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Abstract

Estrogen receptor (ER) alpha splice variant transcript pro®les were analyzed by RT PCR in six ER positive breast cancer cell
lines, MCF-7, T47D, ZR-75, LCC1, LCC2 and LCC9, three ER negative cell lines, MDA-MB-435, MDA-MB-235 and LCC6,

and three ER positive malignant breast tumors using targeted primers which speci®cally anneal to the splice junctions of exon
2D, exon 3D, exons 2±3D, exon 4D, exon 5D, exon 6D and exon 7D. The partner primers were chosen such that largest possible
transcripts were ampli®ed between exons 1 and 8. The results described here show that each splice speci®c primer ampli®ed not

only the single exon deleted transcript but also a number of related transcripts that have deletions in various combinations of
exons. The exon 2D speci®c primer ampli®ed ®ve transcripts that have deletions in exon 2, exons 2 and 7, exons 2, 5, and 7,
exons 2 and 4±5, and exons 2 and 4±6. The exon 3D speci®c primer ampli®ed two transcripts that have deletions in exon 3, and

exons 3 and 7. The exon 2±3D speci®c primer ampli®ed three products that have deletions in exons 2±3, exons 2±3 and 7 and
exons 2±3, 5 and 7. The exon 4D speci®c primer ampli®ed two products that have deletions in exon 4, and exons 4 and 7. The
exon 5D speci®c primer ampli®ed three transcripts, that have deletions in exon 5, exons 5 and 2, and exons 5, and 2±3. The 6D
speci®c primer ampli®ed only one transcript that has a deletion in exon 6. The 7D speci®c primer ampli®ed four transcripts, that

have deletions in exon 7, exons 7 and 4, exons 7 and 3±4, and exons 7 and 3±5. None of the above splice speci®c primers
ampli®ed the wild type ER sequences. The six ER positive cell lines di�ered in the patterns of the variant transcripts and among
the three ER negative cell lines analyzed, only MDA-MB-435 showed the presence of exon 2D and exon 4D transcripts. Analyses

in the tumor samples indicated that the above transcripts are extensively modi®ed. 7 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The ER alpha mRNA undergoes alternate splicing,
generating transcripts containing single, double or mul-
tiple exon deletions. The presence of ERa transcripts

with deletions in exons 2-, 3-, 2±3, 2±5, 4-, 5-, 6- and 7
has been described in breast cancer cell lines and nor-
mal- and malignant breast tissue samples [1±4].
Although the exact function(s) of these splice variants
is not established, it has been hypothesized that the
splice variant mRNAs may result in proteins that dif-
fer in activity. These may di�erentially modulate the
ER signalling pathway in normal tissues. Conse-
quently, changes in the balance of these transcripts
could perturb the ER signaling pathway and contrib-

Journal of Steroid Biochemistry & Molecular Biology 72 (2000) 249±258

0960-0760/00/$ - see front matter 7 2000 Elsevier Science Ltd. All rights reserved.

PII: S0960-0760(00 )00033 -9

www.elsevier.com/locate/jsbmb

* Corresponding author. Tel.: +1-202-806-5554; fax: +1-202-806-

5553/4453.

E-mail address: poola@garvey.pharm.med.howard.edu (I. Poola).



ute to tumor progression. Several studies suggested
that the expression of certain exon deletion transcripts
is deregulated during breast tumorigenesis. It was
shown that the exon 5 deletion transcript was signi®-
cantly elevated in ERÿ PgR+ breast tumor tissues [5].
Elevated levels of exon 7 splice transcripts have also
been reported in ER+/PRÿ/pS2 compared to ER+/
PgR+ tumors [6]. It has been reported that expression
of the exon 3-deleted mRNA is reduced in breast
tumor tissue compared with normal tissue [7]. Di�er-
ential expression of exon 5 and exon 7 deletion tran-
scripts also seem to in¯uence the estrogen
responsiveness in breast cancer cell lines [8]. All these
reports suggest that expression of some ER variants is
altered in human breast tumors and may contribute to
tumorigenesis, tumor progression and response to hor-
mones. Therefore, it is important to qualitatively and
quantitatively investigate the levels and pattern of ER
splice variant expression between normal and neoplas-
tic tissues, and amongst groups of tumors with di�er-
ent characteristics. Yet, there are no speci®c methods
available which can precisely detect and quantify the
alternatively spliced ER molecules.

Conventionally, the ER exon deletion variant tran-
scripts are characterized by co-ampli®cation with the
wild type sequences using reverse transcription poly-
merase chain reaction (RT-PCR) approaches which by
virtue of speci®c primer design are focussed on small
regions of the known wild type mRNA. However,
there are several practical limitations to this approach.
Firstly, the threshold of detection Ð since the wild
type transcripts are present in large excess to alterna-
tively spliced molecules, a competitive ampli®cation
occurs amongst the wild type and all the alternatively
spliced transcripts. Detection of products correspond-
ing to alternatively spliced molecules depends upon the
relative expression levels of their mRNA species within
the sample. Thus, spliced transcripts expressed at low
levels may fall below the threshold of detection. Sec-
ondly, this approach cannot distinguish those mRNAs
with multiple deletions in distant exons. For example,
an ER transcript which has deletions in exons 2 and 7
cannot be distinguished from transcripts having single
deletions in exon 2 or exon 7 by this method, and
®nally transcripts with similar sized deletions cannot
be distinguished by gel exclusion chromatography.

To circumvent all the above described limitations,

we have developed a new approach to characterize the
alternatively spliced molecules. This involves the tar-
geted ampli®cation of the alternatively spliced mol-
ecules as separate gene populations without co-
ampli®cation of wild type molecules using speci®c pri-
mers designed for the alternative splice junctions [9].
In the current study, we analyzed the ER single,
double, and multiple exon deletion variant transcripts
in breast cancer cell lines and tumors by RT PCR
using the splice targeted primers. We show here that
each splice speci®c primer ampli®es not only the single
exon deleted transcript but also a number of related
transcripts with deletions in various combinations of
exons. Our results also show that several alternatively
spliced molecules are either missing or extensively
modi®ed in tumor samples.

2. Materials and methods

AmpliTaq PCR core kits and QIAquick gel extrac-
tion kits were obtained from QIAGEN, Santa Clara,
CA. All the primers used in the current study were
synthesized by Gibco-BRL Life Technologies. Reverse
transcriptase kits were purchased from Applied Biosys-
tems. The pCR

1

2.1-TOPO cloning vector was obtained
from Invitrogen. PCR quality water and Tris-EDTA
bu�er were from Bio¯uids, Rockville, MD. The total
RNA samples from breast cancer cell lines and tumors
were prepared using Trizol reagent (Gibco-BRL). The
integrity of all the RNA preparations was con®rmed
by electrophoresis and ethidium bromide staining and
ampli®cation of the constitutively expressed gene, gly-
ceraldehyde-3 phosphate dehydrogenase (GAPDH).
The ER status of all the tumors used in the current
study was determined immunohistochemically by
Oncotech laboratories using monoclonal antibodies
against the NH2 terminal (A/B region) of the receptor.
The six tumors used were ER positive by the above
immunohistochemical method.

2.1. Targeted primers for the ampli®cation of single,
double and multiple exon deletion variant cDNAs of ER

We have previously shown that the primers targeted
at the alternate splice junctions that have a minimum
of three out of four unique bases at the extreme 3 ' end

Nomenclature

ER estrogen receptor
PgR progesterone receptor
GAPDH glyceraldehyde 3-phosphate dehydrogen-

ase

Exon D exon deletion
AX anti-sense
SX sense
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will speci®cally amplify the spliced junction without
amplifying the ¯anking wild type exons and in order
to design such a primer, the overhang sequences can
extend up to eight bases past the splice junction [9].
The splice speci®c primers used in the current study
were designed based on these principles. The splice
speci®c primers used for amplifying 2D, 3D, 2±3D, 4D,
5D, 6D, and 7D were ER SX1/3, 5 ' CGCCGGCATTC-
TACAG 1/3 GACAT 3 ' (positions, exon 1, bp 669±
684, and exon 3, bp 876±880), ER SX2/4, 5 ' AAGA-
GAAGTATTCAAG 2/4 GGATA 3 ' (positions, exon
2, bp 860±875 and exon 4, bp 993±997), ER SX1/4, 5 '
GCCGGCATTCTACAG 1/4 GGATAC 3 ' (positions,
exon 1, bp 670±684 and exon 4, bp 993±998), ER
SX3/5, 5 ' GTGGGAATGATGAAAGGTG 3/5
GCTTT 3 ' (positions, exon 3, bp 974±992 and exon 5,
bp 1329±1333), ER AX4/6, 5 ' ATTTTCCCTGGTTC
6/4 CTGGCAC 3 ' (positions, exon 6, bp 1481±1468
and exon 4, bp 1328±1322), ER AX 5/7, 5 '
CAGAAATGTGTACACTC 7/5 CTGT 3 ' (positions,
exon 7, bp 1618±1603 and exon 5, bp 1468±1465) and
ER AX6/8, 5 ' CTCCATGCCTTTGTTA 8/6 CAGAA
3 ' (positions, exon 8, bp 1801±1786 and exon 6, bp
1601±1597), respectively. The partner primer for 2D,
3D, 2±3D, and 4D splice speci®c primers was ERA, 5 '
GCACTTCATGCTGTACAGATGC 3 ' (position,
exon 8, bp 1822±1801) and for 5D, 6D, and 7D primers
was ERS, 5 ' TGCCCTACTACCTGGAGAACG 3 '
(position, exon 1, bp 615±635). The sequence and lo-
cations of all the primers described here are based on
the full length ER cDNA sequence published by Green
et al. [10].

2.2. Reverse transcription and PCR

The total RNA was reverse transcribed to cDNA
using Maloney Murine Leukemia Virus reverse tran-
scriptase and random hexamers. Brie¯y, the standard
reaction mixture contained 1 mg of total RNA, 2.5
units of MuLV reverse transcriptase, 1 mM each of
dNTPs, 2.5 mM random hexamers, 20 U of RNAse in-
hibitor, 5 mM MgCl2 and 1 � PCR bu�er in a total
volume of 20 ml. To reverse transcribe the RNA, the
reaction tubes were ®rst left at room temperature for
10 min, followed by incubations at 428C for 15 min,
998C for 5 min and ®nally 58C for 5 min. The poly-
merase chain reactions were performed in an auto-
matic thermal cycler (MJ Research) as described
previously [11] in a 25 ml reaction volume containing
the cDNA reverse transcribed from 250 ng of total
RNA, 1� PCR bu�er, 1�Q solution, 200 mM each of
dNTPs, 2 mM each of sense and anti-sense primers
and 0.6 U of Taq polymerase. The GAPDH was
ampli®ed using a sense primer, 5 ' AAGGCTGA-
GAACGGGAAGCTTGTCATCAAT 3 ' (position,
exon 3, bp 241±270), an anti- sense primer, 5 '

TTCCCGTCTAGCTCAGGGATGACCTTGCCC 3 '
(position, exon 7, bp 740±711) [12] and cDNAs pre-
pared from reverse transcription of 25 ng of total
RNA. To amplify the exon deletion variant cDNAs in
the tumor samples, PCRs were performed using
cDNAs prepared from reverse transcription of 500±
750 ng of total RNA. The PCR conditions were initial
denaturation for 1 min at 958C followed by 948C for 1
min, annealing for 1 min at the speci®ed temperature
depending on the primer pair used, extension for 2
min at 728C for 40 cycles and ®nal extension for 10
min at 728C. The annealing temperature for 2D, 2±3D,
4D and 6D speci®c primers was at 618C, for 3D and 7D
primers at 558C and for 5D speci®c primer at 658C.

2.3. Detection and sequence analysis of PCR products

To detect the PCR ampli®ed ER splice variant pro-
ducts from cell lines, an aliquot (4±7 ml) was electro-
phoresed in 1% agarose gels in Tris-acetate EDTA
bu�er and detected by ethidium bromide staining. To
detect the PCR products of GAPDH, 1 ml was electro-
phoresed and the ER splice variant products ampli®ed
from tumor samples, 12±25 ml of the products were
analyzed on the gel. To determine the identity of the
PCR ampli®ed ER splice variant products, they were
electrophoresed in 1.2% agarose gels and puri®ed indi-
vidually using the QIAquick gel extraction kit. The
puri®ed products were cloned into pCR

1

2.1-TOPO
vector and sequenced by cycle sequencing method on
an automated DNA sequencer (carried out at the Bio-
polymer Laboratory, University of Maryland School
of Medicine, Baltimore, MD).

3. Results

We analyzed the ER single, double, and multiple
exon deletion transcripts by RT PCR using primers
targeted at the splice junctions of exon 2D, exon 3D,
exons 2±3D, exon 4D, exon 5D, exon 6D and exon 7D.
The partner primers were chosen such that the largest
possible transcripts were ampli®ed between the exons 1
and 8. This permitted the ampli®cation of not only the
single exon deletion transcripts but also those with
multiple deletions in distant exons. The PCR analyses
were carried out in six ER positive breast cancer cell
lines, MCF-7, T47D, ZR-75, LCC1, LCC2, and LCC9
and three ER negative cell lines, MDA-MB-435,
MDA-MB-235 and LCC6. Three ER positive breast
tumor samples were also included to test the applica-
bility of splice targeted primer approach in analyzing
the above transcripts in clinical samples. The results
described here on the analysis of various alternatively
spliced ER transcripts were repeated in 20 experimen-
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tal trials with cell lines and three trials with tumor
samples.

3.1. Analysis of exon 2D transcripts

The exon 2D transcript pro®les in seven cell lines
and three tumors are shown in Fig. 1. The lanes M1
and M2 contain Gibco-BRL 1 kb and 100 bp ladders,
respectively. The ER positive cell lines, MCF-7, ZR-
75, LCC1, LCC2, and LCC9, ampli®ed three major
bands of sizes about 960, 780, and 640 bp. The cell
line T47D did not amplify the 960 band, instead it
ampli®ed two products which are higher than 960 bp.
All six ER positive cell lines ampli®ed several minor
bands ranging from 480±330 bp. Unexpectedly, one of
the three ER negative cell lines tested, MDA-MB-435,
also ampli®ed 960, 640 and 480 bp bands and three
additional bands that showed lower mobility than the
960 bp band. Tumor 3 did not amplify any product.
Tumor 2 ampli®ed minor bands at 640 and 480 bp
and tumor 1 ampli®ed only the 480 bp one as a minor
band. To determine the identify of the above products,
the PCR products from LCC1 cells were cloned and
sequenced. The 960, 780, 640, 480 and 330 bp products
were identi®ed as ER transcripts with deletions in exon
2, exons 2 and 7, exons 2, 5, and 7, exons 2 and 4±5,
and exons 2 and 4±6, respectively (Fig. 1B). It was

also found that the exons 2D and 4±-6D product had
20 bps missing in exon 7. Fig. 1(A) also shows the ex-
pression levels of GAPDH in the above cell lines and
tumors and no template control.

3.2. Analysis of exon 3D transcripts

The exon 3D transcript pro®les in seven cell lines
and three tumors are shown in Fig. 2. Lanes M1 con-
tain Gibco-BRL 100 bp ladders. The ER positive cell
lines, MCF-7, T47D, ZR-75, LCC1, LCC2 and LCC9,
ampli®ed two products of sizes about 845 and 661 bp.
The ER negative cell lines and two of the tumors in
the study did not amplify these two bands. Only one
of the three tumors (Tumor 5) ampli®ed the 845 bp
but not 661 bp product. To determine the identity of
the above products, the PCR products from LCC1 cell
line were cloned and sequenced. The 845 and 661 bp
products were identi®ed as ER transcripts that have
deletions in exon 3, and exons 3 and 7, respectively
(Fig. 2B). Fig. 2(A) also shows the expression levels of
GAPDH in the above cell lines and tumors and no
template control.

3.3. Analysis of exons 2±3D transcripts

The PCR product pro®les of exon 2±3D transcripts

Fig. 1. Analysis of ER exon 2D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 2D speci®c primer. The ER exon 2D
transcripts were analyzed using the speci®c sense primer, ER SX1/3, and an anti-sense primer ERA. To determine the identity of various PCR

products, the products from LCC1 were cloned and sequenced. Panel A shows the PCR products ampli®ed from breast cancer cell lines, MCF-7,

T47D, ZR-75, LCC1, LCC2, LCC9 and MDA-MB-435, and the tumors 1, 2, and 3. Lanes M1 and M2 contain the Gibco-BRL 1 kb and 100 bp

ladders, respectively. The GAPDH pro®le in all the above samples and no template control are also shown. Panel B illustrates the identity of the

PCR products as determined by sequence analysis. Lanes M have 100 bp ladders.
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in seven cell lines and three tumors are shown in
Fig. 3(A). The lanes M1 and M2 contain Gibco-BRL
1 kb and 100 bp ladders, respectively. All the six ER
positive cell lines ampli®ed three products with ap-
proximate sizes of 840, 660 and 520 bp. Two minor
bands between 840 and 660 bp are also seen. One of

the three ER negative cell line, MDA-MB-435, gener-
ated a minor product slightly bigger than the 840 bp
product. To determine the identities of 840, 660 and
520 bp products, the PCR products from LCC1 were
cloned and sequenced. The 840, 660, and 520 bp pro-
ducts were identi®ed as ER transcripts with deletions

Fig. 2. Analysis of ER exon 3D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 3D speci®c primer. The ER exon 3D
transcripts were analyzed using ER SX2/4 and ERA. To determine the identity of various PCR products, the products from LCC1 were cloned

and sequenced. Panel A shows the PCR products ampli®ed from breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2, LCC9 and

MDA-MB-435 and the tumors 4, 5, and 6. Lanes M1 contain the Gibco-BRL 100 bp ladders. The GAPDH pro®le in all the above samples and

no template control are also shown. Panel B illustrates the identity of the PCR products as determined by sequence analysis. Lane M has the

100 bp ladder.

Fig. 3. Analysis of exons 2±3D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 2±3D speci®c primer. The exon 2±3D
transcripts were analyzed using ER SX1/4 and ERA. To determine the identity of various PCR products, the products from LCC1 were cloned

and sequenced. In both A and B panels, lanes M1 and M2 contain the Gibco-BRL 1 kb and 100 bp ladders, respectively. Panel A shows the

PCR products generated from the breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2, LCC9 and MDA-MB-435 and the tumors 1, 2,

and 3. The GAPDH pro®le in all the above samples and no template control are also shown. Panel B illustrates the identity of the PCR products

as determined by sequence analysis.
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in exons 2±3, exons 2±3 and 7, and exons 2±3, 5 and
7, respectively (Fig. 3B). Tumor 1 generated three

bands of which two corresponded to exons 2±3D, and
exons 2±3D and 7D. The third band showed slightly

higher mobility than the exons 2±3D, 5D and 7D pro-
duct. Tumor 2 ampli®ed two bands of approximate

sizes 700 and 550 bp, which are slightly higher than
the exons 2±3D and 7D, and exons 2±3D, 5D and 7D
products. The third tumor generated only the exons 2±
3D and 7D product. Fig. 3(A) also shows the ex-

pression levels of GAPDH in the above cell lines and
tumors and no template control.

3.4. Analysis of exon 4D transcripts

The exon 4D transcript pro®les in seven cell lines

and three tumors are shown in Fig. 4. The lane M1
contains Gibco-BRL 100 bp ladder. The ER positive

cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2 and
LCC9, ampli®ed two products of sizes about 512, and

328 bp. One of the three ER negative cell lines, MDA-
MB-435, also ampli®ed faint bands of 512 and 328 bp.

All three of the tumors tested ampli®ed these two pro-
ducts. To identify the above products, the PCR pro-

ducts from LCC9 cell line were cloned and sequenced.
The 512, and 328 bp products were identi®ed as ER

transcripts with deletions in exon 4, and exons 4 and
7, respectively (Fig. 4B). Fig. 4(A) also shows the ex-

pression levels of GAPDH in the above cell lines and
tumors and no template control.

3.5. Analysis of exon 5D transcripts

The pro®les of exon 5D transcripts in seven cell lines
and three tumors are shown in Fig. 5. The lanes M1
and M2 contain Gibco-BRL 1 kb and 100 bp ladders,
respectively. All the ER positive breast cancer cell lines
except MCF-7 ampli®ed one major product and two
minor products of approximate sizes, 730, 540 and 420
bp, respectively. The MCF-7 and all the three ER
negative cell lines did not generate any products. To
determine the identity of 730, 540 and 420 bp pro-
ducts, the PCR products from ZR-75 were cloned and
sequenced. The 730-, 540- and 420 bp products were
identi®ed as ER transcripts having deletions in exon 5,
exons 5 and 2, and exons 5 and 2±3, respectively
(Fig. 5B). The three tumor samples analyzed gave very
distinct products. Tumor 1 ampli®ed all the above
three products and an additional product between
exon 5D and the exons 5D and 2D products. Tumor 2
ampli®ed one product between exon 5D and exons 5D
and 2D products similar to tumor 1 and two products
of approximate sizes 500 and 350 bp. Tumor 3 ampli-
®ed only the 500 and 350 bp products. Neither tumor
2 nor 3 ampli®ed the major single deletion product.
Fig. 5(A) also shows the expression levels of GAPDH
in the above cell lines and tumors and no template
control.

3.6. Analysis of exon 6D transcripts

The pro®les of exon 6D transcripts in seven cell lines
and three tumors are shown in Fig. 6. The lanes M1
and M2 contain Gibco-BRL 1 kb and 100 bp ladders,

Fig. 4. Analysis of ER exon 4D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 4D speci®c primer. The ER exon 4D
transcripts were analyzed using ER SX3/5 and ERA. To determine the identity of various PCR products, the products from LCC9 were cloned

and sequenced. Panel A shows the PCR products ampli®ed from breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2, LCC9 and

MDA-MB-435 and the tumors 4, 5, and 6. Lanes M1 contain the Gibco-BRL 100 bp ladders. The GAPDH pro®le in all the above samples and

no template control are also shown. Panel B illustrates the identity of the PCR products as determined by sequence analysis. Lane M has the

100 bp ladder.
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respectively. All ER positive breast cancer cell lines

ampli®ed one major product of approximate size 866

bp. It was identi®ed as the transcript that has a del-

etion in exon 6 (Fig. 6B). None of the ER negative cell

lines ampli®ed any product. We could not detect any

double or multiple deletion transcripts with 6D primer.

The three tumors analyzed did not amplify any pro-

ducts (Fig. 6A). Fig. 6(A) also shows the expression

levels of GAPDH in the above cell lines and tumors
and no template control.

3.7. Analysis of exon 7D transcripts

The pro®les of exon 7D cDNAs in seven cell lines
and three tumors are shown in Fig. 7. The lanes M1
and M2 contain Gibco-BRL 1 kb and 100 bp ladders,

Fig. 5. Analysis of exon 5D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 5D speci®c primer. The exon 5D tran-

scripts were analyzed using ER AX4/6 and a sense primer ERS. To determine the identity of various PCR products, the products from ZR-75

were cloned and sequenced. Panel A shows the PCR products ampli®ed from breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2,

LCC9 and MDA-MB-435 and the tumors 1, 2, and 3. Lanes M1 and M2 contain the GiBco-BRL 1 kb and 100 bp ladders, respectively. The

GAPDH pro®le in all the above samples and no template control are also shown. Panel B illustrates the identity of the PCR products as deter-

mined by sequence analysis. Lane M has the Gibco-BRL 100 bp ladder.

Fig. 6. Analysis of exon 6D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 6D speci®c primer. The exon 6D tran-

scripts were analyzed using ER AX5/7 and ERS. To determine the identity of various PCR products, the products from LCC1 were cloned and

sequenced. Panel A shows the PCR products generated from the breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2, LCC9 and MDA-

MB-435, and the tumors 4, 5, and 6. Lanes M1 and M2 contain the Gibco-BRL 1 kb and 100 bp ladders, respectively. The GAPDH pro®le in

all the above samples and no template control are also shown. Panel B illustrates the identity of the PCR product as determined by sequence

analysis. Lane M has the Gibco-BRL 100 bp ladder.
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respectively. All the six ER positive breast cancer cell
lines generated a major 1 kb band and a minor band
of approximately 665 bp. The cell line LCC2 generated
an additional two minor bands of sizes 560 and 410
bp. The cell line LCC1 also generated 560 bp minor
band and LCC9 generated the 410 bp minor band. In
all these cell lines, several closely spaced minor bands
were visualized between 1 kb and 665 bp products. To
determine the identities of 1 kb, 665, 560 and 410 bp
products, the PCR products from LCC1 were cloned
and sequenced. They were identi®ed as ER transcripts
with deletions in exon 7, exons 7 and 4, exons 7 and
3±4, and exons 7 and 3±5, respectively (Fig. 7B). The
three tumor samples analyzed gave very distinct pro-
ducts. Tumor 1 ampli®ed all the above four products,
similar to LCC1 cell line. However, the exons 7D and
4D product is seen as a major band and the single del-
etion 1000 bp product as a minor band. Tumor 2 gave
a similar pro®le to tumor 1, and tumor 3 did not
amplify any product. Tumor 3 was previously shown
not to have any exon 7D transcript when analyzed by
co-ampli®cation with wild type sequences between
exon 4±8 [13]. Fig. 7(A) also shows the expression
levels of GAPDH in the above cell lines and tumors
and no template control.

4. Discussion

In the current study we applied a novel approach to
speci®cally amplify a particular category of alterna-
tively spliced ER molecules, from a pool of other alter-

natively spliced and wild type ER genes, using primers
which anneal to the spliced junctions. We used primers
targeted at the splice junctions of exon 2D, exon 3D,
exons 2±3D, exon 4D, exon 5D, exon 6D and exon 7D
transcripts. The results described above on the identi-
ties of various transcripts, ampli®ed by the seven splice
speci®c primers, are summarized in Table 1. Each
splice speci®c primer ampli®ed not only the single
exon deleted transcript but also a number of related
cDNAs that have deletions in various combinations of
exons. None of the splice speci®c primers ampli®ed the
wild type ER sequences. The seven speci®c primers
ampli®ed a total of 20 transcripts, of which 14 had
double or multiple exon deletions. Although single, a
few double, and multiple deletion variants have been
described, most of the double and multiple deletion
transcripts described here were not previously
reported.

Our results show that 10 of the 20 transcripts ident-
i®ed have exon 7 deletion, suggesting that this is the
most frequently deleted exon. Examination of the pro-
ducts ampli®ed by exon 2D, exon 3D, and exon 4D
speci®c primers indicated a trend in the deletion of
exons. In all these cases, the double deletion transcript
identi®ed had the deletion of exon 7 (Figs. 1B, 2B and
4B). A similar trend was seen for the exons 2±3D pri-
mer ampli®ed products (Fig. 3B). These results suggest
that initial deletion of a particular exon is mostly fol-
lowed by the deletion of exon 7. Interestingly, the
exon 7D speci®c primer recognized only one of the
double deletion products, the exons 7D and 4D
(Fig. 7B). This preferential ampli®cation may be due

Fig. 7. Analysis of exon 7D transcript pro®les in breast cancer cell lines and tumors by RT PCR using 7D speci®c primer. The exon 7D tran-

scripts were analyzed using ER AX6/8 and ERS. To determine the identity of various PCR products, the products from LCC1 were cloned and

sequenced. Panel A shows the PCR products generated from the breast cancer cell lines, MCF-7, T47D, ZR-75, LCC1, LCC2, LCC9 and MDA-

MB-435 and the tumors 1, 2, and 3. Lanes M1 and M2 contain the Gibco-BRL 1 kb and 100 bp ladders, respectively. The GAPDH pro®le in

all the above samples and no template control are also shown. Panel B illustrates the identity of the PCR products as determined by sequence

analysis. Lane M has the Gibco-BRL 100 bp ladder.
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to competition among various transcripts. The detec-
tion of double deletion transcripts, the exons 5D and
7D, and exons 6D and 7D, was not possible in our stu-
dies because of the 5D and 6D speci®c primers design.
The data presented here also show that the third lar-
gest cDNA ampli®ed by 2D and exons 2±3D speci®c
primers had the deletion of exon 5, suggesting that the
third most common exon to be deleted in a transcript
after the deletion of exon 7 is the exon 5. These obser-
vations also indicate that alternative splicing of the ER
transcript takes place in a sequential manner, rather
than at random. The 3D targeted primer did not
amplify the triple deletion transcript, which lacked
exons 3, 5, and 7 in our studies, probably due to its
low abundance. The 4D primer did not amplify
because of its unique design.

Among the seven targeted primers tested, only 2D
and 7D primers ampli®ed the transcripts with deletions
in consecutive exons (Figs. 1B and 7B, respectively
and the Table). The pro®le of these transcripts suggests
that after the deletion of exon 2 in a transcript, if the
second deletion is initiated at exon 4, the deletions
seem to proceed up to exon 5 or 6. Similarly, after
exon 7 deletion, if the second deletion is initiated at
exon 3, the deletions seem to proceed up to exon 4 or
5. Examination of the other multiple deletion tran-
scripts indicated that none of those had single exon
3D, instead, the deletion of exon 3 appears to be as-
sociated with either exon 2 or exon 4 deletion (Fig. 3B
and 7B, respectively).

The results presented in Fig. (1)±(7) show some
di�erences between estrogen dependent and indepen-
dent ER positive cell lines in the patterns of variant
transcripts. The LCC1, LCC2, and LCC9 are estrogen
independent cell lines derived from the estrogen-sensi-
tive parent cell line, MCF-7, after exposure to steroidal
(ICI 182, 780)- or non-steroidal (Tamoxifen) anti-es-
trogens [14], [15]. These three cell lines did not show
any di�erences in variant expression, suggesting that
no ER remodeling is associated with either acquired
Tamoxifen [14] or Tamoxifen and ICI 182,780 crossre-
sistance [15]. In contrast, there seems to be some di�er-
ences in ER variant expression associated with
acquired estrogen-independence in these cells. For

example, all three of the estrogen-independent cells
contain the exons 7D, and 3±4D and exons 7D, and 3±
5D transcripts. These are absent in the parental MCF-
7 cells, and in the T47D and ZR-75 cells. Loss of exon
7 might be expected to a�ect ligand binding as might
deletion of exon 5 and possibly exon 4. The entire
hinge region would be lost in the 3±4D and 3±5D con-
taining transcripts. Elimination of the ligand binding
domain and part of the hinge region can produce tran-
scriptionally active protein [16], overexpression of
which could contribute to estrogen independence.
While expression of the exons 7D, and 3±4D and exons
7D, and 3±5D transcripts is associated with acquired
estrogen-independence, their function and whether sig-
ni®cant amounts of these proteins are made, remain
unclear. Another major di�erence observed is the
absence of exon 5D, exons 5D and 2D and exons 5D,
and 2±3D transcripts in the parental MCF-7 cells
(Fig. 5A). It is possible that, these cells are estrogen
dependent, in part, because of the absence of 5D tran-
script, which was reported to possess ligand indepen-
dent transcriptional property. However, absence of 5D
transcript alone may not determine the estrogen depen-
dency because this transcript is detected in both T47D
and ZR-75. It is possible that several splice variants,
and their relative amounts to the wild type alpha
receptor and the amounts of beta receptor in a given
cell may in¯uence estrogen dependency rather than a
single transcript.

The exon deletion transcript analysis in tumor
samples showed very interesting ®ndings. In the cell
lines, the most abundant product each speci®c primer
ampli®ed was the single deletion product and the sec-
ond most abundant product was the double exon
deleted transcript in the case of exon 2D, exon 3D,
exon 4D, exon 5D and exon 7D. In the case of exons
2±3D speci®c primer, they are double and triple exon
deleted transcripts. However, di�erent primers gave
di�erent results in tumor samples. When three tumors
were analyzed with exon 7D speci®c primer, two
tumors showed the presence of four transcripts similar
to the cell lines. However, the ratio of each transcript
appears to be di�erent compared to the cell lines. In
the case of exon 2D transcripts, only two tumors

Table 1

Identities of twenty ER alpha spliced variants ampli®ed by seven targeted primers

No. Splice speci®c primer cDNAs ampli®ed

1. ER SX1/3 2D, 2D & 7D, 2D, 5D & 7D, 2D & 4±5D and 2D & 4±6D
2. ER SX2/4 3D and 3D & 7D
3. ER SX1/4 2±3D, 2±3D & 7D and 2±3D, 5D & 7D
4. ER SX3/5 4D and 4D & 7D
5. ER AX4/6 5D, 5D & 2D, and 5D & 2±3D
6. ER AX5/7 6D
7. ER AX6/8 7D, 7D & 4D, 7D & 3±4D, 7D & 3±5D
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showed the presence of minor bands and none of them
ampli®ed the single or double deletion products. When
analyzed for the exons 2±3D containing transcripts,
only one of the tumors generated 2±3D product, and
the other two ampli®ed the multiple deletion products,
that appear to have other modi®cations, such as base
pair insertions/deletions (Fig. 3A). Similar observations
were made when analyzed for exon 5D transcripts
(Fig. 5A). In summary, 5D and 2±3D transcripts are
altered for base pair deletions and alterations, 2D, 3D
and 6D transcripts are mostly absent, 7D transcript
ratios are altered and 4D transcripts are unchanged in
the tumor samples. These results suggest that the pat-
terns and levels of ER variants undergo extensive
alterations in tumor tissues.

The results presented in the current study clearly
demonstrate the e�cacy of the novel approach for
analyzing the ER splice variant transcripts in the cell
lines and tissue samples using targeted primers
designed at alternate splice junctions. We believe that
the new approach described here will be useful in: (1)
delineating the functional roles of ER exon deletion
variants in estrogen induced signal transduction pro-
cesses, (2) analyzing the changes in the pro®les of
splice variants in the tumor tissues compared to nor-
mal tissues, (3) evaluating their role in tumorigenesis,
tumor progression and loss of hormone dependency,
(4) predicting prognosis and response to anti-hormone
therapy, and ®nally (5) developing tissue speci®c syn-
thetic estrogens and anti-estrogens.

Acknowledgements

This work was supported by grants from the Susan
G. Komen breast cancer foundation and the Depart-
ment of Defence (DAMD 17-94-J-4495) to I.P.

References

[1] W.L. McGuire, G.C. Chamness, S.A.W. Fuqua, Estrogen

receptor variants in clinical breast cancer, Mol. Endocrinol. 5

(1991) 1571±1577.

[2] U. Pfe�er, E. Fecarotta, G. Vidali, Coexpression of multiple

estrogen receptor variant messenger RNAs in normal and neo-

plastic breast tissues and MCF-7 cells, Cancer Res. 55 (1995)

2158±2165.

[3] M. Gotteland, G. Desuty, J.C. Delarue, L. Liu, E. May,

Human estrogen receptor messenger RNA variants in both

normal and tumor tissues, Mol. Cell Endocrinol. 112 (1995) 1±

13.

[4] E. Leygue, A. Huang, L.C. Murphy, P.H. Watson, Prevalence

of estrogen receptor variant messenger RNAs in human breast

cancer, Cancer Res. 56 (1996) 4324±4327.

[5] S.A.W. Fuqua, S.D. Fitzgerald, G.C. Chamness, et al., Variant

human breast tumor estrogen receptor with constitutive tran-

scriptional activity, Cancer Res. 51 (1991) 105±109.

[6] S.A.W. Fuqua, S.D. Fitzgerald, G.C. Chamness, et al.,

Inhibition of the estrogen receptor action by a naturally occur-

ring variant in human breast tumors, Cancer Res. 52 (1992)

483±486.

[7] I. Erenburg, B. Schachter, Y. Mira, R. Lopez, L. Ossiwski,

Loss of an estrogen receptor isoform (ER alpha delta 3) in

breast cancer and the consequence of its reexpression: interfer-

ence with estrogen-stimulated properties of malignant trans-

formation, Mol. Endocrinol. 11 (1997) 2004±2015.

[8] D.M. Klotz, C.G. Castles, S.A.W. Fuqua, L.L. Springs, S.M.

Hill, Di�erential expression of wild type and variant ER

mRNAs by stocks of MCF-7 breast cancer cells may account

for di�erences in estrogen responsiveness, Biochem. Biophys.

Res. Commun. 210 (1995) 609±615.

[9] D.M. Williams, S. Koduri, Z. Li, W.D. Hankins, I. Poola,

Primer design strategies for the ampli®cation of alternatively

spliced molecules, Anal. Biochem. 271, (1999) 194±197.

[10] S. Green, P. Walter, V. Kumar, A. Krust, J.-M. Bornert, P.

Argos, P. Chambon, Human estrogen receptor cDNA:

sequence, expression, and homology to v-erb-A, Nature 320

(1986) 134±139.

[11] I. Poola, D.M. Williams, S. Koduri, J. Ramprakash, R.E.

Taylor, W.D. Hankins, Quantitation of estrogen receptor

mRNA copy numbers in breast cancer cell lines and tumors,

Anal. Biochem. 258 (1998) 209±215.

[12] L. Ercolani, B. Florence, M. Denaro, M. Alexander, Isolation

and complete sequence of functional human glyceraldehyde-3

phosphate dehydrogenase cDNA, J. Biol. Chem. 263 (1988)

15,335±15,338.

[13] S. Koduri, S.A.W. Fuqua, I. Poola, Alterations in the estrogen

receptor alpha mRNA in the breast tumors of African

American women, J. Cancer Res. Clinical Oncol. (2000) in

press.

[14] N. Brunner, T.L. Frandsen, C. Holst-Hansen, M. Bei, E.W.

Thompson, M.E. Lippman, R. Clarke, MCF-7/LCC2: A 4-

hydroxytamoxifen resistant human breast cancer variant which

remains sensitive to the steroidal antiestrogen ICI 182,780,

Cancer Res. 53 (1993) 3229±3232.

[15] N. Brtinner, B. Boysen, S. Jirus, T.C. Skaar, C. Holst-Hansen,

J. Lippman, T. Frandsen, M. Sprang-Thomsen, S.A.W Fuqua,

R. Clarke, MCF7/LCC9: An antiestrogen-resistant MCF-7

variant in which acquired resistance to the steroidal antiestro-

gen ICI 182,780 confers an early cross-resistance to the non-

steroidal antiestrogen tamoxifen, Cancer Res. 57 (1997) 3486±

3493.

[16] V. Kumar, S. Green, G. Stack, M. Berry, J.R. Lin, P.

Chambon, Functional domains of human estrogen receptor,

Cell 51 (1987) 941±951.

I. Poola et al. / Journal of Steroid Biochemistry & Molecular Biology 72 (2000) 249±258258


