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Abstract

New World primates (NWP) exhibit a form of compensated
resistance to vitamin D and other steroid hormones, includ-
ing 17B-estradiol. One postulated cause of resistance is that
NWP cells overexpress one or more proteins which block
hormone action by competing with hormone for its cognate
hormone response element. Here we report that both nu-
clear and postnuclear extracts from NWP, but not Old
World primate, cells contained a protein(s) capable of bind-
ing directly to the estrogen response element (ERE). This
ERE binding protein(s) (ERE-BP) was dissociated from the
ERE by excess of either unlabeled ERE or excess of the ERE
half-site motif AGGTCAcag. DNA affinity chromatogra-
phy using concatamers of the latter resulted in > 20,000-
fold purification of the ERE-BP. The intensity of the ERE-
BP-ERE complex in electromobility shift assay was indi-
rectly related to the amount of wild-type Old World primate
estrogen receptor (ER) but not affected when potential
ligands, including 17B-estradiol (up to 100 nM), or anti-ER
antibody was added to the binding reaction. We conclude
that vitamin D-resistant and gonadal steroid-resistant
NWP cells contain a protein(s) that may “silence” ER ac-
tion by interacting directly with the ERE and interfering
with ER binding. (J. Clin. Invest. 1997. 99:669-675.) Key
words: monkey . platyrrhine « steroid receptor « transcrip-
tion factor « nucleic acid regulatory sequence

Introduction

Compared with Old World primates (OWP)! including hu-
mans, New World primates (NWP) are resistant to adrenal
and gonadal steroids as well as the vitamin D hormone, 1,25-
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dihydroxyvitamin D (1,25-(OH),D). This resistance is mani-
fested biochemically in most genera of NWP by high circulating
levels of glucocorticoid (1-4), mineralocorticoid (2), progester-
one (5), testosterone (5), 17B-estradiol (5), and 1,25-(OH),D
(6, 7). Resistant NWP species are not clinically affected as long
as there is adequate substrate available for accelerated steroid/
sterol hormone synthesis (8). The underlying cause for near
global resistance to steroid hormones remains poorly under-
stood. Some previous investigations indicated that there was a
decrease in the number of specific receptors for these hor-
mones in NWP cells compared with cells from OWP (2, 4),
while the results of other studies favored the hypothesis that
there was a decrease in binding affinity of the various recep-
tors for their cognate ligands (5). More recent studies using
specific antireceptor antibody for detection and quantitation
of receptor suggest that the results of receptor-ligand binding
studies may be adversely influenced by the presence of other
proteins in NWP cells which interfere with the receptor-hor-
mone interaction (9, 10). For example, there is evidence that
the cytoplasm (and to a lesser extent, the nucleus) of resistant
NWP cells is enriched in a binding protein or a family of
closely related binding proteins which compete with the vita-
min D and estrogen receptor (ER) for ligand (9-11). We have
postulated that the presence of this protein(s), which we have
named intracellular vitamin D binding protein (IDBP), results
in a requirement for a relatively high intracellular concentra-
tion of the vitamin D and gonadal steroid hormones in order
to permit normal signal transduction initiated by the hormone-
receptor interaction. However, this protein(s) does not bind
other adrenal steroids (11) and therefore cannot explain the
resistance to glucocorticoids and mineralocorticoids which are
not bound by this protein. Moore and colleagues, studying glu-
cocorticoid resistance in NWP, found that elevated intracellu-
lar concentrations of glucocorticoid and mineralocorticoid are
maintained by diminished catabolism of cortisol via the 11B-
hydroxysteroid dehydrogenase (12). The fact that there are ap-
parently at least two different functional classes of nonreceptor
proteins, one a relatively high-capacity, low-affinity cytoplas-
mic ligand binding protein and another a catalytically altered
enzyme, associated with the hormone-resistant state suggested
to us that there might be a more proximal, common cause of
hormone resistance in NWP cells. Using the ER-estrogen
response element (ERE) interaction as a paradigm, we de-
scribe the presence of a protein enriched in NWP cells, but not
OWP cells, which binds directly to the ERE and competes
with the estrogen-bound ER homodimer for ERE binding.

Methods
Cell culture. The B95-8, MLA-144, owl monkey kidney (OMK), and

Vero cell lines were obtained from the American Type Culture Col-
lection (Rockville, MD). B95-8 and MLA-144 cells were maintained
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in RPMI 1640 medium and OMK and Vero cells in MEM (Irvine Sci-
entific, Irvine, CA). All cultures were routinely supplemented with
10% fetal calf serum (FCSI; Gemini Bioproducts, Calabasas, CA),
100 U/ml penicillin, 100 wg/ml streptomycin, 2 mM L-glutamine (both
from Gibco Laboratories, Grand Island, NY) and in atmosphere of
95% air, 5% CO,. In some experiments, confluent cultures were pre-
incubated overnight in medium containing 100 nM 17B-estradiol, 25-
hydroxyvitamin D; (25-OHD;) and 1,25-dihydroxyvitamin D; (1,25-
(OH),D;) before harvest and extract preparation.

Preparation of cellular extracts. Postnuclear extracts of each cell
line were prepared as described previously (9). Harvested cells were
washed twice in ice-cold PBS and twice with ETD buffer (1 mM
EDTA, 10 mM Tris-HCl, 5 mM DTT; pH 7.4) containing 1 mM
PMSF. The cells’ pellets were then resuspended in ETD buffer and
homogenized on ice in five 10-s bursts. Nuclei, with associated nu-
clear steroid receptor proteins, were pelleted at 4,000 g for 30 min at
4°C. The supernatant of this spin was filtered through a Microcon-30
filter (molecular mass cutoff 30 kD; Amicon, Beverly, MA) for the
purposes of desalting and concentrating before being aliquoted and
stored at —70°C.

Nuclear extracts were prepared as described by Zerivitz and
Akusjarvi (13). Cells were washed twice in ice-cold PBS, washed once
in buffer A (250 mM sucrose, 20 mM Hepes, 10 mM KCl, 1.5 mM
spermine), resuspended in buffer A, and allowed to swell at room
temperature for 5 min. Lysis of the cell membrane was achieved by
addition of lysolecithin to a concentration of 400 mg/ml and gentle re-
petitive inversion of the cells for 90 s. Cell membrane lysis was termi-
nated by addition of two volumes of ice-cold buffer B (buffer A con-
taining 3% BSA). All subsequent steps were performed at 4°C.
Nuclei were initially pelleted at 1,000 g for 30 s and then repelleted at
25,000 g for 60 s. The resultant nuclear pellet was resuspended in
buffer C [20 mM Hepes (pH 7.9), 0.6 M KCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM DTT, 0.5 mM PMSF, 25% (vol/vol) glycerol] and the
nuclear membrane disrupted by repetitive passage through a 23-
gauge needle. The homogenate was gently stirred on ice for 30 min
and then centrifuged for 30 min at 25,000 g. The supernatant, desig-
nated nuclear extract, was dialyzed against buffer D [20 mM Hepes
(pH 7.9), 0.1 M KCl, 0.2 M EDTA, 0.5 mM DTT, 0.5 mM PMSF in
20% glycerol] for 30 h with three exchanges. The nuclear extract was
cleared by centrifugation at 25,000 g for 20 min, aliquoted, and stored
at —70°C. The protein concentrations of nuclear and postnuclear ex-
tracts were determined by the method of Bradford (14).

Electromobility shift assay (EMSA). Synthetic oligonucleotides re-
presenting various forms of steroid response elements were either
prepared at the Molecular Biology Core Facility of the Cedars-Sinai
Research Institute or purchased from Promega (Madison, WI) or
from Santa Cruz BioTech (Santa Cruz, CA). Sequences for the vari-
ous oligonucleotides were as follows: consensus estrogen response
element (ERE) 5'-CTAGAAAGTCAGGTCACAGTGACCT-GAT-
CAAT-3"; 5" ERE half-site-type 1 (5" EREhs1) 5'-CTAGAAAGT-
CAGGTCACAGGAT-CAAT-3"; 5" ERE half-site-type 2 (5" EREhs2)
5'-CTAGTGCTCGGGTAGAGGTCACAG-CTCGACTCGT-3"; AG-
GTCA half-site direct repeat with three nucleotide spacer-type 1
(DR31) 5'-CTAGTGCTCGGGTAGAGGTCACAGAGGTCA-CTC-
GACTCGT-3'; AGGTCA half-site direct repeat with three nucle-
otide spacer-type 2 (DR32) 5'-CTAGAAAGTCAGGTCACAG-
AGGTCAGATCAAT-3'; thyroid response element (TRE) 5'-AGC-
TTCAGGTCACAGG-AGGTCAGAGAG-3'; TRE palindrome
(TREpal) 5-AAGATTCAGGTCATGACTGAGGAGA-3'; retin-
oid X response element (RXRE) 5'-AGCTTCAGGTCAGAGGT-
CAGAGAGCT-3'; chicken ovalbumin upstream promoter-transcription
factor-1 response element (COUP-TF1E) 5'-TTCTA-TGGTGT-
CAAAGGTCAAAC-3'. The single-stranded ERE oligonucleotide
was used to prepare labeled probe. The ERE 32-mer was annealed
with complementary sequence and radiolabeled with [**P]ATP (Du-
Pont-New England Nuclear, Boston, MA) by T4 Kinase (Gibco Lab-
oratories) to a specific activity of 10 cpm/ug DNA. Postnuclear or
nuclear extracts (10 pg protein), preincubated or not for 1 h at 23°C
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with 100 nM 17B-estradiol, 25-OHD;, or 1,25-(OH),D;, were incu-
bated in the presence or absence of human ER and/or antibody with
2 pg poly-dI-dC (Boehringer-Mannheim, Indianapolis, IN) and 20
mM Hepes (pH 7.9), 100 mM KCI, 5 mM MgCl, in 10% glycerol on
ice for 15 min. Overexpressed wild-type human ER was recovered in
extracts of Saccharomyces cerevisiae as described previously (15).
Anti-ER antibodies were purchased from Santa Cruz BioTech (C-
314 recognizing ER residues 120-170 and C-311 recognizing resi-
dues 495-595) and StressGen (Victorville, British Columbia, Canada;
recognizing ER residues 263-302). Anti—chicken ovalbumin upstream
promoter-transcription factor 1 (COUP-TF1) antibody was a gener-
ous gift from M.-J. and S.Y. Tsai (Baylor College of Medicine, Hous-
ton, TX). ¥ ?P-Labeled probe was then added and the incubation con-
tinued at room temperature for 15 min. Samples of this reaction were
subjected to 6% polyacrylamide gel electrophoresis in 0.5X TBE
buffer at 100 V. The gels were dried and exposed to Kodak X-OMAT
AR film. Densitometry was performed on an Helena EDC densitome-
ter (C. Helena Laboratories, Beaumont, TX).

DNA affinity chromatography. A DNA affinity column was pre-
pared as described by Kadondaga and Tijan (16). Two gel-purified
oligodeoxynucleotides (30-mers containing 26 nucleotides of comple-
mentary sequence and having 4- bp, cohesive ends; 5'-GATCCTA-
GAAAGT-CAGGTCACAGGATCAAT-3" and 5'-GATCATTGA-
TCCTGTGACCTGACTTTC-TAG-3") were synthesized. 220 pg of
each oligonucleotide was annealed, 5'-phosphorylated with [y-¥P]ATP
to ascertain coupling efficiency, and ligated. The resultant DNA oli-
gomers were then coupled to cyanogen bromide—activated Sepharose
4B (Pharmacia Biotech, Piscataway, NJ). After blocking the excess
remaining active groups with ethanolamine, the DNA-coupled resin
was placed in a 2 ml poly-prep column (Bio-Rad, Hercules, CA) for
chromatography. The column was equilibrated in elution buffer
[25 mM Hepes (pH 7.6), 12.5 mM MgCl,, 1 mM DTT, 20% glycerol,
and 0.1% NP-40] containing 0.1 M KCI. The B95-8 cell extract (13-20
mg) prepared as above was solubilized in the elution buffer contain-
ing nonspecific competitor poly dI-dC (4 mg/ml) and added to the
column by gravity flow (12 ml/h). Protein was then eluted from the
column in a stepwise gradient fashion by the successive addition of
ten 10-ml aliquots of elution buffer containing 0.1-1.0 M KCI. A frac-
tion (2 ml) of each column eluate was concentrated and desalted
through a Microcon-30 filter and ERE binding capacity was assessed
by EMSA. An aliquot of each fraction was used to determine total
protein concentration. The constituent proteins in each fraction were
resolved on a 10% SDS-PAGE and identified by silver staining.

Results

Nuclear and postnuclear extracts of NWP cells contain a protein
which binds to ERE. Cellular extracts were prepared identi-
cally from both the representative NWP B95-8 and OWP MLA
cell line. Before extraction, cells were ruptured and intact nu-
clei were separated from cell cytosol in a low-salt buffer in or-
der to separate the ER, associated with the nuclear pellet (17),
from the postnuclear supernatant that is known to be enriched
in IDBP under these conditions (10); the presence of endoge-
nous ER in the nuclear pellet was confirmed by Western blot
and band-shift analysis of nuclear extract using the C-314
anti-ER antibody (Chen, H., and J.S. Adams, manuscript in
preparation). The high-salt nuclear extract was adjusted to 0.1
M KCI by dialysis, while the low-salt nuclear extract was ad-
justed to same salt concentration by dilution. The postnuclear
and nuclear extracts were matched for protein concentration
and used in EMSA. We first examined the potential for nu-
clear and postnuclear extracts of steroid-resistant NWP cells
and steroid-responsive OWP cells to bind to a panel of syn-
thetically prepared oligonucleotides including the consensus
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Figure 1. Specificity of the NWP ERE-BP for the ERE. The top
shows that both postnuclear (NWP-pne, lanes 2—4) as well as nuclear
extracts (NWP-ne, lanes 6-8) of the steroid-resistant B95-8 cell line
contain an ERE-BP that binds to a consensus ERE. Serial dilution of
the postnuclear and nuclear extracts results in disappearance of the
ERE-BP-ERE complex (lanes 3 and 4, and 7 and 8, respectively).
The labeled ERE-BP-ERE complex was not identified when extracts
of a similarly prepared OWP B cell line were used in EMSA (lanes 5
and 9). Control lanes containing probe alone (lane /) and BSA (lane
10) matched for protein concentration with the cell extracts used
demonstrate no specifically retarded bands. The bottom shows the
specificity of ERE-BP-ERE complex formation for serially diluted
extract obtained from NWP cells with the steroid-resistant phenotype
in vivo (lanes 2-4). ERE-BP-ERE complex was noted only in the
B-lymphoblastoid cell line B95-8 but not in renal epithelial cell lines
from the owl monkey (OMK) and green monkey (Vero) or in B-lym-
phoblasts from a gibbon (MLA).

ERE (AGGTCAcagTGACCT) (Fig. 1). The top of Fig. 1
shows that the postnuclear extract, and to lesser extent nuclear
extract, of steroid-resistant B95-8 cells contained a protein(s)
(labeled ERE-BP) which retarded the mobility of the labeled
ERE (lanes 2 and 6). The presence of this complex was specific
for extracts of cells with the steroid-resistant phenotype. The
wild-type OWP postnuclear and nuclear extracts, matched for
protein concentration with the respective NWP extracts, did

not retard the ERE in this fashion (lanes 5 and 9); the predom-
inant, retarded band observed after incubation of the ERE
probe with nuclear extract from either NWP or OWP cells
(lanes 6-9) was not specific for the ERE (data not shown). As
anticipated, serial dilution of either the postnuclear (lanes 3
and 4) or the nuclear NWP extract (lanes 7 and 8) resulted in
gradual disappearance of the retarded band. The specificity of
ERE-BP overexpression for NWP with the steroid-resistant
phenotype is shown in the bottom half of Fig. 1. Postnuclear
extracts of OMK derived from the steroid-responsive NWP
Aotus trivergatus (lanes 5-7), transformed B-lymphoblasts
(MLA) from the steroid-responsive OWP Hylobates (lane §8),
and kidney cells (Vero, lane 9) from the steroid-responsive
OWP Cercopithecus sabaeus possessed no ERE-BP detectable
by EMSA.

Sterol/steroid ligands do not alter the ERE-BP-ERE inter-
action. Modification of steroid receptor proteins by their cog-
nate ligands in vivo is often critical in determining the pattern
of dimerization of the receptors as well as the response ele-
ment binding capacity of the receptors. We next examined
whether the ERE-BP interaction with the ERE was also modi-
fied by preexposure steroid-resistant NWP B95-8 cells to
ligand before extraction or by exposure to ERE-BP—contain-
ing extracts to potential ligands before incubation with probe
in vitro. For these experiments we preincubated cells or ex-
tracts of cells known to be enriched in IDBP (10) to an ER-sat-
urating concentration of 17B-estradiol (100 nM) as well as the
same concentration of 25-OHD; and 1,25-(OH),D;, com-
pounds exhibiting the highest affinity for the IDBP (11), be-
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Figure 2. Failure of potential steroid/sterol ligands to modulate
ERE-BP interaction with the labeled ERE. Compared with the hu-
man ER (lanes 8-10) which homodimerizes and specifically binds to
the ERE upon exposure to 100 nM 17B-estradiol, the ERE-BP in
postnuclear extracts of the NWP B cell line B95-8 is not influenced by
preincubation with 100 nM 25-hydroxyvitamin D5 (25-D; lane 3),
1,25-dihydroxyvitamin D; (1,25-D; lane 4), or 17B3-estradiol in the ab-
sence (estradiol; lane 5) or presence of anti-ER antibody (anti-ER;
lane 7) which is known to supershift the ER-ERE band (lane 70).
0.02% ethanol used to solubilize ligands in the reaction mixture is
without effect on the mobility of the ERE-BP-ERE complex (etha-
nol; lane 6).
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fore interaction with the probe. Preexposure of cells before
harvest as well as incubation with postnuclear extracts and nu-
clear extracts (data not shown) to these ligands before interac-
tion with the labeled ERE was without effect on the mobility
of the ERE-BP-ERE complex (Fig. 2). Furthermore, incuba-
tion of NWP postnuclear extract with an anti-ER antibody,
which supershifts the ER-ERE complex (lanes 8 and 9), was
without effect on the mobility or intensity of the ERE-BP-ERE
complex, either before (not shown) or after (lane 7) coincuba-
tion with 100 nM 17B-estradiol. Identical results were obtained
in extracts of cells incubated with 100 nM 25-OHD; and 1,25-
(OH),Dj; before EMSA.

The NWP ERE-BP competitively disrupts the ER-ERE in-
teraction. If the ERE-BP we have identified in NWP cell ex-
tracts is functionally capable of rendering the cell estrogen-
resistant in vivo, then the ERE-BP should be able to interrupt
the normal interaction of the ER with the ERE by competing
with the ER for binding to the ERE. We investigated this pos-
sibility in the experiments depicted in Fig. 3. When the ER was
incubated with the ERE (lane 2), the mobility of the ERE
through the gel was slowed considerably. Addition of 100-fold
excess unlabeled ERE competed away the ER-ERE band
(lanes 3), and the ER-ERE complex was supershifted by incu-
bation with anti-ER antibody (lane 4). When the ERE-BP-con-
taining nuclear or postnuclear extract was incubated with the
ERE probe (lanes 5 and 8), the ERE-BP-ERE complex was
observed to migrate faster than ER-ERE complex. When the
ER and ERE-BP of either nuclear (lane 6) or postnuclear
(lane 9) extract origin were coincubated with the ERE probe,
both the ER-ERE and ERE-BP-ERE complexes were identi-
fied in the same lane. Dilution of the extract before coincuba-
tion with the activated ER and labeled ERE shifted the bal-
ance of retarded complexes in favor of the ER-ERE (lanes 7
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Figure 3. The ERE-BP competitively disrupts the interaction of the
ER-ERE interaction. The human ER (lanes 2-4) and undiluted
ERE-BP, in either nuclear or postnuclear extracts of NWP B95-8
cells (lanes 5 and 6, and 8 and 9, respectively), bind the ERE probe.
In the presence of ER, dilution of either the nuclear (1:20 NWP-ne;
lane 7) or postnuclear extract (1:20 NWP-pne; lane 10) enhances ER-
ERE complex formation and diminishes ER-BP-ERE complex for-
mation.
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and 10). These data clearly showed that competition for ERE
binding was dependent upon the relative amount of ERE-BP
present in the extracts of NWP cells with the steroid-resistant
phenotype. A second set of experiments was designed to de-
termine the relative affinity of the ER and the ERE-BP for the
ERE. Considering the likelihood that the yeast extract overex-
pressing the human ER was relatively enriched for ER com-
pared with the NWP cell extract containing the ERE-BP, we
examined competitive displacement of the ER and ERE-BP
from labeled ERE through increasing concentrations of ra-
dioinert ERE (2.5X-80X) and increasing dilutions (0-1:15) of
the ER-containing yeast extract. Mean densitometric analyses
of the EMSA of two such experiments revealed the same re-
sult, a sevenfold excess of unlabeled ERE was required to
elicit half-maximal displacement of either the ER or ERE-BP
from the ERE.

DNA sequence specificity for binding the NWP ERE-BP.
The consensus ERE is characterized by an inverted repeat of
the 6-bp half-site motif AGGTCA (18). To determine whether
binding of the NWP ERE-BP was specific for ERE, we ana-
lyzed ability of other receptor response elements containing
the AGGTCA half-site motif to compete away labeled ERE-
ERE-BP binding (Fig. 4). The list of unlabeled competitive oli-
gonucleotides containing the AGGTCA half-site included the
consensus ERE, TRE, TRE palindrome (TREpal), RXRE,
and COUP-TFIE. Of these only 100X ERE (lane 3) com-
pletely eliminated labeled ERE-ERE-BP binding. A synthetic
oligonucleotide DR;2 (lane 4), harboring a direct repeat of the
AGGTCA half-site separated by the trinucleotide cag found
in the consensus ERE, was nearly as efficient as the ERE in
competing with the labeled ERE probe, and this competitive
potential was not related to the sequence flanking the half-
sites (data not shown). These results suggested that the AG-
GTCA half-site as well as the intervening cag trinucleotide,
not just the AGGTCA half-site motif alone, were important in
determining ERE-BP binding to the ERE.

The next question was whether the ERE-BP interacted
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Figure 4. Interaction of the ERE-BP with hormone response ele-
ments containing the AGGTCA half-site motif. Shown is the ability
of 100-fold molar excess of naturally occurring, consensus hormone
response elements (lanes 3 and 5-8) and of a synthetic oligonucle-
otide bearing a direct repeat of the AGGTCA motif separated by the
trinucleotide cag (DR32, lane 4) to compete away labeled probe from
the ERE-BP contained in the postnuclear extract of NWP cells.
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with AGGTCAcag in the absence of a second half-site. To an-
swer this question we prepared a synthetic oligonucleotide
lacking the 3" AGGTCA of the ERE but retaining the 5" AG-
GTCA and intervening trinucleotide cag found in the consen-
sus ERE (Fig. 5 A). This oligonucleotide was as effective as the
consensus ERE in competing with the labeled probe, indicat-
ing that the ERE-BP may bind to a single core element as a
monomer.

Affinity purification of the NWP ERE-BP. Because the AG-
GTCAcag motif was as effective as the consensus ERE in
competing for ERE-BP binding (Fig. 5 A), we used a Seph-
arose-linked concatamers of the AGGTCAcag motif for affin-
ity purification of ERE-BP from postnuclear extracts of B95-8
cells; this strategy optimized our opportunity to recover DNA-
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Figure 5. Utility of the AGGTCAcag half-site motif in DNA affinity
purification of the ERE-BP in postnuclear extracts of NWP cells. A
demonstrates that 100-fold molar excess of an oligonucleotide contain-
ing the single half-site motif ADDTCAcag (lane 3) was as effective as
100-fold excess unlabeled ERE (lane 2) in competing away ERE-BP
from ERE probe. B shows AGGTCAcag half-site affinity chromatog-
raphy of ERE-BP through an inclining, stepwise KCl gradient. Com-
pared with unfractionated extract (10 g total protein; lane 2), EMSA
of affinity-purified material disclosed the presence of a single retarded
band in eluates corresponding to 0.4-0.7 M salt (lanes 4-7); the specific
activity of the ERE-BP was greatest in the 0.5 M KCl fraction (120 pg
total protein, lane 6). The “fall through” of the column (lane 10) con-
tained no ERE-BP detectable by EMSA. C confirms that interaction of
neither the affinity-purified (lane 8) nor the unfractionated ERE-BP
(lane 6) with the ERE was altered by the C-314 anti-ER antibody.

binding proteins that interacted with the half-site AGGTCA
as a monomer and diminished chances of recovering ER that
may have been inadvertently retained in our postnuclear ex-
tracts. Chromatographic separation of proteins was achieved
through a stepwise salt gradient (Fig. 5 B). Fractions from the
mid portion of the gradient (0.4-0.7 M KCl) were enriched in a
protein(s) which interacted with the ERE in EMSA. The spe-
cific activity of this ERE binding activity was greatest in frac-
tions containing 0.5 and 0.6 M salt, being 20-30-fold greater
than that observed in any of the flanking fractions and 20,000-
fold greater than that of the starting material. SDS-PAGE of
these two fractions from DNA affinity chromatography dis-
closed the presence of two distinct silver-stained proteins in
the 45-kD range. The protein(s) in the 0.5 M KCl fraction from
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affinity chromatography could also be distinguished from en-
dogenous ER (Fig. 5 C); the purified ERE-BP did not interact
in EMSA with any of the anti-ER antibodies tested and did
not specifically bind 17B-estradiol (data not shown).

Discussion

With the exception of animals in the genus Aotus, NWP ex-
hibit high circulating levels of the vitamin D hormone 1,25-
(OH),D (7,9). Using either cultured dermal fibroblasts (19) or
established cell lines from vitamin D-resistant NWP species
(9, 11), our earlier work suggested that the biochemical pheno-
type at the level of the vitamin D receptor (VDR) was one of a
reduction in the number of receptors per cell, without any
change in the affinity of VDR for 1,25-(OH),D, and a conse-
quent reduction in specific hormone-induced bioactivity. Most
intriguing was the observation that the apparent reduction in
functional VDR in NWP cells was not associated with a reduc-
tion in the amount of immunodetectable VDR (9). These data
indicated that NWP cells were somehow limiting the amount
of ligand that was accessible to endogenous receptor. Based on
the results of heterologous mixing experiments showing that
NWP cell extracts contained a factor(s) which inhibited the
OWP VDR-1,25-(OH),D binding interaction (9, 11), our ini-
tial hypothesis was that a single factor present in much higher
concentrations in NWP than in OWP cells was responsible for
both limiting ligand and decreasing VDR-1,25-(OH),D-spe-
cific transactivation. This factor, which we named IDBP, is a
65-kD protein recoverable from both the cytoplasmic and nu-
clear compartments of steroid-resistant NWP cells and capable
of binding 25-hydroxylated vitamin D sterols as well as go-
nadal steroid hormones including 17B-estradiol (9-11). How-
ever, there were two pieces of relevant information that
suggested that IDBP or related proteins were not the sole ex-
planation for the steroid-resistant state among NWP. First,
IDBP does not bind glucocorticoids or mineralocorticoids
(11), so it alone cannot explain the resistance of NWP to ste-
roids of adrenal origin. Second, the quantitative presence of
IDBP, an intracellular protein with the potential to compete
with steroid/sterol hormone receptor for ligand, in NWP cells
could not in all cases explain the severity of biological hor-
mone resistance in all situations (20). Therefore, we undertook
the current studies to investigate the possible existence of a
second factor in NWP cells that does not influence the recep-
tor-ligand interaction but which may alter hormone-receptor
transactivation by binding to the hormone response element.
Using the ER-ERE interaction in an EMSA as a screen for
the presence of such a factor, we discovered that both nuclear
extracts containing endogenous ER and postnuclear extracts
of NWP cells devoid of ER contained a protein(s) unrelated to
ER that interacted directly with a consensus ERE (Fig. 1,top).
With the current experiments we have been able to gain some
insight into the potential of this ERE-BP to interact with the
ERE. As predicted, detection of the ERE-BP by EMSA tech-
nology was specific for cellular extracts from NWP with the
steroid-resistant phenotype in vivo (Fig. 1, bottom). Although
the ERE-BP effectively competed with wild-type human ER
for binding to the ERE (Fig. 3), there are a number of pieces
of experimental data presented here that indicate that the ER
and ERE are structurally distinct. First is the observation that
the ER-ERE and ERE-BP-ERE complexes can be observed
as distinct bands on EMSA (Figs. 2 and 3) with the apparent
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molecular mass and/or charge of the ERE-BP-ERE complex
distinguishing it from the ER-ERE complex. Second, and not
withstanding the fact that there is a distinct species difference
between human and nonhuman primates, is the finding that
the ERE-BP, in either crude (Fig. 2) or purified form (Fig. 5),
was not supershifted by a panel of three antibodies each recog-
nizing a different epitope on the ER. Third is the probability
that the ERE-BP interaction with the ERE is as a monomer,
whereas the preferred mode of interaction of the ER with the
ERE is as a homodimer (18). This is supported by the facts
that labeled ER-ERE complex migrates slower in EMSA than
the ERE-BP-ERE complex (see Figs. 2, 3, and 5), and that the
labeled ERE-BP-ERE complex can be effectively dissociated
by addition of the hexanucleotide half-site AGGTCA in con-
text with the trinucleotide, cag, that separates the indirect re-
peats of the consensus ERE (Figs. 4 and 5). And fourth is the
evidence that the ERE-BP can be affinity-purified over a sup-
port composed of concatamers the half-site motif AGGTCA-
cag that does not bind wild-type ER (Fig. 5).

The facts that the ERE-BP competes with ER for binding
to the ERE in vitro and that NWP must maintain high circulat-
ing levels of 17B-estradiol in vivo for reproductive competence
(4) suggests that the ERE-BP may function in a “silencer”
mode analogous to some of the orphan receptor proteins (18,
20, 21). Like the ERE-BP(s) described here, these orphan re-
ceptors can be (a) distributed in both nuclear and cytoplasmic
compartment of the cell; (b) capable of binding to DNA in the
absence of a known ligand as a monomer, dimer or sometimes
both; and (c) also capable of limiting hormone-directed basal
or stimulated promoter activity by competitively binding to the
HRE (21). An example of an orphan receptor that can appar-
ently bind to the ERE in either a monomeric or dimeric state
and can disrupt estrogen-directed gene transcription is the
chicken ovalbumin upstream promoter transcription factor 1
(COUP-TF1) (22). Although initial investigation indicates
that the NWP ERE-BP is not recognized by anti-human
COUP-TF antibody or dissociated from the ERE with a
100-fold molar excess of an oligonucleotide containing the
COUP-TF1 response element, it is possible that the ERE-BP
is an orphan receptor protein or the platyrrhine homologue of
a COUP-TF1-like receptor.

There is also evidence that the ERE-BP(s) described here
is distinct from a VDRE-binding protein (VDRE-BP) that we
discovered recently in the same steroid- and vitamin D-resis-
tant B95-8 NWP cell line (23). The ERE-BP appears to be dis-
tributed in both nuclear and postnuclear extracts, while the
NWP VDRE-BP is concentrated in the nucleus under the same
extraction conditions (23). Further, the intensity of the ERE-
BP-ERE complex is only minimally reduced in an EMSA by
addition of a 100-fold molar excess of the human osteopontin
or osteocalcin gene VDRE (data not shown) to which the nu-
clear VDRE-BP is most avidly bound (23). We are actively in-
vestigating the possibility that the ERE-BP and VDRE-BP,
while functionally different, may be structurally related and
part of a larger family of DNA binding proteins.

Our most recent work with VDRE-BP (23) and that pre-
sented here with the ERE-BP clearly suggest that vitamin D
sterol and gonadal steroid resistance in NWP genera is proba-
bly due to more than just simple overexpression of an IDBP
which can trap sterol/steroid ligands en route to their cognate
receptor protein. Furthermore, there is little doubt that IDBP,
a largely cytoplasmic protein, now known to be a member of



the hsp-70 family of proteins (24) is distinct from the ERE-BP.
The latter appears to be a ubiquitously distributed, nucleic
acid binding protein without ligand (steroid) binding potential
as determined by the evidence to date. Therefore, our current
working hypothesis has been revised to presuppose that the
more proximal etiology of estrogen resistance in NWP is over-
expression of ERE-BP, and that IDBP expression in the same
cell occurs either in response to or to further bolster the ac-
tions of ERE-BP to silence receptor transactivation of estro-
gen-responsive genes. In this hypothesis IDBP serves as a high
capacity concentrator for intracellular estrogen either acting to
prevent estrogen catabolism and bring the ligand into close ap-
proximation with the ER or further silence estrogen action on
the cell. The first scenario would promote effective ER ho-
modimerization and, in turn, provide the cell with enough
competent transactivator to compete effectively with the
ERE-BP for the ERE. Given the fact that the ERE-BP pos-
sesses ERE binding potential in the NWP cell comparable
with that of the ER homodimer, at least in vitro, one would
expect to find a new steady state in ER-directed transcription
of estrogen-regulated genes that is dependent upon a quantita-
tive balance among ligand, ER, IDBP, ERE-BP, as well as
other transcription factors. In the second scenario, overexpres-
sion of ERE-BP and IDBP may be designed for cooperative
“braking” of steroid/sterol hormone action by inducing a state
of hormone resistance. Regardless, confirmation of this hy-
pothesis will be dependent upon the eventual isolation and ex-
pression of the NWP ERE-BP ¢cDNA in a wild-type OWP cell
to determine whether the ERE-BP characterized here will al-
ter ER-directed transactivation.
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