or-
dered recruitment of a series of coactivator com-
plexes, leading to histone acetylation, chromatin
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remodeling, and enhanced recruitment of the basal
transcription machinery (26-33).

Surprisingly, only a few near-consensus EREs have
been characterized to date in the promoters of E2-
regulated human or mouse genes. This probably re-
flects, in part, the fact that ERs can mediate estrogenic
regulation through multiple mechanisms, including
tethering to DNA via protein-protein interactions with
other transcription factors (19, 34, 35), or so-called
“nongenomic” effects, which affect gene expression
by modulating the activity of upstream components of
various intracellular signaling pathways (36-38). The
paucity of known near-consensus EREs may also re-
sult from the fact that their presence is usually inves-
tigated only in relatively proximal sequences of E2-
responsive genes. However, with sequences of the
human and mouse genomes now available, genome-
wide screening strategies can be used to expand the
repertoire of potential high-affinity ER-binding sites.

In this study, we have sought to identify high-affinity
EREs in the human and mouse genomes and to de-
termine whether these elements represent bona fide
ER binding sites in vivo. Indeed, little is known about
the effect of chromatin structure or promoter context
on ER binding in vivo. In addition, it is not clear how far
from transcription start sites EREs can be positioned
to recruit ERs and play a role in regulating gene ex-
pression. Our characterization of high-affinity EREs in
the human and mouse genomes will greatly facilitate
the study of the mechanisms modulating accessibility
of ERs to their binding sites and of the subsequent
events leading to transcriptional regulation by estro-
gen. This analysis will also provide a powerful resource
for researchers analyzing the molecular events under-
lying the broad-ranging physiological actions of
estrogens.

RESULTS

Identification of Sequences Corresponding to
High-Affinity ER Binding Sites in Vitro

Palindromic response elements composed of two
PuGGTCA motifs separated by 3 bp, such as the one
found in the Xenopus vitellogenin A2 (VitA2) promoter,
represent the highest affinity binding sites for ERs in
vitro (Fig. 1A) (17-19). Surprisingly, only three perfect
palindromic EREs have been identified to date in the
vicinity of E2-regulated genes in the human genome.
These genes, EBAG9, COX7A2L, and EFP/ZNF147,
were cloned by screening of a CpG island genomic
library for binding to ERs (39-41). In addition, a few
near-consensus EREs have been characterized in hu-
man E2-responsive genes (see Table 1 for EREs di-
verging from consensus at one or two positions). A
systematic analysis of single nucleotide substitutions
in gel shift assays indicates that all elements with one
variation still bind ERs in vitro (Fig. 1B). However,
some replacements were more detrimental than oth-
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Fig. 1. In vitro Binding of ERs to Consensus and Near-
Consensus EREs

A, Consensus ERE with base numbering used in this study.
B, Binding of human ERa or ERB to response elements
derived from the vitellogenin A2 (VitA2) ERE carrying a single
replacement in one of the two arms of the palindrome. C,
Binding of human ER« or ERB to response elements derived
from the VitA2 ERE carrying two symmetrical replacements.
The percentage of probe found in a specific complex with
human ERa or ERB was quantified by phosphor imager and
is shown with the corresponding sem values.

ers (—5C, —4C, —2A), reflecting steric or charge
clashes between specific ER amino acids and bases of
the variant EREs (Nguyen, D., G. Pesant, S. Cheinberg,
and S. Mader, in preparation). Note that, as expected
from the high degree of homology between the DNA
binding domains of ERa and ERB (90% in region C as
defined in Ref. 10), all mutations had a similar impact
on complex formation by the two receptors. Introduc-
tion of symmetrical replacements in both arms of the
palindrome generally affected ER binding much more
drastically than when a unilateral change was intro-
duced, although a few replacements were well toler-
ated even when present in both arms (Fig. 1C). Inter-
estingly, examination of the known natural elements
containing two replacements indicates that they all
contain one change with mild effect on affinity (—6Py/
+6Pu or —1G/+1C; Fig. 1, B and C and Table 1)
combined with another replacement.

Screening the Human And Mouse Genomes for
High-Affinity EREs

Based on the above-described observations, we de-
cided to identify all occurrences of EREs conforming
to consensus, or with one variation, or with two vari-
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Table 1. EREs in the Human Genome and Corresponding Elements in the Mouse Genome
HUMAN GENOME MOUSE GENOME
Symbol _ UniGene # ERE sequence Pos. Ref Symbol _ UniGene # ERE sequence Pos. Ref
PREVIOUSLY CHARACTERIZED EREs
Perfect elements
EFP  Hs1579  GGGTCATGGTGACCC — +23,088 39 Trim2s"  Mm248445 AGGGCAGGGTGACCT  +17499
EBAGY Hs 9222 GGETCAGGGTAACCT +i (-64) 40 Ebag® Mm 287896 GGEETCAGGETGEACCT -4886
COXTAZL Hs42340d4 GGEGETCAAGGTGEACCC  +383 (+443) 40 Cox7A2l Mm30072 GGETCACCTTGACCC +336
1 mismatch
OVGPl  Hs1154  GGGTCACTGTGACLC -156(-170) 74 Ovgpl  MmS110  cGGTCATTGTGACLC -110(-110) 75
AGT  Hs 19383  AGGQCATCGTGACCC  -10(-25) 76 Agt Mm 285467 AGGTCACCTTGACCC -2379(-2742) 77
2 mismatches
pS2/TFF1 Hs350470  AGETCACGETGICCa  -392(-406) 78 T Mm 2854  cEGTCATCTTGLCCa -462*
OXT  Hs113216 cGGTgACCTTGACCC -166(-168) 79 Oxt Mm 16745 cGaTgACCTTGACCC 210%
BCL2  Hs79241  ©GGTCCACCTGACCC +319(+276) 80 Bel2  Mm233518 CGGTCCATCTGACCC 1279
F12 Hs. 1321 AGEQUAGCTTGACCa  -30(-47) 8] F12 Mm 42224 GaGcaAGCTTGACCa -75%
TERT Hs 439911 EGOTCAGGCTGALCT -2687 (-2677) 82 Tert Mm. 10109
3 Hs 284394 AGGTggCCCTGACCC  -226(-237) 83 3 Mm 19131 AtcTggCCTTEACCT -208*
CTSD  Hs.343475 GGGCcCgEGCTGACCC  -125(-270) 84 Ctsd  Mm231395
LTF ___ Hs437457 AGGTCAAGGCGALCT 8] (-358) 85 Ltf Mim 282359 AGGTCAAGGTAACCC  -340(-342) 86
OTHER ELEMENTS FOUND IN ESTROGEN TARGET GENES WITH KNOWN EREs
3 Hs.284394 GGGTCtTTGTGACCY 0210
CTSD  Hs.343475  GGECCACCATGACCC 8763 Ctsd  Mm231395 AGGCCARTCTGACCT -8157
TERT  Hs439911 GGEaCAGAGTGACCC -5663
OXT  Hsl13216 :;g;;ﬁggg:ggs iig; Oxt  Mml16745 tGGETCACCGTGALCC  -5424
LTF  Hs437457 AGGTQAGTCTGACCa -1166
OVGPl  Hs1154  GGGTCcCTCTGACCT +200 Ovgpl  MmS110  AGGTCAGGATGECtg  +866*
COX7A2L Hs423404 AGGTCAGGATGECCa 5246
EFP’  Hs1579  AGGQCAGGGTGACCT  +22,583 Trim2s”  Mm 248445 AGGgCAGOOTGACCT  +17,499
SELECTED NEW ELEMENTS (used for gel shift and/or ChIP experiments)
ADORAI Hs. 77867  AGGTCAGGGTGACCT 1171 54
GGETCAGGEGTGAACT -486
GGETCYEEGTEAACT -392
GGATCAGGETARACT =312
CASPT  Hs9216  GGETCAGGGTGAACT 2m 87 Casp7 ~ Mm298737 GEGTCARCTTEACCA +1458
GEETCABGGTGAACT 232
EGGTCAGGETEARCT -195
GGETCAGEGTEAACT -141
GAPD  Hs 169476 AGGaCATCGTGACCT 738 88 Gapd  Mm 288146 AGGTCAGEATGCCCT <745
AGGTCARRATGACCT  -21,207
GREB|  Hs438037 AGGTCATCATGACCT 9517 2 ¢ Mm2180s7 RGGTCICGCTGACCC  -7666
GGGTCATTCTGACCT  -1583 Grebl “PT paereaceateacce  -3289
IGFBP4 Hs 1516  AGGTCATTGTGACAC 4124 54 lefbpd  Mm 233799 AGATCACGCTGACCT -6697
LY6E  Hs 77667 GGGaCARGATGACCT 499 54
NRIPI  Hs 55017 GEETCACTTTGACCC -706 54 Nrpl  Mm20805 AGETCATTTTGACCC 636
SCNNIA Hs446415 AGGTCAGCCTCACCC -559 54
GAD2  Hs231829 AGGTCCAGTGACCT 564 Gad2  MmA4784  AGGTCACAGCUHACCT -349
TSHB __ Hs. 406687 AGGTCAGCTTGACAT  -4099 59 Tshb _ Mm 110730 AtGTCAAACTGACCT -533

The sequence of previously characterized consensus EREs or elements with one or two mismatches in the human genome are
shown with the corresponding references. Positions of the EREs with respect to the 5’-ends of mRNAs are as indicated in
genomic data files, and may differ slightly from the positions (in brackets) indicated in the references. All other EREs in this table
(selected examples from Table 3) were identified through our genomic screens (except for a few elements in mouse orthologs,
identified by asterisks, which due to a higher number of mismatches were identified manually). References provided for novel
EREs describe estrogenic regulation of the corresponding gene.

2 EFP is now called ZNF147 in the human genome database.

b Trim25, the EFP/ZNF147 mouse homolog, corresponds to LOC217069.
¢ Greb1, also referenced as Greb1-pending, corresponds to 5730583K22Rik.

ations including either —6Py/+6Pu or —1G/+1C. This
defines 588 different sets of 15-bp sequences with
random 3-bp spacers; 71,119 elements were identi-
fied in the human genome and 65,012 were identified
in mouse. Note that the elements containing CpG
dinucleotides were found to be largely underrepre-
sented in both genomes (data not shown), consistent
with the lower genomic frequency of this dinucleotide
due to deamination of the methylated C (42). In par-
ticular, symmetrical palindromes containing PuG-
GTCG motifs (two CpGs), which represent good ER-
binding sites (Fig. 1C), were found only 14 times in the
human genome, whereas consensus palindromes
were represented 891 times. The distribution of con-
sensus EREs among the chromosomes is generally
consistent with chromosomal size in both genomes

(Fig. 2, A and B). Whereas perfect EREs were not
clustered together, several imperfect palindromes
were found to be part of tandem repeat elements at
different chromosomal locations in the human and
mouse genomes, increasing the frequency of these
elements (Bourdeau, V., Y. Nagai, and S. Mader, in
preparation).

The numbers of near-consensus EREs found in the
human and mouse genomes suggest that functional
EREs should be found in the vicinity of genes more
frequently than reported to date. Note that most pre-
viously identified EREs are located within 0.5 kb of
transcriptional start sites (see Previously Character-
ized EREs in Table 1, with the exception of the TERT
and the EFP/ZNF147 EREs). It is not clear whether this
bias reflects a functional requirement for proximal
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EREs or the fact that searches for EREs in E2 target
genes usually focus on promoter sequences immedi-
ately upstream of the transcriptional start site. Using a
cut-off distance of —10 to +5 kb from transcriptional
start sites, we found EREs in the vicinity of 17,353
transcriptional start sites in human, and 15,284 in
mouse (see web site at URL: http://mapageweb.
umontreal.ca/maders/eredatabase/) Note that the
number of genes containing EREs is slightly smaller
(12,515 in human and 11,810 in mouse), as there can
be several mMRNAs and more than one ERE per gene.
We further examined the distribution of EREs in the
—10 to +5-kb region with respect to the 5'-end of
mRNAs (whenever several mRNAs are mapped, dis-
tances were calculated to the most 5’-initiation site).
Note that EREs found close to more than one gene
were counted several times for characterization of the
distribution with respect to transcriptional start sites.
Surprisingly, EREs were more abundant in the 0 to +1-
kb region around transcriptional start sites in both
genomes (excess of ~25%), whereas the number of
elements found upstream of —1 kb or downstream of
+2 kb were usually near or below the average number
of near-consensus EREs found per kb between —10
and +5 kb (Fig. 2C). Compared with the frequency
expected from random distribution of all EREs found in
the genome, the number of individual EREs in the —1
to +2-kb region of 5'-mRNAs was higher than ex-
pected by 64% in human and 29% in mouse (data not
shown).

These data suggest that the distribution of near-
consensus EREs reflects mostly a random distribution
of these sequences in the different chromosomes,
with enrichment in the close vicinity of transcriptional
start sites. The large total number of EREs located in
the vicinity (—10 to +5 kb) of transcriptional start sites
may suggest that these elements can mediate regu-
lation of a much larger fraction of the genome in dif-
ferent estrogen target tissues than previously recog-
nized. However, some of these elements may not
represent binding sites in vivo, possibly because of
chromatin accessibility, and/or may not participate in
transcriptional regulation.

Identification of EREs Conserved in Human
and Mouse

Near-consensus EREs previously identified in human
genes often have counterparts at similar positions in
their mouse orthologs (Table 1). Because conservation
of newly identified EREs between the two species may
indicate a functional role of these elements, we
searched for the presence of EREs located in known
human and mouse orthologs with less than 2 kb dif-
ference in distance from their respective transcrip-
tional start sites (see Materials and Methods). EREs in
660 different pairs of orthologs were thus identified
(supplemental Table 1; published as supplemental
data on The Endocrine Society’s Journals Online web
site at http://mend.endojournals.org). As expected
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from the distribution of EREs in the vicinity of genes,
conserved EREs were also more abundant in the 0 to
+1-kb region after the transcription start site (Fig. 2C;
note that this analysis was intentionally limited to the
—8 to +3-kb region. The numbers of conserved EREs
found between —10 and —8 kb or +3 and +5 kb
would appear artificially low, because a conserved
ERE found at a distance of 2 kb or less in the other
species may not be included in the —10 to +5-kb
window from the transcriptional start site). However,
conserved EREs were proportionately more repre-
sented in the 0 to +2-kb region than bulk EREs,
whereas elements in the —5 to —8-kb region were
markedly less represented (Fig. 2C). Nevertheless, we
note that a significant number of conserved EREs
mapped between —5 and —10 kb of the transcriptional
start sites (24.6%). It remains possible that some of
these distal EREs may be located closer to another
gene, or even within an open reading frame, account-
ing for their conservation.

To investigate whether location of EREs in coding
sequences (CDS) may account for their conservation,
we characterized the position of these elements for a
subset of conserved EREs, i.e. those that were iden-
tical in sequence between the two orthologs (Table 2).
A total of 41 elements were found in the vicinity of 47
genes. Of these elements, 14 were located fully and
four were found partly in a CDS (Table 2 bottom and
middle, respectively), whereas 23 were not found in
any annotated open reading frames (Table 2, top).
More than half of these (12 EREs) were located be-
tween —1 to +1, another seven between —1 and —10
kb, and another four between +1 and +5 kb. Thus
these results indicate that EREs that are conserved
independently of their presence in a CDS are more
likely to be found close to the 5’-end of mRNAs, al-
though some elements are still located at several kb
kilobase pairs from the start sites. Furthermore, the
strong conservation of these elements, which is un-
likely to result from chance alone, may indicate a role
in the regulation of the neighboring genes.

Three known E2 target genes were present in the set
of genes containing perfectly conserved EREs. The
EBAGY9 and COX7A2L genes contain previously iden-
tified EREs (Table 1). The fibroblast growth factor
(FGF) 9 gene is also a known E2 target (43), although
the presence of a near-consensus ERE in the proximal
promoter was not previously reported. FGF9 mediates
the proliferative action of estrogen on stromal endo-
metrial cells (43). It also plays a role in glial cell devel-
opment (44) and testicular embryogenesis (45). Its
functional inactivation in mouse leads to male-to-
female sex reversal (45). Interestingly, several other
genes containing fully conserved EREs in their flanking
sequences (Table 2) are linked to testicular function.
TESK1 is expressed in testicular germ cells in a de-
velopmentally regulated manner and is thought to play
a role in spermatogenesis around the stages of meio-
sis and/or early spermiogenesis (46, 47). KHDRBS3
(T-STAR/ETOILE) is a SAM68 homolog that is ex-
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Fig. 2. Distribution of EREs in the Human and Mouse Genomes

A, Distribution of consensus EREs on human chromosomes. The percentage of nucleotides in individual chromosomes is
plotted, along with the percentage of total response elements found per chromosome. B, Distribution of consensus EREs on
mouse chromosomes. C, Distribution of EREs found between —10 and +5 kb of mRNA 5’-ends. The ratio between the number
of EREs found and the expected number assuming a random distribution of these elements in the —10 to +5 interval was
calculated for consecutive 1-kb segments of flanking sequences in the human (dark bars) and mouse (gray bars) genomes. For
the elements conserved between the two genomes (white bars), the distribution was characterized only between —8 to +3 kb in
order not to introduce a bias in the 2-kb constraint in relative distances between the two species.

pressed primarily in the testis and interacts with RBM, in testes specifically in prespermatogonia during fetal
an RNA-binding protein implicated in spermatogene- d 16-17 (49). Finally, RNF14 (ARA54) is an androgen
sis (48). FGF8 is an androgen-induced gene expressed receptor coactivator expressed in testis and prostate
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Table 2. EREs with Identical Sequences in Human and Mouse Orthologs

Diff. Dist.  Diff. Dist.  Diff. Dist.

Human Hs Dist. Mm Dist. Mm-Hs Mm-Hs Mm-Hs
Gene Name* UniGene # ERE Sequence ERE-mRNA ERE-mRNA ERE-Gene ERE-mRNA ERE-CDS
EREs located in a non-coding sequence (CDS)

HOXDI13 Hs.152414 EGETCARARTGACCC -B865 -8719 146 146 257
KHDRBS3 Hs.13565 BGGTCATGATGCCCA -7491 6923 552 366 724
LDBI Hs. 26002 GGGTCACTTTGACaC -5679 -5682 5869 3 520
rRNF14! Hs. 170926 AGCTCAAGTTGACCC -5410 6671 3522 1261 532
HOXC12 Hs 381267 AGGTCtTTCTGACCT -5201 -5113 88 88 88
pepH12'  Hs.115897 GGGTCAACTTGAGCT 4640 -5554 872 914 10
KIF24° Hs.201179 tGGTCAGACTGACAT -2923 -3246 323 323 7425
PDERA Hs. 78746 CEGTCAGTETGACCC -2583 -1914 799 HHS 674
NDRG2 Hs.243960 GaGTCATCCTGACCC -1347 -1900 178 553 21
TESKI Hs.79358 GGGTCACAATGACLA -991 -981 1457 10 260
NKX6-1 Hs.347185 GEGETCAGTTTGgCCa =963 =410 353 553 82
PHF3 A Hs.273234 GGGaCgCCTTGACCT 659 -807 148 148 153
SLC10A2 Hs. 194783 CctGTCACTTTGACCT -382 -733 542 371 177
FGF9 Hs.111 LGGTCATTCTGALCT -204 -237 2338 33 6
EBAGY Hs.9222 GEGTCAGEGTGACCT 6 -4886 226 4892 5816
FGF8 Hs. 57710 GGEGaCgGCGTGACCC 67 153 128 86 67
CNNM4 Hs 175043 CGGTCAACGTGAgCC 215 57 158 158 42
ACOY Hs.300463 AGGTCAAGGCGLCCC 219 203 122 16 2
COL4A2 Hs. 407912 AGGTgAGAGCGACCC 243 284 41 41 26
EDG2 Hs. 75794 AGGTCAGTGoGoCCC 257 432 518 175 16676
COXTA2L  Hs423404 GGGETCAAGGTGACCC 381 336 7812 45 16
UBE2R2 Hs.11184 AGGgCAGGGTGACCT 755 715 279 40 20
NFKBIA Hs.81328 RGGTCLTTATGACCC 1233 1107 29 126 89
NRID1 Hs.276916 GELTCACCCTGACCa 2314 1673 88 641 89
NUDT2® Hs.429142 BtGTCAGTCTGACCa 2617 2981 364 364 2470
HNEPDL Hs.372673 GEGTCACCCTGACCa 4639 3226 518 1413 957
EREs located partially in a coding sequence (CDS)

B4GALTT  Hs.54702 RGGTCATCCTGgCCC -6523 -5409 1105 1114 1122
SIRTT Hs. 184447 GGETLATGRCGACCC  -5012 -4845 378 167 2786
SLC25A12 Hs.353282 CGGTCAAGGTGACLC 27 77 216 50 0
D7 Hs.36972 AGGTCAGTGTGAgCC 1313 1751 357 438 385
MAFG' Hs.252229 GEGTLATGACGACCC 4516 9 969 4507 0
EREs located in a coding sequence

DEF6 Hs. 15476 AGGTCAGCCTGLCCC -4 108 -4746 652 638 651
ARHGA p4’ Hs3109 AGGTCAGCGaGACCa -3795 -5798 1885 2003 1961
ZNF |42f' Hs. 80526 CGGTCAGCCaGACCC -2345 -2383 5 38 728
GPR73L1 Hs 375029 tGETgATTATGACCT 103 94 3818 9 9
ENDOG Hs 420106 GGGcCgGCCTGACCC 170 64 473 34 140
EDN3 Hs. 1408 GECTCACAGTGACCT 220 376 333 106 0
SFRS2 Hs. 73965 tGGEaCARCCTGACCT 221 219 595 2 0
RARG Hs. 1497 GGGcCAGCCTGACCT 288 4880 232 4592 0
TPBG Hs 82128 tGETgAGCCTGACCT 820 2324 448 1504 18
FZD6 Hs.114218 GGGTCATTATGACCa 1355 270 176 1085 0
PAXY Hs.132576 GGGTCATTACGACLC 1603 1309 267 294 94
AMBP Hs.76177 AGaTCAGCATGACCa 1692 1545 147 147 140
BesiL® Hs. 150922 GGGETCLGEGCTGACCY 1847 2020 448 173 65
PRSSS Hs.75799 AGGTCAGCATCACCT 2528 2209 268 319 199
APIG2 Hs.343244 tGGcCAACCTGRCCC 4610 3756 474 854 98
ARDI® Hs.433291 BGGTCAGCGaGACCa 4961 4916 122 45 100

Human and mouse EREs with identical sequences were selected from the compilation of EREs located in known human (Hs) and
mouse (Mm) orthologs with less than 2 kb difference in either their respective distances to the beginning of genes, mRNA, or
coding sequences (see supplemental data for a full list). Elements that are fully conserved in sequence in the two orthologs were
further analyzed to determine whether they are part of an annotated CDS (bottom) or not (top). Four additional elements were
overlapping a CDS in at least one species (middle). Note that some elements are listed twice, as they are found in the vicinity of
two genes and are shown in the orientation corresponding to each gene. Number pairs identify identical EREs. Elements in bold
are known EREs.

*, Mouse gene names are similar to the human names except for NDRG2 and ZNF142, whose counterparts are Ndr2 and Zfp142,
respectively.
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(50). Although estrogenic regulation of these genes
remains to be demonstrated, these observations are
noteworthy in view of the fact that estrogen deficiency
in aromatase knockout models or genetic ablation of
the ERa gene leads to defects in spermatogenesis and
male sterility (51-53).

Proximal and Distal EREs in Known Estrogen-
Responsive Genes

To assess the potential of EREs found in this screen to
bind ERs, we first compared our list of elements lying
between —10 and +5 kb of the 5’-ends of known
genes to published data on E2-up-regulated genes
identified through expression studies in different hu-
man target tissues. This generated a list of 345 ele-
ments close to 236 genes (Table 3). Several of these
genes were identified from a gene array experiment
performed in the presence of cycloheximide, suggest-
ing direct regulation (54). Interestingly, several promot-
ers already shown to contain functional EREs were
found to include additional elements, sometimes lo-
cated more distally (Table 3; see also selected ele-
ments in Table 1). When assayed for binding to ER« in
gel shift assays, several of these novel elements
bound similarly or even better than those previously
characterized (Fig. 3A, OVGP1, CTSD, and TERT). Of
interest, the mouse ortholog of the CTSD gene did not
contain a near-consensus element corresponding to
the known human proximal element, but our search
identified a new element located 8 kb upstream that is
conserved between human and mouse. Another ex-
ample of a gene containing conserved distal EREs is
the EFP/ZNF147 gene. Our screen (performed in this
case with a larger cutoff) identified a conserved im-
perfect element in the 3’-untranslated region of the
mouse and the human orthologs, different from the
consensus ERE previously reported in the human
gene (Table 1). The presence of distal elements in
E2-regulated genes suggests that they may partici-
pate in the estrogenic regulation of these genes.

Some estrogen-inducible genes for which EREs had
not been characterized were found to contain several
high-affinity elements. For instance, the GREB1 (gene
regulated by estrogen in breast cancer) gene contains
three consensus EREs located at —1.5 kb, —9.5 kb,
and —21 kb (Table 1). In addition, the human CASP7
gene was found to contain seven tandem repeats of a
near-consensus ERE within the proximal 500 bp (Ta-
ble 1). The presence of multiple elements raises the
possibility of synergism at the level of either DNA
binding or transcriptional activation in the regulation of
these genes by estrogen and may suggest propaga-
tion of chromatin changes induced by recruitment of
ER coactivators over a large distance.

Functional Analysis of Newly Identified EREs

To assess whether EREs selected among those found
in the promoters of E2-responsive genes (Table 1,
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bottom) bind ER« in vitro with the predicted high af-
finity, gel shift assays were performed with elements in
their natural context (15 bp core with 6 bp of flanking
sequences; Fig. 3B). Although flanking sequences
slightly modulated binding compared with the VitA2-
derived elements carrying the same core ERE se-
quence, all elements were found to bind ER«a
efficiently. Chromatin immunoprecipitation (ChlIP)
experiments were performed next to monitor in vivo
recruitment of hERa on the newly identified EREs.
These experiments were conducted in ERa-positive
MCF7 cells, ERa-negative MDA-MB231 cells, or
MDAMB231 cells stably transfected with hER«
(MDA::hERq). As positive controls for ERa recruitment,
both the pS2/TFF1 and complement component 3
(C3) elements (Table 1) were used and, as expected,
demonstrated E2-dependent recruitment of ERa on
their proximal promoters (Fig. 4). We investigated
binding of ERa to 14 EREs found in 10 genes known to
be regulated by estrogen in breast cancer cells
(ADORA1, CASP7, CTSD, GAPD, GREB1, IGFBP4,
LYGE, NRIP1, SCNN1A, TERT; Table 1 and references
within). In the two ERa-expressing cell lines, E2-in-
duced ERa binding was observed on 13 of 14 of the
elements (which include both conserved and noncon-
served EREs; see Table 1), except for the GAPD ERE
where binding was restricted to MCF7 cells (Fig. 4). No
binding was observed in the parental MDA-MB231
cells, or with preimmune rabbit IgG, on any of the
promoters tested. Consistent with the published reg-
ulation of these genes by estradiol in breast cancer
cells, association of the fragments of genomic DNA
around the transcriptional start sites with the TATA
box binding protein (TBP) and the phosphorylated
polymerase Il (P-Polll) was induced in the presence of
E2 (Fig. 4). Notably, in addition to the proximal ele-
ments (ERE2) found in the CTSD and TERT genes,
both upstream elements (ERE1) bound ERa. Binding
of both the GREB1 EREs at —9.5 kb (ERE2) and at
—1.5 kb (ERE3) was also observed, but the most up-
stream ERE (—21 kb, ERE1) did not bind despite its
consensus ERE sequence. This may suggest that this
element was not accessible for ER binding, possibly
because of chromatin organization.

Binding of ERs to EREs located in two genes that
are not known to be estrogen targets in breast cancer
cells was also investigated (GAD2, TSHB, Fig. 4). In
contrast to results obtained with other ERE-containing
promoters, ERa binding was not detected on the
GAD2 ERE. Moreover, no binding of TBP or P-Polll
was observed in the absence or presence of hormone.
GAD2 catalyzes the synthesis of the inhibitory neuro-
transmitter y-amino butyric acid, and its expression is
restricted to neural tissues and pancreatic islets (55).
Its regulation by estrogen has been described in rat
and goldfish brain (56, 57). However, no expression of
GAD2 was detected in breast cancer cells by RT-PCR
analysis (data not shown). Absence of ER binding to
these sites in breast cells may reflect limited access
due to chromatin conformation. On the other hand,
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Table 3. EREs Found in Up-Regulated Estrogen Target Genes
Gene  UniGene#  Pos, ERE Sequence REF Gene  UniGene #  Pos, ERE Sequence REF Gene  UniGene#  Pos, ERE Sequence REF
ADCYY Hs 2019a  -3928 LEETCATACTGACCT 132 E2IGS Hs3243 <8234  AGATCAGCCTGACCA 95 KRT? Hs 23881 2161 GOGCCARTETGADCS 116
1856 RaGTCACACTGACCT 132 EBAGY Hs.9222 G GOGTCAGEGTEACCT 4 2654 EGETCATTETGAgCD
ADFP Hs 3416 147 AGGTCAGGTTGAC A 133 EDEM Hs 154332 -7338 EGCTCASTETGAACT 99 KRTHBY Hs 181306 -8336 GOETCACAZaGACCa 1a
ADORAL Hs 77867  -3824 AGGTCARGATGECCT 54 EDG2 Hs. 757494 -741% CEGTCACCCT! J= 133 LIMBTL  Hs300863 3633 GEETCCTCTTGACCa M
-1171 AGGTtAGGATGACCT 257 GGEgCgCACTEACCT LDHA Hs.2795  -1074 AGaTCAGCCTOACCa 95
AGT Hs. 19383 =10 GEETCACCGATGCCOT 133 1826 GEaTCAD ACCT =265 AGCGTCYTCCTAACLC
AHSG Hs.324746 -3185 G3GaTCARACTGACCT a0 EGFR Hs. 77432 3406 ABGTCACTTTGACCC 142 3181 AGGTOgCAGTGACCT
AIMI Hs 4223300 363 GEGTCACGLCCACTC 91 EGLN2 Hs324277  -5489 GECTCACTGCGACCT 97 4478 EGGTCAATATCACCT
AKRIC4  HsITT687 1657 GEGTCARTTTaACCA a1 EGR3 Hs. 74088 2335 GEGgCgEETT 9394 LOCYI012 Hs 438430 <5009  AGGTLgUAGTGALCD 54
ALPL Hs 37009 9620 tGETCACTCTGACCT 133 EIF3A Hs 310621 1913 LR =882 AGGTOQUAGTGAgCC
419 RAGGTOLL 296 LTFE Hs 437457 -1166 AGGTGRETCTGACCA 83
2170 AGGRCACGUTGACCD ELAZA Hs.21 -T130 133 81 AGATCgCCTTGAL
ALPP Hs 284255  -6033 GEaTCACAGCGACCC 92 EPOQ Hs2303 1664 AGGTCATTGETCACCT o4 LYGE Hs77667  -9749 GEETCAGACTOgCCC 54
AR Hs. 49915 -394 GOGTaghRATGACCT a3 2087 30GaCAGOATOACCT 409 GOGACARGATGACC
ARHC Hs 179735 916 AGGTCACAGCTACCT 91 E12 Hs 1321 =30 I:GCTCAA" CTGeCCT 81 =298 COGTCACCCCcOACCT
RIS GECCAGARATGACTA FBF1 Hs. 360500 4639 91 3400 AGGTCAGGCCCACCT
-3315 CAGACTGACOD FEP2 Hs.612355 1z (1] MAPIE Hs 103042 2800  AGGTARATTGACCA Bl
ARTH Hs.24976 9809 ud FGF2 Hs284244 -3472 102 MATNI Hs 150366 -8045 GEETCAGGACCACCT 133
ASS Hs 160786 5435 95 4284 AGGTgEOCTEACCS MGCR407  Hs 145156 -T0d]  AGGTCAGGGTGACAT 54
ATPIE? Hs #9512 2600 GEETCATGTCCACCT 94 FGF9 Hs111 =4 GETCATTCTGACCT 43 D Hs 419756 -51% AGaTCAGCCTGALCA 133
=358 OOGTCAGGATGC FHR-4 Hs. 194776 83 o4 MMPI2 Hs 1695 -5633 AGCTCARRCTGACCC 133
AXINL Hs 312765 -6019 tOGTCAGGAGGACCC 54 FREP4 Hs 848 165 A"CaCATC"‘T"A"CT B3 103 -3%56 EGGTCATCTTGACLS
=5940 AGGTCAGTGTGACLY FOS Hs 13647 <3411 AaGTCACCCTGACCT 93104 MMP2 Hs 367877 2578 AGGTCETTATGACCT 17
B4GALT] Hs 396798 -31358 AGGTYARGCTGACCT 54 FOSL2 Hs 301612 7343 EGGYCARGTTGACCT 9 ~&IH GEGETCLTTETGACCT 18
3242 AGGTCACACTaRCCC FOXO1A  Hs 170133 391 CBGCCATEETGACIC 133 129%  GGETCLTTGETGACCC 14
BDKRB2  Hs 230882 -3208 CEGTCLGTCTGACTT 133 GoPD Hs 80206 -39 54 3822 AGGTGATCTTGACCA
BCL2 Hs. 79241 i GGETCAGGTIEAC A &l 4556 MEX2 Hs 8004 9630  AGCTCAGAMNTCAECa 54
BCLILIT  Hs#4063 6090 GEETgATCTCGACCT o4 GAB2 Hs 30687 -3399 AGCTCAGTETCGACCa 105 MTHFDZ  Hs 154672 4241 GECTCACTETGACCT 9l
BICDI Hs412020 929 AGGTCACCCTGACtA a4 GAL Hs. 278954 -8992 EGGTCAGGCTGACCT 106 MYBL2 Hs 179718 3441 AGGTggAGCTGACCE 132
BIRC3 Hs 127799 -6658 ACGgCATATTGACCT 133 4903 GEGTCACTCEgOACCC NFATC3? Hs 172674 2740 GOGTCcAGATOACCT 9
BIRCS Hs. 1578 -6502 tEETgACAGTCACCT 132 GAPD Hs. 169476 8021 AGGTaaCTAGTGACCT bt NME1 Hs 118638 5636 EGGTCAGACTGALCT 95
456 BGCTCACT3cGACCT 132 SR70 COGTCCCCATGACCT KOS Hs 446303 4618 AGGTCAAGGCGECCT 120
BTEBI Hs 150557 -9843  AGGTCACTGCaACCT 133 =738 AGGACATCGT T -1593  CtGTCACCTTGACCC
BURI Hs 287472 4300 AGGTCATGLYGACTT 132 GASH Hs 4377100 1780 GEGTCACCCoCACCT 133 NPMI Hs 411098 -1876 12
-3360 AGGCCAGCCTGACCA 132 GCHI Hs 86724 -3T02 CEGQCATGETGACCC 133 NPR2 Hs. 78318 -GR33 133
Cllors Hs. 432000 4209 RAEGTgATATTGAC A 133 3788 GETCAGGATCACCA -2519
c3 Hs 284394 -9210 GEGTCL TTE cog 133 GHRHR Hs 767 3049 CORGECTGAICT 133 T05
=226 GEETCAGGECcACCT 133 4741 GETCATGTgGACCa NR4AL Hs.1119 3478 2
CALCR Hs 640k €n7 OOGTCAGTATOACag 132 -1619 EGCTCAGGCTEGLCT NR4AJ Hs.279522 -1929 GEGTCAGGGCGCCCT o4
CALM2 Hs423808 8603  cGGTCACTSTaACCT s GNRHRE Hs. 73064 3727 GOGTCATCATGACCA 107 3743 GEGCCgTAGTGACCC
1287 ACGTCARGACGACCT GREB1 Hsd38037 <0517 AGGTCATCATGACCT B4 KRIF] Hs 155017 -706  GGGTCACTTTGACCC 3491
CASPT Hs9216  -486  GGGTCAGGETGAACT &7 1383  GGGETCATTCTGACCT NUCR2 Hs 423095 8237  GGGTLgATTTGACCS 91
=392 GEETCgGEETCAalT GTF21 Hs 408307 -B333 GEETCAGTCTEAGCT 9l OVGP1 Hs 1154 =156 T4
=312 GEETCAGGETCAalT 6471 AGaTCAGCCTGACCa 200 GEETCcCTCTGACCT 133
1M GEGETCAGGETAEAACT -2171 AGcTCATGTTGACCT OXT Hs.113216 -2596  AGGTCATCOTGoCCa 79
=232 GEGTCAGGATGAaCy HI11 Hs 111676 -T364 AGGTCETTGTGACCT 87 <2465 AGCGTCAGCCTOACCY
=195 LEETCAGEETEASCT H2AFZ Hs.119192 2777 CUGTCARRATGACCT 95 =166 CGGTgACCTTGACCT
141 GEGETCAGGETGAACT HiF3A Hs 181307 4907 AGGCCAGCCTGACCE 95 PZRYH Hs 16362 4581 AGGTCAGCCTGgCCA LR
CASPR Hs 243491 1374 AGGOCATCTTGACCT 133 HMI3 Hs 444000 2754 -’“F‘CTCAA"C Gro 94 PA2GS Hs374491 -5274  GGoTCACCGETGACCT 95
cav Hs 74034 -6690 ©GECCRGE 95 HMGE] Hs 434102 5191 108 PCNA Hs 78996 9730  CGGTCAGGCTGgOCT 10
a6 GGETOAL HMOX2 Hs.284279 59354 109 -3397  AGGTCARARTLALCA 132
CBFAJT3 Hs. 110099 -2378% GEGTCAL 132 2454 FDE4B Hs. 188 4400 GEETCATTCTLACCS M
CCBP2 Hs.24286  -1509 ACGTCET 132 HPCALI Hs3618 6710 133 FDE4C Hs 437211 -2033 GGCTCALTGCGALCT 133
CD33 Hs 83731 52 GEEtCahC IGﬂC i b 133 4293 460 COGTCACACAGACCT
CDa4 Hs 374990 8306 AGGTCAMRATTCACCC 54 HPS1 Hs 44568 2429 GEGgCAGCCTOACCa 133 PDE4 Hs 8304 557 AGGTygCCTTGACCT 133
CDa9 Hs 82401 -9834  GGETCARCATGACLG 4 HSPAR Hs 180414 <9233  AGGTCOCAGTGAGUC 95 PEMYTI Hs 77783  -3298  AGCTCACARAGACCT 132
CDe6 Hs27954  .7718 GGEETagGAGTGACTC a4 2702 BECTCACTGCE =722 EGGTCACCTaGACCT
cDC27 Hs 406631 -6134 LEETCAGGCTEICCT 133 HSPE1 Hs. 76067 7227 EGGTCACGTTGCCT 95 POLA2 Hs 201897 -2268 AGGTCgAGGaGACCT 132
CDCe Hs 403958 2208  AGGTCACTCTGAACT 91,87 -G803  GGGCCATTCTGACCC PPPIR4 Hs 400740 -267  GGGTCAGTACCALCC 122
CDRI Hs 446675 9530 LEETCACCATCACCT 4 1428 AGGUACACT FRC1 Hs 344037 4225 133
Hs 99029 -3454 GEETCARATTGAa A o1 4951 GTCAGE TG ._CC PREARIA Hs280342 8067 87
Hs 82071 2486 AQeTCATCATGACCT 94 HSPCA Hs 446579 <3795 GeRgCARTCTEACCa 95 ERER)
Hs 75110 3001 O0GeCAGTETGACCT 94 HSPD1 Hs. 79037 4771 EaGTCAGTETGACCT (L] P Bl Hs 5349845 1396 EGGTCgGAGTGACCT 133
20628 AGGTCAGGATGAGCE D2 Hs.5337 4929 AGCTCACTATGACCT a1 2434 GEGgCARACTOACCA
COLISAL  Hs413175  -TRR4 133 IER3 Hs. 75 7195 McTCnGCC'T GACCC 54 PaMB4 Hs 89545 -1T86  GGGTCQCAGTGAZCC g5
COMT Hs. 240013 -8302  AGSTCATCCTGCCCT 96 -5668 el . PFTGER3  Hs327970  -5430 -’“GCaCA-’“ACTGACC” 132
-1798 LEGCCACTE IFRD2 Hs 313177 1836 94 PTMA Hs 439927 4361 C 123
COXTAZL HsA423404 5246 RAEGTCAGGATG 40 IGFEP4 Hs 1516 4124 54,91 PTPNZ Hs 446126 -9369 Pl
381 GGGTCAC!’:!‘TGM‘.‘A’:C 7 CECTCATGCTGCOC FTPRO Hs 160871 -6636  AGETCgUTETGACCT bl
(83 Hs 282557  -3500 AGGTCACTCTGACtA a4 IL1R2 Hs.25333 6432 3OGaCAAGCETEACCC 4 PTPRU Hs 19718 -5%45 cGGTCLTTCTAACCT L2
CPM Hs 334873 2060  AGGETCACTCTGACCC 133 ILSRE Hs 846 -229% GEcTCACTCETGACCT 133 3505 EGGeCASCCTAACCT
CRHREI Hs 417628 -Tal3 AGGTCAGGETGICCA a4 EERTY EGGTCASCCgOACCT PTTG2 Hs 511755 -3351 GEaTCARGCTGACCA 04
CSPG2 Hs 434488 8225  GGGTgaGAGTGACCT u4 INHEE Hs 1735 <8111  AaGTCACCACGACCC a4 PTX3 Hs. 2050 44 AGGCCAGOCTGACCA 133
CST4 Hs 36319 -TT06 AGGTCARATTGLCCD 133 -3738 AGGCCAGCTTGACCT QPCT Hs.790:33 190 GEGTCAGCCCLACCT 133
CTEP1 Hs 196083 2874 GGETLACCA e 54 INPP3A Hs A0R0G3 1410 AGGCOQGETCTEACCT 133 RAN Hs 10842 2869 GGCTCALNTGCGACCT 93
CTSD Hs 343475 4763 GEEcCACCATGACTC 5487  [RS1 Hs 390242 6253 GEETCACCATEgCCC (B0} 3007 £ CAGGCTGAECT
-125 GERETCAGCCoGgClC 6096 AGGTCACCATGECCC 19 RARA Hs361071  -8627 GtETCACCETGACCS 54,93
CXCL2 Hs.75765 2628 AGGTCE TTATGACCT 4 =462 AOCGTaAGRCTOACCC 112 REBEPS Hs.437224 9688 lat 54
D6 Hs 443163 -6888 AE3cCAGAGTAACCA a7 1921 cACCT 13 RFCS Hs35120  -3314 AGCGTCACTGCaACCT 132
DCe Hs. 172562 9826  GOGQCAGCCTOACCa 133 ITPKI Hs 408429 <6389  GOCTCACTCCGACCT 54 REP Hs 440382 7698 LGGTCAGGCTGALCT 95
DODIT3 Hs 353867 -751 nGaTt‘Ar‘C"TGACCa a4 -227% AFCE‘CR‘"CC’T-;A"CB 5308 AGGCCAGCCTGALCA
3 2615 9l 15G20 Hs. 108434 -7373 e 114 =322 AGGTLa GACOD
DiMI1 Hs 433683  -6637 2 s 97 JUNB Hs 400124 2609 94 581 GGETCACGTTOgOCA
DLGS Hs 500245 4324 GEETCACGAaGACTa 87 KCNIP2 Hs. 97044 3108 a1 RPSGKAL  Hs 149957 5213 EGGaCARGCTGACCC a1
1303 AGGCCARTCTGACCA KIAADOGZ  Hs301T43 4025 AGCTCgCACT! o1 SCD Hs 119597 -T982 GEGICAGTATGACCT 4l
DMNAHE Hs 172101 -1457 AGGTCAGTTTCECCT 133 KIAAGNTS Hs 1191 =704 AGGTCATI 133 SCNNIA  Hs 46415 4605 QaGTCATTGETGACCa 54
DSCAM Hs 49002 9891 AGGcCATTTTGACCT 4 KIAAO0IS:  Hs 82563 9574 GOcTCACTGTOACCA 54 =559 AGGTCAGCCTCACCC 133
DTNA Hs.253526  -2020 AZaTCAMRGETGACCT 133 2042 AGaTCAGCCTTGACCS SDE Hs. 511764 8602 GGCGgCATTCTOACCa 133
DTR Hs. 7949 =180 ud 4055 = :CTCRC GATGRCCT 1020 AGGTggCCCTGACCT
E2F1 Hs 96055 9101 08 KIAAUSGY  Hsd3072% 4360 « 113 SERPINAS Hs 76353  315)  AGETCRGTGTGACCS 34
=330 CGETCARCATGACCT KRTI% Hs 300517 -9390 115 SERPINAG  Hs 1305 1967 GGETCLTTETGALCT 54
E2IG2 Hs 31500 -711 AGaTCAGCCTGAC A 03 -TR50 SF3A3 Hs 77897  -#338 CGGaCATGATGACCT 95
E2IG4 Hs 8361  -TR43 AGCTCAGCATGAC A 03 2484 AGGTCETACTGACCT SHMT2 Hs 75069 -2501 GEETCAGGETGCCa a1
1377 0@3cCgGCCTAACCC KR Hs 432677 <2049 EGGcCAATTTGACCT 91 -1575 AQaTCAGCCTOACCa
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Table 3. Continued
Gene  UniGene # Pos. ERE Sequence REF Gene UniGene #  Pos. ERE Sequence REF Gene UniGene #  Pos. ERE Sequence REF
SLCHAL Hs. 25450 4242 54 TERT Hs 429911 -5663 124 VDR =3131 127
SLCTAS Hs 184601 4963 54,91 -206H7 VEGF T 132
SLK Hs 105751  -3049 132 TFF1 Hs 35470 392 91,133 VTN 4209 H7
EMCIL Hs 119023 9518 a4 TFF3 Hs 82961 -B655 54124 VWF Hs 440848 9547 133
-ROTH 4315 125 WISP2 Hs 194679 22526 a7
SNRK Hs. 79025 -1342 a4 TFPI2 Hs 438231 4126 54 =452
SNRPA Hs 173255 2000 4 THBED Hs.2030  -2152 4 WNTI Hs. 248164 -9908 128
80851 Hs 326342 -3457 a4 THNFRSF3 Hs 1314 -n502 4 WHNTIOB Hs 91985 3215 129
5p4 H= 2982 -1480 o4 =299 WNTYB Hs 326420 1839 130
SPRY1 Hs 4365944 138 a4 TOBI Hs 178137 -3159 54 3730
SPRY2 Hs 18676 1041 o4 TOPBP] Hs 91417 -1262 133 XPNPEPI Hs390623  -T99 .4
BEMAL Hs 18528 K128 n7 TPs3 Hs 408312 -1529 126 XROCH Hs 150030 -7225 133
-182% TPBG Hs 82128 4703 4 ZDHHCA Hs 5268 0951 a7
3408 R20 ZNFI7 Hs 18579 3231 o9
STAGI Hs 138263 4456 133 TPO Hs 71304 -609 b ZNF230 Hs 193583 0478 L)
STKG Hs 250822 3170 132 TPX1 Hs 2042 -T640 133 "2
SU0X Hs 16340 -7499 95 =350 ZNF75 Hs 355015 -605% o
3k TRIM31 Hs 493275 -2RH% 133 -2
1718 TSHB Hs A0668T 4099 59 ZNFY Hs.21110 an a5
TACI H=.2563 a7 94 USF2 H=s 454534 305 97 ZNFI1 Hs 8597 -5023 131
TCF2 Hs 4080483 996 a4 2061

The listed EREs were compiled by comparison with upregulated E2 target genes identified in gene expression studies as cited.
The positions given are distances to the most upstream mRNA 5'-end for each gene (negative distances correspond to elements
located upstream of the 5', and conversely). ERE sequences in bold correspond to consensus elements. Underlined genes
contain EREs that are conserved in mouse (see supplemental data) according to criteria defined in Materials and Methods.

ERa bound to the TSHB ERE whereas no binding of
TBP and P-Polll was detected either on the reported
start site (58) or on another site described in NCBI
(National Center for Biotechnology Information)
AceView (Fig. 4). Note that regulation of TSHB by E2
has been observed in mouse pituitary (59). It is
possible that another transcriptional start site may
be used in MCF7 cells, or that this gene is inactive
in these cells despite ERa binding to upstream
sequences.

Results from ChIP experiments demonstrate that it
is possible to identify bona fide ER binding sites both
in proximal and distal promoter sequences of E2 target
genes, suggesting that the search for ER binding sites
should not be limited to promoter sequences immedi-
ately upstream of the transcriptional start site. In ad-
dition, our results indicate that access to some high-
affinity binding sites is restricted in vivo, possibly in a
tissue-specific manner.

DISCUSSION

In this study, our goal has been to define high-affinity
in vitro ER binding sequences and to characterize the
occurrence of these motifs throughout the human and
mouse genomes. This approach differs from those of
previous studies, which have aimed at characterizing a
larger array of potential binding sites for ERs or nuclear
receptors in defined stretches of genomic sequences
(60, 61). These approaches are based on nucleotide
frequency matrices constructed via compilation of the
relatively small number of known natural response
elements and can identify many variant sequences.
Although the sensitivity of the detection can be low-

ered for screening of genomic sequences, these types
of detection programs cannot be easily used for
genome-wide studies (the maximal length of input se-
quences is ~100 kb for Dragon ERE Finder version 2.0
and 30 kb for the NUBIScan program). On the other
hand, we chose to identify only high-affinity binding
sites in a genome-wide approach to determine their
distribution with respect to transcriptional start sites,
their conservation between the mouse and human
genomes, and their functionality as receptor binding
sites in vivo. Our choice of elements was based both
on functional validation of variant EREs by in vitro
binding assays, and on the variations observed in
known near-consensus sequences. Although not
within the scope of this study, our functional charac-
terization of EREs both in vitro and in vivo is also
expected to contribute to the development of refined
nucleotide frequency matrices for the detection of a
wider range of elements in genomic sequences of
interest.

Our screen identified a large number of EREs
(71,119 in the human genome, or about one in every
43 kb of genomic DNA). Not surprisingly, the fre-
quency of ERE occurrence was found to be highly
dependent on their sequence. For instance, elements
containing CG dinucleotides are drastically less rep-
resented than other EREs. CG dinucleotides are rep-
resented at a frequency of about 0.8% in the genome,
which is five times less than the expected frequency
based on the typical fraction of Cs and Gs (42). Ele-
ments containing two CG dinucleotides are found at
only about 1-2% of the number of consensus EREs,
which do not contain CG dinucleotides except possi-
bly in the spacer. On the other hand, consensus EREs
are slightly more represented than the expected fre-
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Fig. 3. In Vitro Binding of ERa to EREs Identified in This
Study

A, Relative binding of hERa to known and newly charac-
terized EREs in estrogen target genes. B, Binding of hER« to
the novel EREs characterized through genomic screening.
Binding is expressed as the percentage radioactivity of spe-
cifically bound probe vs. bound plus free probe.

L

quency in random sequences (122% in human and
150% in mouse).

The sequence bias for some of the elements and the
observation that some high-affinity EREs are found in
tandem repeats precluded evaluation of which propor-
tion of near-consensus EREs are under positive selec-
tive pressure, as could be expected if they mediate
important regulatory roles. However, it was possible to
evaluate the relative distribution of EREs in the vicinity
of human or mouse genes. We have calculated that
the number of EREs found in the human genome in the
—1 to + 2-kb region around the 5'-end of mRNAs
exceeds the number of elements expected from their
frequency in the genome by 64%. It is unclear whether
this represents conservation of elements found in the
vicinity of transcriptional start sites, or bias for unde-
termined causes. A contributing factor may be the
increased GC content in CpG islands, which are as-
sociated with the 5’-end of genes. Consensus EREs
have an average GC content varying between 40 and
73% (depending on the identity of the variable bases).
For most sequences, this is higher than the genome-
wide average of 41%, but compatible with the 60-
70% average in CpG islands (42). It is surprising, how-
ever, that the main peak of ERE representation is in the
0to +1-kb region around the 5’-end of MRNAs both in
human and mouse. Although the basis for this obser-
vation is unclear, it is worth noting that only the most
5’-mRNA start site for each gene was taken into con-
sideration in this representation. Thus, some of these
EREs may regulate promoters of downstream initiation
sites.

Bourdeau et al. ® Genomic Search for Near-Consensus EREs

We performed next a direct comparison of elements
found in human and mouse orthologs to assess the
fraction of total EREs that is conserved in the two
species. Of the 9944 known orthologs (Mouse Ge-
nome Informatics database), 660 contained one or
several conserved EREs at similar relative positions in
the 5’'-flanking sequences, i.e. at 2 kb from each other
(708 conserved elements in total). This corresponds to
about 1% of total elements in the human or mouse
genome. Note that our criteria for conservation are
relatively stringent, including both limited sequence
variations (no more than two differences from consen-
sus) and positional constraints (relative positions of
EREs not further apart than 2 kb). Other possible
sources of under-representation of conserved EREs
are the incomplete identification of human/mouse or-
thologs, and the lack of systematic annotation of the
mRNAs 5’-ends in the human and mouse genomes.
Nevertheless, we have estimated that there is an ap-
proximately 74% overrepresentation of EREs com-
pared with chance occurrence of these elements in
both the human and mouse orthologs within 2 kb of
each other (708 vs. 407 elements; see Materials and
Methods). This overrepresentation suggests functional
conservation of EREs throughout evolution, although
we cannot rule out that functions unrelated to recruit-
ment of ERs may contribute to this conservation (see
below). The distribution of the conserved EREs was
similar to that of total EREs in the vicinity of human or
mouse genes but displayed a more marked concen-
tration in the vicinity of the transcriptional start sites
(see Fig. 2C). Interestingly, the percentage of con-
served elements dropped markedly upstream of —5
kb, suggesting that upstream EREs are less likely to be
conserved than elements closer to the initiation site,
albeit these EREs still represent 24% of the total num-
ber of conserved elements between —10 and +5.

Apart from conservation due to functional impor-
tance, the most likely reason for preservation of an
ERE is its location within the coding sequence of a
gene. This parameter might contribute to the overrep-
resentation of EREs located downstream of the initia-
tion start sites. In addition, some upstream elements
may also be found in the coding sequences of other
genes. The possible contribution of coding sequences
in preserving ERE motifs in the human and mouse
genomes was examined in the extreme case of EREs
found to be totally conserved in sequence between the
two species, including the Pu/Py and spacer base
pair. Of 41 distinct EREs flanking 47 genes, 14 were
found in coding sequences in both species, and four
additional elements overlapped a CDS. It is unclear
whether these elements could function as binding
sites in vivo. Binding of yeast transcription factors
such as Gcn4, Sbf, Mbf, and Rap1 to elements within
open reading frames occurs reportedly less frequently
than in promoter sequences (62-64) and, in the case of
Gcen4, results in recruitment of histone acetyltrans-
ferase and SWI-SNF coactivator complexes, but not of
the Mediator complex (64). Finally, 23 EREs were not



Bourdeau et al. ® Genomic Search for Near-Consensus EREs Mol Endocrinol, June 2004, 18(6):1411-1427 1421

inputs Rabbit IgG hERo TBP P-Pol 11
3 3 =1 3 =1
&2 7 = I~ =
=) = = = =
_— N — - - ]
« B £ 24 B 2 2« B £ 2 E £ 2 B 2 > 41
2 UV aas e a9 s B QL 8 8 & &8 W ERE
s =2 2 =2 £ =2 = =2 = s = =2 =2 =2 = = TATA
E2
TFF1/ ps2 a0 ) e
o -4057383 -2 ':'.é()b 3
3 —Fi—-—h-I
ERE — )
ADORAL b bl
+1 = Inn.-ns;|
EREs F PpIFFES L
CASP7 & FFEEEF a0 e
+1
485 186
) ERE
GAPD z 0S4y . 28
+I -564/450)
EREI
(-21207)
Fl_llz ) 2130 21154 geme 484 ATI0 441 A +8
GREB1| (-9517) b
F.Ill'—.} 21207/18: 31'1511150. 181'\5?5
(-1583) -
+1
ERE1
(-5663)
1ERT LRLZ AraT 5844 2755 2536 08 N
(-2687)
+1 5635641 amum.
ERE1
(-8763)
(r&l) klll.: 4330 687 10D 42 +3 a7
(-125)
.B.‘EJIB?{. BF-O01]
+1 ! )4
ERE .
NRIP1 s 4w A 4T
+1 Ifmszl | |
ERE &3 4w &2 4T
SCNNIA >
+1 5591545 | |
F.Ill': 4235 A0T4 42 17
IGFBP4 1 3
+1 Jazwienn
E.Ill': 500 07 A7 48
LY6E ﬁ_'_L'.
+l 91488
GAD2 _'-—T“ i
e I.‘i&ﬂ'S‘iﬂ
ERE 5 2
ISHB [ jsoform a a0 e T s 1 T
+1
isoform b ———

Fig. 4. In Vivo Binding of Human ERa to EREs in ER-Positive Breast Cancer Cells

Interaction of hERa with selected EREs in the absence or presence of estrogen was investigated by chromatin-immunopre-
cipitation assay in ERa-negative MDA-MB231 (MDA) cells, in ERa-positive MCF7 cells, or in MDA-MB231 cells stably transfected
with an expression vector for hERa (MDA::hER«) and treated or not with E2 for 2 h. Fragments containing putative EREs were
immunoprecipitated from formaldehyde-fixed chromatin preparation with antibodies against hER«, TBP, or phosphorylated
polymerase Il (P-Polll), or with preimmune rabbit IgG. A separate fragment spanning the transcription start site was used for PCR
amplification when the start site was situated at more than 400 bp of the ERE. Whenever available, experimentally mapped
transcription start sites were included in the +1 fragments. Experiments were performed two to three times and a representative
result is shown.
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found in coding sequences in either species. Interest-
ingly, more than half of these EREs (12 elements) were
located between —1 and +1 kb of the transcriptional
start site, including eight elements between 0 and +1
kb. Therefore, although the presence of EREs in cod-
ing sequences may account, in part, for element con-
servation, it does not explain the large proportion of
elements found immediately after the annotated tran-
scriptional start site. Of interest in this regard, a recent
publication indicated that an important fraction (40%)
of NFkB in vivo binding sites in chromosome 22 is
located in intronic sequences (65).

Even though EREs appear less represented and/or
conserved when located farther upstream of the tran-
scriptional start site (—1 to —10 kb), our results sug-
gest that they may contribute to estrogen target gene
regulation. Indeed, some of these distal EREs are con-
served between the human and mouse genomes and
bind ER« in vivo, as demonstrated by our ChIP exper-
iments. These observations validate the choice of the
—10 to +5-kb window around transcriptional start
sites used in this study to identify potential ER binding
sites. However, the frequency of near-consensus
EREs found within this range strongly suggests that
not all of these elements mediate transcriptional reg-
ulation of neighboring genes in a given cell context. It
is unclear at this point whether access to some of
these elements is restricted, or whether bound recep-
tors may be unable to transactivate neighboring
genes. The number of EREs in bulk genomic DNA also
indicates that if all elements were accessible, binding
sites would likely outnumber the molecules of receptor
dimers in estrogen target cells. Indeed, the number of
estrogen binding proteins in rat uterine cells was es-
timated via either biochemical or autoradiographical
methods to vary between 5,000 and 30,000 molecules
per cell (66-69). Large-scale studies of transcription
factor binding sites using ChIP assays have also indi-
cated that the number of in vivo binding sites for
different transcription factors in the genome is high.
For instance, in ChIP experiments performed in HelLa
S3 cells, 15% of the genes in chromosome 22 were
found to contain functional NF«B binding sites within
10 kb (65). In addition, 11% of the promoters were
found to contain one or several high-affinity c-myc
binding sites, suggesting competition between target
sites in chromatin for limiting amounts of Myc protein
levels (70). Alternatively, another possibility that arises
from these observations is that stochastic and/or dy-
namic binding of transcription factors may allow usage
of a larger number of binding sites.

We are aware that the total number of potential ER
binding sites may be much higher than reported here.
Elements not included in our search may represent
good binding sites in vivo, including those that display
a relatively low affinity in vitro. Whereas the compiled
list of EREs is clearly not exhaustive, our ChIP exper-
iments support the notion that the near-consensus
EREs identified in estrogen-target genes represent
likely binding sites in vivo (13 of 14 elements bound).

Bourdeau et al. ® Genomic Search for Near-Consensus EREs

Nevertheless, access to some of these elements may
be restricted irrespective of their strength as ER bind-
ing sites in vitro. Neither a perfect ERE located within
about 20 kb of the transcriptionally active GREB1 es-
trogen target gene, nor a near-consensus ERE located
in the nontranscribed GAD2 gene were bound in ChIP
experiments. Although results obtained in two breast
cancer cell lines were very similar, it will be of interest
in future studies to examine further how binding site
recognition and coactivator recruitment are affected
by cellular context. The future availability of large-
scale gene expression studies performed in different
tissues will allow us to expand the list of known E2
target genes and to determine whether the near-
consensus EREs in their flanking sequences are
bound in a tissue-specific manner. In addition, our
data will facilitate future studies comparing the pat-
terns of coactivators recruited by distal/proximal ele-
ments. For instance, it is possible that upstream EREs
would recruit histone acetyltransferase and/or SWI/
SNF complexes, resulting in long-range opening of
chromatin and facilitating access of enhancer proteins
to far upstream flanking sequences, whereas only
proximal promoter sequences may be able to recruit
mediator complexes. Alternatively, chromatin loops
may allow upstream elements to participate in the
recruitment of the basal machinery on the transcrip-
tional start site. It is our hope that the database of
high-affinity EREs derived from this study (URL: http://
mapageweb.umontreal.ca/maders/eredatabase/) will
prove a useful tool for the characterization of primary
E2-regulated genes in various human and mouse tar-
get tissues and will ultimately enhance our under-
standing of the molecular mechanisms underlying the
physiological actions of estrogens.

MATERIALS AND METHODS

Bioinformatics

The algorithms developed (Nagai, Y., V. Bourdeau, and S.
Mader, in preparation) enable a search of the NCBI fasta and
gbs files of the Human Genome (Built 33; June 6, 2003) or of
the Mouse Genome (Built 30; March 11, 2003) for a specified
group of sequences and extract the positions of matching
motifs in the genome contigs as well as the coordinates of the
surrounding genes, mRNAs, and CDS within a preset cutoff
distance of each motif. The programs, written in C, were run
on an SGI Origin 2000 with 32 CPUs IP 27, R10000, 300-MHz
processor (16 Go) using UNIX IRIX 6.5. Results presented
in this article were generated using a cutoff of —10 to +5
kb of the mRNA 5'-ends (database available at http://
mapageweb.umontreal.ca/maders/eredatabase/). Statistics
for the total number of EREs occurring in the genomes were
derived from lists of elements generated before the cutoff
was applied. The total number of consensus EREs in the
human genome was 891, and the number in the mouse
genome was 923. Expected frequency in random DNA se-
quences was calculated as the total number of base pairs in
the genome divided by the frequency of occurrence of a
sequence with specified base pairs at 10 positions and two
base pair choices at two positions (3,069334246/4'" = 732
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EREs in the human genome; 2,578250392/4'" = 615 EREs in
the mouse genome).

Conserved EREs were identified as elements present in
both human and mouse gene orthologs (listed at the Mouse
Genome Informatics database) at distances comprised be-
tween —10 to +5 kb from their respective mRNAs 5’-ends,
and differing by less than +/— 2 kb. Because in numerous
instances transcriptional start sites are mapped at the ATG
codon in at least one species, or at the 5’-end of the gene for
alternative upstream start sites, we have included EREs
present in orthologs that were distant from each other by
more than 2 kb when positions were calculated with respect
to mRNAs 5’-ends, but less than 2 kb with respect to gene
5’-ends or initiator ATGs to minimize the underrepresentation
of conserved EREs due to differential annotation in the hu-
man and mouse genomes. For example, the EBAG9 gene
element, which is perfectly conserved in sequence, would not
be selected on the basis of the distances to the 5’-end of
mRNA because the mouse transcriptional start site was an-
notated at the ATG, but was included due to similar location
with respect to the annotated 5’-end of the genes. Note that
the 5’-end of the mRNA now coincides with the 5’-end of
the gene in the most recent version of the mouse genome
(Built 32).

The probability of an ERE to be found by chance in both
the human and mouse orthologs was calculated by multiply-
ing the probability of finding an element within —10 to +5 kb
of the start site of one gene (14,074 elements in that window
of the human genome/34,699 total genes) by that of finding
an ERE in a 4-kb window (*2 kb) of corresponding sequence
in the other species (12,828 elements X 4 kb/33,914 total
mouse genes X 15 kb) and by the total number of orthologs
(9,944 gene pairs) giving 407 expected elements.

Cell Culture

Hela cells were maintained in DMEM (Wisent, St-Bruno, Qué-
bec, Canada) supplemented with 5% fetal bovine serum
(FBS, Sigma, Oakville, Ontario, Canada). Cells were switched
3 d before experiments to medium without phenol red con-
taining charcoal-stripped serum. For gel shift assays, Hela
cells were electroporated (107 cells, 0.24 kV, 950 uF in a
Bio-Rad Gene Pulser Il apparatus; Bio-Rad Laboratories,
Mississauga, Ontario, Canada) with 80 g expression vector
(pSG5-ERa, pSG5-ERpB or parental vector alone). Note that
pSG5-ERB was generated by subcloning the open reading
frame of hERp (71) from pCMVSport-ERp (a kind gift from Dr.
T. Willson, Glaxo Wellcome, Inc., Research Triangle Park,
NC) into the BamH1 site of pSG5 (72) by PCR amplification.
Cells were treated with 25 nm E2 (Sigma Chemical Co., St.
Louis, MO) 1-2 h before harvesting (48 h post transfection).
Whole-cell extracts were prepared by three freeze-thaw cy-
cles in gel retardation buffer as previously described (73).

For ChlIP experiments, MCF-7 and MDA-MB231 cells were
grown in DMEM (Sigma) supplemented with 10% fetal calf
serum (Sigma). The medium was changed to phenol-red free
DMEM supplemented with 2.5% dextran-charcoal treated
fetal calf serum 48 h before hormone addition and replaced
each 24 h. The MDA::hER« cell line stably expressing hER«
was generated from hERa-negative MDA-MB231 cells by
transfection of pPCDNAS3.1/Hygro-hERa (25).

Gel Shift and ChIP Assays

For gel shift assays, whole-cell extracts expressing ERa or
ERB or control extracts from cells transfected with the pa-
rental pSG5 vector were diluted to 120 mm KCI and assayed
for binding to 32P-labeled, double-stranded oligonucleotide
probes (50,000 cpm/sample) as described previously (73).
Radioactivity associated with bound or free probe was quan-
tified using a Molecular Imager FX with the Quantity One
software (Bio-Rad).
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For ChIP assays, chromatin was cross-linked using 1.5%
formaldehyde for 5 min at 37 C and fragmented by sonication
as previously reported (25, 33), yielding fragments of average
size approximately 350 bp. Antibodies against a C-terminal
epitope of hERa (HC20) and against TBP were purchased
from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany),
and the antibody against phosphorylated polymerase Il was
purchased from Upstate Biotechnology, Inc. (Buckingham,
UK). The sequences of the primers used in ChIP assays
(synthesized by MWG GmbH, Ebersberg, Germany) are avail-
able upon request.
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Note Added in Proof

A database of estrogen-responsive genes was published
while this article was in revision (ERGDB, Ref. 134). This
database, compiled from a literature review of experimentally
identified estrogen target genes, includes putative ERE se-
quences found in some of these genes through screening of
their promoter-proximal sequences with Dragon ERE Finder
version 2.0. Our database includes all ERGDB EREs that
correspond to sequences used in our screen (although po-
sitions may vary, as our study used a later release of the
human and mouse genomes), but also ERE sequences found
beyond the cutoff distance used for the ERGDB (—4500 to
+500 bp from transcriptional start sites), or located in genes
not currently known to respond to estrogen.
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