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Abstract

Background: The receptor (ER) for estrogen (E2) is
routinely assayed as a marker to determine the feasibility
of anti-hormone therapy against breast cancer because
ER-positive (ER+) tumors are much more likely to
respond to anti-hormone therapy than are ER-negative
(ER-). However 40% of ER+ breast cancer patients do
not respond to anti-hormone therapy. We suggest that
this unpredictability of therapeutic responses lies in the
current ER assays, which measure only an initial com-
ponent of the E2-responsive pathway, and that the dif-
ference depends upon altered downstream processes.
We propose a functional criterion that subclassifies breast
cancers on the basis of specific binding of ER to its cog-
nate DNA sequence, the estrogen response element
(ERE).
Materials and Methods: ER was identified in breast
cancer cell lines by immunofluorescence assay, Western
blot analysis, identification of ER-specific mRNA, and by
interaction of the ER-ERE complex with three different
ER-specific antibodies. ER-ERE complex formation was
measured by electrophoretic mobility shift assay
(EMSA). Transactivation of the E2-responsive gene was
studied by transfection of cells with fusion gene construct

with the promoter-containing ERE sequence and assay
of reporter gene activity in the cell extracts.
Results: The growth of ER+ T47D cells was sensitive to
tamoxifen, ICI-182,780, and ethynyl estradiol (EE2),
whereas another ER+ breast cancer cell line, 21PT, was
resistant to these compounds. The estrogen receptor
(ER) in the nuclear extracts of MCF-7 and T47D dem-
onstrated hormone-dependent interaction with the re-
sponse element (ERE) and also downstream transactiva-
tion of the E2-responsive PS2 promoter. But in the 21PT
cell line that was designated as ER- on the basis of
ligand-binding assay and was found to be ER+ by all the
other ER assays, ER-ERE interaction and PS2 promoter
transactivation were independent of hormone.
Conclusions: On the basis of the downstream func-
tional assay of ER interaction with ERE, ER+ breast
tumor cells can be subclassified into two categories. The
first is E2-dependent (ERd+) and these cells should re-
spond to anti-hormone therapy. The second type of ER
interacts with ERE independent of E2 (ER'+) and con-
stitutively transactivates responsive genes. It is predicted
that the latter type of breast cancers will not respond to
antihormone therapy.

Introduction

The growth of many breast cancers is affected by
hormones, more specifically by estrogen (E2)
and progesterone (1-16). These hormones bind
to their protein receptors (ER and PR), which
regulate responsive genes via specific protein-
DNA interactions (7-10). ER and PR are rou-

tinely assayed as clinical markers to determine

feasibility of applying anti-hormone therapy
(11-13). Breast cancers measured convention-
ally are two-thirds ER+, having 100-300 fmol
ER/mg of cytosol protein, and one-third ER
with normal breast epithelial cells having 0-37
fmol/mg of cytosol protein (14, 15). Many ER+
cancers are responsive to anti-estrogens such as
tamoxifen (TAM) (16). But 40% of the ER+
tumors do not respond, nor generally do ER-
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tumors (17). This may be due to tumor hetero-
geneity or to mutations that generate ERs whose
function is ligand-independent, superfunctional,
or bypassed (18-22). The ER phenotype is cur-
rently defined by either ligand binding or ER-
specific antibody assays. ER variants with defec-
tive ligand or antibody binding may not be
detected by these assays (18,19). Therefore, a
more informative and simple test for predicting
tumor responsiveness to anti-hormone therapy
would be valuable. This assay would be impor-
tant because hormone therapy is the first line of
defense if it is applicable (23).

The action of E2 is initiated with its binding
to the hormone-specific receptor (ER), followed
by dimerization of ER, phosphorylation, and a
change from an inactive to active state (2-7). The
dimerized protein interacts with short palin-
dromic DNA sequences designated estrogen re-
sponse element (ERE), and it activates estrogen-
responsive genes (24). Several other proteins are
reported to be involved in both ER-ERE interac-
tion (5,25-26) and the downstream event of spe-
cific promoter activation (5-7,24,27-30). Tran-
scriptional activity of ER is more complex in
some cases. It can depend on sequences other
than the consensus ERE (31), and ER even trans-
activates the brain creatine kinase gene that lacks
an ERE, which is apparently mediated by pro-
tein-protein interactions involving ER and mol-
ecules capable of interacting directly with this
promoter (32). The identification of another class
of ER (ER-,B) adds a new dimension to the mo-
lecular mechanism of E2-ER pathway transacti-
vation of genes (33,34).

An altered functional status of ER in ER+
cells may be due to defects in any one or more of
the steps of the multistep ER-response pathway
(3 5). Mutations undetected by current ER assays
can have a major impact on ER's role, such as
binding to ligand, binding to ERE, modulation of
expression pattern of hormone responsive genes,
and for anti-hormone responsiveness. Thus it is
no surprise that the standard ER assays do not
discriminate well between tumors that are or are
not responsive to anti-estrogen therapy. Assays
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of function are required to make this clinically
important distinction. Our results on ER status,
using ER-ERE DNA-binding assays with breast
cancer cell lines, provide useful information that
could not be obtained by conventional assays.

Materials and Methods
Materials

Synthetic single-stranded complementary oli-
gonucleotides containing the wild type (5'
GTCCAAAGTCAGGTCACAGTGACCTGAT-
CAAAGTT 3') or single (MI 5' GTCCAAAGT-
CAGGACACAGTGACCTGATCAAAGTT 3')
or double (M2 5' GTCCAAAGTCAGGACA-
CAGTGTCCTGATCAAAGTT 3') mutations
(indicated by the underlined bases) in the ERE
sequence were obtained from Gibco-BRL. 17f3-
estradiol (E2), hydrocortisone, insulin, tamoxifen,
17a-ethynylestradiol, dithiothreitol, dimethyl sul-
foxide, and phenylmethylsulfonyl fluoride were
from Sigma Chemicals (St. Louis, MO). ICI-
182,780 was obtained from Dr. M. Brown of Dana-
Farber Cancer Institute. The fusion plasmid PS2-
CAT was obtained as gifts from Dr. P. Chambon
(36) of Strasbourg, France, and pERE-TK-CAT (37)
from Dr. M-J. Tsai of Baylor Medical School, Hous-
ton, TX. Purified human recombinant ER was ob-
tained from Pan Vera Corp. (Madison, WI). The
ECL immunodetection kit was from Amersham
Life Sciences.

Cell Lines and Culture

MCF-7, T47D, and MDA 231 cell lines were ob-
tained from ATCC. The 70N normal cells in cul-
ture were obtained from Dr. R. Sager's collection
(38). These cells, characterized as being of myo-
epithelial origin, are not immortal and can be
grown only for about 20 passages in culture. A
sample frozen at early passage was grown under
standard tissue culture conditions as described
below and was used for this study. The 21PT cell
line was established in Dr. Sager's laboratory
from a primary breast tumor and characterized as
ER- on the basis of the ligand binding assay
(38,39). MS cells: Recently established ER'
breast cancer cells in culture from the secondary
growth in brain.

Cells were grown in rich medium (DMEM
supplemented with 10% FBS and 2.8 ,uM hydro-
cortisone, 1 ,tg/ml insulin, and 12.5 ng/ml EGF)
at 37°C in 5% CO2 and 95% air. For hormone
response studies, dextran-coated charcoal (DCC)
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medium (DMEM without phenol red) supple-
mented with 10% stripped serum (DCC-treated
FBS to reduce the E2 level in the serum to 10 12
M, Hyclone) was used. Further supplementation
of DCC medium is indicated in the legends to
figures or tables illustrating specific experiments.

Electrophoretic Mobility Shift Assay (EMSA)

ER-ERE interaction was measured using EMSA
by incubating nuclear extracts (40) from cells
with 32P-labeled double-stranded synthetic oli-
gonucleotides (shown above) under conditions
described by Kumar and Chambon (24). One
nanogram (approximately 30,000 CPM) of 32p_
labeled double-stranded oligonucleotide with
palindromic ERE (as shown above) was used per
reaction and incubated 30 min at room temper-
atures. The reaction mixture was then subjected
to nondenaturing polyacrylamide gel (6%) elec-
trophoresis (PAGE) and the protein-DNA com-
plex was detected by autoradiography of the
dried gel as described previously (41,42). ER
monoclonal antibodies used were ER-Ab- 1,
raised against aminoacid residues 120-170 of the
N-terminal transactivation domain of calf uterus
estrogen receptor; TE 1-1, raised against amino
acid residues 300-595 of the C-terminal region
of human ER (Neo Markers, Fremont, CA); and
SRA 1010, raised against amino acid residues
582-595 of the C-terminal region of human ER
(Neo Markers, Fremont, CA); and SRA 1010,
raised against amino acid residues 582-595 of
the C-terminal region of human ER (Stress Gen,
BC, Canada).

Immunofluorescent Staining of Estrogen Receptor

Cells cultured in chamber slides for 24 hr were
washed with phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde, perme-
abilized with PBS containing 0.2% Triton X- 100,
and stained following a standard protocol (43).
Undiluted culture medium of hybridoma clone
TE 1-1 1 was used as the primary antibody against
ER. The secondary antibody was 100-fold diluted
goat anti-mouse IgG (whole molecule) conju-
gated with FITC. Duplicate samples of each of
these cell lines, processed similarly by using
mouse IgG as primary antibody, served as con-
trols for nonspecific signals.

Western Blot Analysis
Cells were grown in rich medium as described
above. Cell extracts were prepared with a lysis

buffer (62.5 mM Tris-HC1, pH 6.8, 0.5% NP-40,
10% glycerol, 1 mM PMSF, 5 jig/ml aprotinin,
and 10 ,ug/ml leupeptin). Aliquots of lysates with
the same amount of protein were fractionated by
SDS-PAGE followed by electroblotting to a nitro-
cellulose membrane. Immunoblot analysis was
performed with a human monoclonal anti-ER
antibody (SRA 1010, StressGen, Victoria, BC,
Canada) followed by incubation with the sec-
ondary goat anti-mouse IgG-HRP conjugate and
was immunodetected with an enhanced chemi-
luminescence system (ECL, Amersham Life Sci-
ences). No signals were detected in the duplicate
blot with the same samples when processed with
mouse IgG as primary antibody.

Northern Blot Analysis

RNAs from indicated cells were isolated by fol-
lowing the standard protocol (44). Gel analysis,
transfer to membrane, prehybridization, and hy-
bridization conditions were as described in this
protocol (44). The cDNA-ER was 32P-labeled us-
ing the random-primed DNA labeling kit (Boehr-
inger Mannheim, Indianapolis), and 106
CPM/ml of this radioactive cDNA-ER was used
for hybridization.

Transfection Studies

Transient transfection of MCF-7 and 21PT cells
with either the fusion plasmid PS2-CAT (36) or
pERE-TK-CAT (37) was performed using the
DEAE dextran procedure as described previously
42). Conditions for cell growth, E2 treatment,
and chloramphenicol acetyl transferase (CAT)
assays are described in the legend to Figure 6.

Differential mRNA Display Technique (DD)
Differential gene expression in E2-treated
MCF-7 and 21PT cells was studied by the DD
technique (45) using arbitrary HAP-5 and HAP-6
and anchor primers of the GenHunter Kit
(Vanderbilt, TN) as described previously. Cell
growth, E2 treatment conditions, and RNA iso-
lation are described in the legend to Table 1. To
further characterize the specific differentially ex-
pressed genes, DNA from excised DD bands was
eluted (45) and directly sequenced (46) using a
manual cycle sequencing kit (Circum Vent, New
England BioLabs). Sequencing reactions were
primed with the appropriate arbitrary DD 10-
mer at an annealing temperature of 45°C. The
sequences obtained were queried against the
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Table 1. Identity, verification, and E2-dependent expression pattern of gene tags isolated by DD from
breast cancer cell lines

Expression Pattern in Response
to E2d

Band Readable Direct MCF-7 21PT
ID" Gene ID EST IDb Sequencec (ER+) (ER-)

1 M2 New gb/N67 125 Yes Induced Constitutive

2 M3 Mitochondrial gb/K02485 Yes Induced Constitutive
replication
origin

3 M4 New No match Yes Suppressed Off
4 M5 New No match Yes Induced Constitutive
5 M6 Reticulocalbin dbj/D42073 Yes Induced Constitutive

"DD bands were cut from the MCF-7 track.
bExpressed sequence tag (EST) identification is listed for unknown sequence match entries in EST data base.
CA readable DNA sequence is defined as one that has approximately 80% unambiguous bases over a region of at least 100 bases.
dE2 treatment is the same as that described in the legend to Figure 5. RNA was isolated from each of control and treated samples
and subjected to the DD protocol using the specified arbitrary HAP5 and HAP6 and anchor primers of the Gene Hunter DD Kit
(45). Specific DD bands were cut out of the indicated tracks, DNA isolated, PCR amplified, and subjected to direct sequencing.

BA
NCBI database using the BLAST algorithm (47).
A match was defined as approximately 96%
identity of bases over a stretch of 30 bases. Fol-
lowing database verification of sequences, a sin-
gle nested 20-mer oligonucleotide was designed
that would hybridize to the DD fragment just
inside the arbitrary primer site (48).
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Results
Viability of Breast Cancer Cells in the Presence of
Anti-Hormones

Inability to detect ER in 2 1 PT cells by the
ligand-binding assay (38) raised the possibility
that ER in this cell line is either truly absent
(ER-) or is altered so as to affect E2 binding
(ER'+). In either case, 21PT cells should be re-
sistant to anti-hormone, whereas hormone-de-
pendent, ERd+, MCF-7 and T47D cells should be
sensitive to anti-hormones. It is thus necessary to
develop another assay that will detect such al-
tered ER in breast cancer cells. We examined cell
viability of these breast cancer cell lines grown in
the presence of three anti-hormones; tamoxifen,
ICI- 182,780, and ethenylestradiol (EE2) (Fig. 1).
They reduced cell viability of ERd+ T47D
(Fig. LA) cells, but 21PT cells (Fig. iB) were
resistant to each of these drugs. Although EE2 is
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Fig. 1. Anti-hormone sensitivity of T47D and
21PT cells. T47D (A) and 21PT (B) cells (1 X 104)
were plated in duplicate in 96-well cloning tissue
culture dishes either in DMEM medium supple-
mented with 10% dextran coated charcoal-treated
FBS (DCC), 1 ,ug/ml insulin and 12.5 ng/ml EGF, or
in complete medium (FBS). After 48 hr the medium
was removed and fresh DCC medium containing the
indicated concentrations of 17-,B estradiol (E2), ethy-
nylestradiol (EE2), tamoxifen (TAM), or ICI-182,780
were added. The control wells contained the same
volume of solvents, 95% ethanol for E2, EE2, and
ICI-182,780, and DMSO for TAM. The medium was
changed every 2 days with the same fresh media.
After 5 days of treatment, viability of cells was de-
termined by the MTT assay (54). The percent viabil-
ity of cells in the presence of the antihormones was
expressed as percentage of the untreated control.
This experiment was repeated twice.
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believed to be an E2 agonist, it showed an anti-
proliferative effect on ERd+ T47D cells. This may
be caused by the as-yet unknown mechanism by
which another estrogen agonist, diethylstilbes-
terol, shows similar antiproliferative effects on
breast cancer cells (2). Such E2 agonsits may be
classified as mixed agonists, similar to those such
as tamoxifen, that show both antiproliferative
and proliferative effects on breast cancer cells
(4). When grown in DCC medium supplemented
with insulin and EGF, E2-induced stimulation of
cell proliferation was not detected. However, in-
hibitions by the two anti-hormones were ob-
served.

ER-Protein Determined by Immunofluorescent and
Western Blot Technique
The ER protein levels in several breast cancer cell
lines which were classified as ER+ or ER- on the
basis of the detection of the receptor protein by
the ligand binding assay (39) were re-examined
by immunofluorescence with a monoclonal
anti-ER (TE 1-1) as primary antibody and goat
anti-mouse IgG conjugated to horseradish per-
oxidase (HRP) as secondary antibody. Mouse IgG
(whole molecule) was used as a primary anti-
body in the control experiments. This assay con-
firmed the breast cancer cell lines MCF-7 and
T47D as ER+, but the 21PT cell line that was
classified as ER- by ligand-binding assay (38,39)
was reclassified as ER+ by immunofluorescence

assay (Fig. 2B). The ER level determined by this
assay was much lower in 21PT cells than in
MCF-7 and T47D cells. ER was not detected in
70N, which is of myoepithelial origin and de-
rived from normal breast tissues, nor in MDA
231 cells, in which ER protein was not detected
and is defined as ER'-; ER served as negative
control (Fig. 2B).

ER-Protein

ER in these cell lines was also examined by West-
ern blot analysis using an ER-specific antibody
raised against the C-terminal region of the recep-
tor (SRA 1010, aa 582-595) (Fig. 2C). A distinc-
tive band in the size range of ER protein (68 kD)
was seen in 21 PT cells and was weaker than that
observed in MCF-7 and T47D cells. Extracts from
ER- cell line MDA231 gave only a difuse back-
ground signal (Fig. 2C). Similar analysis of these
extracts using mouse IgG as primary antibody
also did not give any signals (data not shown).

ER-specific mRNA Levels
The presence of ER in the 21PT cells was further
examined by measurement of ER-specific mRNA
by Northern blot analysis of total cellular RNA. A
cDNA-ER hybridizable RNA sequence was de-
tected in 21PT cells (Fig. 2D, lane 3) in the size
range of 6.3 Kb, similar to those observed with
total RNA from T47D (lane 1) and MCF-7 (lane

Fig. 2. Detection of ER in breast cancer cells in
culture by immunofluorescent technique,
Western blot, and Northern blot analysis. (A, B)
Immunofluorescent technique. Cells were grown in
tissue culture chamber slides in complete medium
(DMEM supplemented with 10% FBS, 2.8 p,M hy-
drocortisone, 1 ,ug/ml insulin, and 12.5 ng/ml of
EGF). A standard immunofluorescent technique was
used with a monoclonal antibody (TEl- 1 ) as de-
scribed in Materials and Methods. 70N, cultured cells
from normal breast tissue; MCF-7, ER+; 21PT, ER-;
T47D, ER+; and MDA-231, ER-, as measured by
ligand-binding assay (38,39). (A) Staining of nuclei
by Hoechst. (B) Immunostaining by ER Mab shows
positive signals in MCF-7, 21PT, and T47D and no
visible immunofluorescent signals in 70N and MDA
231. The low-level immunofluorescent signals in
21PT cells were consistently observed in three sepa-
rate experiments; thus 21PT can be reclassified as
ER+. (C) ER protein level as determined by Western
blot analysis and enhanced chemiluminescence
(ECL) immunodetection system by using a monoclo-
nal human anti-ER-antibody as primary antibody
(SRA 1010, Stress Gen, Victoria, Canada). The mo-

bility of 70 and 60 kD prestained markers (Gibco-
BRL) analyzed simultaneously with the extracts
from the indicated breast cancer cells is shown by
arrowheads. This analysis also classified 21PT cells as
ER+, confirming the immunofluorescent assay. A
control blot incubated with equivalent amounts of
mouse IgG as primary antibody and goat anti-mouse
IgG-HRP conjugate as secondary antibody did not
generate any visible signals with extracts from either
of these cell lines. (D) ER-specific mRNA as deter-
mined by Northern blot analysis. Here 10 ,ug of total
cellular RNA from T47D, MCF-7, and 21PT cells was
probed with 32P-labeled cDNA-ER. Arrows on the
right show the mobility of 28S and 18S RNA. One
major and one minor cDNA-hybridizable mRNA spe-
cies are detected as indicated by the arrows on the
left. These mRNA species have a size range similar to
that of the previously reported mRNA ER species of
6.3 kb and 3.7 kb, and they further characterized
21PT cells as ER+. A photograph of the RNA sam-
ples applied in each lane is shown on the right of
panel D. These samples served as loading control for
the amount of RNA in these lanes. This experiment
was repeated twice.
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2) cells. A second very weak mRNA band was
also detected in RNA preparation of all three cell
lines. These results demonstrate an ER-specific
mRNA species in 21PT cells that is comparable to
that in two other ER+ cell lines, confirming the
ER+ status of 21PT cells.

ER Status in Breast Cancer Cell Lines as Determined
by ER-ERE Interaction

To further establish the identity of ER, we exam-
ined its functional status in both MCF-7 and
21PT cells by studying downstream events, such
as ER interaction with ERE and transactivation of
responsive promoters in the presence or absence
of E2. We studied ER-ERE interaction by electro-
phoretic mobility shift assay (EMSA) using nu-
clear extract from the ER+ cell line MCF-7 with
32P-labeled oligonucleotide carrying the two pal-
indromic ERE half-sites (24,41,42). A retarded
band representing a DNA-protein complex sim-
ilar to the one reported by Kumar and Chambon
was detected (24). The DNA protein detected in
the nuclear extracts of MCF-7 cells grown in rich
medium (Fig. 3A) was greatly reduced in cells
grown in stripped medium (Fig. 3B), suggesting
that stripped medium is devoid of some compo-
nent(s), most probably E2, that are required for
this process. The ER interaction with ERE is de-
pendent on the presence of hormone and ER in
this cell line is classified as ERd+. Addition of E2
to stripped medium stimulated ER binding to
ERE (see Fig. SA).

Identification ofER in the Retarded DNA-Protein
Complex
The identity of ER in the observed retarded band
was established by carrying out the binding re-
action in the presence of ER-specific antibodies.
Three different monoclonal antibodies with
epitopes mapping at different domains of ER, as
shown in Figure 4A, were used for these exper-
iments. These monoclonal antibodies are all re-
active against human ER. Results shown in
Figure 4B and C demonstrated interference of
DNA-protein complex formation with nuclear
extracts from both MCF-7 and 21PT cells in the
presence of each of these three ER-specific anti-
bodies, in contrast to a supershift, which suggests
blocking of a reaction site (see Discussion). The
order of additions of antibodies, nuclear extracts,
and 32P-labeled ERE-oligonucleotide in the bind-
ing reaction did not influence the results. Prein-
cubation with the same amounts of mouse IgG

A B
Medium Complete (C) Stripped (DCC)

. .. .. .. . .. .. .

Nuclear protein (gg) 0 1 2 5 0 1 2 5

1 2 3 4 5 6 7 8
-

ER/ERE >

Free 32P-ERE-*r>

Fig. 3. DNA-protein interaction in nuclear ex-
tracts of ER+ MCF-7 cells in the presence of
oligonucleotide carrying palindromic ERE as
determined by EMSA. MCF-7 cells were grown in
25 ml of DMEM complete medium (designated as C;
DMEM supplemented with 10% FBS, 2.8 ,uM hy-
drocortisone, 1 ,ug/ml insulin, and 12.5 ng/ml of
EGF) in 150-mm tissue culture dishes. After 24 hr
the medium was replaced with either rich medium
(A, lanes 1-4) or with medium containing stripped
serum (DCC; DMEM without phenol red, supple-
mented with 10% dextran-coated charcoal-treated
FBS, Hyclone; B, lanes 5-8). The E2 level in this
treated serum is lower than 10-12 M. The cells were
cultured in DCC medium for an additional 72 hr.
Nuclear extracts were made from these cells (40)
and DNA-protein complex formation was studied by
EMSA under binding conditions described by Kumar
and Chambon (24). The reaction mixture in 10 ,ul
contained the indicated amounts of proteins and
32P-labeled double-stranded oligonucleotide (30,000
cpm, 1 ng) and was incubated at room temperature
for 30 min. The reaction was terminated by addition
of loading dye. The DNA-protein complex was iden-
tified as a retarded radioactive band in the nondena-
turing PAGE (6%) system as described previously
(41,42). ER-ERE complex and free 32P-labeled probe
are indicated by arrows.

(whole molecule) or in the presence of the anti-
body raised against an unrelated protein, p50
subunit of NF-KB, did not significantly reduce
the intensities of the retarded band (Fig. 4B),
establishing that this complex is due to specific
interaction of ER of the nuclear extracts of
MCF-7 and 21PT cells with the ERE sequences in
the 32P-oligonucleotide. Although none of these
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antibodies is raised against the DNA-binding do-
main, they blocked ER interaction with its motif.

The above results established the identity of
ER in the retarded band observed in EMSA. The
specificity of ERE in this interaction was first
established by competition experiments with
wild-type, nonradioactive, ERE-containing oli-
gonucleotides. Nonradioactive ERE-oligonucleo-
tide competed with the 32P-ERE oligonucleotide
for complex formation, but single (Ml) or two
base-pair mutations (M2) in the half-sites of the
nonradioactive ERE-oligonucleotide did not af-
fect the formation of the radioactive protein-
DNA complex even at 10-fold higher concentra-
tions, verifying specificity of this ER-ERE
interaction. The specificity of ER-ERE interaction
was further examined by direct binding studies
with 32P-labeled oligonucleotide carrying single
base-pair or two base-pair mutations in the ERE
sequence. The mutated EREs did not form any

DNA-protein complex with ER in the nuclear
extract from MCF-7 cells, whereas the wild-type
ERE did form such a complex (data not shown).

Hormone Dependency of ER-ERE Interaction

We used nuclear extracts from MCF-7, T47D,
21PT, and MS cells grown in DCC medium for 72
hr in the absence or presence of E2 for the final
2 hr at the indicated concentrations. ER-ERE
complex formation detected by EMSA as a re-

tarded band in the nuclear extracts of MCF-7
(Fig. 5A) and T47D (Fig. 5D) was dependent on

treatment of the cells with E2, suggesting that
hormone binding to the receptor in these pre-

treated cells is a prerequisite for the downstream
function of ER binding to ERE. These results
confirmed the E2d+ phenotype of these cells.
EMSA analysis of the cytoplasmic fraction of E2-
treated or untreated cells did not generate a vis-
ible retarded band, which suggests that the loss
of ER-ERE interaction in the absence of E2 was

not due to sublocalization of ER in the cytoplasm
(data not shown), substantiating the current
concept that ER is localized mostly in the nucleus
(9). But this ER-ERE interaction in the nuclear
extracts from both 21PT (Fig. 5B) and MS
(Fig. 5C) cells was independent of hormone
treatment; this suggests that the E2 interaction
was not essential for the binding of ER with ERE.
Thus 21PT and MS cells can be classified as hor-
mone-independent (ER'+). This constitutive in-
teraction suggests that the receptor molecule or

an accessory component of the active ER-ERE

complex is structurally modified in ER'+, 2 IPT,
and MS cells.

The level of ER protein and ER-specific
mRNA as determined by immunofluorescent,
Western blot, and Northern blot techniques is
much higher in ER+ MCF-7 cells than in ER+
21PT cells, whereas the intensity of the retarded
band representing the ER-ERE complex is much
higher in 21PT cells. This suggests a stronger
binding affinity of ER to ERE on account of an
altered structure of the receptor molecule or the
auxiliary binding proteins.

Transactivation of E2-Responsive Genes in MCF-7
and 21PT Cells

The activation of most of the E2-responsive
genes is a consequence of ER-ERE interaction.
The PS2 gene is commonly observed to be over-
expressed in breast tumors and is E2 responsive
(17). The PS2 promoter region is well character-
ized, and it has been established that the palin-
dromic EREs are solely responsible for ER-medi-
ated upregulation of this hormone-responsive
gene (36). We compared transactivation of the
PS2 promoter in MCF-7 and 21PT cells by tran-
sient transfection of a fusion gene construct, PS2-
CAT, to cells grown in the absence or presence of
E2, followed by measurement of expression of
the reporter CAT gene in cell extracts (24,42).
This CAT activity was dependent on the concen-
tration of E2 in the growth medium of MCF-7
(ERd+) cells (Fig. 6A), whereas it was constitu-
tively up-regulated, even in the absence of E2, in
21PT (ER'+) cells (Fig. 6B). Thus this E2-medi-
ated transactivation pattern strictly correlated
with the ER-ERE interactions in these two ER+
breast cancer cell lines as hormone dependent in
MCF-7 and hormone independent in 21PT cells.

To substantiate this conclusion we examined
the E2-regulated expression of cellular genes by
monitoring their levels of expression in MCF-7
and 21PT cells as a function of E2 treatment.
With the mRNA differential display technique
(45) we detected at least five genes that were
similarly expressed or suppressed in a hormone-
dependent fashion in MCF-7 cells and in a
hormone-independent fashion in 21PT cells
(Table 1). These results demonstrate that not
only that the expression of a transfected gene is
hormone dependent or hormone independent in
ER+, MCF-7 and 2 1PT cells, respectively (Fig. 6),
but also that the expression of five cellular genes
show similar patterns of hormone dependency or
independency in these two cell lines. Direct se-
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Fig. 4. Influence of anti-ER antibodies on the
DNA-protein complex formation in MCF-7 and
21PT cells. MCF-7 and 21PT cells were grown in
complete medium as described in the legend to
Figure 3. Nuclear extracts were prepared, and pro-
tein content was measured and subjected to EMSA
as described in Figure 3. (A) The structural and
functional domains of ER. The epitope maps of the
three ER-antibodies used in this experiment are

shown below the sketch, details of the ER-antibodies
are described in the Materials and Methods. (B) The
influence of ER-Ab-1, mouse IgG, and anti-NF-K-p50
antibody (rabbit polyclonal IgG raised against 15
amino acid residues mapping at the NLS region of
NF-KB-p50, mouse, rat, and human reactive, Santa
Cruz Biotechnology, Santa Cruz, CA). Binding reac-

tion conditions were the same as described above.

Nuclear extracts of 2.5 gug or 0.5 gug of either of
these antibodies or mouse IgG, and 32P-ERE-Oligo
(30,000 cpm, 1 ng) were used in 10 ,ld of duplicate
binding reactions and incubated for 30 min at room
temperature followed by EMSA analysis. The re-

tarded DNA-protein bands are indicated by the ar-

rows. (C) The similar analysis of duplicate samples of
binding reactions with nuclear extracts (2.5 gg) of
MCF-7 and 21PT cells in the presence of 0.5 ,ug of
anti ER-antibodies TE 1-1 or SRA 1010 under the
conditions described above. These experiments were

repeated three times with a different order of addi-
tions and preincubations of nuclear extracts, either
with antibodies followed by addition of 32P-ERE-
oligo or with 32P-ERE oligo followed by addition of
ER-antibody. All of these experiments showed re-

sults similar to those presented here.

N --H-,Transsctivation DNA-Binding Ligand Bindings. t v t o
r. W .. . u:. .. . .\ . t v . .

553 596

-C

582-- 595
id no-595

a a 0 A

..............................



D. K. Biswas et al.: Estrogen Receptors and DNA Response Elements 463

A B
MCF-7 ----- > -----21PT.-.......>

<------ER-w---s----> <.-*---@----

<- -DCC-------> C c---.DCC----.>

0G5 1 1 60.5 1 5 10

1 2 3 4 5 1 2 3 4 5 6

C
.c................----*Ms...........>
<-.-.. .ER-......... >

C <... DCC . >

0 I 5 10
123456789..e@.e.......... ...

I 2 3 4 5 6 7 8 9

D
-T47D----->

----ER*----->
- DCC->
0 5
1234....

1 2 3 4

Fig. 5. Hormone dependency of ER-ERE for-
mation. A comparative study of hormone depen-
dency of ER-ERE interaction was investigated with
nuclear extracts from MCF-7 (A), 21PT (B), MS (C)
and T47D (D) cells. Cells were grown either on

stripped medium (DCC, DMEM without phenol red
supplemented with 10% stripped FBS) with indi-
cated concentrations of E2 added for the last 2 hr

quence analysis of one of these genes, M6,
showed a 95%/o homology with Reticulocalbin, a

calcium-binding protein of the endoplasmic re-

ticulum (49,50). While this investigation was in
progress similar results were reported (51) show-
ing that Reticulocalbin was overexpressed in the
more invasive breast cancer cells MDA 435s and
at a very low level in MCF-7 cells. All of these
results correlated with the E2-dependent and
E2-independent ER-ERE interaction observed in
MCF-7 and 21PT cells, respectively.

Discussion
Steroid receptors in general can be classified as

hormone-activated transactivators of transcrip-
tion (2-9). Estrogen (E2) action in target cells is
mediated via an initial interaction with the spe-

cific receptor ER that initiates downstream
events, including interaction with specific motifs
(ERE) in the promoter region of classical respon-

sive genes and their transactivation (4-10,24).
On the basis of these downstream interactions,
this study subclassified several breast cancer cells
into two categories-one hormone dependent
and responsive to hormone and anti-hormones
(ERd+), and the other not (ER'+). Our study
thus identified hormone-independent variants
primarily on the basis of the ER interaction with
ERE, an independent criterion that is different
from that for previously reported ER variants
(18,19,52).

before harvesting, or complete medium (C, DMEM
with phenol red and supplemented with 10% FBS
only). Nuclear extracts were prepared and protein-
DNA binding reactions were carried out with 2 ,ug of
nuclear proteins and 32P-ERE and incubated at room
temperature for 30 min followed by EMSA as de-
scribed above. The arrow shows the position of the
retarded 32P-ER-ERE complex.

Although ER could not be detected in the
breast cancer cell line 21PT by the ligand-binding
assay, ER protein was detected in this cell line by
(1) immunofluorescence assay and (2) Western
blot analysis. In addition, (3) ER-specific mRNA
was detected and (4) ER-specific DNA protein
interaction was seen by EMSA. All these criteria
characterize 21PT cells as ER+. The ligand-bind-
ing property of ER in these cells appears to be
lost. Furthermore, another cell line, MS, which
was defined as ER+ on the basis of ligand bind-
ing, also showed an E2-independent phenotype
and thus can be classified as ER'+.

The results presented here demonstrate the
hormone-dependent or -independent pheno-
types of ER that subclassified these cell lines,
irrespective of the mechanisms by which they
achieved these ER phenotypes. Hormone-depen-
dent downstream functions of E2, ER-ERE inter-
action, and transactivation of responsive genes
were observed only in the presence of the hor-
mone in the ERd+ subclass, thereby suggesting
that E2 is essential for the functional state of ER
in these cells. Our inability to detect ER-ERE
complex formation from the cytoplasm of E2-
treated or -untreated cells, and similar observa-
tions made previously (9), could be explained by
several mechanisms. These include (1) instability
of the receptor molecule, (2) the inactive state of
ER being complexed with other cellular proteins
such as heat shock proteins (53), and (3) prefer-
ential compartmentalization of ER.

The hormone-dependent and -independent

Cell Line
ER status
Mediom
E2 (10 M)

ERWERE--->
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Fig. 6. Hormone dependency of activation of
transfected PS2 promoter. ER+ MCF-7 and ER+
21PT cells were grown in 25 ml of complete medium
(designated by FBS) in 150-mm tissue culture
dishes. After 24 hr the medium was replaced with
either complete medium (FBS) or medium contain-
ing stripped serum (DCC). Transfection by DEAE
dextran of cells with fusion plasmid PS2-CAT (10
jig) was as described previously (20,37). Forty-eight
hours after transfection the cells were treated with

indicated concentrations of E2 and 2 hr later cell ex-
tracts were prepared. As controls, cells were also co-
transfected with pSV-lacZ. ,B-galactosidase activity
was the same in the extracts of control and E2-
treated transfected cells, suggesting that the hor-
mone treatment did not influence an SV40 promoter
that lacks the ERE sequence. Panels A and B show
the results of transfection experiments with MCF-7
and 21PT cells, respectively.

phenotypes of ER in the transactivation of re-

sponsive genes were demonstrated not only with
a transfected reporter gene but also with five
cellular genes examined by an independent tech-
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nique, further substantiating the hormone-inde-
pendent phenotype of ER in 21PT cells. The anti-
hormone-sensitive phenotype of the ERd+ cell
lines, i.e., MCF-7 and T47D, and the resistant
phenotype of another class of cell line, (ER'+)
21PT, are also explained by these properties.

That ER is a component of the retarded band
in EMSA was established by interactions with
anti-ER antibodies. Such antibody-ER interac-
tions with a DNA-protein complex should either
generate a larger complex, thereby inducing a
supershift, or it can trap ER and make it unavail-
able for forming the active DNA-binding com-
plex. All the three ER-antibodies tested, irrespec-
tive of the epitope map, blocked ER-ERE
complex formation as determined by the greatly
decreased level of the retarded band in EMSA,
thereby establishing the second mechanism. Fur-
low et al. (54) reported no interference of ER-
ERE complex formation by another ER-specific
antibody. This discrepancy may be explained by
the differences in the experimental conditions,
such as use of a purified ER or different antibody,
and using the whole plasmid that carries the ERE
elements in the binding reaction in contrast to
the native receptor and short oligonucleotides
that carry the palindromic ERE used in our stud-
ies.

A practical outcome of this strategy of deter-
mining ER status is its potential for making ther-
apeutic predictions based on the hormone- and
anti-hormone-dependent or independent bind-
ing of ER to ERE. The management of breast
cancer patients involves routine immunohisto-
chemical determination of ER and PR in tumor
tissues as prognostic and therapeutic markers.
But the current assays cannot accurately predict
the outcome of anti-hormone therapy, the first
line of defense. To overcome this difficulty we
propose a new approach that uses as a criterion
for ER status a downstream functional assay of
E2 response in breast tumors, one that is beyond
the initial interaction of hormone with its specific
receptor. The assessment of ER-ERE complex
formation, in addition to E2-ER interaction,
should identify most of the spectrum of ER vari-
ants in breast tumors. These data also provide a
strategy for identifying compounds that inhibit
ER-ERE complex formation, which can serve as
alternative therapy or part of combination ther-
apy for breast tumors that are resistant to anti-
hormones. Future studies using this assay will
determine the frequency of the ER'+ subclass of
breast tumors.
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