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Abstract

We previously reported stable transfection of estrogen receptor alpha (ER�) into the ER-negative MDA-MB-231 cells (S30) as a tool to
examine the mechanism of action of estrogen and antiestrogens [J. Natl. Cancer Inst. 84 (1992) 580]. To examine the mechanism of ER�

action directly, we have similarly created ER� stable transfectants in MDA-MB-231 cells. MDA-MB-231 cells were stably transfected with
ER� cDNA and clones were screened by estrogen response element (ERE)-luciferase assay and ER� mRNA expression was quantified by
real-time RT-PCR. Three stable MDA-MB-231/ER� clones were compared with S30 cells with respect to their growth properties, ability
to activate ERE- and activating protein-1 (AP-1) luciferase reporter constructs, and the ability to activate the endogenous ER-regulated
transforming growth factor alpha (TGF�) gene. ER�6 and ER�27 clones express 300–400-fold and the ER�41 clone express 1600-fold
higher ER� mRNA levels compared with untransfected MDA-MB-231 cells. Unlike S30 cells, 17�-estradiol (E2) does not inhibit ER�41
cell growth. ERE-luciferase activity is induced six-fold by E2 whereas neither 4-hydroxytamoxifen (4-OHT) nor ICI 182, 780 activated
an AP-1-luciferase reporter. TGF� mRNA is induced in response to E2, but not in response to 4-OHT. MDA-MB-231/ER� clones exhibit
distinct characteristics from S30 cells including growth properties and the ability to induce TGF� gene expression. Furthermore, ER�, at
least in the context of the MDA-MB-231 cellular milieu, does not enhance AP-1 activity in the presence of antiestrogens. In summary, the
availability of both ER� and ER� stable breast cancer cell lines now allows us to compare and contrast the long-term consequences of
individual signal transduction pathways.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The role of estrogen receptor alpha (ER�) in breast can-
cer has been examined and clearly established over the past
35 years. The identity of another form of the receptor, ER�,
was discovered more recently[1–3]. Human ER� was origi-
nally cloned from testis and reported to encode a 477 amino
acid protein[2]. Subsequently, longer forms of the receptor
encoding 485, 530 and 548 amino acids were reported[4–7].
In addition to the expression of wild-type ER� of various
lengths due to the use of alternative start sites, a number of
ER� variants have been identified arising from alternative
splicing [8–12]. The ER� variants exhibit altered response
to 17�-estradiol (E2), therefore the relative expression levels
of the wild-type versus variant ER� subtypes is of potential
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clinical significance and is the subject of active investigation
[13–15].

The regulatory role of ER� in breast cancer has not yet
been fully described, but there is an ongoing debate in the
literature regarding the role of ER� as a predictive marker
for breast cancer[16]. The studies of ER� and its variants
conducted thus far have examined RNA levels via RT-PCR,
because there were few reliable antibodies to detect ER�
proteins. However, the recent emergence of suitable anti-
bodies has allowed the examination of ER� expression by
immunohistochemical staining and Western blot[17–19].
Although it is suggested that ER� expression is associated
with a good prognosis, many others report the opposite.
These conflicting reports may be due in part to the use
of PCR-based analyses since the measurement of RNA is
indirect and less reliable. Studies in support of the notion
that ER� expression is a good prognostic indicator include
the association of ER� with decreased proliferation and
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invasion[20], down-regulation of ER� during breast can-
cer carcinogenesis[13] and progression[21], correlation
of ER� positivity with disease-free survival[22] and likely
response to hormonal therapy[23,24]. In contrast, ER� has
also been correlated with tamoxifen-resistance[25,26] and
increased proliferation[27].

One mechanism whereby ER� may be associated with
tamoxifen-resistance is attributed to the opposite activation
of activating protein-1 (AP-1) transcription compared with
ER�. In the presence of E2, ER� inhibits and ER� ac-
tivates AP-1-mediated transcription[28]. Furthermore, in
breast cancer cell lines, the antiestrogen/ER� complex in-
hibits AP-1 transcription[29], whereas the antiestrogen/ER�
complex activates AP-1 transcription[28].

ER� and ER� have a high degree of structural similarity
in the DNA binding domain (96% amino acid identity) and
slightly less in the ligand binding domain (58% amino acid
identity), suggesting that the receptors are capable of binding
to identical DNA sites[30], with both similar and distinct
ligand preferences. The transcriptional activity of ER� is
mediated by two activation functions, AF-1 and AF-2, that
can function independently, but usually act in concert. AF-1
exhibits ligand-independent activity and in certain cellular
and promoter contexts, is responsible for the agonist activity
of tamoxifen[31]. ER� is lacking an intact and functional
AF-1 and therefore does not exhibit ligand-independent
transcriptional activity nor the agonist activity of tamoxifen
[32,33]. Specific interactions between co-activators and
co-repressors occur at the AF-1 and AF-2 domains of the re-
ceptor to affect gene transcription, therefore ER� and ER�
are predicted to exhibit distinct transcriptional regulation.

We previously reported stable transfection of ER� into the
ER-negative MDA-MB-231 cells (S30) as a tool to examine
the mechanism of action of estrogen and antiestrogens[34].
To examine the mechanism of ER� action directly, we have
similarly created ER� stable transfectants in MDA-MB-231
cells. A comparison between the ER� and ER� stable clones
was examined with respect to growth response and activation
of estrogen response element (ERE)- and AP-1-mediated
transcriptional activation. The MDA-MB-231/ER� stable
clone was utilized to determine the requirement of an in-
tact AF-1 for the agonist effect of tamoxifen on endogenous
transforming growth factor alpha (TGF�) gene expression
as we previously reported[35].

2. Materials and methods

2.1. Cell lines and culture conditions

The MDA-MB-231 cells were obtained from the Ameri-
can Type Culture Collection (Rockville, MD), and the single
cell clone, clone 10 A was previously described[34]. S30
cells are MDA-MB-231 clone 10 A stably transfected with
ER� cDNA [34]. Cell lines were maintained in phenol-red
free minimal essential media (MEM) containing 5% dextran

coated charcoal (DCC)-stripped calf serum as previously de-
scribed[34].

2.2. ERβ stable transfection

An expression plasmid containing ER� cDNA was ob-
tained from Dr. Laird Madison (Center for Endocrinology,
Metabolism and Molecular Medicine, Northwestern Univer-
sity). The expression plasmid was constructed partially from
a human testis�gt10 cDNA library (Clontech), and PCR
generated fragments from human testis cDNA were cloned
into the eukaryotic pcDNA3.1 expression plasmid (Invitro-
gen, Carlsbad, CA). This plasmid expresses a short form of
the ER� protein (485 aa) that is identical to that previously
reported[6]. MDA-MB-231 clone 10A was stably trans-
fected with the ER� expression plasmid using Lipofectin
(Gibco BRL). Forty-eight hours post-transfection, the media
was replaced with G418-containing media (500 mg/ml me-
dia). Individual colonies were picked following 2 weeks of
selection and were screened for ER�-dependent transactiva-
tion of an ERE-luciferase reporter plasmid. Clones ER�6,
ER�27 and ER�41 were chosen for further characterization.

2.3. Infection of adenoviral ERE-luciferase reporter

The AdERELuc adenovirus was generously provided by
Dr. Eun Jig Lee (Division of Endocrinology, Metabolism
and Molecular Medicine, Northwestern University) and car-
ries two EREs, the minimal thymidine kinase promoter and
the luciferase gene[36]. Briefly, 4× 105 cells/ml (in 6 ml)
were mixed with 1�l AdERELuc adenovirus (6×106 pfu/�l,
2.5 pfu/cell), and incubated overnight followed by treatment
with either vehicle control (ethanol) or E2 (10−9 M). Lu-
ciferase activity was measured 24 h later as previously de-
scribed[37].

2.4. Transient transfection of an AP-1 reporter plasmid

A TRE-TK-Luc reporter plasmid and the�-galactosidase
(�-gal) expression plasmid pCMV� (for the purpose of
transfection efficiency normalization) was transiently trans-
fected by electroporation. The following day, cells were
treated as follows: control (ethanol vehicle); E2 (10−9 M);
4-OHT (10−7 M); ICI 182,780 (10−7 M); or phorbol
12-myristate 13-acetate (PMA) (10−7 M). Luciferase activ-
ity was measured 24 h later as previously described[37].

2.5. Detection of ERβ protein by Western blot

Whole cell extracts were prepared from MDA-MB-231,
ER�6, ER�27 and ER�41 clones when the cells reached
70–80% confluence. The cells were resuspended in 200�l
protein extraction buffer (150 mM NaCl; 50 mM Tris,
pH 7.4; 5 mM EDTA, 0.5% Nonidet P-40 (IGEPAL)
containing 1 mM PMSF, and protease inhibitor cocktail
(Sigma–Aldrich, St. Louis, MO)). Samples were kept on ice
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with intermittent vortexing for 30 min and then centrufuged.
The supernatant was collected and stored at−80◦C. Pro-
tein concentration was measured using the BioRad protein
microassay and equal amounts of protein were run in a
standard Western blot protocol using the ECL chemilumi-
nescent detection system (Amersham). The ER� CWK-F12
monoclonal antibody (1:7000 dilution) was a generous gift
from Dr. Benita Katzenellenbogen (University of Illinois,
Champaign, Urbana)[18]. The �-actin antibody, AC-15
(Sigma) was used to standardize protein loading.

2.6. Immunocytochemistry

All reagents were purchased from Sigma unless other-
wise indicated. MDA-MB-231 and ER�41 cells were grown
on chamber slides, the culture medium was removed, and
cells were washed for 5 min in PBS. Cells were fixed for
10 min in 10% neutral buffered formalin, rinsed twice in
PBS (5 min/rinse) and incubated in 5% normal horse serum
in 0.25% Triton X-100 for 2 h. The solution was drained off,
and slides were incubated overnight at room temperature
with the ER� primary antibody ER�-14C8 (Gene Tex, San
Antonio, TX) at a concentration of 5�g/ml. ER�-14C8 was
produced by immunizing mice with a recombinant protein
encoding 1–153 amino acids of the human ER� sequence.
Appropriate positive control (MCF-7 cell line) and nega-
tive control (non-immune rabbit IgG) were also included.
Slides were rinsed twice in PBS (5 min/rinse) and incubated
in biotinylated anti-mouse solution, 1:2000 dilution in 1%
normal horse serum in 0.25% Triton X-100 in PBS, for 2 h
at room temperature. Slides were incubated for 20 min with
the Vectastain® Elite ABC reagent (Vector Laboratories,
Burlingame, CA), rinsed twice in PBS and incubated in
DAB (DAKO Corporation, Carpinteria, CA) for 5–10 min.
Cells were then rinsed with distilled water, counterstained
with hematoxylin for 30 s, washed twice with distilled wa-
ter, dehydrated and cover-slipped. Slides were observed
under a Nikon light/epifluorescence microscope and images
captured using software from Media Cybernetics (Silver
Spring, MD).

2.7. Real-time RT-PCR

The primer/probe pairs to detect the ER� target gene
were obtained from MegaBases Inc. (Evanston, IL). Primer
pairs were located within different exons (exons 5 and 7) to
prevent amplification from the contaminated genomic DNA.
The primer sequences were ER� forward primer: 5′-TG-
TATGCGGAACCTCAAAAGAGT-3′; ER� reverse primer:
5′-CCTTCCTTTTCAGTGTCTCTCTGTTT-3′; and the
ER� probe containing the FAM-QSY7 dye pair: 5′-GTG-
AAGCAAGATCGCTAGAACACACCTTACC-3′. PCR re-
actions were performed using the ABI Prism 7700 Sequence
Detection System (Perkin-Elmer Applied Biosystems). Each
reaction was normalized by co-amplification of a human
GAPDH transcript (Perkin-Elmer Applied Biosystems).

2.8. Proliferation assays

The cell lines S30, MDA-MB-231, ER�6, ER�27 and
ER�41 were seeded at 3× 104 cells/ml in estrogen-free
MEM supplemented with 500�g/ml G418 (except
MDA-MB-231) into T25 tissue culture flasks. Media con-
taining compound was added the following day, control
(0.01% ethanol) or E2 (10−9 M). Cells were counted on
days 4–8.

2.9. Northern blot to detect TGFα transcripts

ER�41 and S30 cells were treated with either E2 (10−7

to 10−11 M); 4-OHT (10−7 to 10−11 M); or ICI 182,780
(10−7 M); or combinations of E2 (10−9 M) + 4-OHT
(10−7 M); or E2 (10−9 M) + ICI 182,780 (10−7 M) for
24 h. RNA isolation and detection of TGF� transcripts was
performed as previously described[38].

3. Results

3.1. Stable transfection of MDA-MB-231 cells with ERβ

ER� cDNA was stably transfected into MDA-MB-231
cells and clones were screened on the basis of E2-induced
ERE-luciferase activity. Three clones were selected, ER�6,
ER�27 and ER�41 exhibiting 2–3.5-fold E2-induced ERE
transactivation (Fig. 1). The level of ER� protein expres-
sion was determined by Western blot and indicates that both
ER�6 and ER�27 express lower levels of ER� protein than
the ER�41 clone, which exhibits the highest level of ex-
pression (Fig. 2). Real-time RT-PCR analysis confirms that
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Fig. 1. MDA-MB-231/ER� clones exhibit estradiol-induced transcriptional
activation of an ERE-luciferase reporter. The AdERELuc adenovirus was
used to infect into MDA-MB-231 or MDA-MB-231/ER� stable clones as
described inSection 2. Results are expressed as fold E2-induced luciferase
activity relative to untreated control (fold/control) and presented as the
mean± S.E. of three independent experiments performed in triplicate.
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Fig. 2. ER� expression in MDA-MB-231/ER� clones. Whole cell extracts were prepared as described inSection 2. ER� Primary antibody: CWK-F12
monoclonal (1:7000). The�-actin antibody is shown to reflect total protein loaded per well.

ER�41 cells express the highest level of ER� (1600-fold)
relative to the parental MDA-MB-231 cells, compared with
ER�6 and ER�27 cells that express 418- and 322-fold
mRNA levels, respectively (Fig. 3). Immunohistochemi-
cal staining demonstrates nuclear and diffuse cytoplasmic
localization of ER� in ER�41 (Fig. 4). All three clones
exhibited stable ER� expression over at least 30 passages,
and represent low level (ER�6 and ER�27) and high level
(ER�41) ER� protein expression. We characterized the
ER�6, ER�27 and ER�41 clones representing low and high
ER� expression.

3.2. Growth characteristics of MDA-MB-231/ERβ

stable clones

The growth characteristics of the MDA-MB-231/ER�
stable clones were examined by performing proliferation
assays. The ER�41 clone, expressing the highest level of
ER� protein, exhibits the fastest proliferation rate rela-
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Fig. 3. ER� mRNA quantification by real-time RT-PCR. Relative expres-
sion of ER�mRNA normalized to GAPDH. The level of ER� mRNA
in each clone is expressed relative to ER� expression in MDA-MB-231
set= 1.

tive to the ER�6 and ER�27 which represent low ER�
expression, and to both parental MDA-MB-231 and S30
cells (Fig. 5A and C). The ER�6 and ER�27 clones, ex-
pressing lower levels of ER�, shows an intermediate rate
of proliferation; faster than the parental MDA-MB-231,

Fig. 4. Immunohistochemical analysis of ER� expression. ER� expres-
sion was detected by immunohistochemical staining with the ER�-14C8
primary antibody as described inSection 2. (A) ER�41 cells; (B)
MDA-MB-231 cells. Magnification 40×.
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Fig. 5. Growth characteristics of MDA-MB-231, MDA-MB-231/ER� and
S30 cells. Proliferation assays were performed as described inSection 2.
Error bars represent S.E. (n = 3). Comparable results were achieved in
three independent experiments. (A) Comparison of proliferation rate of
ER� clones with the parental MDA-MB-231 cells. (B) Correlation of
mean cell number achieved after 8 days (data presented in (A)) with
relative ER� mRNA expression level as determined by real-time RT-PCR
(original data presented inFig. 2). (C) Proliferation of ER�41 and S30
cells in the presence and absence of E2 (10−9 M).

yet slower than ER�41 (Fig. 5A). The proliferation rate
positively correlates with the level of ER� expression
as quantified by real-time RT-PCR (Fig. 5B). It is a
well-known phenomenon that E2 causes growth inhibition
in ER� stable transfectants[39], however E2 does not ap-
pear to alter the growth rate of ER�41 cells (Fig. 5C) or
ER�27 (results not shown). It was reported that transient
overexpression of ER� in MDA-MB-231 cells results in
ligand-independent inhibition of proliferation[20]. However
our results using stable ER� clones indicate that prolifera-
tion is increased as ER� expression is increased (Fig. 5A
and B).

3.3. Antiestrogens do not transactivate an AP-1
luciferase reporter

It was previously reported that the antiestrogens tamox-
ifen, raloxifene and ICI 182,780 when bound to ER� are
potent activators of transcription at an AP-1 site in cells
transiently transfected with ER� [28]. To determine the
ability of antiestrogens to activate AP-1 transcription in
cells stably transfected with ER�, luciferase assays were
performed with ER�41 cells transiently transfected with
the AP-1-luciferase reporter plasmid, TRE-tk-luc. Nei-
ther 4-OHT nor ICI 182,780 was capable of activating
AP-1 luciferase activity in ER�41 cells, whereas treat-
ment with PMA verifies the functionality of the reporter
plasmid (Fig. 6). Antiestrogen-mediated AP-1 activation
was also not observed with MDA-MB-231 cells tran-
siently co-transfected with ER� and TRE-tk-Luc plasmids
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Fig. 6. Induction of AP-1 luciferase activity in ER�41 cells. ER�41
cells were transiently transfected with the TRE-tk-Luc reporter plasmid.
Luciferase activity was measured 24 h post-treatment. Control (EtOH
vehicle); E2 (10−9 M); 4-OHT (107 M); ICI 182,780 (10−7 M); PMA
(10−7 M). Results are presented as fold induction relative to the untreated
control set= 1, and expressed as the mean± S.E. of four independent
experiments performed in triplicate.
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Fig. 7. Induction of TGF� gene expression by E2 and antiestrogens. RNA was extracted from MDA-MB-231/ER�41 (A–C) and S30 cells (D) following
24 h of treatment with the compound indicated. Northern blots were performed to detect TGF� and �-actin as described inSection 2.

(results not shown). These results suggest that antiestrogens
complexed with ER� are incapable of activating AP-1 sites
in the MDA-MB-231 cellular context.

3.4. Differential transcriptional activation of TGFα

by ERα and ERβ

We previously reported that 4-OHT when bound to
wild-type ER� acts as an agonist of TGF� transcript ex-
pression[38]. This agonist activity is dependent upon an
intact AF-1 and helix 12 along with a negative charge at
amino acid 351[40]. Since ER� lacks an AF-1 domain
[32], we tested the hypothesis that the 4-OHT/ER� complex
could not activate TGF� mRNA expression. To address
this question, Northern blot analysis was conducted to
monitor the induction of TGF� mRNA in ER�41 cells. In
dose-response experiments, ER�41 cells were treated with
either E2 (10−11 to 10−8 M) or 4-OHT (10−11 to 10−8 M)
(Fig. 7). Whereas E2-dose-dependent expression of TGF�
was observed in ER�41 cells, 4-OHT at any dose tested did
not induce TGF�. This can be compared with the ability
of both E2 and 4-OHT to elicit TGF� mRNA expression
mediated by ER� as we have previously reported in S30
cells (Fig. 7D) [38].

4. Discussion

This is the first report of stable expression of an ER� iso-
form in a human breast cancer cell line. This MDA-MB-231
cell line was chosen since it is devoid of both ER� and ER�
expression[41] and we had previously established and char-
acterized ER� stable expression (S30 cells)[34]. Clones
were established expressing both low and high levels of
ER� protein expression as represented by ER�6, ER�27
and ER�41 and it was demonstrated that increased ER�
protein expression is correlated with accelerated prolifer-
ation rate. Whereas it is well documented that E2 causes
growth inhibition in cell lines stably expressing exogenous
ER� [20,34], E2 has no effect on the growth of ER� stable
clones. Despite reports of antiestrogen-mediated activation
of AP-1 transcriptional activation through ER� [28,29], we
find that antiestrogens are incapable of activating AP-1 in
an ER� stable transfectant. Finally, we provide additional
evidence that an intact and functional AF-1 is required for
tamoxifen to act as an agonist with respect to endogenous
TGF� gene expression. The creation of stable ER� clones in
MDA-MB-231 has allowed us to compare and contrast ER�
and ER�-mediated signaling events on cell growth charac-
teristics and gene expression.
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The majority of studies examining the effect of ER� ex-
pression on proliferation has utilized transient transfection
of ER� or has correlated decreased ER� expression with
neoplastic transformation. Transient infection of ER� into
MDA-MB-231 cells resulted in decreased proliferation rate
and invasion[20]. The only other stable transfection of
ER� was reported in a rat fibroblast cell line and no effect
of ER� expression on growth was reported[42]. Other in-
direct evidence linking decreased proliferation with ER�
expression include the observation of prostatic hyperplasia
in ER� knock-out mice[43] and the ability of ER� to act as
a dominant regulator of ER� signaling[44,45]. Our results
clearly demonstrate that as ER� expression increases, pro-
liferation rate increases (Fig. 5A and B). It is interesting to
note that whereas E2 classically causes growth inhibition in
cells expressing exogenous ER� [39], we find that E2 has
no effect on the growth of ER� stable clones (Fig. 5C). ER�
has a lower affinity for E2 than ER�, and ER� exhibits re-
duced transcriptional activity compared with ER� [31,46].
However the difference in affinity for E2 between the re-
ceptors is not that great (Kd = 0.1 nM versus 0.4 nM)[30],
and it is more likely the pronounced difference in amino
acid identity in the amino termini of the receptors is respon-
sible for the differential growth characteristics in response
to E2.

A potential mechanism of tamoxifen-resistance is hy-
pothesized to be the activation of the growth-promoting
AP-1 pathway mediated by ER� [47]. ER� and ER� signal
in opposite ways at the AP-1 site; the E2/ER� complex
activates AP-1 transcription, whereas the E2/ER� complex
causes AP-1 inhibition. However, antiestrogens such as ta-
moxifen, raloxifene and the pure antiestrogen ICI 164,384
in conjunction with ER� activate AP-1 transcription both
using complex collagenase and minimal AP-1 consensus
motifs [28,29,48]. Thus far, evidence of activation of this
pathway by antiestrogens through ER� has only been ob-
tained using transiently transfected receptors. Our results
using the MDA-MB-231/ER�41 stable clone indicate antie-
strogens are incapable of activating an AP-1 site cloned into
the luciferase reporter plasmid, TRE-TK-luc. This result
is in contrast to the activation of AP-1 in ER� transiently
transfected MCF-7 and MDA-453 cells by antiestrogens
[28,48]. These conflicting results may be due in part to the
difference between stable and transient expression of the
receptors.

We have reported that tamoxifen acts as an agonist on en-
dogenous TGF� gene expression[38]. Recently we reported
the requirement of AF-1, an intact helix 12, more specif-
ically amino acid D538, and an appropriately positioned
negative charge at amino acid 351 to allow 4-OHT to act as
an agonist with respect to TGF� gene transcription[40,49].
Since ER� does not have a functional AF-1[32], we were
able to substantiate the requirement of a functional AF-1 for
tamoxifen to act as an agonist on TGF� gene expression.
We demonstrated that E2 treatment of ER�41 cells induced
TGF� expression, indicating the functional expression of

ER� in this clone. However, 4-OHT was incapable of in-
ducing TGF� expression, illustrating that an intact AF-1 is
required for 4-OHT to act as an agonist (Fig. 7).

The ER� cDNA we used to create the stable transfec-
tants is not the longest form that has been identified, and
it is speculated that since the longer ER� cDNAs encode
additional amino acids in the A/B region, that perhaps the
longer forms possess a more functional AF-1. However, Hall
and McDonnell[44] report indistinguishable activities be-
tween the ER�-long and ER�-short versions with respect to
response to ER agonists and antagonists. Furthermore, all
isoforms of ER� are expressed in the breast[9]. We have
attempted to compare and contrast the long and short forms
of ER� transfectants by introducing the ER� long form into
MDA-MB-231. Despite selecting many clones; none were
stable beyond three to four passages. This finding implies
that the additional N-terminal amino acids may confer the
growth inhibitory effects observed by Lazennec et al.[20],
however in their report it was not clearly stated which form
of ER� cDNA was transiently infected into MDA-MB-231
cells.

In summary, we have established the first reported stable
transfection of an ER� isoform into human breast cancer
cells. The resulting clones have allowed us to make direct
comparisons of the growth characteristics of exogenous ex-
pression of ER� and ER� in MDA-MB-231 cells and also
to compare the effects of stable versus transient transfection
on cell growth and gene expression. Our results highlight
the important differences between the N-termini of the ER�
and ER� proteins on the growth response to estrogen and
the ability of antiestrogens to transactivate TGF� gene ex-
pression. The inability of the ER�41 clone to activate AP-1
transcription by antiestrogens suggests that transient versus
stable expression of ER� may produce profoundly differ-
ent results. Lastly, although our findings do not support or
dispute the role of ER� as a good prognostic indicator for
breast cancer, they emphasize the need to characterize and
quantify all isoforms of ER� expressed and determine the
relative ratio of ER�/ER� in breast cancer. As the ability to
detect all isoforms of the receptor proteins reliably improve,
and as a result we have a more complete understanding of
the functional characteristics of each isoform, these data will
become essential to decipher the complexity of competing
signal transduction pathways.

Acknowledgements

This work was supported in part by the Avon Foun-
dation, NIH CA96517, and the NIH SPORE in Breast
Cancer CA 89018-02. We are extremely grateful to Dr.
Benita Katzenellenbogen of the University of Illinois for
the generous gift of the ER� antibody CWK-F12. We also
thank Dr. Laird Madison and Dr. Eun Jig Lee, both from
Northwestern University, for the generous gifts of the ER�
cDNA expression plasmid and the AdERELuc adenovirus,



54 D.A. Tonetti et al. / Journal of Steroid Biochemistry & Molecular Biology 87 (2003) 47–55

respectively. A special thanks to Dr. Kyung-Hee Lee for her
hard work optimizing the ER� Western blotting technique.

References

[1] G.G. Kuiper, E. Enmark, M. Pelto-Huikko, S. Nilsson, J.A.
Gustafsson, Cloning of a novel receptor expressed in rat prostate
and ovary, Proc. Natl. Acad. Sci. U.S.A. 93 (1996) 5925–5930.

[2] S. Mosselman, J. Polman, R. Dijkema, ER beta: identification and
characterization of a novel human estrogen receptor, FEBS Lett. 392
(1996) 49–53.

[3] G.B. Tremblay, A. Tremblay, N.G. Copeland, D.J. Gilbert, N.A.
Jenkins, F. Labrie, V. Giguere, Cloning, chromosomal localization,
and functional analysis of the murine estrogen receptor beta, Mol.
Endocrinol. 11 (1997) 353–365.

[4] S. Ogawa, S. Inoue, T. Watanabe, H. Hiroi, A. Orimo, T. Hosoi,
Y. Ouchi, M. Muramatsu, The complete primary structure of human
estrogen receptor beta (hER beta) and its heterodimerization with
ER alpha in vivo and in vitro, Biochem. Biophys. Res. Commun.
243 (1998) 122–126.

[5] R.A. Bhat, D.C. Harnish, P.E. Stevis, C.R. Lyttle, B.S. Komm, A
novel human estrogen receptor beta: identification and functional
analysis of additional N-terminal amino acids, J. Steroid Biochem.
Mol. Biol. 67 (1998) 233–240.

[6] E. Enmark, M. Pelto-Huikko, K. Grandien, S. Lagercrantz, J.
Lagercrantz, G. Fried, M. Nordenskjold, J.A. Gustafsson, Human
estrogen receptor beta-gene structure, chromosomal localization, and
expression pattern, J. Clin. Endocrinol. Metab. 82 (1997) 4258–
4265.

[7] H.A. Wilkinson, J. Dahllund, H. Liu, J. Yudkovitz, S.J. Cai,
S. Nilsson, J.M. Schaeffer, S.W. Mitra, Identification and
characterization of a functionally distinct form of human estrogen
receptor beta, Endocrinology 143 (2002) 1558–1561.

[8] S. Ogawa, S. Inoue, T. Watanabe, A. Orimo, T. Hosoi, Y. Ouchi,
M. Muramatsu, Molecular cloning and characterization of human
estrogen receptor betacx: a potential inhibitor ofestrogen action in
human, Nucleic Acids Res. 26 (1998) 3505–3512.

[9] J.T. Moore, D.D. McKee, K. Slentz-Kesler, L.B. Moore, S.A.
Jones, E.L. Horne, J.L. Su, S.A. Kliewer, J.M. Lehmann, T.M.
Willson, Cloning and characterization of human estrogen receptor
beta isoforms, Biochem. Biophys. Res. Commun. 247 (1998) 75–78.

[10] B. Hanstein, H. Liu, M.C. Yancisin, M. Brown, Functional analysis of
a novel estrogen receptor-beta isoform, Mol. Endocrinol. 13 (1999)
129–137.

[11] E.A. Vladusic, A.E. Hornby, F.K. Guerra-Vladusic, R. Lupu,
Expression of estrogen receptor beta messenger RNA variant in
breast cancer, Cancer Res. 58 (1998) 210–214.

[12] E. Leygue, H. Dotzlaw, P.H. Watson, L.C. Murphy, Expression of
estrogen receptor beta1, beta2, and beta5 messenger RNAs in human
breast tissue, Cancer Res. 59 (1999) 1175–1179.

[13] K. Iwao, Y. Miyoshi, C. Egawa, N. Ikeda, S. Noguchi, Quantitative
analysis of estrogen receptor-beta mRNA and its variants in human
breast cancers, Int. J. Cancer 88 (2000) 733–736.

[14] I. Poola, J. Abraham, A. Liu, Estrogen receptor beta splice variant
mRNAs are differentially altered during breast carcinogenesis, J.
Steroid Biochem. Mol. Biol. 82 (2002) 169–179.

[15] S. Saj, Y. Omoto, C. Shimizu, S. Horiguchi, T. Watanabe, N. Funata,
S. Hayash, J.A. Gustafsson, M. Toi, Clinical impact of assay of
estrogen receptor betacx in breast cancer, Breast Cancer 9 (2002)
303–307.

[16] V. Speirs, Oestrogen receptor beta in breast cancer: good, bad or
still too early to tell? J. Pathol. 197 (2002) 143–147.

[17] S.A. Fuqua, R. Schiff, I. Parra, W.E. Friedrichs, J.L. Su, D.D. McKee,
K. Slentz-Kesler, L.B. Moore, T.M. Willson, J.T. Moore, Expression
of wild-type estrogen receptor beta and variant isoforms in human
breast cancer, Cancer Res. 59 (1999) 5425–5428.

[18] I. Choi, C. Ko, O.K. Park-Sarge, R. Nie, R.A. Hess, C. Graves,
B.S. Katzenellenbogen, Human estrogen receptor beta-specific
monoclonal antibodies: characterization and use in studies of estrogen
receptor beta protein expression in reproductive tissues, Mol. Cell.
Endocrinol. 181 (2001) 139–150.

[19] F. Girdler, D.A. Browell, W.J. Cunliffe, B.K. Shenton, J.D. Hemming,
P. Scorer, J.R. Young, I. Brotherick, Use of the monoclonal antibody
DAKO-ERbeta (8D5-1) to measure oestrogen receptor beta in breast
cancer cells, Cytometry 45 (2001) 65–72.

[20] G. Lazennec, D. Bresson, A. Lucas, C. Chauveau, F. Vignon,
ER beta inhibits proliferation and invasion of breast cancer cells,
Endocrinology 142 (2001) 4120–4130.

[21] P. Roger, M.E. Sahla, S. Makela, J.A. Gustafsson, P. Baldet, H.
Rochefort, Decreased expression of estrogen receptor beta protein in
proliferative preinvasive mammary tumors, Cancer Res. 61 (2001)
2537–2541.

[22] Y. Omoto, S. Inoue, S. Ogawa, T. Toyama, H. Yamashita, M.
Muramatsu, S. Kobayashi, H. Iwase, Clinical value of the wild-type
estrogen receptor beta expression in breast cancer, Cancer Lett. 163
(2001) 207–212.

[23] S. Mann, R. Laucirica, N. Carlson, P.S. Younes, N. Ali, A. Younes, Y.
Li, M. Younes, Estrogen receptor beta expression in invasive breast
cancer, Hum. Pathol. 32 (2001) 113–118.

[24] T.A. Jarvinen, M. Pelto-Huikko, K. Holli, J. Isola, Estrogen receptor
beta is coexpressed with ERalpha and PR and associated with nodal
status, grade, and proliferation rate in breast cancer, Am. J. Pathol.
156 (2000) 29–35.

[25] V. Speirs, A.T. Parkes, M.J. Kerin, D.S. Walton, P.J. Carleton, J.N.
Fox, S.L. Atkin, Coexpression of estrogen receptor alpha and beta:
poor prognostic factors in human breast cancer? Cancer Res. 59
(1999) 525–528.

[26] V. Speirs, C. Malone, D.S. Walton, M.J. Kerin, S.L. Atkin, Increased
expression of estrogen receptor beta mRNA in tamoxifen-resistant
breast cancer patients, Cancer Res. 59 (1999) 5421–5424.

[27] E.V. Jensen, G. Cheng, C. Palmieri, S. Saji, S. Makela, S. Van
Noorden, T. Wahlstrom, M. Warner, R.C. Coombes, J.A. Gustafsson,
Estrogen receptors and proliferation markers in primary and recurrent
breast cancer, Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 15197–15202.

[28] K. Paech, P. Webb, G.G. Kuiper, S. Nilsson, J. Gustafsson, P.J.
Kushner, T.S. Scanlan, Differential ligand activation of estrogen
receptors ERalpha and ERbeta at AP1 sites, Science 277 (1997)
1508–1510.

[29] P. Webb, P. Nguyen, C. Valentine, G.N. Lopez, G.R. Kwok, E.
McInerney, B.S. Katzenellenbogen, E. Enmark, J.A. Gustafsson,
S. Nilsson, P.J. Kushner, The estrogen receptor enhances AP-1
activity by two distinct mechanisms with different requirements for
receptor transactivation functions, Mol. Endocrinol. 13 (1999) 1672–
1685.

[30] G.G. Kuiper, B. Carlsson, K. Grandien, E. Enmark, J. Haggblad,
S. Nilsson, J.A. Gustafsson, Comparison of the ligand binding
specificity and transcript tissue distribution of estrogen receptors
alpha and beta, Endocrinology 138 (1997) 863–870.

[31] T. Watanabe, S. Inoue, S. Ogawa, Y. Ishii, H. Hiroi, K. Ikeda, A.
Orimo, M. Muramatsu, Agonistic effect of tamoxifen is dependent
on cell type, ERE-promoter context, and estrogen receptor subtype:
functional difference between estrogen receptors alpha and beta,
Biochem. Biophys. Res. Commun. 236 (1997) 140–145.

[32] F. Delaunay, K. Pettersson, M. Tujague, J.A. Gustafsson, Functional
differences between the amino-terminal domains of estrogen
receptors alpha and beta, Mol. Pharmacol. 58 (2000) 584–590.

[33] S.M. Cowley, M.G. Parker, A comparison of transcriptional activation
by ER alpha and ER beta, J. Steroid Biochem. Mol. Biol. 69 (1999)
165–175.

[34] S.Y. Jiang, V.C. Jordan, Growth regulation of estrogen receptor-
negative breast cancer cells transfected with complementary DNAs
for estrogen receptor, J. Natl. Cancer Inst. 84 (1992) 580–591.



D.A. Tonetti et al. / Journal of Steroid Biochemistry & Molecular Biology 87 (2003) 47–55 55

[35] J. MacGregor Schafer, H. Liu, D.J. Bentrem, J.W. Zapf, V.C.
Jordan, Allosteric silencing of activating function 1 in the 4-hydroxy-
tamoxifen estrogen receptor complex is induced by substituting
glycine for aspartate at amino acid 351, Cancer Res. 60 (2000)
5097–5105.

[36] E.J. Lee, W.R. Duan, M. Jakacka, B.D. Gehm, J.L. Jameson,
Dominant negative ER induces apoptosis in GH(4) pituitary
lactotrope cells and inhibits tumor growth in nude mice, Endocrino-
logy 142 (2001) 3756–3763.

[37] D.A. Tonetti, M.J. Chisamore, W. Grdina, H. Schurz, V.C.
Jordan, Stable transfection of protein kinase C alpha cDNA in
hormone-dependent breast cancer cell lines, Br. J. Cancer 83 (2000)
782–791.

[38] A.S. Levenson, D.A. Tonetti, V.C. Jordan, The oestrogen-like
effect of 4-hydroxytamoxifen on induction of transforming growth
factor alpha mRNA in MDA-MB-231 breast cancer cells stably
expressing the oestrogen receptor, Br. J. Cancer 77 (1998) 1812–
1819.

[39] A.S. Levenson, V.C. Jordan, Transfection of human estrogen receptor
(ER) cDNA into ER-negative mammalian cell lines, J. Steroid
Biochem. Mol. Biol. 51 (1994) 229–239.

[40] H. Liu, E.S. Lee, A. De Los Reyes, J.W. Zapf, V.C. Jordan, Silencing
and reactivation of the selective estrogen receptor modulator-estrogen
receptor alpha complex, Cancer Res. 61 (2001) 3632–3639.

[41] J. MacGregor Schafer, H. Liu, A.S. Levenson, J. Horiguchi, Z.
Chen, V.C. Jordan, Estrogen receptor alpha mediated induction
of the transforming growth factor alpha gene by estradiol and
4-hydroxytamoxifen in MDA-MB-231 breast cancer cells, J. Steroid
Biochem. Mol. Biol. 78 (2001) 41–50.

[42] J. Cheng, J.R. Malayer, Responses to stable ectopic estrogen
receptor-beta expression in a rat fibroblast cell line, Mol. Cell.
Endocrinol. 156 (1999) 95–105.

[43] J.H. Krege, J.B. Hodgin, J.F. Couse, E. Enmark, M. Warner,
J.F. Mahler, M. Sar, K.S. Korach, J.A. Gustafsson, O. Smithies,
Generation and reproductive phenotypes of mice lacking estrogen
receptor beta, Proc. Natl. Acad. Sci. U.S.A. 95 (1998) 15677–15682.

[44] J.M. Hall, D.P. McDonnell, The estrogen receptor beta-isoform
(ERbeta) of the human estrogen receptor modulates ERalpha
transcriptional activity and is a key regulator of the cellular response
to estrogens and antiestrogens, Endocrinology 140 (1999) 5566–
5578.

[45] K. Pettersson, F. Delaunay, J.A. Gustafsson, Estrogen receptor beta
acts as a dominant regulator of estrogen signaling, Oncogene 19
(2000) 4970–4978.

[46] K. Pettersson, K. Grandien, G.G. Kuiper, J.A. Gustafsson, Mouse
estrogen receptor beta forms estrogen response element-binding
heterodimers with estrogen receptor alpha, Mol. Endocrinol. 11
(1997) 1486–1496.

[47] P. Webb, G.N. Lopez, R.M. Uht, P.J. Kushner, Tamoxifen activation
of the estrogen receptor/AP-1 pathway: potential origin for the
cell-specific estrogen-like effects of antiestrogens, Mol. Endocrinol.
9 (1995) 443–456.

[48] S. Maruyama, N. Fujimoto, K. Asano, A. Ito, Suppression by estrogen
receptor beta of AP-1 mediated transactivation through estrogen
receptor alpha, J. Steroid Biochem. Mol. Biol. 78 (2001) 177–184.

[49] S. Timm Pearce, H. Liu, V.C. Jordan, Modulation of estrogen receptor
alpha function and stability by tamoxifen and a critical amino acid
(Asp-538) in helix 12, J. Biol. Chem. 278 (2002) 7630–7638.


	Stable transfection of an estrogen receptor beta cDNA isoform into MDA-MB-231 breast cancer cells
	Introduction
	Materials and methods
	Cell lines and culture conditions
	ERbeta stable transfection
	Infection of adenoviral ERE-luciferase reporter
	Transient transfection of an AP-1 reporter plasmid
	Detection of ERbeta protein by Western blot
	Immunocytochemistry
	Real-time RT-PCR
	Proliferation assays
	Northern blot to detect TGFalpha transcripts

	Results
	Stable transfection of MDA-MB-231 cells with ERbeta
	Growth characteristics of MDA-MB-231/ERbeta stable clones
	Antiestrogens do not transactivate an AP-1 luciferase reporter
	Differential transcriptional activation of TGFalpha by ERalpha and ERbeta

	Discussion
	Acknowledgements
	References


