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activity is also thought to be modulated by phosphorylation and
dephosphorylation on multiple serine and tyrosine residues through
more or less defined signaling pathways (5, 6).

It is well accepted that the presence of ER identifies those breast
cancer patients with a lower risk of disease recurrence and better
survival, who may also have a better response to endocrine interven
tions (7). The discovery of ER variants with altered function, e.g.,
transcriptionally active in the absence of estrogen (dominant-positive)
or transcriptionally inactive but preventing the activity of wt ER
(dominant-negative), may help elucidate the different responses of
individual breast tumors to treatment (8). However, the ultimate
clinical significance of the ER variants remains to be defined until
their presence can be verified at the protein level in clinical studies.
We and others have previously described the presence of several
ER-splicing variants in human breast cancer cell lines and tumors
(8â€”12). Single-bp changes within the ER, however, appear to be
infrequent in primary breast tumors (13â€”15).To examine their occur
rence in metastatic breast tumors, we used SSCP and sequence anal
ysis to screen DNA from 30 tumor specimens for mutations in all

eight coding exons of the ER gene. The transcriptional activity of the
three missense mutations that we found was assessed by their trans
fection with different ERE-reporter gene constructs into HeLa cells
and human MDA-MB-23l breast cancer cells. One of these naturally
occurring ER mutants, Tyr537Asn, is at a previously described phos
phorylation site located in the COOH-terminal end of the hormone
binding domain. This alteration conferred a potent constitutive tan
scriptional activity that was independent of estradiol binding and was
essentially unaffected by Tam or the pure antiestrogen ICI 164,384.

Materials and Methods

Tumor Samples. Thirty breast tumor samples from residual tumor material
remaining after routine steroid receptor measurements were utilized for the

study. Tumors samples were frozen within 1 h from surgical removal and kept
at â€”80Â°Cfor the present investigation. Data for these tumors and patients were
collected from pathological examination and follow-up of clinical records.
These cases were all from metastatic sites distant from the original breast
lesion. Genomic DNA was isolated from 50â€”100mg of frozen tumor tissues
using phenol-chloroform extraction (16) and kept at 4Â°Cuntil use. The patient
exhibiting the Tyr537Asn substitution presented with stage IV disease, and the
sample used for the analysis was a bone metastasis that recurred after treatment

with diethylstilbestrol hormonal therapy. The metastatic bone sample was ER
negative and progesterone receptor negative by ligand binding analysis. No
additional clinical follow-up is available on this patient.

PCR Amplification and SSCP Analyses. Twelve primerswere designed
for analysis of genomic DNA according to the exon/intron locations defined in
Ponglikitmongkol et a!. (17). All coding exons were examined. The primer
sequences, the expected sizes of the PCR products, and their location within
the ER are shown in Table 1. The forward primers were 5' biotinylated for
direct sequencing analysis.

Eighty ng of genomic DNA were used as template in PCR, which was
performed in a 30-@lvolume, including 10mMTris-HC1(pH 8.4), 50 mi@iKC1,
1.3â€”1.5mM MgCl2, 200 @sMof each deoxynucleotide triphosphate, 0.13 @Mof

each primer, and 0.75 units of Taq polymerase (Boehringer Mannheim).

Abstract

Thirty tumors from metastatic breast cancer patients were screened for
mutations in the estrogen receptor (ER) gene using single-strand confor
mation polymorphism and sequence analysis. Three missense mutations,
Ser47Thr, Lys53lGlu, and TyrS37Asn, were identified in these lesions. To
investigate these mutated ERs or altered transcriptional activation func
tion, expression vectors containing wild-type (wt) and mutant ERs were
constructed and cotransfected with different estrogen response element
reporter gene constructs into HeLa cells and MDA-MB-231 human breast
cancer cells.The first two ER mutants were similar to wt ER. However,
theTyr537AsnERmutantpossesseda potent,estradlol-independenttran
scriptional activity, as compared to wt ER. Moreover, the constitutive

activity of the Tyr537Asa ER mutant was virtually unaffected by estra
diol, tamoxifen, or the pure antiestrogen ICI 164,384. Tyr537 is located at
the beginning of exon 8 in the COOH-terminal portion of the hormone
binding domain of the ER, to which dimerization and transcription acti
vation functions have also been ascribed. It has been identified as a
phosphorylation site implicated in hormone binding, dimerizatlon, and
hormone-dependent transcriptional activity. Our results suggest that the
TyrS37Asnsubstitution induces conformational changes in the ER that
might mimic hormone binding, not affecting the abifity of the receptor to
dimerize, but conferring a constitutive transactivation function to the
receptor. If present in other metastatic breast tumors, this naturally
occurring ER mutant may contribute to breast cancer progression and/or
hormone resistance.

Introduction

The human ER3 belongs to the steroid/thyroid hormone receptor
superfamily of ligand-activated transcription factors (1). Hormone
binding is thought to induce conformational changes in the structure
of the ER, homodimerization, and high-affinity binding of the hor
mone-ER dimer complex to well-defined palindromic DNA se
quences, termed EREs, usually located upstream of estrogen-respon
sive genes (2). Transcription is then induced by two separate AFs of
the ER, the NH2-terminally located and constitutive AF-l region and
the ligand-inducible AF-2 region located within the hormone-binding
domain (3), both of which are probably dependent on further inter
action with specific sets of ER-associated proteins (4). Receptor
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Table1 ERprimersusedfor PCRamplificationofDNA (PgR), p52, lactoferrin, and cathepsin D. All the ERE-CAT vectors were
derivedby modificationof the vectorpTZ-tk-CAT(21), providedgenerously
by Dr. Benita Katzenellenbogen. This plasmid contains a multiple cloning site
upstream of the herpes simplex virus type I 1kpromoter (bases â€”150 to +56)
controlling the expression of the CAT gene. This plasmid was linearized by
BamHI digestion and dephosphorylated with calf intestine alkaline phospha
tare (Promega, Madison, WI) to prevent recircularization.The ERE-CAT
constructs were prepared by ligating this vector in the presence of a 100-fold
molarexcess of oligonucleotidescontaininga 13-bpEREplus 9â€”11bp of the
requisite flanking gene sequence on either side. Oligonucleotides correspond
ing to the plus and minus strandsof each ERE appendedby a sequence
generating a BamHI compatible overhang were kinased and annealed prior to
addition to the ligation reaction. ERE oligonucleotide sequences (consensus
sequences appearin bold and underlinedand non-consensus sequences are
non-bold;underliningdesignatestwo half-EREsites) were derivedfrom pub
lished promoter sequences of the human lactoftrrin (GATCCCAGTCTCA
CAGGTCAA-GGCGATC1'TCAAGTAG; Ref. 22), p52 (GATCCCCTG
CAAGGTCACGGTGGCCACCCCG-TGAOCG; Ref. 23), and cathepsin D
(GATCCCAGAAGCFGGGCCOQGCTGACCCCOCGG-GCGQ; Ref. 24)
genes. Subsequent analysis of the products of these ligation reactions showed
that the vectors contained three (pS2) or four (cathepsin D and lactoferrin)
inserted ERE sequences. A similar protocol was used to generate the plasmid
pERE24k-CAT,which contains a tandem insertionof two vitellogenin A2
(consensus)EREs in the BamHIsite of pTZ-tk-CAT.

CellCultureandTransientTransactivatlonAssays.HeLacellswere
maintained in complete MEM supplemented with 10% fetal bovine serum
(Sigma Chemical Co., SL Louis, MO). Cells were plated into six-well cluster
dishes (Falcon, Franklin Lakes, NJ) at a density of 1.5 X l0@cells/well and
grown in the above medium. MDA-MB-231 breast cancer cells (2 X l0@)were
platedand grown in the same mediumsupplementedwith 2 mxi L-glutamine
and 6 ng/ml insulin and allowed to recover for 2 days at 37Â°Cin 5% CO2.
Transient transfections were carried out in a total volume of 1 ml of OptiMEM
reduced-serum medium with 8 pi of lipofectamine/well according to the
manufacturer's instructions (Life Technologies, Inc., Gaithersburg, MD).
Transfections of individual wells were performed using 1 @gof ERE-CAT
reportervector.Cytomegalovirus-driven/3-galplasmid(100 ng) was added
into each well to monitor transfection efficiency, and 20 ng of either the wt ER
or ER-mutantplasmid was transfectedinto HeLa cells or MDA-MB-231,
respectively. The reporter was also transfected into cells without ER as a
control for background level of CAT activity. Following an 8-h incubation at
37Â°C,the transfectionmedium was removed, and 2 ml of phenol red-free
MEM supplemented with charcoal-stripped fetal bovine serum was added and
incubatedat 37Â°Cfor 18â€”20h. Cells were thentreatedwith l0â€• or l0@ M
estradiol, l0@ M Tam, l0@ M ICI 164,384 (a kind gift from Dr. Allen
Wakeing of Zeneca, Macclesfield, England), or an ethanol vehicle for 20â€”22
h at 37Â°C.All the transfectionswere performedin duplicate.The transfected
cells were then rinsed once with PBS, and 150pi ofcell lysis buffer (Promega)
were added. Cell extracts were spun for 5 mm, and 20 p1 of the supematant
were used in the a-gal assay. The remainingsupernatantwas heatedto 65Â°C
for 15mm to remove any endogenous acetylases or nonlabeled acetyl-CoA and
centrifuged again. Various volumes of the extracts, calculated to contain
equivalentamountsof (3-galactivity,were incubatedwith substratemix [1 ml
of 1 MTris (pH 7.8), 80 @&lof 14C-labeledchloramphenicol, 800 @.dof 4 nmi
acetyl-CoA, and 4.52 ml of dH2O] at 37Â°Cfor 90 mm (HeLa cells) or 120 mm
(MDA-MB-23l cells). The reaction was themterminated by adding 1 ml of
cold ethylacetate vigorously mixed and centrifuged. The supernatant was dried
under vacuum, and the residue was resuspendedin 20 @lof ethyl acetate,
spotted on precast TLC plates (Sigma Chemical Co.), chromatographed in 95%
chloroformand 5% methanolat roomtemperaturefor 30â€”40mm, dried,and
exposed to Biomax X-ray film (Kodak, Rochester, NY) overnight. All the

assays were done in duplicate.

Results

ER Mutations Identified in Metastatic Breast Tumors. Thirty
metastatic breast cancer samples were screened for mutations in the
ER gene by SSCP analysis. SSCP shifts (evident by electrophoresis
both at ambient and subambient temperatures) were identified in six
of the metastatic tumors. The six positive samples were studied further

Name Sequence Size Location

lACCACGGACCATGACCATGAC151 bpâ€”9, exon1lBTGCFGCFGTCCAGGTACA142,
exon12AAGCrCAAGATCCCCCTGGA140

bp88, exon12BGGTC'FGACCGTAGACC'I'G228,
exon13ACAGGTCFACGGTCAGACC252

bp21 1, exon13BGCGCGGGTACCFGTAGGAA452
+ intron14Aâ€¢

1@rrriICCCCCCAGGCCAA224 bpIntron 1-457, exon24BTCAACACACTAUACCTTGA643
+ mtron25ACCTCTrGC1TVFAATAGGAC152

bpIntron 2-646, exon3SBT000AGAGATGTACCTACCA760
+ mtron36ATCTACCTGTGTITFCAGGGATA215

bphuron 3-765, exon46BACAAGGCACTGACCATCTGG958,
exon47ACFCATGATCAAACGCTCGAAG138

bp886, exon47BCGAAGCI'TCACTGAAGGGTC1023,
exon48AGACCCTTCAGTGAAGCTTCGAT1

11 bp1004, exon48BTGCGCTTCGCATFCVFACCTGG1096
+ intron49AmGC1'TGTITTCAGGCITr167

bphuron4-11019BCCAGGTCACVFACCTGTC1235
+ intron51OATGCTATGTITFCATAGGAACC168

bphuron5-1240lOB1TGTGTrATCAACFCACCAGA1369
+ intron6llATCTCFGCGCATfCAGGAGTG214

bpIntron6-1474llBCCAGAGATGCCTCACCTCAT1548
+ intron7l2AGTCTTCCCACCTACAGTA128

bpIntron7-155512BACGGCTAGT000CGCATGTA1665,
exon8

DMSO (5%) was also addedfor primerpairnumber3 (Table 1) to facilitate
amplification. Negative control reactions (H2O instead of DNA) were included
in every experiment.Amplificationwas carriedout underthe following con
ditions: 94Â°Cfor 3 mm, followed by 32â€”42repetitive cycles of94Â°C for 1 miii,
52â€”63Â°Cfor 45 5,72Â°Cfor 1 mm, andan extensionstep at 72Â°Cfor 5 mm.
PCRproductswere first visualizedon 7.8%polyacrylamidegels to verify the
expected sizes and then stored at 4Â°Cuntil used for direct sequence analysis.

PCRfor SSCP analysis (18) was performedas above with the exceptionof
including 5 pJ of diluted (1:50 in dH2O) [32P]dCTP(10 @Ci/@d,3000 Cu
mmol;AmershamCorp.)andreducingtheconcentrationof unlabeleddCFPto
100 @i.One @dof the PCR product was mixed with 9 @tlof denaturing
solution(95%deionizedformamide,10nu,sNaOH,0.25%xylenecyanol,and
0.25% bromphenolblue), denaturedat 95Â°Cfor 3 mm, and put on ice for 3
mm. Four,.d of the mixturewere thenrunon a nondenaturing0.5X mutation
detectionenhancementacrylamidegel (AT Biochem) withoutglycerol at 4Â°C
and 40 W for 4â€”5h or with 5% glycerol at room temperature and 15 W
overnight.The gel was thentransferredontoWhatmanfilterpaper,driedunder
vacuum at 80Â°Cfor 2 h, and put on X-ray film at â€”70Â°Covernight or longer.
Samples manifestingmigrationshifts in SSCP gels were analyzedfurtherby
DNA sequencing.

DNA Sequendng. DNA sequencing was performedboth directly from
PCR-ampliuiedgenomic DNA and from shifted bands cut from the SSCP gels.
Fordirectsequenceanalysis, single-strandedDNA templatewas producedby
binding the biotinylated strand from 20â€”30pJ of PCR product to Dynabead
M280-Streptavidin solid supports (Dynal AS, Oslo, Norway). Sequence anal
ysis was then performed, using the bound biotin-labeled strand as template,
according to the Sanger dideoxynucleotide chain termination (19) using 355@
labeled dCTP. In addition, 2 @dof the PCR product from samples displaying
altered migration bands were cloned into the pCR-TA plasmid (hnvitrogen),
sequenced,and comparedto the publishedsequence for ER (17, 20).

Expression Vector Construction. A wt ER expression vector was made
by subclonungthe BamHI-EcoRIfragmentfrom the yeast expression vector
YEPE 10 (6) into the pcDNAI expression vector (Invitrogen, San Diego, CA).
To study the function of the three identified ER mutants,we individually
introduced these three substitutions into pcDNAI-wtER plasmid using the
Transformer site-directed mutagenesis kit (Clontech, Palo Alto, CA) according
to manufacturer'sinstructions.The followingthree mutagenicprimerswere
used: Ser47Thr, 5'-CFGGACAGCACCAAGCCCGCC-3'; Lys53lGlu, 5'-
CAGCATGAAGTGCGAGAA CGTGG-3'; and Tyr537Asn, 5'-GTGCCCCT
CAATGACcTGCTG-3'. The selection primer employed to disrupt the unique
Nhe site within the plasmidto facilitatecloningof the ER mutationswas:
5'-GCAACGCAAGCATGCTTC'FAGC-3'. The sequences of the three mu
tatedER expressionplasmidswere verified by sequenceanalysis.

ERE Reporter Construction. We have prepared CAT reporter constructs
to the promotersof the four estrogen-induciblegenes progesteronereceptor
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absence of hormone (Fig. 2, Vitellogenin, con). This elevated consti
tutive activity was also observed on the other ERE constructs (5-fold
on the pS2 control [con], 8-fold on the cathepsin D control, and
17-fold on the lactoferrin ERE control). Estradiol was required for the
induction of wt ER activity on all four of the ERE reporter constructs
(maximum inductions were I 1-, 2-, 3-, and 4-fold on the vitellogenin,
pS2, cathepsin D, and lactoferrin reporters, respectively, using i0@ M
estradiol; Fig. 2). As expected, tamoxifen alone had no effect on basal
activity of the wt ER and completely inhibited the stimulatory effect
of estradiol (Fig. 2, E2+ Tam).

In contrast, the addition of estradiol had only minimal influence on
the already high constitutive transcriptional activity of the TyrS37Asn
mutant [Fig. 2; compare the control (con) with the estradiol-stimulated
levels (E2-9 and E2-11)]. Interestingly, tamoxifen appeared to slightly
inhibit to varying degrees the basal activity of the Tyr537Asp mutant
on three of the ERE promoters; for instance, 45% inhibition of basal
activity was seen using the cathepsin D ERE reporter. The only
notable difference among the four ERE reporters was in the insignif
icant tamoxifen inhibition of basal transcriptional activity on the
lactoferrin promoter (Fig. 2, compare control with Tam levels). Sim
ilar results to those seen with tamoxifen were observed when these
experiments were repeated using the pure antiestrogen ICI 164,384 in
place of tamoxifen in these cells (data not shown).

Because we know that the transcriptional activity of the ER is
highly dependent on the cell and the promoter context (25) in which
the receptor is expressed, we also tested the transcriptional activity of
the TyrS37Asn ER in MDA-MB-231 breast cancer cells. Similar
results were seen in these cells, although the maximum inductions by
wt ER (2â€”3-fold)over control in the absence of estradiol were all
reduced due to the high basal activity of the 1k-CAT reporter alone in
these cells (compare the controls in Fig. 3 to the controls in Fig. 2).
Again, the Try537Asn mutant displayed high constitutive activity on
all four of the ERE reporters, ranging from 3- to 7-fold depending on
the ERE reporter, and this activity was essentially unaffected by
estrogen, tamoxifen (Fig. 3), and the ICI pure antiestrogen (data not
shown).

Discussion

Although ER-splicing variants have been shown to be ubiquitous in
human breast cancer (12), the number of naturally occurring missense
mutations identified in primary breast cancers to date is extremely
low. It has been estimated that missense mutations are present in only
about 1% (2 of 188) of primary tumors (15). In agreement with this,
we have not detected any missense ER alterations in 60 primary breast
cancers that we have examined using SSCP analysis.4 Kamik et al.
(14) have also recently examined five primary and metastatic breast
tumor pairs for ER sequence alterations, again using SSCP analysis.
They found that one of the five metastatic lesions, but not the primary
tumor from the same patient, contained a single nucleotide deletion
(l294delT) in the coding region of the ER. This deletion generates a
frameshift in the hormone-binding domain of the receptor and is
predicted to give rise to a premature translation termination with an
ER protein maintaining an intact DNA-binding domain but with a
defective ligand-binding domain. Functional analysis of this ER mu
tant, however, has not yet been reported. The fact that this ER
mutation was present in the metastatic lesion but not in the cone
sponding primary tumor suggests that some ER mutations may be
associated with tumor progression.

In the present study of 30 cases of metastatic breast cancer, we
detected three missense ER mutations. Thus, ER mutations in mets

both by direct sequencing analysis and by cloning of shifted bands
followed by sequencing analysis. Three of the SSCP-shifted bands
were found to constitute previously identified polymorphisms (TCT to
TCC at nucleotide 30 in exon 1, TGC to TGT at nucleotide 720 in
exon 3, and CGC to CGT at nucleotide 729 in exon 3), none of which
results in an amino acid substitution (data not shown). The remaining
three shifted SSCP bands (Fig. 1A, arrows) were found to constitute
missense mutations: G14OC (Ser47Thr) in exon 1, Al59lG
(LysS3lGlu) in exon 8, and T16O9A (Tyr537Asn) in exon 8 (Fig. 1B).
Whereas the first two sequence changes exchange hydrophilic amino
acids, the last mutation changes a hydrophobic tyrosine to a hydro
philic asparagine.

Functional Studies. The functional transactivationalstatus of the
three missense ER mutations isolated from the metastatic breast
tumors was investigated using transient transactivation assays, meas
uring the transcriptional activity of the mutant ERs with ERE-reporter
gene constructs. Although the majority of studies examining the effect
of specific alterations in the ER on function have utilized consensus
EREs, most commonly the vitellogenin A2 ERE, we felt that it would
be important to test ER function on constructs that might be more
relevant to breast cancer biology, e.g. , those genes that are regulated
endogenously by ER in breast cancer cells. We therefore prepared
ERE-CAT reporters from the estrogen-regulated pS2, cathepsin D,
and lactoferrin gene promoters. Each mutant ER was then cotrans
fected into HeLa cells (Fig. 2) with the different ERE reporter vectors
and compared to wt ER activity. CAT activity was determined relative
to the activity of the transfected reporter vector alone; activity was
also corrected for transfection efficiency by cotransfection of a /3-gal
vector.

The activities of Ser47Thr and Lys53lGlu were not different from
that of wt ER using any of the four different ERE constructs in either
HeLa or MDA-MB-23l cells (data not shown). However, the
Tyr537Asn mutant exhibited strong constitutive transactivation activ
ity (15â€”20-fold over wt ER activity on the vitellogenin ERE) in the

A Ser47Thr Lys S3lGlu Tyr537Asn

5' 3'
0 0
A C
ACTAG cCTAG0â€”-â€” C

T C
0 T
C C

A-,c;
A Aci T
A 0
A A
C C
0 C
T T
3' 3'

4 Q-X. Zhang, A. Borg, and S. A. W. Fuqua, unpublished data.
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Fig. 1. Identification of three ER missense mutations in human breast cancer. A, SSCP
analyses of normal (outside lanes) and tumor (middle lane) DNA revealed three shifted
bands (arrows). The shifted bands were cut from the SSCP gel, sequenced (B), and
representmissensemutations:G14OC(Ser47Thr)in exon 1. Al59lG (Lys53IGlu)in exon
8, and T1609A (Tyr537Asn) in exon 8.
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ER MUTANT WITHCONSTITUTIVETRANSCRIPTIONALACTIVITY

Fig. 2. The Tyr537Asn ER mutant displays
strong hormone-independent transcriptional activ
ity in HeLa cells. Transactivation assay comparing
the TyrS37AsnER mutant(0) with wt ER () in
the absenceandpresenceof estradiol(con, control
group;E2-I1, 10 â€˜â€M̃;E2-9, 10Â°M),Tam(Tam.
l0@ M),and a combinationof both (E2+ Tam,
lO@ Mestradiol and l0@ MTam). The results
from four different ERE constructs are shown in
separatepanels.Dataare shownas percentageof
CAT conversion (corrected for f3-gal activity)
from duplicatewells; bars, SD.
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static breast tumors may be more frequent than in primary lesions [3
of 30 as compared to 2 of 248 (see above); P = 0.004 with Fisher's
exact test). Unfortunately, the corresponding primary tumors from
these three patients were not available for ER mutational analysis, and
future studies will be directed at addressing whether ER mutations
arise during metastatic spread of the tumor in certain patients. Two of

the identified ER mutations (Ser47Thr and LysS3lGlu) did not alter
ER transcriptional activity in transient transfection assays. The third
mutation, however, resulted in an ER protein with a very high con
stitutive transcriptional activity. This mutation (Tyr537Asn) is located
at the beginning of exon 8 of the ER gene encoding the COOH
terminal portion of the hormone-binding domain, a region of the ER
to which dimerization and AF-2 functions have been ascribed (2).
This is also a region that is evolutionarily conserved between species
but is divergent from other members of the steroid and thyroid
hormone receptor superfamily (17).

The Tyr537Asn mutation eliminates a tyrosine residue that is a
potential phosphorylation site within the ER. We found that the
Tyr537Asn ER mutant manifested strong transactivation activity in
both HeLa and breast cancer cells in the absence of hormone binding
and that this activity was only marginally affected by estradiol,
tamoxifen, or the pure steroidal antiestrogen IC! 164,384. Further
more, this constitutive activity was similarly evident whether using an
idealized ERE (vitellogenin) or endogenous EREs such as the cathep
sin D, pS2, and lactoferrin gene promoters. Several potential mech
anisms could explain the high constitutive activity of the TyrS37Asp
ER mutation. One explanation, and one that we favor (Fig. 4), is that
the TyrS37Asn substitution may produce a conformational change in

the receptor that mimics hormone binding. We know that this residue
lies within the hormone-binding domain of the ER; functional analysis
of ER deletion mutants has suggested that the COOH-terminal bound
ary of both the estrogen and tamoxifen-binding domains are similar,
lying between residues 522 and 538 (26, 27). The role of ligand
binding in the formation of AF-2 is unknown but is believed to
involve conformational changes in the receptor that generate a pro
ductive association between the AF-l and AF-2 domains (28). In
our model (Fig. 4), we envision that similar conformatiomal
changes may be induced by the Tyr537Asn substitution. As a result
of this conformational change, the mutant ER might only weakly
bind estrogen and tamoxifen, explaining their limited effects on
mutant ER activity. Although the metastatic bone lesion from
which we isolated the TyrS37Asn mutant was indeed ER negative
by ligand-binding analysis, this result may not be conclusive,
because low tumor cellularity is often associated with bone lesions.
Unfortunately, additional tumor material was not available to ad

dress the question of hormone binding ability of this variant using
immunohistochemical techniques.

There is evidence to suggest that phosphorylation at this site is
required for efficient estrogen binding. Arnold et a!. (29) determined
that Tyr 537 is a physiological phosphorylation site in ER isolated
from MCF-7 human breast cancer cells. Using site-directed mutagen
esis to separately replace all five tyrosime residues within the hor
mone-binding domain of the ER with phenylalanine, Castoria et al.
(30) demonstrated that phosphorylation of in vitro synthesized ER at
Tyr537 confers efficient estrogen binding ability. Thus, phosphoryl
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Fig. 3. The Tyr537Asn ER mutant displays
strong hormone-independent transcriptional activ
ity in MDA-MB-23l cells. Transactivation assay
comparing the Tyr537Asn ER mutant () with wt
ER (0) in the absence and presence of estradiol
(E2â€”1I,lO@ M; E2â€”9,iO9 M), Tam (l0@ M),
and a combinationof both (E2+Tam, l0@ Mes
tradiol and l0@ M Tam). The results from four
different ERE constructs are shown in separate
panels.Dataareshown as percentageof CAT con
version (corrected for a-gal activity) from dupli
cate wells; bars, SD. a
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photyrosine residues and SH-2-like domains, similar to the activation
of the STAT family of transcription factors (32). These data would
therefore suggest that the Tyr537Asn ER mutant would be incapable
ofdimerization due to the absence of a target for the SH-2 like domain
of its dimerization partner. However, as ER dimerization is necessary
for ERE binding and transcriptional activity, this hypothesis is clearly
inconsistent with our demonstration of strong transcriptional activity

with the Tyr537Asn mutant and implies that other regions of the
hormone-binding domain, such as the adjacent leucine zipper motif
(32), are involved in dimerization as well.

Tyr537 may represent a basal phosphorylation site of the human
ER, which is under strict control by both specific tyrosine kinases and
phosphatases. This was suggested by studies demonstrating that two
members of the src family of tyrosine kinases were capable of Tyr537
phosphorylation, as well as by the finding that protein tyrosine phos
phatase-1B and the SH-2 protein tyrosine phosphatase-l dephospho
rylated Tyr537 (6). Thus, the Tyr537Asn ER mutant may have es

caped from phosphorylation-mediated transcriptional regulation that
is present in vivo, as was seen in the HeLa and MDA-MB-231 cells
used in the present transfection studies. As reflected in the model
diagrammed in Fig. 4, the activity of the ER can be modulated by the
phosphorylation of a number of residues through growth factor and
oncogene signaling pathways. There are multiple sites of phosphoryl
ation in the ER; several serine residues in the NH2-terminal AF-l
domain are targeted through the Ras mitogen-activated protein kinase
(5) and the protein kinase A or C signaling pathways (33). Recently,
it was demonstrated that the HER-2 oncogene targets the ER leading
to phosphorylation of the ER on tyrosine residues and ligand-inde
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ation of Tyr537 may induce conformational changes that are neces
sary for ligand binding.

It has also been suggested that phosphorylation at Tyr537 is a
necessary step for ER dimerization (31). These authors propose that

ER dimerization occurs through specific interactions between phos
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Oncogene Effects?

WildTypeER @L
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Fig. 4. Model of transactivation of wt and Try537Asp ERs. The activity of wt ER is
influenced by the growth factor and oncogene signaling pathways via kinase activities.
Specific residues within the ER are phosphorylated, such as several serines within the
AF-l domain and tyrosine 537 within the AF-2 domain. Phosphorylation at Tyr537 allows
efficient estrogen (E2) binding, the ER undergoes a conformation change, and dimeriza
tion is affected.We proposethattheERtyr537asnmutationexertsa hormone-independent
conformational change in the AF-2 domain, leading to dimerization and transactivation in
the absence of estradiol.
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pendent signaling through the receptor, resulting in ligand-indepen
dent signaling through the ER (34). Disruption or dysregulation of
phosphorylation at specific sites within the ER may therefore be
important in the clinical problem of hormone-independent tumor
growth, as would be predicted for patients harboring the Tyr537Asn
mutation detected in this study. It is of note that the patients from
which this mutation was identified presented with advanced meta
static disease. Future studies will be directed at investigating the
frequency of this specific alteration in patients with metastatic breast
cancer to determine whether this constitutive mutation is common in
patients with dissemination of their disease.
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