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ABSTRACT

Human estrogen receptor (hER) variants or mutants with altered
functional activity may be responsible for resistance to the antiestrogen
tamoxifen in breast cancer. The method presented in this report is a
screening method for functional activity of hER in yeast Saccharomyces
cerevisiae. hER mRNA isolated from breast cancer tissue is subjected to
reverse transcription-PCR, directly cloned into a yeast expression vector
in vivo, and subsequently tested for functional activity in a simple yeast
growth assay. This technique, functional @nalysisof separated @llelesin
yeast of the human estrogen receptor (hER-FASAY), gives a display of the
prevalence and functional activity of all of the variant hER mRNAs
among normal, wild-type receptors in a breast tumor sample. The hER
FASAY can discriminate among wild-type hER, constitutivebyactive hER,
and inactive hER. In contrast to standard immunohistochemistry, this
assay gives insight into the functional activity of hER. The hER-FASAY
was optimized and validated using breast cancer cell lines MCF-7 and
T47D and seven breast cancer biopsies. Phenotypes detected with the
hER-FASAY were validated by DNA sequencing. In both cell lines and
tumor biopsies, hER variants are highly common and mainly caused by
alternative RNA splicing, whereas point mutations and deletions occur
only at low frequency.

INTRODUCTION

The hER3 is an important regulator of growth and differentiation in
breast tissue. It is a hormone-activated nuclear transcription factor that
regulates the expression of target genes in estrogen-responsive cells
(1â€”5).Upon estrogen binding, hER becomes a homodimer that acti
yates transcription of target genes by binding to a specific DNA
sequence, the ERE, located in the vicinity of these target genes (I, 2,
4, 6). By acting as a transcriptional activator, hER mediates the
mitogenic activity of estrogen (Ref. 7 and references therein). Many
breast cancers are dependent on estrogen for their growth and pro
gression (8) and are initially responsive to the antiestrogen tamoxifen
(9). Despite the initial favorable response to tamoxifen therapy, even
tually many originally responsive tumors become resistant to tamox
ifen, resulting in disease recurrence (9).

A meta-analysis of 133 published randomized trials of adjuvant
tamoxifen treatment of breast cancer patients, comprising a total of
75,000 patients, revealed tamoxifen treatment to be associated with
significant improvement in both recurrence-free and overall survival
among postmenopausal breast cancer patients (10). Patients with
hER-positive tumors, which represent 50â€”60% of all breast tumors
(11), manifesta betterrecurrence-freeandoverallsurvivalwhen
treated with tamoxifen than those with hER-negative tumors (12, 13).
However, 40% of these hER-positive breast tumors show resistance to
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adjuvant tamoxifen therapy (1 1). Various hypotheses have been pro
posed to explain how breast cancer cells can acquire tamoxifen
resistance, including changes in systemic metabolism of tamoxifen
(14), preferential efflux of tamoxifen (15, 16), and intracellular me
tabolism of tamoxifen to estrogenic metabolites (16). None of the
above-mentioned studies could adequately explain breast cancer
growth in the presence of tamoxifen, however. Another possible cause
of tamoxifen resistance in breast cancer is the presence of certain hER
variants or mutants with altered functional activity (12, 17, 18).
Additionally, there could be a selective pressure in favor of these
variants when treating patients with tamoxifen. Estrogen receptor
variants lacking exon 5 (@5) have been evaluated for association with
tamoxifen resistance by Daffada et al. (19), where hER-positive,
pS2-expressing tumors showed significantly greater @5-hERmRNA
expression in tamoxifen-resistant compared to untreated control tu
mors. However, because in this study only one particular variant (19),
or as in a similar study (20) only mutations, which occurred only at
low frequency, were taken into account, a definitive conclusion on the
relation between hER variants overall and therapy response could not
be drawn.

Several studies have identified variant hER in breast cancer (re
viewed in Refs. 12, 17, and 18). From these reports, it has become
clear that variant estrogen receptors may result from point mutations,
deletions, or truncations mainly caused by alternative splicing of hER
mRNA. The estrogen receptor contains several distinct functional
domains: a central DNA-binding domain to bind specifically to EREs;
a NH2-terminal constitutive transcription activation function AF-l,
and a COOH-terminal hormone-dependent transcription activation
function AF-2, which colocalizes with the hormone-binding domain
(Fig. 1). Some variant hERs are nonfunctional, whereas others act as
dominant active, i.e., hormone-independent hER, or as dominant
negative hER that are not only inactive themselves but prevent
function of normal hERs as well (21â€”26).When dominant-active
estrogen receptors are the predominant hER in a tumor, this can
lead to an estrogen-independent, tamoxifen-resistant tumor. Also,
when dominant-negative variants are the predominant hER, this
could render a tumor functionally hER negative and, therefore,
hormone independent.

Most studies on the presence of estrogen receptor variants in breast
cancer determined only the presence of one single hER variant (re
viewed in Refs. 12, 17, and 18). These studies, therefore, overbooked
the complete range of hER variants in a tumor. Leygue et al. (27) did
investigate the presence of all exon-deleted hER variants in tumors
but not the incidence of each variant per tumor. The method proposed
in this report is a functional screen that allows us to determine in one
experiment the incidence and functional activity of all of the variant
receptors present among normal, wild-type receptors in one tumor. In
this assay, hER molecules are tested in yeast for their functional
activity by determining their ability to activate transcription of a
reporter gene from an ERE-containing GALl promoter. FASAY was
described previously for p53 by Ishioka et a!. (28). It was demon
strated by Metzger et a!. (29) that in yeast, hER is functionally active
and activates transcription from chimeric estrogen-responsive GALl
promoters in a strictly estrogen-dependent manner, which makes a
functional assay for hER in yeast feasible. The hER-FASAY can
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Fig. 1. Structural organization of the hER open reading frame. Indicated are the exons
and the locations of the functional domains of the receptor. HBD, hormone-binding
domain; NLS, nuclear localization signal; DD, dimerization domain.

discriminate between normal, hormone-inducible hER, constitutively
active hER (lacking the hormone-binding property), and inactive hER
(lacking the DNA-binding property). hER mRNAs isolated from two
breast cancer cell lines, T47D and MCF-7, and seven breast cancer
biopsies were used to optimize and validate the assay. The results
show that this assay can reliably and conveniently be used to deter
mine the functional activity of hER and that hER variants are highly
common and mainly caused by alternative splicing in human breast
cancer.

MATERIALS AND METHODS

Cell Lines and Human Tumor Specimens. Human breast cancer cell
lines MCF-7 and T47D, obtained from American Type Culture Collection,
were grown in DMEM (Life Technologies, Inc., Grand Island, NY) with 10%
FCS (Life Technologies, Inc.). Human breast tumor specimens were obtained
from The Netherlands Cancer Institute Tissue Bank. These tumor specimens
were placed in liquid nitrogen and stored at â€”70Â°Cdirectly after surgery.
Tumors were selected on the basis of their immunohistochemical hER and hPR

stainings to obtain a variety of tumors with expected differences in hER

function.
Immunohistochemical/Histological Analysis. For every tumor, hER and

hPR stainings were performed on cryostat sections and on formalin-fixed,
paraffin-embedded material. For hER staining, monoclonal antibody 1D5
(DAKO, Copenhagen, Denmark) was used, and for hPR staining, a polyclonal
rabbit antihuman antibody (DAKO, Denmark) was used. H&E-stained sections
were used to determine the percentage of tumor cells present in the cryostat
sections. All tumor sections contained more than 95% tumor cells, except
tumor 6, which contained 70% tumor cells. Tumor types were: tumor 1, ductal
carcinoma (grade II); tumors 2, 5, 6, and 7, ductal carcinoma (grade HI); tumor
3, lobular carcinoma; tumor 4, tubulo-lobular carcinoma (grade I).

mRNA Isolation. From both cell lines, mRNA was isolated from 1 X 106

cells using Dynabeads oligo-d(T)25(Dynal, Oslo, Norway). From breast cancer
tissue, 5-sm cryostat sections were cut (4â€”6sections/tumor), and mRNA was
isolated from these sections using the same method.

RT-PCR Amplification. Randomhexamer-primedcDNA was synthesized
from mRNA using Superscript II reverse transcriptase (Life Technologies,
Inc.) according to the manufacturer's instruction. A hER-specific primer set,
which can amplify the complete open reading frame, was used for PCR
[primers: 5'-TCGCCTCTAACCTCGGGCTGTGC-3' (position 189-205) and
5'-GCCATFGGTGTTGGATGCATGCCG-3' (position 2174-2197); Ref.
30J.Primerscontainnuclease-resistantphosphorothioatelinkagesatthe3' end.
PCR was performed in a total volume of 50 p1, containing 60 mM Tris-HCI
(pH 9.0), 15 mM(NH4)2SO4,2.5 mai MgCl2, 200 msi each deoxynucleotide
triphosphate (Pharmacia Biotech, Inc.), 50 pmol of each primer, 3% DMSO,

and 2.5 units Pfu DNA polymerase (Stratagene, La Jolla, CA) and cDNA. Pfu
DNA polymerase was added to the reaction mixture after 2 mm at 95Â°C.The
cDNA was amplified in 40 cycles of 1 mm at 95Â°C,45 s at 65Â°C,and 3 mm
at 72Â°C,followed by 7 mm at 72Â°Cin a DNA thermal cycler model 480
(Perkin-Elmer Corp., Norwalk, CT). After gel electrophoresis to check the size

and amount of the hER PCR product, the PCR product was either directly
transformed to yeast or used in Southern blot analysis. For MCF-7 and T47D,
hER PCR bands were separately isolated from agarose gel after gel electro

phoresis, and DNA was extracted using Qiaex II gel extraction kit (Qiagen,
Inc., Chatsworth, CA). This DNA was then transformed to yeast.

Southern Blot Analysis. Southern blot analysis was performed with hER
RT-PCR products of MCF-7 and T47D according to standard procedures on
Highbond N@ membrane (Amersham Corp., Arlington Heights, IL) to confirm
that all PCR bands were hER derived. Two of three radioactively labeled
probes used were 1-kb hER cDNA fragments, which together encompass the
whole hER coding region, whereas the third probe encompasses the first 400
bp of the hER coding region. PCR band intensities were measured on a
phosphorimager (Fujix Bas 2000; Fuji, Tokyo, Japan).

Reporter Plasmid, Gapped hER-Expression Vector. The reporter plas

mid pAFl and the hER-expression vector pMDl 1 used in this study are shown
in Fig. 2. pAFI was constructed as follows. An ERE was constructed

by annealing two oligonucbeotides containing an ERE (underlined) and an

EcoRl overhang (5'-AATFGCAGAGGTCACAGTGACCTACA-3' and 5'-
CGTCTCCAGTGTCACTGGATG'ITI'AA-3'). This ERE was ligated in the
EcoRI site of pSSl [pSS1 was a gift from Stephen Friend (28)1. pMDl I was
constructed as follows. The 5'-terminal part (75 bp of the open reading frame,
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Fig. 2. hER expression and reporter plasmids. The hER expression plasmid pMDl I
contains small parts of the 5' and 3' part of the hER coding region. preceded by the ADHI
promoter and followed by the ADHI terminator. pMDl I is linearized at the multiple
cloning site. The plasmid also contains CEN6 and ARSH4 for stable low copy number
replication and the LEU2 gene for plasmid selection (a). The hER reporter plasmid pAFI
contains the HIS3 open reading frame (nucleotides 19 to 642) placed under the control of
a minimal GALl promoter (nucleotides â€”214to 50) and an ERE. The plasmid also
contains CEN4, an ARS1 for stable low copy number replication, and the TRPJ gene for
plasmid maintenance (b). Both plasmids also contain ColEl on and an ampicillin
resistance gene for amplification in E. coli.
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â€”leu â€”trpplates, 48 individual colonies were transferred to SC â€”leu â€”trp
â€”his plates and scored for growth after incubation for 72 h at 30Â°C.

DNA Sequence Analysis. Yeastcolonies containinghER-expressionplas
mids were grown overnight in I ml of SC -leu -trp liquid medium and

subsequently lysed with glass beads (34). Total yeast DNA was digested with
Sail to linearize all reporter plasmids and was then transformed to Escherichia

coli strain DH5a. hER plasmids were isolated from these bacteria using the

Qiawell 8 plasmid kit (Qiagen), and hER molecules of each hER-FASAY
phenotype of a tumor were selected for DNA sequence analysis on the basis of
their differences in DNA sizes after digestion with HindIll (cuts just 5' of the

start codon and in exon 4) and Sad (cuts just 3' of the end of the hER insert).

Estrogen receptor cDNAs were sequenced with the Dye Terminator Cycle
Sequencing method (Applied Biosystems) using an Applied Biosystems model
373A automated sequencer and hER-specific primers (sequences available on
request).

RESULTS

hER-FASAY. We have developed a relatively fast and simple
screening method for the functional activity of the human estrogen
receptor in yeast, the hER-FASAY. The hER-FASAY method takes
advantage of the fact that hER functions as a hormone-dependent
transcription factor in yeast as in mammalian cells on ERE containing
chimeric promoters (29) and that plasmids can be efficiently gener
ated by homologous recombination in vivo in yeast (32, 35). For the
estrogen receptor, this can be achieved by cotransformation of Sac
charomyces cerevisiae yeast cells yYOUI with hER RT-PCR and the
linearized (gapped) hER expression vector pMDI 1 (Fig. 2a). If the
ends of the gapped plasmid are homologous to sequences in the
cotransformed RT-PCR product, homologous recombination will take
place (gap repair), and a circular plasmid will arise (35). Yeast
colonies growing on media lacking leucine have gap repaired their
hER expression plasmid. The hER reporter plasmid pAFI (Fig. 2b),
containing a chimeric ERE-GALI promoter construct, is also present
in yYOUI cells. Subsequent screening for histidine prototrophy in the
presence and absence of estradiol identifies the functional activity of
hER present in the gap-repaired plasmid. This yeast growth pauem
gives a prediction of the presence and incidence of variant hER
mRNAs among wild-type receptors in a tumor. The procedure of the
hER-FASAY is shown schematically in Fig. 3. Metzger et a!. (36)
showed that the transcriptional activation of chimeric ERE and GALl
TATA-box containing promoters by hER in yeast was due to the
constitutive transcription activation function AF- I . The hormone
dependent transcription activation function AF-2 showed little iran
scriptional activity on such a promoter. In the hER-FASAY, we can,
therefore, distinguish between wild-type hER, DBD mutant hER'
AF-l mutant hER, and AF-2 mutant hER (that have lost their hor
mone-binding activity). Growth on the different selective yeast plates
is indicative for these hER variants (Table I).

hER Variants Can Be Identified in Breast Cancer Cell Lines
Using the hER-FASAY. We used the hER-positive breast cancer cell
lines T47D and MCF-7 to test and optimize the hER-FASAY for its
ability to discriminate between the different hER variants. cDNA was
made from mRNA isolated from these cell lines, and the high fidelity
Pfu DNA polymerase was used for hER PCR to minimize the intro

hER-PCRproducts + gapped
expressionvector

I (@!Ef@pMD11
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$
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Fig. 3. Schematic diagram of the hER-FASAY method. SC â€”hisâ€”letiâ€”trp,synthetic
complete medium lacking leucine, tryptophan and histidine.

beginning with the start codon; bp 293â€”367;Ref. 30) and the 3'-terminal part
(25 bp of the open reading frame followed by 69 bp of the untranslated region;

bp 2053â€”2146: Ref. 30) of hER mRNA were amplified by RT-PCR, using
T47D mRNA as a template, and linked to artificial cloning sites. The 5' and 3'
PCR products of the estrogen receptor were cloned in pPC97 (pPC9'l was a gift
from Pierre Chevray, Johns Hopkins University, Baltimore, MD). The hER

sequences in pMDl I were verified by DNA sequencing (see below). To
linearize pMDl I , the vector was digested with Sail and SpeI and was then gel

purified using Qiaex II gel extraction kit (Qiagen).
Yeast Strains and Media. Saccharo,nvces cere@'isiaestrain M398 (MATa

ura3â€”52 trpldl his3d200 Ieu2dl trkldl) was a gift from Marc Vidal (31).

yYOUl, used in all hER-FASAY assays, is M398 transformed with the
plasmid pAFl . Basic methods for yeast were carried out according to standard
procedures (32). SC yeast plates for prototrophic selection of appropriate

plasmids or functionality of hER contained 0.67% yeast nitrogen base without

amino acids (DIFCO Laboratories, Detroit, MI), 100 mM KCI, 2% D-glucose,

2% agar, complete supplement mixture except for relevant amino acids (SC
â€”leu â€”trpor SC â€”leuâ€”trpâ€”his,0.62 g/liter; BlO 101. Inc., Vista, CA), 2
mM 3-AT (Sigma) in plates lacking histidine, and optionally 100 nrsi E,

(Sigma).
Transformation of Yeast. yYOUI was made competent and transformed

as described by Klebe ci a!. (33). One hundred ,.d of competent yYOUI were

transformed with 10 @slof carrier DNA (10 @gof herring sperm DNA;

Boehringer Mannheim, Mannheim, Germany) per @.dplus either 150 ng of
gapped hER-expression vector alone or 150 ng of gapped expression vector
plus 50â€”200 ng of hER PCR product. After incubation for 72 h at 30Â°C on SC

aSCâ€”his+1â€”E,.syntheticcompleteyeastmediumlackinghistidine(andlacking
leucine for maintenance of hER expression plasmid and tryptophan for reporter plasmid)
in the absence or presence of 100 nsi E,.
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Cell linePCR band% wild-typeâ€•%
DBD/AF-1

mutantâ€•@'%@ mutantÂ°@'MCF-7Nonseparated69

(2.1)30 (0.7)1(1.4)MCF-7I88
(3.5)12(3.5)0MCF-725(4.6)94(3.5)1(1.4)MCF-733

(4.2)97(4.2)0MCF-7401000T47DNonseparated80200T47DI10000T47D2c56440T47D32

(2.8)98(2.8)0T47D42
(2.8)98 (2.8)0

Table 3 DNA sequence of hER variants present in the hER.FASA Y of separated hER
RT.PCR bands of MCF-7 and T47DcellshER

Cell linePCR band FASAY hERsequenceâ€•MCF-7I

Wild-typeWild-typeMCF-71
DBD mutant bp 632: Gâ€”Â°A(Argâ€”Ã¸Lys)MCF-7I
DBD mutant 39 bp insertion between exons 3 and4MCF-72
Wild-typeWild-typeMCF-72
DBD mutant @exon3MCF-72
DBD mutant @exon7MCF-72
AF-2 mutant @exon5 + inserting of 6 bp

(Asn + Arg) between exons 2 and3MCF-73
DBD mutant @exon7MCF-74
DBD mutant NotsequencedT47DI
Wild-typeWild-typeT47D2
Wild-typeWild-typeT47D2
Wild-type bp 199â€”246deletedT47D2
DBD mutant @exon5 + bp 759 to 761deletedT47D2
DBD mutant @exon7T47D3
DBD mutant @exon6T47D3
DBD mutant @exon7T47D4
DBD mutant @exon4

FUNCFIONAL ASSAY FOR ESTROGEN RECEPTOR IN YEAST

ysis. DNA sequence analysis showed that all hER cDNA sequences
are in agreement with their functional activity (i.e., lack a particular
domain) as detected in the hER-FASAY (Table 3 and Fig. 1), except
for @exon6 and @exon7 splicing variants. @Exon7 splicing variants
act as DBD mutants in the hER-FASAY, which is in accordance with
the results of McGuire et a!. (12). The functional activity of @exon6
splicing variants is not yet reported, but they show a DBD mutant
phenotype in the hER-FASAY (see â€œDiscussionâ€•).Western Blot
analysis with the hER-specific antibody LH2 (Novocastra Laborato
ries) showed that yeast colonies, containing for instance DBD mutant

@exon3 or z@exon4 splicing variants, which cannot grow in the
hER-FASAY, are indeed expressing the variant protein (data not
shown).

To determine whether different hER variants, i.e., hER cDNA
molecules of different sizes, are amplified equally efficiently during
PCR, we performed the hER-FASAY using hER cDNA of MCF-7
amplified either by 30 or 40 PCR cycles. The hER-FASAY results
revealed that there are no differences in relative presentation of
particular variants using either 30 or 40 cycles of PCR. Also, a PCR
series ranging from 26 to 40 cycles of PCR showed that the plateau
phase was not yet reached after 40 cycles of PCR, as was analyzed by
Southern blot and subsequent phosphorimager analysis (data not
shown).

Functional Identification of hER Variants in Breast Cancer
Biopsies. We developed the hER-FASAY to detect variant estrogen
receptors in human breast cancer, because hER variants may be
responsible for tamoxifen resistance in breast cancer. Therefore, we
tested the hER-FASAY with hER mRNA isolated from seven breast
carcinoma biopsies, which were selected on the basis of their immu
nohistochemical hER and hPR stainings (see below). All tumor sec
tions used contained more than 95% tumor cells except tumor 6,
which contained 70% tumor cells. hER RT-PCR and hER-FASAY
were performed the same way as for both cell lines. Analysis of hER
RT-PCR products by gel electrophoresis showed that products of
diverse sizes are present in all but one tumor, probably representing
splicing variants. RT-PCR products of two tumors are depicted in Fig.
4. RT-PCR products were directly transformed to the yeast yYOUl,
together with the gapped expression vector pMD1 I . Individual yeast
colonies containing hER plasmid DNA were subsequently spot-tested
for histidine prototrophy in the presence and absence of estradiol. An
example of this spot-test is shown in Fig. 5. For the seven tumors, the
hER-FASAY showed a range of functional hER variants, although

MCF7T47Dmarker 12 T3 marker

@ -@ 0@@ 2000 bp

@@ .@ @. â€”

1600 bp

Fig. 4. mRNA from MCF-7 cells (Lane 1). T47D cells (Lane 2), tumor 2 (Lane 4), and
tumor 3 (Lane 5) were subjected to RT-PCR amplification using primers that amplify the
hER open reading frame. DNA size markers are shown in Lanes 3 and 6.

Table 2 Results of the hER-FASAYusing nonseparated and separated hER RT-PCR
bands ofMCF-7 and T47D cells

a Values are the mean of two independent experiments.

b Parentheses, SE.
C Tbe result of one experiment.

duction of mutations during PCR. Fidelity of Pfu DNA polymerase
under hER PCR conditions was 98â€”100%when tested according to
Flaman et aL (37). The hER RT-PCR products were analyzed by gel
electrophoresis (Fig. 4) and Southern blot hybridization, which
showed that the RT-PCR products are hER specific, and most likely
represent wild-type hER and splicing variants.

Because hER RT-PCR already revealed that in both cell lines hER
variants of different sizes are present, we decided to determine the
functional activity of hER separately for every distinct RT-PCR band.
Nonseparated RT-PCR products were also tested to determine the
prevalence of all variant receptors among wild-type receptors in both

cell lines. The transformation efficiency of the distinct RT-PCR bands
corresponded to the amount of DNA transformed (135â€”600colonies),
indicating that there is no strong selection in favor of or against certain
hER variants. Under the same conditions, the background of self
closing pMDll plasmids was neglectable (0â€”9colonies). (Self-cbs
ing pMD1 I plasmids do not contain estrogen receptor RT-PCR prod
uct and will, therefore, act as DBD mutant hER in the hER-FASAY.)

From every plate containing yeast colonies with gap-repaired hER
plasmids, 48 colonies were analyzed for hER activity on selective
plates. The results of this hER-FASAY (Table 2) show that MCF-7
and T47D contain overall, respectively, 69 and 80% wild-type and 30
and 20% DBD/AF-l mutant hER, and only MCF-7 contains I % AF-2
mutant hER. Each RT-PCR band, when tested separately, contained
one or more different hER-FASAY phenotypes. From every yeast
phenotype that originated from a single (separately tested) RT-PCR
band, at least two yeast colonies were analyzed for their hER mole
cubes (except for the AF-2 mutant, which was detected only once) by
isolation of yeast DNA and subsequent evaluation of hER plasmid
DNAs by their restriction enzyme pattern. hER molecules originating
from one yeast colony always showed identical restriction enzyme
patterns, from which we can conclude that individual yeast colonies
contain hER plasmids derived from a single recombination event.
Estrogen receptors originating from the same RT-PCR band that
showed the same phenotype in the hER-FASAY, but differed in hER
restriction enzyme pattern, were all selected for DNA sequence anal

a@ presence of one variant in two different PCR bands is due to incomplete

separation of PCR bands after agarose gel electrophoresis. Base pair counting starts with
first base pair of the start codon.
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Table 4 hER-FASAYresults and im,nunohistochemical staining for estrogen receptor and progesterone receptor of sevenbreastcarcinomas%

DBD/AF-l%AF-2Tumorâ€•%
wild-typeâ€•mutants'mutantâ€•hER staining'hPRstaining@I40600++++277

(5.0)22 (4.7)1 (1 . I )+ + ++ ++370(10.6)29(13.4)1

(1.4)â€”â€”460
(6.4)36 (9.2)4 (2.8)+ + ++ ++575250â€”Â±610000++++7124840+++â€”
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wild-type function was in all but one tumor the predominant hER type
(Table 4). From every type of functional hER variant originating from
one tumor, yeast DNA was isolated from one to seven yeast colonies.
hER plasmid DNA was further analyzed as described before. DNA
sequence analysis of the variant estrogen receptors showed that all
hER cDNA sequences are in accordance with their functional activity
as detected in the hER-FASAY (Table 5). From this, we can conclude

that hER variants present in breast cancer biopsies can be detected on
the basis of their functional activity in the hER-FASAY. From the
sequencing results, we can also conclude that each tumor contains a
different set of hER variants. Notably, up to four different hER
molecules originating from one tumor can represent one functional
phenotype. Estrogen receptors that acted as wild-type in the hER
FASAY were not sequenced. Only their restriction enzyme pattern
was studied, which for all showed wild-type hER cDNA band sizes.

hER-FASAY Compared to Immunohistochemical Stainings for
Estrogen Receptor and Progesterone Receptor. The seven breast
cancer biopsies tested in the hER-FASAY were selected on basis of
their differences in estrogen and progesterone receptor (hPR) immu
nohistochemical stainings to obtain a variety of tumors with expected

differences in hER function. The hPR stainings were performed
because hPR expression is directly regulated by hER (38). When the
estrogen receptor functions normally, breast cancer cells show a

positive staining for both receptors. Three antibodies used diagnosti

cabby for hER stainings are directed against exon 1 (lD5 of DAKO),
exon 8 (H222 of Abbott Diagnostics), or the HBD (LH2 of Novo
castra Laboratories). The antibodies H222 or LH2 were not used by
us, because a negative staining with these antibodies does not exclude
the presence of several hER splicing variants. We did use the antibody
directed against exon 1. This antibody does not discriminate between
wild-type hER and hER splicing variants; therefore, only the hER
expression level is detected. The immunohistochemicab stainings were
performed both on cryostat sections originating from the same frozen
sample of the tumor as was used for mRNA isolation, as webbas on
formalin-fixed, paraffin-embedded material originating from another
area of the same tumor. For all tumors, both cryostat sections and
paraffin sections showed the same staining results (Table 4).

The results of the hER-FASAY performed on tumor samples are
compared with the immunohistochemicab stainings for hER and hPR
(Table 4). Tumor I shows a positive staining for both receptors but
contains as high as 60% DBD mutant hER and only 40% wild-type
estrogen receptor. Both tumors 2 and 4 show strong positive staining
for both receptors and do contain a fairly large amount of wild-type
receptor (79, 60%) but also a small amount of hormone-binding
domain mutant hER (2, 4%). Tumors 3 and 5 show negative staining
for hER but still contain sufficient hER mRNA to perform RT-PCR
and hER-FASAY. They show roughly the same hER-FASAY results
as tumors 2 and 4. Probably because of the low expression level of

â€˜ITumors I , 5. 6, and 7: values are the result of one experiment; tumors 3 and 4: values represent the mean of two independent experiments; tumor 2: values represent the mean

of five independent experiments. For tumor types, see â€œMaterialsand Methods.â€•
/â€P̃arentheses. SE.
( â€”. negative: :t, very weak positive: +, weak positive: + +, positive; + + +, strong positive.
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Fig. 5. Growth phenotype of yeast yYOUI containing hER RT-PCR products of tumor 7. Yeast colonies containing circular hER expression plasmid pMDl I are spot tested on

nonreporter-selective medium (SC â€”leuâ€”trp.synthetic complete medium lacking leucine and tryptophan) and reporter-selective media (SC â€”leuâ€”trp â€”his+ or â€”E2, synthetic
complete media lacking leucine, tryptophan and histidine in the presence or absence of estradiol). hER phenotype, scored as in Table I : 3 of 48 colonies show wild-type phenotype
(for example, the third colony of the first row); 12 of 48 show DBD phenotype (for example, the first colony of the first row); 33 of 48 show AF-2 phenotype (for example, the fourth
colony of the first row).
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Table 5 DNA sequence of hER variants presentin the hER-FASA Y of hERRT-PCR products of seven breastcarcinomasTumorDBD/AF-l

mutantsâ€•Frequencyâ€•AF-2mutantsâ€•Frequencyâ€•I@exon2+3+4

@exon7
bp 1370 to 1391 deletedc3

2
22@exon

3 + 4
Aexon 7
86 bp insertion between exon 4 and 51

3
1@exon

5
@exon5 + 7II3@exon

2
@exon7
@exon2 + bp 1370to 1391deleted'2

3
1@exon

5 + insertion of 6 bp
(Asn + Arg) between exons
2 and3I4172

bp insertion between exon 3 and 4
bp 566 to 642 deletedâ€•+ @exon4
bp 567 to 642 deIeted'@+ @exon4 + 7

@exon2+7
@exon7

bp 1212 to 1348 deletede1

2
1
1
1
4@exon

53

@exon5 I
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5
6

_________:!.. Not sequenced

a B@ pair counting starts with first base pair of start codon.

b Frequency of detection of a certain variant.
Cbp l37Oto 1391 are the first22 bpof exon 7.

d bp 566/567 to 642 is last 77/78 bp of exon 2.
e bp 1212 to 1348 is last part of exon 5 and almost whole exon 6.

hER, hPR expression is also low in these tumors. Tumor 6 stains
strongly positive for hER but only weakly positive for hPR, although
this tumor contains only wild-type estrogen receptor. Somehow, prob
ably independent of the estrogen receptor, the high expression of
wild-type hER does not result in high hPR expression. Tumor 7 shows

strong positive staining for hER, whereas hPR staining is negative,
indicating that the estrogen receptor functions improperly. This could
be explained by the hER-FASAY, which shows that only 12% of all
hERs in this tumor is wild-type hER, whereas 40% is hormone
independent hER, backing exon 5, and therefore, always transcription
ably active. This constitutiveby transcriptionabby active hER is ex
pected to bead to a strongly positive hPR staining. However, in this
tumor, the absence of hPR expression may be caused by dominant
negative hER DBD mutants (48%), which interfere with hormone
independent hER.

Overall, when immunohistochemistry for hER and hPR is com
pared with the hER-FASAY method, we can conclude that in contrast
to immunohistochemistry, the hER-FASAY gives insight into the
integrity and functional activity of the human estrogen receptor.

DISCUSSION

In this report, we describe an assay that can test the functional
activity of hER isolated from breast cancer biopsies. It specifically
detects mutations that disrupt or change function, thereby avoiding
analysis of functionally silent mutations. The method only requires
mRNA isolation, RT-PCR, transformation to yeast, and plating on two
different selective media. Results can be obtained in 7 days. Contrary
to immunohistochemistry, the hER-FASAY gives insight into the
hER status of a tumor, because functional activity is analyzed specif
icalby.

The functionalactivityof hER in yeastis comparableto the
functional activity of hER in mammalian cells (29). hER, when
expressed in yeast, stimulates the initiation of transcription in a strictly
hormone-dependent way, as in mammalian cells (29, 39). Moreover,
Wrenn and Katzenellenbogen (40) characterized the functional activ
ity of 15 hER mutants, containing point mutations in the hormone
binding domain, in both yeast and mammalian cells and observed
similar phenotypes following estrogen exposure. Splicing variants
were also tested for functional activity in yeast versus mammalian
cells. Fuqua et a!. (21, 24) observed that in yeast as well as in MCF-7
cells, exon 5-deleted mRNAs give rise to a constitutive, hormone

independent, transcriptionally active hER. Exon 3-deleted hER
mRNAs showed dominant-negative function (i.e., not only inactive
themselves but also preventing the function of wild-type hER) in
HeLa cells but were nonfunctional in yeast cells (25, 26), whereas
exon 7-deleted hER mRNAs showed dominant-negative function in
yeast but were nonfunctional in HeLa cells (22, 24). For the hER
FASAY, this difference between yeast and HeLa cells in detecting
dominant-negative or nonfunctional phenotypes is not relevant, be
cause only one hER molecule is represented in each yeast cell. At
present, we are not yet able to determine the effect of the presence of
hER variants on the outcome of tamoxifen therapy. One hypothesis is
that the presence of one specific variant (for example, the constitutive,
estrogen-independent transcriptionally active hER @exon5) always
leads to tamoxifen insensitivity. Another hypothesis is that the corn
position of the estrogen receptor pool in a tumor is decisive for the
outcome of tamoxifen therapy. For example, when 40% of all hERs of
a tumor is dominant-negative hER, 30% is negative hER and 30% is
wild-type hER, the dominant-negative variant will bind to and mac
tivate the wild-type hER and renders the tumor functionally hER
negative. Thus, for the outcome of hormonal therapy, it is important
to know which variants act dominant negative in human breast cells,
which is at present being investigated.

We used breast cancer cell lines MCF-7 and T47D for testing and
optimization of the hER-FASAY, because for these cell lines many
variants were already reported. We detected wild-type hER, DBD
mutant hER, and AF-2 mutant hER in both cell lines. DNA sequence
analysis performed on hER DNA isolated from a selection of yeast
colonies confirmed that functional variants indeed lack the relevant
domain. Several hER variants that we detected in MCF-7 and T47D
were already reported (25, 26, 41â€”44).Besides, we also detected hER
variants in MCF-7 and T47D that were not published before: a 39-bp
insertion between exons 3 and 4 (MCF-7); a 6-bp insertion between
exons 2 and 3 together with an exon 5 deletion (MCF-7); an in-frame
deletion of bp 199 to 246 (T47D); and an in-frame deletion of bp 759
to 761, together with an exon 5 deletion (T47D).

In breast cancer tissue, many hER variants, mostly splicing van
ants, are reported using a variety of methods including Northern blot
hybridization, RNase protection assays, RT-PCR amplification, gel
mobility shift analysis, Western blotting, and direct sequencing (re
viewed in Refs. 12, 17, and 18). However, most of these assays are
unable to detect more than one specific variant, for example only
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splicing variants backing one particular exon, whereas the hER

FASAY displays all variants present in a tumor in one assay. One
study evaluated the presence of all possible variants in one RT-PCR
assay (27), but the relative expression levels of all variant and wild
type mRNAs could not be established in that way, as can be done
using the hER-FASAY. Also, the hER-FASAY detects only variants
with a changed function, thereby avoiding analysis of functionally
silent variants. In the seven tumors we tested with the hER-FASAY,
we detected wild-type hER, DBD mutant hER, and AF-2 mutant hER.
To be exhaustive in DNA sequencing all of the different hER variants
present in a tumor, we analyzed up to seven colonies per hER-FASAY
phenotype of each tumor. However, it is possible that we missed
variants that were expressed at very low levels. In our series of
tumors, splicing variants are the predominant type of variant but are
not present in every tumor, whereas the number and spectrum of such
variants fluctuates. Point mutations were detected in a low number in

both cell lines and tumor samples (four), from which three were
detected only once (data not shown) and one was detected in two
independent PCR experiments (MCF-7, band I, see Table 3). This
point mutation detected twice probably represents a genuine point
mutation, whereas the others are most likely PCR errors [which occur
at very low frequency using Pfu DNA polymerase, as we showed with
the PCR fidelity test (37)]. When the DNA sequences of the hER
splicing variants present in the cell lines were compared with those
present in the tumor samples, it was striking that the variants present
in the cell lines always lacked only one exon, whereas the variants in

the tumors often backed two and in one case even three exons.
All phenotypes detected with the hER-FASAY are in agreement

with the domains lacking from the cDNA sequence of the hER
variants, except for hER molecules lacking exon 6 or exon 7 and those
lacking bp 1212 to 1348 (last 25 bp of exon 5 and almost the whole
exon 6), which all showed a DBD mutant phenotype. For t@exon 7
splicing variants, this was already shown by others (12), but the
function of @exon6 splicing variants has not been described before.
In AF-2 of hER a region is present, located in exons 7 and 8, that is
required for strong dimerization and high affinity DNA binding (45,
Fig. 1) of the full-length hER. When exon 7 is spliced out, the hER
protein no longer contains this strong dimerization domain and is,
therefore, not able to bind DNA. For the other two variants mentioned
above, we see the same phenotype in yeast as for i@exon7. According
to the crystal structure of the DBD of hER (46), two hER DBD
monomers bind to DNA and then form a homodimer using the weak
dimerization domain, located in exons 2 and 3 of the DBD (Fig. 1), to
stabilize the binding to DNA. Possibly, the Aexon 5 splicing variant
is small enough to bind as a monomer to DNA and is then abbe to use
its weak dimerization domain to form a homodimer, whereas the hER
variants mentioned above are too large to do so.

We detected two types of estrogen-independent hER in this study:
a z@exon5 splicing variant (i@5)and a @exon5 splicing variant, which
also contains an insertion of 6 bp (asparagine and arginine) between
exons 2 and 3 (z@5+). ts5 + seems to give a higher expression of
histidine 3, because the yeast cells were abbe to overcome higher doses
of 3-AT, a histidine antagonist, than i@5(2 mt@i3-AT; data not shown).
This suggests that the insertion of an asparagine and an arginine
between exons 2 and 3, together with an exon 5 deletion, results in a
hER molecule that has increased transcriptional activity. The site of
insertion of the asparagine and arginine in@ + is situated directly
next to the DNA binding a helix (46). This could give enhanced DNA
binding and, therefore, enhanced transcription activation.

hER variants that act as DBD mutants in the hER-FASAY could be
either genuine DBD mutants or transcription AF- 1 mutants, because
the hER-FASAY depends on the transcriptional activation function of
AF-b . However, by DNA sequencing, we did not detect AF-l mutants

in both cell lines or tumor samples. We did detect a hER variant backing
amino acids 66â€”83 ofAF-l, which showed wild-type function, however.

Metzger et al. (47) showed that in yeast, AF-l has three discrete activat
ing domains (amino acids 1â€”62,80â€”113,and 118â€”149),which have an
almost equal activity on their own as complete AF-l. In chicken embryo
fibrobbasts, Metzger et a!. (47) observed that part of AF-l (amino acids
51â€”149)can act independently of AF-2, whereas amino acids 51â€”93and
102â€”149can also act independently synergistic with AF-2. Therefore, we
can conclude that in yeast as well as in animal cells, the hER variant
lacking amino acids 66â€”83 will have wild-type activity, in agreement

with the hER-FASAY results.
The consequence of hER variants in breast carcinoma cells is not

yet thoroughly examined. Moreover, some studies show that even
normal breast tissue contains hER splicing variants in a limited
number of cases studied (44, 48, 49). However, the functional activity
of hER in a breast tumor might be of great importance for predicting
the outcome of hormonal therapy. Of all tamoxifen-treated patients
with estrogen receptor-positive breast carcinoma, measured by con
ventional methods, 30â€”40% does not respond to this therapy. We
anticipate that in the future, using the hER-FASAY, we will be able
to establish a better correlation between estrogen receptor status and
tamoxifen treatment response. This may bead to improved treatment
selection for breast cancer patients, both in adjuvant seuing and in
advanced disease. Knowledge of which tumors will not respond to
tamoxifen can avoid the use of an inadequate therapy, which will be

a gain of time, especially for patients with metastasized breast cancer.
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