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Abstract

Estrogen receptor (ER) fi is expressed in a number of tissues, including
the breast. We have recently shown that ER-V mRNA is regulated by
estradiol (E2) and that antiestrogens antagonize E2 induction of ER4J
mRNA. Here, we identify by reverse transcription-PCR and by the RNase
protection assay a mRNA coding for a variant of ER4I that is coexpressed
with wild-type ER-V in the ER-a-negative, estrogen-independent breast

cancer cell line MDA-MB-231 and in malignant breast tumor specimens.
In contrast, this variant was not seen in the tested normal breast tissue.
Sequence analysis of the ER-fl variant PCR product revealed the absence
of 139 bp within the hormone-binding domain This ER-@3deletion cor
responds precisely to the entire exon 5 ofER-a. The ER-fl variant protein
is predicted to lack part of the hormone-binding domain and may bind E2
with lower affinity than the wild-type ER-fl protein.

Introduction

A novel ER2, ER-f3, has been recently cloned from the rat (1), the
mouse (2), and the human (3). The ER-@3protein is highly homolo
gous to the classical ER, now termed ER-a, particularly in the
DNA-binding and the ligand binding domains (1â€”3).Ligand binding
experiments have shown that ER-@ binds E2 specifically and with
high affinity. ER-@has also been shown to stimulate transcription of
an ER target gene in an E@-dependent manner (1, 4). The distribution
and the relative levels of ER-a and ER-p expression are different
(2â€”4).

We have recently shown that ER-a and ER-@ are generally not
coexpressed in breast cancer cell lines (5) and that E2 induces up

regulation of ER-@ mRNA in T47D cells (5). We have also shown that
the antiestrogens tamoxifen and ICI-182780 markedly block E2 in
duction of ER-@ mRNA (5).

Considerable evidence indicates that estrogens are important for the
growth and development of the normal mammary gland (6, 7) as well
as the growth of most ER-positive mammary carcinomas (8, 9). For
many cases, the biological responses to E2 are thought to be mediated
by ER-a. According to this model, after E2 binding to cytoplasmic
ER-a, a conformational change in the receptor-ligand complex leads
to nuclear translocation. Two ER complexes then form a homodimer
that interacts with an estrogen response element to stimulate transcrip
tion of target genes (10). ER-a is a member of the superfamily of
nuclear receptors that are able to transduce extracellular signals into
transcriptional responses (6).

Approximately 70% of all breast cancer patients with ER-a- and
progesterone receptor-positive breast tumors will initially benefit
from antiestrogen therapy. However, the majority of these patients
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will eventually relapse. Acquisition of an antiestrogen-resistant phe
notype is both a critical and inevitable step in the malignant progres
sion ofhormone-responsive to unresponsive breast tumors (11, 12). A
variety of mechanisms have been proposed for the development of
resistance in patients undergoing hormone therapy (13, 14). Genetic
mechanisms include the expression of variant and mutant forms of
ER-a that may exert dominant negative control over estrogen and
antiestrogen-regulated growth (15).

Multiple studies have implicated the presence of ER-a variant
mRNA in human breast cancer biopsy samples and cell lines (16â€”22).
Although it is unclear whether these mRNAs are translated in vivo,
some of the predicted ER-a-like proteins that lack certain domains
exhibit altered functions or interfere with wt ER-a activity in vitro
(23, 24). The mRNA levels of some of the ER variants have been

shown to be increased in breast cancer tumor progression. Examples
of this are the exon 5- (18, 19, 25) and exon 7-deleted (24) ER-a
variants. It has also been shown that an exon 4-truncated ER-a variant
correlates with poor prognosis (26â€”28).

Taken together, it has been speculated that ER-a variants may play
a role in breast cancer tumor progression from a hormone-dependent
to a hormone-independent phenotype (16). However, it has also been
demonstrated that these ER-a mRNA variants are consistently de

tected in numerous normal breast tissues (29). Although the relative
levels of expression of specific ER-a variants in breast tumors seem
slightly higher than in normal breast tissues, a larger number of
specimens will be required to establish the possibility that there is
deregulation of estrogen-responsive genes due to the expression of
ER-a variants in tumors. Thus, alternate models for the progression
from human responsive to unresponsive breast cancer should be
considered.

Here, we describe the expression of ER-f3 mRNA variants in breast
cancer cell lines and tumors. We found that a breast cancer cell line
that is ER-a negative expresses an ER-@ mRNA variant. Moreover,
we found that the ER-f3 mRNA variant is also expressed in malignant
breast tumors. These data suggest that ER-f3 variants, like ER-a
variants, may also play a role in the acquisition of antiestrogen
resistance. Understanding the action of variants of transcription fac
tors such as ER-f3 will greatly enhance our ability to design therapeu
tic modalities for breast cancer treatment.

Materials and Methods

Chemicals and Isotopes. [32P]UTP (3000 Ci/mmol) and [35S]-labeled
dATP (1000 Ci/mmol) were obtained from Amersham (Arlington Heights, IL).
E2, deionized formamide, PIPES, and tRNA were obtained from Sigma Chem

ical Co. (St. Louis, MO). Proteinase K and Tripure were obtained from
Boehringer Mannheim (Indianapolis, IN). Breast cancer tumor specimens and
breast organoids were kindly provided by Drs. Paul Yaswen and Martha
Stampfer (Lawrence Berkeley National Laboratory). IMEM and FBS were
obtained from Life Technologies, Inc. (Gaithersburg, MD). CCS was obtained
from Cocalico Biological, Inc. (Reamstown, PA). Normal breast tissue total

RNA was obtained from Clontech (Palo Alto, CA). The primers used for PCR
were synthesized at Bio-synthesis Inc. (Lewisville, TX). All other chemicals
and reagents were purchased from Sigma.
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Fig. 1. Expression of ER-H mRNA in breast cancer cells, in normal breast tissue, and
in breast tumor specimens. One @.&gof total RNA for each sample was reverse-transcribed
as described in â€œMaterialsand Methods.â€•The reverse transcription reaction was divided
into two equal parts, one half for ER-@3,and the other half for @2mas a positive control
of the reaction. RT-PCR was performed on total RNA from normal breast tissue; breast
organoids 164 and 184; breast tumors T3334, T2854, T2843, and T2840; and the breast
cancer cell lines MCF-7 and MDA-MB-231. The expected 429-bp wt ER-(3fragment and
a smaller fragment of about 290 bp were observed. 348 bp, amplification of (32m. No
RNA, negative control.

Cells and Cell Culture. Breast cancer cell lines (MDA-MB-231, MCF-7,
and T47D) were derived from stocks routinely passaged in our laboratory
obtained from the American Type Culture Collection (Rockville, MD). Mono
layer cultures of human breast cancer cell lines were grown in IMEM con
taming phenol red supplemented with 5% (vlv) FBS in a 95% air, 5% CO2
atmosphere at 37Â°C.To deplete estrogens from the media, cells were main
tamed in phenol red-free IMEM containing 5% CCS.

Plasinids and Generation of ER-fl Riboprobe. An ER-f3riboprobe was
constructed by cloning an ER-(3RT-PCR product into the pCRII TA cloning
vector (Invitrogen, Carlsbad, CA). Briefly, 1 @gof total RNA from E@-treated
T47D cells was reverse-transcribed in a 20-pi volume for 40 mm at 37Â°C,
followed by 5 mm at 95Â°C.The reaction contained 40 units of Moloney murine
leukemia virus reverse transcriptase in the presence of 5X reverse transcriptase
buffer (Life Technologies, Inc.), 20 @MdNTPs (Perkin Elmer Corp., Foster
City, CA), 1.5 @gof random hexamers (Life Technologies, Inc.), 40 units of
RNase inhibitor (Promega, Madison, WI), and 10 mM D1T. PCR was then
performed in a 50-pi volume using 10 @lof the reverse transcription reaction
plus 2.5 units of Taq polymerase, lox buffer (Life Technologies, Inc.), 200
mM dNTPs, 1.5 mxi MgCl2, and 2 p.M of each primer under the following

conditions: 95Â°Cfor 2 mm; followed by 35 cycles of 94Â°Cfor 40 s, 55Â°Cfor
40 s, and 72Â°Cfor 1 mm; followed by 7 mm at 72Â°C.The sequences of the
primers to generate the ER-f3 1 probe were: 5' primer, AGTGCGGCTCTTG
GAGAGCTG (nucleotides 840-860); and 3' primer, CCTGCGTCGCTGT
GACCAGA (nucleotides 1114â€”1095).The cloned ER-@PCR productwas
sequenced using Sequenase v. 2.0 with [35S]-labeleddATP (Amersham). Two
additional riboprobes, ER-@32 and ER-/3 3, were derived from the original
ER-V 1 plasmid. This plasmid was cut with EcoRI at nucleotide 947 and
subcloned into pCRII. Each portion was used separately as an RNase protec
tion riboprobe. The sequence of ER-(32 is from nucleotides 840â€”974,and the
sequence of ER-@33 is from nucleotides 975-1114. The GAPDH plasmid was
kindly provided by Dr. Francis Kern (Georgetown University, Washington,
D. C.).

RT-PCR. One ,.tgof totalRNA foreach samplewas reverse-transcribedas
described above. The reverse transcription reaction was divided into two equal
parts of 10 ,tl each, with one half dispensed into the PCR reaction containing
primers for ER-V, and the other half dispensed into the PCR reaction contain
ing primers for J32m. The first-round PCR (PCR-l) was performed in a 50-j.si

volume containing 10 @tlof the reverse transcription reaction, 2.5 units of Taq

polymerase (Life Technologies, Inc.), lOX buffer (Life Technologies, Inc.),
200 @LMdNTPs, 1.5 mMMgCl2, and 2 @.tMof each primer. The amplification
conditions for PCR-l for ER-f3 were 95Â°Cfor 2 mm, followed by 35 cycles at
94Â°C,60Â°C,and 72Â°Cfor 1mm each, respectively, followed by 7 mm at 72Â°C.
PCR-2 for ER-f3 was performed in a 50-pi volume containing 1 @lfrom the
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Fig. 2. Expression of ER-V mRNA in T47D and MDA-MB-231cells as determined by
RPA. Cells were maintained in culture in IMEM supplemented with 5% FBS. On day 4,
media were changed, and vehicle or E@(lOu M) was added. After 48 h, cells were
harvested, and total RNA was isolated for analysis by RPA. RPAs were performed using
50 i.sg of total RNA isolated from the different breast cancer cell lines. An ER-V 1
riboprobe that protects 275 bp corresponding to the wt ER-V was used. Loading was
monitored by using GAPDH as control with a protected fragment of about 100 bp.
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were maintained in culture in IMEM supplemented
with 5% FBS. When specified, cells were main
tuned in phenol red-free IMEM supplemented with
5% CCS. On day 4, media were changed, and
vehicle or E2 (lOu M)was added. After 48 h, cells
were harvested, and total RNA was isolated for
analysis by RPA. RPAs were performed using 50
lLgof total RNA isolated from the different breast
cancer cell lines. Two different ER-@3riboprobes
were used, ER-f3 2 and ER-@ 3, that protect 135
and 140 bp, respectively, as described in â€œMaterials
and Methods.â€•Loading was monitored by using
GAPDH as control with a protected fragment of
about 100 bp.
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first PCR reaction. The reaction mixture was the same as for PCR-l. The

amplification conditions for PCR-2 for ER-V and PCR-l for j32m were 95Â°C

for 2 mm, followed by 35 cycles at 94Â°Cand 60Â°Cfor 40 s each, respectively,
and 72Â°Cfor 1 mm, followed by 7 rain at 72Â°C.A lO-pi aliquot from each
sample was analyzed on a 1.5% agarose gel (Perkin-Elmer Corp.) containing
1 mg/mi ethidium bromide in Tris-borate EDTA buffer at 100 V for 1.5 h and

visualized by UV light. The primers for PCR-l ER-V were: 5' primer,
TCACTTCTGCGCTGTCTGCAGCG (nucleotides 297â€”319);and 3' primer,
CCTGGGTCGCTGTGACCAGA(nucleotides 1095-1 114). The primersfor
PCR-2ER-@3were:5' primer,GCCCAAGAGAAGTGGCGGCCACG(nude
otides 592-613); and 3' primer, AAAC@GAAGTAGTFGCCAGGAGC
(nucleotides 996-1020). The primers for /32m were: 5' primer, TCTC'lTfCT

GGCCTGGAGGGCA(nucleotides 77â€”98);and 3' primer, GCATCTFCA
AACCATGATGCT (nucleotides 400â€”424).

RPAs. Total cellular RNA was extractedby the Tripuremethod (Boeh
ringer Mannheim) and quantified by spectrophotometry. Total RNA (50 @g)

was hybridized with 150,000 cpm of [32P]-labeledER-V riboprobe for 12â€”16
h at 50Â°C.[32P]-labeledGAPDH riboprobe (20,000 cpm) was added to each
sample as an internal control. Samples were then digested with 40 pg/mi

RNase A for 30 rain at 30Â°C.The digestion was terminated by the addition of
both proteinase K (1 @g/ml)and 1% SDS. After phenol extraction, samples
were precipitated with 5 @gof tRNA in absolute ethanol. The RNA was

redissolved in a denaturing loading buffer and resolved by electrophoresis on

6% polyacrylamide gels.

Sequencing of the ER-B VarianL The PCR products from the tumor
samples and a breast cancer cell line (T3334, T2840, and MDA-MB-23l) were
separated on a 1.5% agarose gel. The 290-bp fragment representing the
abnormal form of ER-V was excised from the gel from each sample and
purified using QIAEX beads (Qiagen). Purified PCR fragment (100 ng) was

sequenced using 1.6 pmol of the forward and reverse primers (5'-GCCCAA

GAGAAGTGGCGGCCACGand 3'-AAACCTFGAAGTAGTFGCCAGG
AGC). Sequencing was performed by the sequencing facility at the University
of California at Berkeley, using an ABI automated sequencer. The fragments

were sequenced in both directions to confirm the location of the deletion.

Results

Detection of an ER4J mRNA Variant in Normal Breast Tissue,
Organoids, Tumors, and Cell Lines by RT-PCR. The presence of

ER-@ mRNA in normal breast tissue, breast cancer tumors (T3334,
T2854, T2843, and T2840), and breast cancer cell lines (MCF-7 and
MDA-MB-231) was initially analyzed by RT-PCR (Fig. 1). Three of
four breast cancer tumors (T3334, T2854, and T2840) expressed two
ER-f3-related bands. The larger band (429 bp) corresponded to the
expected size for the wt form of ER-@3. This band was the only

ER-f3-related fragment detected in a tumor sample (T2843), in the
normal breast tissue, and in the normal breast tissue-derived organoid
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CAGCGGCTC@GO&GAGCTG@PGG@TGG&GGTG@AATG&TGOQGCTGATGT
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exonVl 1506

ERa wt CAGGAACCA000AAAATGTGTAG&GGGCATGGTOOA.GATCTT
ERf@wt CAGGGATGA000GAAATOCGTAQAAGGAATTCTGQkAATCTT
AERfI GGATGAoooGA@.AToCo'rAG@AGGAkT'rcTOQ@.ATCTT

951 989

whether the smaller products were ER-@ mRNA variants and to more
rigorously quantify the differences in expression, we performed a
series of RPAs.

Expression ofan ER43 mRNA Variant in ER-a-negative Breast

Cancer Cell Lines by RPA. Riboprobes for RPA were designed to
partially overlap with the sequences amplified by RT-PCR. Two cell
lines were used for these studies, MDA-MB-23l and T47D. MDA
MB-23 1 cells were used because they seemed to express a smaller
ER-j3 mRNA fragment (Fig. 1). T47D cells were used as a positive
control, because they have been shown (5) to express high levels of
ER-@ mRNA. Cells were grown in 5% FBS. When specified, media

553 595 were replaced with 5% CCS in phenol red-free IMEM. On day 4,

@ mediawerechanged,andE2 (l0@ M)or vehiclealonewas added.@ After48h,thetotalRNAwasisolated,andthreedifferentER-V
r;@i@l;H@ riboprobes were used as described in â€œMaterials and Methodsâ€•: ER-@3

â€˜r@@'@ which generates a protected fragment of 275 bp corresponding to

the wt ER-@3,and ER-@32 and ER-@33, which protect fragments of 135
and 140 bp, respectively.

Fig. 2 shows that two fragments were protected by the ER-@ 1
riboprobe using RNA derived from the estrogen-unresponsive MDA
MB-231 cells. A weak signal corresponding to the wt ER-@ (275 bp)
and a strong but significantly smaller fragment of approximately 165
bp corresponding to a deleted ER-/3 form were apparent. In contrast,
the ER-j3 1 riboprobe protected the predicted 275-bp fragment corre
sponding to wt ER-H in RNA derived from the hormone-responsive
T47D cells. Interestingly, in MDA-MB-231 cells, the expression of
the smaller ER-@ fragment seemed abundant, whereas the larger
fragment was barely seen.

TGA We next performed the RPA with the two additional riboprobes

(position 1441) (ER-a 2 and ER-/3 3) to better define the location of the ER-@ variant

mRNA observed in Fig. 2. As seen in Fig. 3, an expected l40-bp
protected fragment was detected using the ER-(3 3 riboprobe and RNA
derived from MDA-MB-231 cells. In contrast, no protected fragments
were observed when ER-@32 was used as a riboprobe under similar
conditions. Both riboprobes protected the expected 140- and l35-bp
fragments, respectively, when RNA derived from estrogen-treated
T47D cells was evaluated. These observations confirmed our results
described in Fig. 1, suggesting that ER-@ variants are indeed cx
pressed in breast cancer. No effect on ER-@3expression was observed
when MDA-MB-23 1 cells were treated in the presence of E2.

Sequencing of the ER43 Variant mRNA Having confirmed the
expression of ER-@ variant mRNA by both RT-PCR and RPAs, the

TGA
(position2020)

I96

L_:1@J_C166[211
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ERa wt
ERJ3 wt

@ERf3
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ERJ5wt
AERf3

ERa wt
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@ER@3

Fig. 4. Sequence analysis of the deleted ER-@ variant mRNA derived
from MDA-MB-231 cells and breast cancer tumors. Sequence alignment
of the two fragments of human ER-V cDNA was obtained by PCR
amplification (wt ER-(3, 429 bp; @ER-j3,290 bp). The sequences absent
from the shorter fragment correspond precisely to exon 5 of ER-a.

(breast organoid 164). The other organoid (breast organoid 184) tested
did not seem to express any form of ER-f3 mRNA. By contrast, three
of the four tumors and the breast cancer cells lines MCF-7 and
MDA-MB-23 1 expressed wt ER-@ and a smaller ER-(3-related prod
uct (290 bp). @2mwas amplified from the cDNA of each sample as
a positive control and normalization. The bands larger than 429 bp are
possibly derived from contaminated DNA in the RNA sample; how
ever, the significance of these bands remains unknown. To determine

GOCGCTCAATTOACCACCCCGGCAA.OCTCATCTTTG@TCCAGATCTTGTTCTGG&

At-I DNA-BINDING HINGE HORMONE-BINDING/AF-U

I I

1 180 263 302

â€˜r-_..-'@..

ER-u

ER-u
Exons

ATG
(position233)

ER-ctz@5
(1329-1467))

ATG
(position 19

zSER-l3
(812-950)

5'pnmer@ l@ 3-primer

Fig. 5. Schematic representation of the wt ER-@and the variant ER-V (i@.ER-@)aligned
to the ER-a exons. ER-a cDNA contains eight different exons coding for a protein divided
into structural domains (Aâ€”F).These domains are predicted for ER-@as well. Region A/B
of the receptors is implicated in transactivating function (AF-f). The DNA-binding domain
is located in region C. Region E is implicated in the hormone-binding domain and another
transactivating function (AF-If). The two receptors are structurally conserved. There is a
58% homology in the hormone-binding domain and a 96% homology in the DNA-binding
domain between the ER-a and the ER-V. Two primers were used, as described in
â€œMaterialsand Methods,â€•to allow the amplification of the wt ER-f3 429 bp and the
coamplification of a possible exon deletion (@ER-@)290-bp product.
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PCR products corresponding to the smaller fragments from tumors

T3334 and T2840 and the cell line MDA-MB-23 1 were excised,
purified, and sequenced. All of these fragments were found to have
identical deletions. As seen in Fig. 4, a region of 139 bp (nucleotides
812â€”950)was found to be deleted (@ER-@) as compared with the wt
ER-@3sequence. This region corresponds to the hormone-binding
domain in both ER-@ and ER-a. Due to the similarity of ER-@ and
ER-a sequences in the hormone-binding domain, it was possible to
compare the two sequences. The comparison suggests that the deletion
in ER-f3 corresponds precisely to the entire exon 5 of ER-a (ER-a@5).

A schematic representation of the wt ER-@ and the primers used to
detect the putative exon 5 deleted in ER-@ variant (@ER-@3)and the
position of exon 5 of ER-a (ER-az@5) are shown in Fig. 5.

Discussion

We have detected coexpression of the wt ER-@ and a variant ER-@
mRNA, which lacks a region that exactly corresponds to exon 5 of the
ER-a. This deletion is present in the estrogen-unresponsive breast
cancer cell line MDA-MB-231 and in three of four malignant breast
tumors. This form of ER-@ is possibly a product of alternative
splicing. The predicted protein product of the putative exon 5 variant
ER-@ mRNA would be devoid of a region of the hormone-binding
domain (domain E). Consequently, the molecular mass would be
significantly lower than that of the wt receptor. Interestingly, a hor
mone-dependent breast cancer cell line, MCF-7, also expressed both
the wt ER-@ and the exon 5-deleted ER-@ mRNA variant, but to a
lesser extent when compared with its expression in MDA-MB-231
cells.

It has recently been shown that ER-@ can form homodimers and
heterodimers with ER-a (30). For the ER-j3 variant presented in this
study, we predict that the formation of dimers would not be altered,
because the hinge domain (domain D) is expected to be intact.
However, the absence of about 139 bp of the hormone-binding do
main of ER-f3 mRNA (putative ER-j3/exon 5) could lead to altered
estrogen binding and, consequently, the lack of antiestrogenic re
sponse.

The ER-a mRNA variants have been widely studied (13, 18, 19,
23â€”25, 29). These variants seem to be expressed in both normal and

malignant breast cancer tissue. However, expression of these variants
in tumor tissue seems to be slightly higher. It has been postulated that
the ER-a variants play a significant role in early stages of tumorigen
esis (18) as well as in the lack of estrogenic and antiestrogemc
response.

Additional studies are currently being performed with a large
number of normal and malignant breast tissue to define the signifi
cance of the ER-@ variant. However, an important question regarding

both ER-a and ER-/3 variants is whether alterations in the estrogen
binding domain could account for acquired resistance to hormonal
therapy. It is plausible that these receptor variants are constitutively
active receptors and therefore could potentially influence hormonal
response.

In conclusion, we have demonstrated that an ER-@ variant mRNA
can be detected in a breast cancer cell line and in malignant breast
tumor tissue. Furthermore, by comparing the predicted domains of
ER-f3 and ER-a, we have shown that the ER-@ variant corresponds
exactly to ER-a exon 5. We speculate that the expression of ER-@
deletions in the hormone-binding domain may contribute to the pro
gression of breast cancer, as has been postulated for ER-a.
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