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Abstract

The estrogen response element (ERE) consensus sequence is AGGTCANNnTGACCT, where nnn is
known as the tri-nucleotide spacer sequence. Studying 1017 high-confidence ERa-bound loci, we
found that genomic ERESs are enriched for spacers composed of C(A/T)G, suggesting that the spacer
may influence receptor binding and transcriptional responses. We designed consensus ERES
containing variable spacer sequences and compared ERo. binding in gel shift assays and enhancer
function in reporter assays. We found that ERa-ERE binding affinity is modulated by the tri-
nucleotide spacer sequence and is favored by spacer sequences of CTG > GCC > TTT. Similarly,
luciferase reporter assays indicated that the estrogen-stimulated transcriptional response is modulated
by the spacer and parallels the gel shift data: CTG > GCC > TTT. Reporter assays demonstrated that
the spacer sequence also modulates the sensitivity of ERES to repression engendered by the receptor
antagonist hydroxytamoxifen. These experiments indicate that the sequence of the tri-nucleotide
spacer is non-random at receptor-bound genomic loci, influences ERa-DNA binding affinity, and
modulates transactivation potential of the receptor-ligand-DNA complex. This work has implications
for understanding which genomic EREs are targeted by ERa, should improve computational
prediction of functional EREs within genomic sequences, and describes novel sequence determinants
of the estrogen response.
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1. Introduction

Estrogens are steroid hormones with widespread physiologic effects including important
functions in human bone, reproductive organs, and the cardiovascular system. Estrogens also
promote the development of some breast and uterine cancers [1]. The estradiol (E2)-mediated
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proliferative response in MCF-7 breast cancer cells is predominantly mediated by the estrogen
receptor-o (ERa/NR3AL), a ligand-activated transcription factor [2]. ERa regulates the
transcription of target genes through direct binding to its cognate recognition sites, known as
estrogen receptor response elements (ERESs), or by modulating the activity of other DNA-
bound transcription factors at alternative DNA sequences [3-10]. Receptor-mediated functions
have recently been demonstrated to occur across great genomic distances (tens to hundreds of
kilobases) and even across chromosomes [11-21].

Estrogen receptor dimers were initially described to bind to the canonical 13 bp ERE,
GGTCANNnTGACC, a palindromic inverted repeat (IR) separated by any three nucleotides
(nnn) originally identified from conserved sequence alignments of the estrogen-sensitive
Xenopus laevis vitellogenin and the chicken apo-VLDL genes [22,23]. The consensus ERE
sequence was subsequently extended to a 15 bp inverted repeat (AGGTCAnNnnTGACCT) when
the flanking sequences were noted to contribute to dimer binding-affinity [24]. Once full human
genomic sequence data became available, several groups of investigators combined
bioinformatic approaches (principally position weight matrices, or PWMSs) with large-scale
gene expression studies in order to identify E2-responsive and possibly ERa-regulated genes
of interest [25-28]. The PWMs were designed using fewer than 20 promoter-proximal EREs
detected in humans [24]. It was soon recognized that functional EREs generally do not conform
to the consensus sequence in vivo [29,30] and promoter analyses identified functional EREs
containing single, double, and triple nucleotide substitutions from the consensus ERE motif
[24,30].

Experimental data have indicated decreased estrogen receptor binding to variant ERE
sequences in vitro [25,31] although binding affinity does not relate linearly with transactivation
potential [32,33]. The altered binding affinity of ERa with variant EREs has been attributed
to nucleotide substitutions in the ERE half-site(s) which deviate from the consensus sequence
or to variable spacing and/or orientation between the half-sites [24,30]. In addition to EREs,
additional determinants of estrogen receptor function may include local non-ERE DNA
sequences, DNA methylation status, regional chromatin composition and post-translational
modifications, cofactor interactions, and the nature of the receptor ligand that is engaged [11,
12,34-38].

Studies in MCF-7 cells have indicated that only ~1,000-10,000 loci are bound by ERa. in
response to E2 treatment [11,13-15,38] and demonstrate that many more putative EREs exist
in the human genome than are bound by ERa in any given cell type [39]. The published human
genome reveals 2310 perfect EREs (13 bp core ERE sequences), 49,803 ERE sequences with
only one bp deviation from the consensus sequence, and 265,482 loci that deviate by only two
mismatches. Importantly, there is substantial cell type-specific determination of ERa binding
sites which correlates with cell type-specific post-translational histone modifications at
receptor-bound sites [39].

There is increasing evidence that multiple ERa-bound loci with varying DNA-binding
affinities can cooperate to form a productive cis-regulatory module [20,25,38-41]. In order to
comprehensively identify ERa-bound targets in MCF-7 cells, and to address the question of
ERE sequence specificity, we recently employed chromatin immunoprecipitation (ChIP)
experiments with whole genome DNA arrays (i.e. ChIP-on-chip) [11]. We combined these
data with data from a similar study conducted by the Brown laboratory [13] in order to develop
alist of high-confidence ERa-bound loci [42]. These immunoprecipitated chromatin fragments
are likely to contain true estrogen responsive elements because 1) they were crosslinked to
ERa in living cells (directly or via protein intermediaries), and 2) they were detected by two
independent laboratories.
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Our analysis of 1017 high-confidence ERa-bound ChiP sites indicated that approximately half
of all ERa-bound loci do not have a discernable ERE and likely represent sites of ERa tethering
via other transcription factors or sites that contain atypical estrogen response elements (i.e.
tandem half-ERE sites) [42]. Further, we found that most ERE sequences at ERa-bound cis-
regulatory elements are not consensus EREs [42]. Here, we demonstrate that the three bp spacer
between the inverted ERE half-sites, rather than being random nucleotides, is enriched for
selected sequences at in vivo receptor targets. We demonstrate that the tri-nucleotide spacer
sequence modulates estrogen receptor binding affinity in vitro and modulates E2- and receptor
antagonist-mediated responses in luciferase reporter assays. This work has implications for
understanding which genomic EREs are targeted by the ERa in vivo and should improve
computational prediction of functional EREs within genomic sequences. Further, these data
suggest that diverse ERE sequences will demonstrate variable E2-mediated transcriptional
responses in part because of variations in their respective tri-nucleotide spacer sequences.

2. Materials and methods
2.1. Cell Culture

MCF-7 cells (ATCC) were grown as described [43]. Cells were changed to E2-depleted, phenol
red-free media consisting of MEM alpha (Gibco) with 10% charcoal/dextran-stripped calf
serum, insulin, penicillin G, streptomycin, and L-glutamine (all Gibco), for 72 hours prior to
treatments. Where indicated, treatments included vehicle control (100% EtOH) and estradiol
(10 or 100 nM, Sigma). Telomerase-immortalized Human Endometrial Stromal Cells (HESC
cells), a generous gift from Dr. Graciela Krikun, were grown in the same media used for the
MCF-7 cells. HESC cells have normal chromosome numbers and structures [44].

2.2. Preparation of Nuclear Extracts and EMSA

HESC nuclear extracts (NE) were purified using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce) according to the manufacturer’s instructions. HESC cells have no
demonstrable ERa activity using sensitive luciferase reporter assays and no ERa protein
detected by Western blot analysis (data not shown). However, HESC cell nuclei have cofactors
that promote the binding of recombinant ERa (rERa, Affinity Bioreagents) to target DNA in
EMSA and these factors enhance binding when compared to recombinant ERa alone. EMSA
experiments were therefore conducted using HESC nuclear extracts combined with rERa.
Protein determinations were performed using the Micro BCA assay (Pierce) and 5 pg of nuclear
extract (with protease inhibitors, Roche) plus rERa (400 fmol) were run in each lane of a 5%
acrylamide gel in TBE/glycerol buffer. Oligonucleotide probes were labeled using the Biotin
3’ End DNA Labeling Kit (Pierce). Each Biotin-labeled probe was used at 20 fmol/lane and
binding reactions were performed per LightShift Chemiluminescent EMSA Kit instructions
(Pierce). For super-shift assays, relevant antibody was used as indicated (400 ng/reaction):
anti-ERa Ab-10 (LabVision) and anti Sp1 H-225 sc-14027 (Santa Cruz). A complete list of
oligonucleotide sequences used as probes for EMSA is presented in the supplementary
materials (Table S5).

2.3. Luciferase Reporter Assays

Luciferase reporter assays were performed using the Luciferase Assay System (Promega)
according to the manufacturer’s instructions. Single copy ERE-containing regulatory elements
were cloned into pGL2-Promoter (Promega) and all constructs were sequence verified prior to
use in reporter assays. Reporter constructs were transfected into MCF-7 cells using the TransI T-
LT1 Transfection Reagent (Mirus). Cotransfection with a B-galactosidase-expressing plasmid
(Promega) enabled normalization of transfection efficiency across samples using a -
galactosidase assay kit (Promega) according to the manufacturer’s instructions.
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2.4. Computational Detection of ERE Sequences

Genome-wide location analysis for ERa, and E2-dependent gene expression profiling, were
performed by two independent groups as previously described [11,13]. 1017 ERa-bound
genomic loci common to both datasets (shared loci defined as falling within 1 kb of the center
of each locus) were interrogated for ERE-like sequences. Starting at the center of each high-
confidence ERa-bound locus, we extracted genomic sequences 1 kb in each direction (human
genome 18, build 36.1). Because the chromatin shear size in ChIP experiments was optimized
to average ~500 bp, we estimated that interrogating sequences of average size 2 kb would have
areasonable likelihood of capturing most sequences directly bound by ERa. in the ChIP assays.
Transcription Element Search Software (TESS) was used to identify ERE sequences [45].
Default settings were used with variation in Maximum Allowable String Mismatch of 10%
and 20%. The TESS software will identify binding sites using consensus strings from the
TRANSFAC, JASPAR, IMD, and CBIL-GibbsMat databases. Repetitive DNA elements were
determined using RepeatMasker V3.1 at the default settings (http://www.repeatmasker.org).

2.5. Statistical analysis

3. Results

Comparisons between two groups were made using a two-tailed t-test with P values indicated.
Statistical analysis of the base pair distributions in the ERE spacer sequences was performed
using the Pearson’s chi-square to test for goodness of fit. In all cases, the probability value to
identify statistical significance was P<0.05.

3.1. Computational detection of ERE sequences from ERa-bound loci in MCF-7 cells

Recently, we performed location analysis for ERa in MCF-7 cells using ChIP-on-chip with
whole genome tiling arrays and combined these data with gene expression profiling in response
to E2 exposure [11]. The location analysis identified 1615 genomic targets of ERo and revealed
that the majority (~80%) of ERa-bound loci reside > 10 kb from any annotated transcription
start site. Of 1615 loci that were bound by ERa in our analysis, 1017 (~60%) were also detected
by the Brown group [13]. A list of the genomic coordinates for these highest-confidence
ERa-bound loci appears in the supplementary materials (Table S1). ChlP-on-chip data were
validated by ChIP-PCR for over 20 sites and revealed E2-dependent recruitment (>2 fold) of
ERa at all of the loci that were tested [42].

Using Transcription Element Search Software (TESS) [45], we performed an analysis of the
1017 ERa-bound loci (average length 2 kb) for the presence of ERE sequences using two
stringencies of ERE detection: < 10% nucleotide deviation (< 2 mismatched residues within
the core 15 bp ERE), and 10-20% nucleotide divergence (3—4 mismatched residues) from the
15 bp consensus ERE sequence (AGGTCAnnNnTGACCT). We identified a total of 646 ERE
sequences (Table S2) from 509 ERa-bound loci, indicating that ~50% of receptor-bound sites
did not have a discernable ERE sequence. 391 (~77%) of the ERE-containing ChIP sites
contained a single ERE sequence, 101 (~20%) contained two distinct ERE sequences, and 17
loci (~3%) contained three or more distinct ERE sequences within 2 kb of the center of their
respective ChlIP sites. In addition, we found that a considerable proportion of EREs lay within
repetitive DNA elements (Table 1). Our recent data indicate that repetitive element EREs, and
Alu elements in particular, may contribute considerably to ERa-mediated transcriptional
responses [42].

3.2. The majority of ERa-bound loci contain non-consensus ERE sequences

The sequence requirements for ERa binding to chromatin in vivo are surprisingly flexible.
Table 1 demonstrates the base frequency at each position in the 15 bp ERE sequence for each
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stringency assayed (Table 1A and 1B). The base frequencies are pooled for all ERESs that were
detected (0—20% nucleotide divergence from consensus) in Table 1C. At all stringencies
assayed, the 13 bp core bases were more highly conserved than the flanking sequences located
at positions 1 and 15 of the EREs. It is noteworthy that, even at high stringency of detection,
almost all possible single base substitutions were detected in our dataset. These data are
consistent with in vitro data (electrophoretic mobility shift assays, EMSAs) indicating that all
single bp deviations from consensus are capable of binding to the estrogen receptor, although
with variable affinity [25]. When ERE detection criteria were relaxed to permit 10-20% base
divergence from the consensus sequence, all forms of nucleotide substitutions were permissive
for receptor binding though some substitutions were less common than others (Table 1B and
1C). For example, from all EREs that were detected, position 2 is rarely (<1%) cytosine,
whereas position 13 is guanine in 12.8% of EREs (Table 1C).

Ignoring the tri-nucleotide spacer sequence, 348 different ERE sequences were detected from
the group of 646 total EREs (Table S3). There was equal representation of an imperfect ERE
(16 examples of GGGTCANnNnTGACCT) and a perfect consensus ERE (16 examples of
AGGTCANNnTGACCT) (Table S3). Excluding analysis of the less conserved positions 1 and
15 in the 646 ERE sequences that we identified, we detected 51 (~8%) perfect core consensus
EREs (GGTCAnnNnTGACC). Thus, of the 2310 perfect consensus ERE sequences detected in
the published sequence of the human genome, our highest-confidence location analysis
revealed receptor occupancy at only 51 (2.2%) of these sites in MCF-7 cells. These data
demonstrate that ERa binds to widely variant EREs in MCF-7 cells and that many “perfect”
EREs are not receptor-bound in these cells under these culture conditions.

3.3. The tri-nucleotide spacer sequence is conserved at ERa-bound ERE sequences

The tri-nucleotide spacer sequence between the two ERE half-sites does not make important
base contacts with the estrogen receptor’s DNA-binding domain (DBD) [46-48] and has
historically been described as nnn, meaning that any three bp sequence will suffice. Our data
indicated that, at all stringencies of ERE detection, the tri-nucleotide spacer was conserved at
receptor-bound EREs. Specifically, positions 7-9 were preferentially C(A/T)G at ERa-bound
loci; this spacer sequence was found at more than 41% of EREs (Table 2 and Table S3). When
compared to the expected equal distribution of bases at each position, a statistically significant
non-random distribution of sequences at positions 7-9 was indicated by the chi-square test
with P values of 1.9E-14, 2.04E-96, and 7.97E-106 for stringencies 0-10% (A), 10-20% (B),
and 0-20% (C), respectively (Table 1). The observed conservation of the central triad sequence
remained even when all repetitive element ERES were excluded from the analysis (Table S4).
While the molecular justification for this triad sequence preference is unclear, these data
suggested that the 3 bp spacer has functional significance, possibly modulating ERa-ERE
binding and subsequent transcriptional responses.

3.4. The tri-nucleotide spacer sequence modulates ERa-ERE binding affinity

The observed preference of ERa for C(A/T)G-containing ERE sequences in vivo suggested
the possibility that this sequence is more avidly bound by the receptor than ERES with
alternative spacer sequences. In order to address this question, we performed EMSASs of three
ERE sequences, each with identical consensus ERE half-sites but each with variant ERE tri-
nucleotide spacer sequences (specifically, GGTCACTGTGACC, GGTCAGCCTGACC, and
GGTCATTTTGACC). As can been seen from Fig. 1, binding affinity of ERa was greatest for
CTG-containing and least for TTT-containing consensus ERE sequences (Fig. 1, lanes 2, 5,
and 8). Specificity of the ERa-containing complexes is shown by supershift of the labeled
probes using a monoclonal anti-ERa antibody (Fig. 1, lanes 3, 6, and 9) but was not seen when
using an irrelevant antibody against Sp1 (Fig. 1, lanes 4, 7, and 10).
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We employed titration experiments using unlabeled competitor probes in EMSA analyses in
order to better-assess receptor-DNA affinity for each of the variant EREs described in Fig. 1.
Fig. 2A shows a representative EMSA experiment in which the labeled probe was
GGTCACTGTGACC. Titration of increasing concentrations of unlabeled competitor probes
indicated that unlabeled ERE competitor with spacer sequence CTG was most effective at
competing for labeled CTG-containing ERE probe (Fig. 2A, lanes 2, 3, and 4), unlabeled GCC-
containing ERE competed with intermediate affinity (Fig. 2A, lanes 5, 6, and 7), and the
unlabeled TTT-containing ERE competed with the least affinity for the CTG-containing probe
(not shown).

Complementary EMSA experiments were performed to demonstrate the relative estrogen
receptor binding affinities for each of the variant ERE spacer sequences shown above. When
the labeled ERE probe contained the intermediate affinity GCC spacer sequence
(GGTCAGCCTGACC, Fig. 2B, lane 2), competition using unlabeled ERE probe with spacer
sequence CTG was the strongest, spacer GCC was intermediate, and spacer TTT the weakest
competitor (Fig. 2B, lanes 3, 4, 5, respectively). Similarly, when the labeled ERE probe
contained the lowest affinity TTT spacer sequence (GGTCATTTTGACC, Fig. 2B, lane 7),
competition using unlabeled ERE probe with spacer sequences CTG and GCC were superior
competitors compared to the TTT-containing ERE (Fig. 2B, lanes 8, 9, 10, respectively).

3.5. Thetri-nucleotide spacer sequence modulates the transcriptional response mediated by

ERa

In order to assess the potential of variant ERE spacer sequences to influence receptor-mediated
transactivation, we cloned consensus EREs with variant spacers into a luciferase reporter
construct (pGL2-promoter). ERa-expressing MCF-7 cells were transfected with each variant
ERE-reporter construct and data were normalized for transfection efficiency using p-
galactosidase expressing plasmid (Promega). We observed that basal and E2-stimulated ERE-
driven reporter activity was highest for the sequence GGTCACTGTGACC, intermediate for
GGTCAGCCTGACC, and lowest for GGTCATTTTGACC (Fig. 3). Combined, our data
indicate that the ERE spacer sequence affects both ERa-DNA binding affinity and overall
transcriptional responses mediated by the estrogen receptor.

3.6. The tri-nucleotide spacer sequence modulates ERE sensitivity to repression by an
estrogen receptor antagonist

The observation that the tri-nucleotide spacer sequence can modulate the overall transcriptional
response to estrogen (Fig. 3) prompted us to test whether this sequence can influence the
transcriptional response to receptor antagonists as well. The selective estrogen receptor
modulator tamoxifen is metabolized by the liver to the active metabolite hydroxytamoxifen
(OHT), a competitive antagonist of the estrogen receptor which blocks many E2-mediated
transcriptional responses in receptor-positive breast cancer cells [49]. Tamoxifen is standard
anti-estrogen therapy for estrogen-receptor positive breast cancers [50].

We examined the dose-dependent effects of OHT on E2-stimulated luciferase reporter
constructs using perfect EREs with variant tri-nucleotide spacer sequences. Tissue
concentrations of OHT depend upon drug dosage and metabolism and range from 11-72 nM
[51]. At low-therapeutic doses of OHT (10 nM) we observed that E2-stimulated reporter
activity was antagonized for the sequence GGTCACTGTGACC but not for the sequences
GGTCATTTTGACC or GGTCAGCCTGACC (Fig. 4A). At higher doses (40 nM) OHT was
effective in antagonizing the E2 response of all reporter constructs regardless of the spacer
sequence (Figs. 4A and 4B).
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These data indicate that the tri-nucleotide spacer sequence modulates the response to E2 as
well as to OHT, and that these responses are not always congruous: the TTT spaced ERE is
least responsive to E2 (Figs. 3and 4A), but intermediate in response to the antiestrogenic effects
of low- and medium-therapeutic doses (20-40 nM) of OHT (Fig. 4B). These data raise the
possibility that the estrogen response of endogenous genes may be differentially subject to
regulation by tamoxifen depending not only on the ERE half-site base composition [52] but
also upon the tri-nucleotide spacer sequences of their respective estrogen response elements,
a finding that may be of clinical significance for patients receiving this therapy. These results
may offer mechanistic explanation for cohorts of tamoxifen-resistant genes in individuals that,
due to patient variation in the metabolism of tamoxifen, may demonstrate lower tissue levels
of OHT [53-55].

4. Discussion

We observed in vivo enrichment of ERa binding at ERE sequences containing C(A/T)G tri-
nucleotide spacer sequences and enhanced affinity for this spacer sequence in vitro, by EMSA
analysis. Together, these experiments support the conclusion that enrichment of ERa. binding
at genomic C(A/T)G spacer-containing ERE sequences in MCF-7 cells was a result of
enhanced affinity for the receptor at these sites. Consistent with these observations, testing in
luciferase reporter assays indicated that the enhancer elements containing C(A/T)G spacers
demonstrated stronger basal and E2-stimulated transactivation potential than identical half sites
spaced with alternative tri-nucleotide spacer sequences of lower receptor-binding affinity.

Our data represent the largest collection of human ERE sequences ever reported from genomic
loci each of which demonstrated consistent evidence of ERa binding in vivo [11,13]. We
observed the presence of full ERE sequences at approximately half of all receptor-bound
loci. The absence of ERE sequences at many ERa-bound genomic loci may reflect widespread
tethering of ERo to DNA targets via alternative transcription factors (i.e. AP-1, Sp1 [10]) or
the presence of widely divergent ERa-binding motifs not detected using our motif searching
software. Our findings indicate that most ERa-bound cis-regulatory elements are not canonical
EREs and that considerable deviation from the consensus sequence can be permissive for
receptor binding in vivo. Low affinity interactions between transcription factors and imperfect
DNA binding sites have historically been difficult to detect in vivo. Recent data in yeast and
rodents suggest that such interactions may be more common and provide more biological
impact than had previously been suspected [56,57]. Together with our data, these observations
suggest numerous low-affinity or transient transcription factor-DNA interactions occurring
with diverse DNA sequences to modulate transcriptional responses.

Our finding that the tri-nucleotide spacer sequences between ERE half-sites is non-random at
ERa-bound loci was surprising. This observation held true even when repetitive element

(i.e. repeat-masked) EREs were excluded. It has been suggested that DNA sequence serves as
an additional “ligand” for transcription factor-containing protein complexes and can contribute
to receptor dimerization at imperfect EREs, alter receptor conformation, and influence the net
transcriptional response of an ERE [33,58-61]. Our data suggest that, in addition to the ERE
half-site sequences, ERa-mediated transcriptional responses are influenced by the tri-
nucleotide spacer sequence. Further, these data indicate that the tri-nucleotide spacer sequence
may add predictive value when scoring genomic sequences for functional ERE motifs. The
data also suggest that variant spacer sequences and variant ERE half-sites may collectively
modulate the overall magnitude of the estrogen response at divergent genomic loci and that
both features of the intact ERE could play a role in determining target gene sensitivity to
estrogen exposure. Our data were derived from ChIP experiments using ERa-specific
antibodies. While there is substantial homology between the DNA-binding domains of ERa
and ERp and considerable overlap in the genomic loci that are targeted by each receptor, it
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remains to be seen whether the tri-nucleotide spacer sequence influences the transcriptional
response to ERp.

We observed that divergent tri-nucleotide spacer sequences confer variable sensitivity to
repression mediated by the estrogen receptor antagonist OHT. While ligand and ERE half-site
sequence(s) are each known to contribute to the ultimate transcriptional response [52], this
report is the first to identify the tri-nucleotide spacer sequence as a modulator of estrogen/anti-
estrogen responses. Variations in the metabolism of tamoxifen can lead to inconsistent tissue
levels of OHT in diverse individuals [51] and there may exist circumstances when the effects
of OHT are lost for cohorts of E2-responsive genes in some patients. For example, a subject
who rapidly metabolizes OHT could conceivably have tissue levels of the drug that will not
suppress TTT-spaced ERE enhancers but will suppress CTG-spaced ERESs. These results raise
the possibility that clinical loss of responsiveness to OHT therapy may, in some circumstances,
result from active gene enhancers driven by ERE sequences with OHT-resistant tri-nucleotide
spacers in subjects with lower therapeutic levels of OHT.

The molecular mechanisms by which ERE sequences, either in the half-sites or the intervening
tri-nucleotide spacer sequences, modulate the transcriptional potential of receptor-bound
elements remain incompletely understood. Changes in receptor-DNA binding affinity and/or
the tertiary structure of DNA-bound receptors may independently influence the magnitude of
the overall transcriptional response. While we have shown that the tri-nucleotide spacer
sequence can affect DNA binding affinity, effects of the spacer sequence on estrogen receptor
dimer tertiary structure remain to be shown. Mapping any such changes to altered coregulator
composition or coregulator binding affinity are important next steps.

It remains plausible that the tri-nucleotide spacer sequence, which resides at the interface of
the receptor dimers, may influence overall dimer conformation. It has been demonstrated that
receptor dimers bend the DNA-double helix towards the major groove and that DNA bending
can influence overall transcriptional response; however, the spacer sequence has never been
implicated in this effect [62]. Notably, crystallographic data of receptor-bound EREs have
indicated that the base pairs between the half-sites produce propeller twist of the adjacent half
sites, orienting the edges of the half sites for optimal interaction with receptor residues [46]. It
remains possible that sequence variations in the tri-nucleotide spacer could confer variable
propeller twist and produce steric changes in the DNA-protein conformation that might
energetically favor, or disfavor, receptor-ERE complex formation, stability, or interactions
with coregulatory proteins. Factors that modulate cis-regulatory element (DNA) bending have
been shown to influence the transcriptional responses to the estrogen receptor and to the AP-1
(Fos-Jun) family of transcription factors [33,63,64]. Similarly, there is a precedent for subtle
conformational changes influencing transcriptional functions of the estrogen receptor;
conformational changes induced by estrogen receptor “antagonists” such as tamoxifen account
for altered coregulator recruitment leading to repression of gene transcription [65].

In addition to DNA sequence, there exist chromatin modifications that are necessary for
ERa-mediated transcriptional responses which remain incompletely described. We recently
reported that the gene for the variant histone H2A.Z is E2-responsive in MCF-7 cells and we
found that H2A.Z protein expression is an independent predictor of breast cancer survival
[11]. We also showed that H2A.Z is necessary for the E2-stimulated proliferative response in
MCF-7 cells. These findings were supported by the demonstration that H2A.Z is cyclically
incorporated into the enhancer and promoter regions of ERa gene targets and is important for
gene induction by the liganded receptor [37]. Combined, these data argue for a feed-forward
loop in breast cancer cells in which E2 stimulates H2A.Z production, which in turn maximizes
ERa-mediated transcriptional responses. Although the precise DNA sequence determinants of
histone placement along genomic DNA to form nucleosomes remain uncertain, recent evidence
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suggests that H2A.Z-containing nucleosomes are globally enriched at GC-rich sequences in
euchromatin [66]. While specific interactions of histones with DNA sequences in the vicinity
of EREs have not been investigated on a large scale, these observations raise the possibility
that diverse EREs and/or divergent tri-nucleotide spacer sequences could influence
transcriptional efficiency through variable effects on the recruitment of H2A.Z to nucleosomes.

5. Conclusion

The present work indicates that the sequence of the tri-nucleotide spacer is non-random at
receptor-bound genomic loci, influences ERa-DNA binding affinity, and modulates
transactivation potential of the receptor-ligand-DNA complex. This work has implications for
understanding which genomic EREs are targeted by ERa, should improve computational
prediction of functional EREs within genomic sequences, and describes novel sequence
determinants of the estrogen response. Given that a minority of predicted ERE sequences is
operative in any given cell type [39] and that diverse ERE sequences are capable of recruiting
ERa invivo, understanding which ERE sequences are functional in a given cell type and milieu
remains challenging. The cell type-specific determinants of ERE utilization remain to be fully
understood as are the mechanisms by which these determinants are maintained or modulated
by the cellular milieu.
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Fig. 1.

The tri-nucleotide spacer sequence modulates ERa-ERE binding affinity. EMSA of ERa
binding to consensus ERE sequences with variable tri-nucleotide spacer sequences. An ERa-
containing complex bound to all three ERE sequences (arrowhead, lanes 2, 5, and 8) and was
confirmed by supershift (arrow) using a monoclonal antibody that recognizes ERa (lanes 3, 6,
and 9). Receptor binding affinity for the sequences favored tri-nucleotide spacer sequences of
CTG > GCC > TTT. The non-specific antibody recognizing Sp1 had no effect on the ERa-
containing complexes bound to these probes (lanes 4, 7, and 10). Shown is a representative
experiment performed at least three times.
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Fig. 2.

Binding affinity for the ERE with a CTG spacer sequence is greater than for EREs with GCC
or TTT spacer sequences. (A) ERa binding to the consensus ERE sequence
(GGTCACTGTGACC) is shown in lane 1. Competition using serial dilutions of the same
unlabeled DNA sequence (lanes 2, 3, and 4) or unlabeled sequences with the variant spacer
sequence GCC (lanes 5, 6, and 7) is shown. The unlabeled competitor with ERE spacer CTG
demonstrated higher affinity binding to ERa than did the GCC-spaced ERE sequence. (B)
Complementary EMSA experiments confirm that ERa preferentially binds EREs with a CTG
tri-nucleotide spacer sequence. ERa binding to two consensus EREs with variant tri-nucleotide
spacers is shown: GGTCAGCCTGACC (lanes 2-5) and GGTCATTTTGACC (lanes 7-10).
Competition using 400 fold excess of the indicated unlabeled ERE sequences is also shown
and reveals that relative efficiency of competition follows the order CTG (lanes 3 and 8) >
GCC (lanes4and 9) > TTT (lanes 5 and 10). Shown are representative experiments performed
at least three times.
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Fig. 3.

The tri-nucleotide spacer sequence modulates transcriptional response to ERa. Luciferase
reporter assays of single copy consensus EREs with variable tri-nucleotide spacer sequences
were performed in MCF-7 cells. Basal and E2-stimulated luciferase values are shown
normalized to co-transfected B-galactosidase expressing plasmid. Basal and E2-stimulated
luciferase activities were negligible for empty vector (pGL2) and highest for the ERE with
spacer sequence CTG, followed by spacer GCC and then spacer TTT. Values are the average
of three experiments, performed in triplicate, with SEM indicated. *P<0.01 when compared
to E2-treated CTG reporter. §P<0.01 when compared to E2-treated GCC reporter.
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Fig. 4.

The tri-nucleotide spacer sequence modulates ERE sensitivity to repression by an estrogen
receptor antagonist. Luciferase reporter assays of single copy consensus EREs with variable
tri-nucleotide spacer sequences were performed in MCF-7 cells. Basal and E2-stimulated
luciferase values are shown normalized to co-transfected 3-galactosidase expressing plasmid.
(A) Basal and E2-stimulated luciferase activities were negligible for empty vector (pGL2) and
highest for the ERE with spacer sequence CTG, followed by spacer GCC and then spacer TTT.
Dose response co-treatments with the estrogen receptor antagonist OHT revealed highest OHT
sensitivity of ERE sequences spaced by CTG, followed by TTT- and GCC-spaced response
elements. Shown is a representative experiment performed in triplicate, with SEM indicated.
(B) Comparative sensitivity of each ERE sequence to therapeutic doses of OHT relative to E2-
stimulated cells. At low-therapeutic doses of OHT (10 nM), CTG-spaced ERESs were
significantly repressed whereas GCC- and TTT-spaced EREs were not. At higher doses of
OHT (40 nM), all EREs were significantly repressed by the estrogen receptor antagonist.
Shown are data from 3-5 biological repeats each performed in triplicate, with SEM indicated.
P<0.05 compared to E2 alone for all treatments except where labeled with (#). #P>0.05
compared to E2 alone.
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