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Abstract
Purpose: We undertook this study to determine the prevalence of estrogen receptor (ER) a (ESR1)
mutations throughout the natural history of hormone-dependent breast cancer and to delineate the
functional roles of the most commonly detected alterations.
Experimental Design: We studied a total of 249 tumor specimens from 208 patients. The specimens
include 134 ER-positive (ERþ/HER2) and, as controls, 115 ER-negative (ER) tumors. The ERþ samples
consist of 58 primary breast cancers and 76 metastatic samples. All tumors were sequenced to high unique
coverage using next-generation sequencing targeting the coding sequence of the estrogen receptor and an
additional 182 cancer-related genes.
Results: Recurring somatic mutations in codons 537 and 538 within the ligand-binding domain of ER
were detected in ERþ metastatic disease. Overall, the frequency of these mutations was 12% [9/76; 95%
confidence interval (CI), 6%–21%] in metastatic tumors and in a subgroup of patients who received an
average of 7 lines of treatment the frequency was 20% (5/25; 95% CI, 7%–41%). These mutations were not
detected in primary or treatment-na€ve ERþ cancer or in any stage of ER disease. Functional studies in cell
line models demonstrate that these mutations render estrogen receptor constitutive activity and confer
partial resistance to currently available endocrine treatments.
Conclusions: In this study, we show evidence for the temporal selection of functional ESR1 mutations as
potential drivers of endocrine resistance during the progression of ERþ breast cancer. Clin Cancer Res; 20(7);
1757–67. 2014 AACR.

Introduction
Estrogen receptor a (ERa) is a nuclear transcription factor
that drives proliferation and growth of luminal-type breast
cancers and is the target of endocrine therapies in this
disease. Although such antiestrogen treatments are highly
effective, a major clinical limitation is the development of
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acquired resistance to these therapies. Despite the fact that
approximately 50% of patients with ERþ breast cancer
benefit from adjuvant endocrine treatment, a significant
fraction of them recur with metastatic disease (1–3). Furthermore, all patients with ERþ metastatic breast cancer
who respond to endocrine treatment will eventually
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Translational Relevance
This study demonstrates an overall 12% frequency of
somatic ESR1 mutations in metastatic ERþ breast cancer
and absence of detectable mutations in the primary
tumors. In preclinical models, we show that these mutations render constitutive activity and relative resistance
to endocrine therapy. Taken together, these results suggest clonal evolution as the mechanism of resistance.
Thus, we propose that these mutations are biomarkers
and drivers of endocrine resistance in ERþ metastatic
breast cancer. As such, these mutations can assist in
clinical decision making as disease progresses, underscoring the value of serial biopsies and profiling of
metastatic recurrences. In addition, further studies are
warranted to investigate therapeutic strategies to circumvent the resistance conferred by these mutations.

progress with antiestrogen-resistant, hormone-independent disease.
In most cases of acquired endocrine resistance, ER
continues to be expressed. Proposed mechanisms of resistance include activation of growth factor receptor, cell
survival and cell-cycle signaling pathways, as well as stressinduced pathways (4, 5). In addition, aberrant expression
of ER coactivators and corepressors has been implicated in
endocrine resistance (6, 7). ER mutations have also been
explored as a potential mechanism of drug resistance and
initially it was postulated that loss-of-function mutations
could contribute to resistance. However, several preclinical studies analyzed the effects of point mutations in ER
and found a number of mutations that can actually
enhance ER function similar to androgen receptor mutations in castrate-resistant prostate cancer (1–10). One
such functional mutation in ESR1 leads to the substitution
of tyrosine by serine or alanine at position 537 in the
ligand-binding domain (LBD) and results in ligand-independent ER transcriptional activity that does not respond
to endocrine manipulation (11–13). Despite these preclinical findings, the frequency of ER mutations in primary
breast cancers was found to be extremely rare. In one early
study of 118 ERþ and 70 ER primary breast cancers, only
two ESR1 mutations of unknown significance were found
and both were in ER breast cancers (14). More recently,
several studies describing next-generation sequencing
(NGS) in hundreds of primary breast cancer samples
detected multiple significant somatic alterations, but none
were detected in ESR1 (11–17). Two small studies conducted in the 1990s detected mutations in the ER LBD
with a frequency of 1% to 10% in metastatic breast cancer
samples, suggesting that the frequency of ER mutations in
metastatic disease may be higher (18, 19). However, these
studies were small and had not been validated with more
sensitive sequencing technology and/or integrated with
clinical correlations. Therefore, in this study, we sought to
comprehensively study the frequency and functional sig-
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nificance of ER mutations in both primary and metastatic
breast cancer using targeted NGS.

Materials and Methods
Breast cancer human tissue specimens and clinical data
Paraffin-embedded blocks from formalin-fixed ERþ/
HER2 primary and in-breast local recurrence/metastatic
breast cancer specimens were obtained from the Pathology
Departments of three institutions (MD Anderson Cancer
Center, Houston, TX; Beth Israel Deaconess Medical Center,
Boston, MA; and Hospital ClÚnico Universitario in Valencia,
Spain), including samples from the NCT00780676 trial (a
phase II trial for patients with advanced metastatic breast
cancer treated with dasatinib or selumetinib based on the
expression profile of their metastatic tumor). ERþ/HER2þ
tumors were excluded as they are known to be resistant to
endocrine therapy.
All samples were stained for ER, progesterone receptor
(PR), and HER2 and reviewed by a pathologist at each
institution but were not centrally reviewed. ER positivity
was defined as more than 1% of cells with strong staining.
Anti-ERa antibodies were from Thermo Scientific and Ventana (clone SP1). HER2 was defined as positive either by
immunohistochemistry of 3þ or FISH HER2/CEP17 ratio
of greater than 2.2. The anti-HER2 antibody was purchased
from Dako or Ventana. Clinical data were also collected. For
comparison, additional ER (either ER/HER2 or ER/
HER2þ) primary breast cancer samples were obtained (MD
Anderson Cancer Center and Instituto Nacional de Enfermedades Neoplasicas), as well as a small number of specimens from ER metastatic disease (MD Anderson Cancer
Center). Brief descriptions of all studied cohorts can be
found in Table 1, and more detailed information about the
ERþ metastatic cohort is in Supplementary Table S1. All
tissue collections were done with the approval of the corresponding institutional review boards.
Sequencing and primary sequence data analysis
Tumor tissue sections of 40 mm were macrodissected
using hematoxylin and eosinophil staining to identify areas
of at least 80% cellularity. Genomic DNA was extracted
using the Maxwell 16 FFPE Plus LEV DNA Purification Kit
(Promega) and quantified using a PicoGreen fluorescence
assay (Invitrogen); 50 ng and up to 200 ng of extracted
DNA was sheared to approximately 101–400 bp by sonication, followed by end repair, dA addition and ligation of
indexed, Illumina sequencing adaptors. Sequencing libraries were hybridization captured using RNA-based baits
(Agilent), targeting a total of 3,320 exons of 182 cancerrelated genes (most commonly altered in cancer, from
http://www.sanger.ac.uk/genetics/CGP/cosmic/) plus 37
introns from 14 genes often rearranged in cancer (Supplementary Table S1). Paired-end sequencing (49  49 cycles)
was performed using the HiSeq2000 (Illumina). Sequence
data from gDNA were mapped to the reference human
genome (hg19) using the BWA aligner (20). PCR duplicate
read removal and sequence metric collection was performed
using Picard (http://picard.sourceforge.net) and SAMtools
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Table 1. Patient cohorts

Patient cohort
LMþ

EMþ
Pþ
M
P

Metastases from patients with advanced ERþ disease that were heavily pretreated
before biopsy (participants in "Personalized Treatment Selection for Metastatic
Breast Cancer" trial NCT00780676)
Metastases from patients with early metastatic ERþ disease
Primary ERþ tumors
Metastases from patients with ER disease
Primary ER primary breast cancer disease

No. of
specimens

Average number
of treatmentsa
before biopsy

25

7

51
58
11
104

1–2
NA
NA
NA

Abbreviations: EMþ, early metastatic ERþ disease; LMþ, late metastatic ERþ breast cancer; M, ER metastatic disease; Pþ, ERþ
primary breast cancer; and P, ER primary breast cancer.
a
Including endocrine treatments and chemotherapy regimens.

(21). Local alignment optimization was performed using
GATK (22).
Genomic alteration detection
Base substitution detection was performed using a Bayesian methodology, which allows detection of novel somatic
mutations at low mutation annotation format and increased
sensitivity for mutations at hotspot sites (23) through the
incorporation of tissue-specific prior expectation: P (Mutation presentj Read data "R") ¼ P(Frequency of mutation "F" >
0jR) / 1 - P(RjF ¼ 0) P (F ¼ 0), where P(RjF) is evaluated with
a multinomial distribution of the observed allele counts using
empirically observed error rates and P(F ¼ 0) is the prior
expectation of mutation in the tumor type. To detect indels,
de novo local assembly in each targeted exon was performed
using the de-Bruijn approach (24). Candidate calls are filtered
using a series of quality metrics, including strand bias, read
location bias, and a custom database of sequencing artifacts
derived from normal controls. Germline alterations are identified and filtered using dbSNP (version 135, www.ncbi.nlm.
nih.gov/projects/SNP/) and subsequently annotated for
known and likely somatic mutations using the COSMIC
database (version 62, http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/). Detection of copy number alterations was performed by obtaining a log-ratio profile of the
sample by normalizing the sequence coverage obtained at all
exons against a process-matched normal control. The profile
is segmented and interpreted using allele frequencies of
approximately 1,800 additional genome-wide SNPs to estimate tumor purity and copy number based on established
methods (21–27) by fitting parameters of the equation


pC þð1pÞ2
copy lrseg  N log2 ptumorseg
ploidyþð1pÞ2 , where lrseg and Cseg
are numbers at each segment and sample purity, respectively.
Focal amplifications are called at segments with 6 copies
(1–8 in high aneuploidy samples) and homozygous deletions at 0 copies, in samples with purity >20%.
Cell and tissue culture
293T and MCF7 cells (purchased from the American Type
Culture Collection and early passage used) were maintained
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in Dulbecco’s Modified Eagle Medium supplemented with
10% FBS and penicillin/streptomycin. Hormone depletion
was carried out for 48 hours using phenol red–free DMEM
(Cellgro) þ 10% charcoal dextran-treated FBS (Omega
Scientific) and was followed by estradiol (E2, 10 nmol/L)
stimulation. Transient transfections were accomplished
using Lipofectamine 2000 (Life Technologies) as per the
manufacturer’s protocol.
Luciferase assays
Luciferase reporter assay system (Promega) was used to
monitor luciferase activity in 293T cells as per the manufacturer’s recommendations, using a single tube luminometer (BD Monolight 2010). Briefly, 1  105 293T cells
were plated in 6-well plate in hormone-depleted medium.
Transient transfections were accomplished using Lipofectamine 2000 (Life Technologies) with the following vectors:
pcDNA-wt/mut ER (0.1 mg/well), ERE-TK-Luc (2 copies of
Estrogen Response Element upstream Luciferase reporter,
minimal TK promoter, 1 mg/well), pCMV-bGal (internal
control normalization vector, 0.1 mg/well), pcDNA3.1
(empty vector, 0.8 mg/well). Forty-eight hours after transfection, cells were treated with E2 or vehicle. For the dose
response studies, doses ranged between 100 and 1,500
nmol/L for the 4-hydroxytamoxifen (Sigma-Aldrich, catalog # H7904) and between 50 and 2,500 nmol/L for
fulvestrant (AstraZeneca). All transfection studies were performed in triplicates and luciferase results are reported as
relative light units (RLU) and normalized with b-galactosidase activity using the Mammalian b-gal assay kit (Thermo
Scientific).
Site-directed mutagenesis
The GeneArt Site-Directed mutagenesis system (Life
Technologies) was used to generate Y537N, Y537C, and
D538G mutations within ER LBD. Wild-type ER expression vector (pcDNA-ER) was used as a template with
the following mutagenesis primers: Y537N: Forward, 50 AACGTGGTGCCCCTCAATGACCTGCTGCTGGAGA T-30
Reverse, 50 -ATCTCCAGCAGCAGGTCATTGAGGGGCACCACGTT-30
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Y537C: Forward, 50 -AACGTGGTGCCCCTCTGTGACCTGCTGCTGGAGAT-30
Reverse, 50 -ATCTCCAGCAGCAGGTCACAGAGGGGCACCACGTT-30
D538G: Forward, 50 -AACGTGGTGCCCCTCTATGGCCTGCTGCTGGAGAT-30
Reverse, 50 -ATCTCCAGCAGCAGGCCATAGAGGGGCACCACGTT-30 .
Western blot and real-time PCR
The following antibodies were used for ER (sc-543, Santa
Cruz Biotechnology) and b-Actin (A5441, Sigma) protein
detection. For mRNA level measurement, total RNA was
prepared using TRIzol reagent (Life Technologies), and
cDNA were synthesized using a high-capacity cDNA reverse
transcription kit (Applied Biosystems). The following primers were used for GREB1, pS2/TFF1, PR, CA12, b-Actin
mRNAs detection, using ABI 7300 Real-time PCR system in
combination with Power SYBR Green PCR Master Mix (Life
Technologies):
GREB1 mRNA: Forward, 50 -CTG CCC CAG AAT GGT TTT
TA-30
Reverse, 50 -GGA CTG CAG AGT CCA GAA GC-30 pS2/
TFF1 mRNA: Forward, 50 -CCGAGCTCTGGGACTAATCA-30
Reverse, 50 -TTG TGG TTT TCC TGG TGT CA-30 ; b-Actin
mRNA: Forward, 50 -CAC ACG CAG CTC ATT GTA GA-3,
Reverse, 50 -GGC ATG GGT CAG AAG GAT T-30 ; PR mRNA:
Forward: 50 -AGC CAG AGC CCA CAA TAC AG-30 ,
Reverse: 50 -GAC CTT ACA GCT CCC ACA GG-30 ; CA12
mRNA:
Forward: 50 -GTG GTG TCC ATT TGG CTT TT-30 , Reverse:
0
5 -GTG TCG CAA GTG TCC AGA GA-30 .

Results
Sequencing studies
To examine the prevalence and clinical implications of ER
mutations in human breast cancer, we assembled a dataset
of 249 specimens, obtained from 208 patients, representing
both ERþ/HER2 and ER disease (Table 1). The cohorts
selected enabled the analysis of the different stages of breast
cancer, ranging from diagnostic biopsies of early breast
cancers to samples from metastatic recurrences used for
biomarker assessment before enrollment in clinical trials.
DNA sequencing was performed for 3,230 exons of 182
cancer-related genes plus 37 introns of 14 genes commonly
fused on indexed hybridization-captured libraries to an
average unique coverage of >500.
Across the 249 specimens, a total of 16 ESR1 point
mutations (substitutions or indels) and 2 instances of locus
focal amplification were observed. Although matched normal specimens were unavailable for definitive somatic
status determination in our study, a computational assessment of variant allele frequencies supported the germline
hypothesis for 4 of 16 observed events (see methods,
Supplementary Table S1). Of the remaining 12 somatic
variants (Table 2), 9 (75%) occurred at the known recurrent
mutation sites in the ER LBD, codons 537/538, while the
rest were elsewhere in the LBD (Fig. 1A).
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Focusing on the recurrent codon 537/538 LBD mutations, we observed a striking enrichment of these variants in
ERþ metastatic disease (Fig. 1B): Of the 76 ERþ metastatic
specimens profiled, the recurring ER LBD mutations were
found in 9 (12%) cases. The specific mutations include:
Y537N (33%), D538G (33%), Y537S (22%), and Y537C
(11%). The prevalence was even higher with a frequency of
20% (5/25 patients) in heavily pretreated patients who
received an average of seven lines of treatment, including
at least two endocrine treatments for metastatic disease. The
mutations were not found in any of the 58 ERþ primary
treatment-na€ve tumors or the 115 ER tumors.
Our study included 37 matched primary and metastatic
pairs. In two of these pairs, EM8 and EM11 the point
mutations Y537C and D538G were detected in the metastatic samples but not in the matching untreated primary
tumors. For one patient with a mutation (sample EM43), we
were able to sequence tissue from an earlier metastatic
specimen. Both biopsies were from the same metastatic site
but were attained at two time points from a patient who did
not receive adjuvant hormonal treatment. The first metastatic lesion, without a detectable ESR1 mutation, was
obtained before the initiation of tamoxifen and the second
one, found to have a Y537C mutation, was obtained at the
time of disease progression after 8 years of treatment.
Finally, in 3 specimens, codon 537/538 mutations exhibited allele frequencies consistent with subclonal cell populations. Collectively, these findings suggest a clonal selection of an endocrine-resistant phenotype.
We then broadened our analysis to the genomic context
of ER alterations by examining the full spectrum of genomic
alterations in primary and metastatic ERþ disease. The list of
the 182 genes that were sequenced can be found in Supplementary Table S3. All 25 advanced metastatic, as well as
46 early metastatic and primary, specimens were considered
in this analysis. A similar analysis of the other 63 ERþ
specimens has been presented previously (28). ER alterations were not mutually exclusive with any other commonly
altered gene in ERþ breast cancer (P53, PIK3CA, CCND1,
MYC, FGFR1, MCL1), although HER2 copy gains could not
be assessed in our dataset as clinical ERþ/HER2þ cases were
excluded. Nonetheless, we believe more samples will be
needed to verify this observation (Supplementary Fig. S1).
Of the most frequently altered genes (altered in >5 samples), all but ESR1 alterations displayed similar frequencies across primary and metastatic specimens, suggesting
a role for aberrant ER in the development of recurrent
disease (Fig. 2).
Functional studies
To delineate the functional roles of the mutations in
codons 537/538 found in metastatic breast cancer patient
samples, we performed site-directed mutagenesis to prepare
three ER expression constructs containing 2 different amino
acid substitutions at position 537 (Y537C and Y537N) and
one amino acid substitution at position D538 (D538G). All
ER mutations were confirmed by sequencing. The constitutive activity of the Y537N and Y537S mutations has been
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Metastasis
Primary
Metastasis

Metastasis
Metastasis
Metastasis
Metastasis

Metastasis
Metastasis
Metastasis
Metastasis

EM29
P371
LM17

EM43
LM12
EM11
LM4

EM51
LM19
LM2
EM8

HER2
status
_
_
þ
_
_
_
_
_
_
_
_
_

ER
status
þ
þa
_
þ
þ
þ
þ
þ
þ
þ
þ
þ
Liver
Liver
Bone
Skin

Lymph node
Bone
Lung
Liver

Lymph node

Bone

Liver

Biopsy site

b

Inferred (assessed on another specimen from patient).
Tumor purity or coverage too low for assessment.

Metastasis

LM3

a

Primary/
metastasis

Cohort/
sample ID

1610A>C
1613A>G
1613A>G
1613A>G

1609T>A
1610A>C
1610A>C
1610A>C

1033_1034
insGCT
1138G>C
1507C>T
1609T>A

Transcript
change

Y537S
D538G
D538G
D538G

Y537N
Y537C
Y537C
Y537S

E380Q
R503W
Y537N

344insC

Protein
change

Table 2. Detailed description of the detected somatic ESR1 variants

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

No
No
Yes

No

Known somatic
variant (literature)

Subclonal
Clonal homozygous
Clonal heterozygous
Unknown

Clonal heterozygous
Clonal heterozygous
Subclonal
Clonal heterozygous

Unknownb
Subclonal
Subclonal

Clonal homozygous

Predicted variant
zygosity in tumor

Endocrine treatment before biopsy
Anastrozole Tamoxifen Exemestane
Fulvestrant
Anastrazole
None
Tamoxifen Exemestane Fulvestrant
Letrozole Megestrol
Tamoxifen
Tamoxifen Goserelin Anastrozole
Anastrazole
Tamoxifen Goserelin Letrozole
Exemestane Fulvestrant
Tamoxifen
Tamoxifen Anastrozole Fulvestrant
Anastrozole Exemestane Fulvestrant
Anastrazole
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Figure 1. Location of the ER mutations and frequencies per cohort.
A, diagram of ER with detected predicted somatic point mutations
designated with a circle at the representative protein position.  , a

mutation found in a primary ER breast cancer. B, frequency of the 538/
þ
537 substitution mutations and ER ampliﬁcations per cohort in ER
tumors showing an increase in frequency with the progression and
þ
increase in number of treatment lines for ER breast cancer. Each bar
represents the percentage of patients with a mutation and the different
colors within the bars represent the frequency of the indicated alteration.
þ
In the EM cohort one patient had both an ER ampliﬁcation and a Y537S
þ
mutation. AF1, activation function 1; AF2, activation function 2; EM ,
þ
þ
þ
early metastatic ER disease; LM , late metastatic ER breast cancer.

established previously (11, 19). To assess the transcriptional
activity of the Y537C, Y537N, and D538G mutants we
transiently transfected ER 293T cells with wild-type (WT)
ER or the mutant ER constructs and an estrogen-responsive
promoter-reporter construct, ERE-TK-Luc (Fig. 3). Cells
were treated with either control vehicle or estradiol (E2)
and luciferase activity was measured. As expected, the

Figure 2. Genetic alteration in primary versus metastatic breast cancer.
The frequencies of the common genomic alterations found in our cohorts
comparing primary tumors versus metastatic samples shows a
signiﬁcant increase in the ESR1 alterations in metastatic samples. P value
calculated using the Fisher exact test.
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WT-ER construct exhibited activity only with E2 stimulation.
In contrast, all three ER mutants possessed constitutive
activity in the absence of E2 stimulation, whereas the addition of E2 did not increase the reporter activity significantly.
In addition, both the ligand and nonligand–dependent
activity in the mutants was higher than the ligand-stimulated activity of the WT-ER. We next treated the cells with
increasing doses of 4-hydroxytamoxifen or fulvestrant with
or without E2. Cells expressing the WT-ER responded to 4hydroxytamoxifen and fulvestrant with a significant and
dose-dependent reduction in luciferase activity. The ER
mutants also responded to 4-hydroxytamoxifen and fulvestrant in a dose-dependent manner; however, the mutant ER
displayed a significantly reduced response to all doses of
antiestrogens except for the highest dose of 4-hydroxytamoxifen. Mutant ER exhibited decreased response to 4hydroxytamoxifen and fulvestrant and higher doses of these
antiestrogens were required to achieve the level of inhibition seen in the WT receptor. To confirm the decreased
response of the mutant ER to fulvestrant, we examined ER
degradation after 24 hours with increasing doses of fulvestrant. As we expected, mutant ER degradation compared
with WT-ER was less pronounced at all doses of fulvestrant
tested (Fig. 3C). In addition, since it has been shown that
endocrine-resistant breast cancer can respond to estrogen
treatment (29, 30), we tested the response of the Y537N and
D538G mutants to a wide range of E2 levels but did not
detect a significant change in the luciferase activity (Supplementary Fig. S2). These results suggest that the ER
mutants would be relatively resistant to established clinical
doses of tamoxifen and fulvestrant as well as estrogen
treatment and higher doses of SERMS or newer selective
estrogen receptor degraders (SERDS) with improved pharmacokinetics may be required to inhibit mutant ER activity.
To study the transcriptional activity of the ER mutant in
ERþ breast cancer cells, we transfected a WT-ER construct
and the Y537N construct in MCF7 cells. WT and mutant ER
signaling was measured by determining the expression
levels of ER regulated transcripts with or without E2. As
shown in Fig. 4A, PR, GREB1, CA12, and PS2 transcript
levels were comparable between the WT and ER-mutant in
full media, whereas in E2-deprived conditions these ERregulated genes are induced by the Y537N mutant but not
the WT-ER. In addition, when we examined cell proliferation in estrogen-deprived conditions, which mimic aromatase inhibitor treatment, as well as treatment with 4-hydroxytamoxifen or fulvestrant, we found a significant growth
advantage for the Y537N mutant (Fig. 4B). These results
demonstrate that cells expressing the Y537N mutant exhibit
constitutive transcriptional activity of ER target genes and
an abrogated growth inhibitory response to E2 deprivation,
tamoxifen, or fulvestrant treatment.

Discussion
The advances in sequencing technologies over the past
few years have led to a new paradigm in the understanding
of the mutational landscape of breast cancer and tumor

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on September 26, 2020. © 2014 American Association for Cancer
Research.

Published OnlineFirst January 7, 2014; DOI: 10.1158/1078-0432.CCR-13-2332

ESR1-Activating Mutations in Advanced Breast Cancer

Figure 3. Analysis of the transcriptional activity of the recurring mutant ER and dose response to tamoxifen and fulvestrant. A, transient transfection of 293T
cells with WT or mutant ER expression vectors in addition to ERE-TK-Luc reporter vector. ER expression levels were determined to be equivalent by
Western blot analysis. b-Actin expression level is shown as an internal loading control (left). Luciferase activity comparison of transfected 293T cells then
treated for 24 hours with 10 nmol/L estrogen (E2) or vehicle (ethanol) for 24 hours. Experiments were done in triplicates and repeated three times. Data
represent mean  SD and are normalized by b-galactosidase internal control activity (left). B, luciferase activity comparison of 293 T cells transfected with WT
or mutant ER expression vectors in addition to ERE-TK-Luc reporter vector, then treated with vehicle (ethanol) or indicated dose of E2 and increasing doses of
4-hydroxytamoxifen (4-OHT) or fulvestrant (Fulv) for 24 hours. Response to 4-OHT and fulvestrant is normalized to the response to E2 stimulation. Data
represent mean  SD and are normalized by b-galactosidase internal control activity. An unpaired two-tailed t test was used to examine the statistical
differences between the WT and Y537N mutant, and P values are shown. C, R levels determined by immunoblotting 24 hours after treatment with increasing
doses of fulvestrant.

heterogeneity. In this study, we performed targeted NGS,
which enables high levels of sequencing coverage to detect
low frequency mutations within limited cellular populations, in order to study ER mutations in breast cancer. In this
study, which is an international effort, we assembled a large
sample set of breast cancers comprised primarily of ERþ
/HER2 metastatic samples and associated treatment histories as well as ERþ primary tumors and control ER
tumors. The majority of the ERþ metastatic samples were
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obtained from patients who received at least one form of
endocrine treatment, to focus on endocrine-resistant
tumors.
In this report, we detected in 11 of the 76 (14%) metastatic tumors ESR1 mutations in the LBD. Nine of these
mutations are substitution mutations affecting Y537 and
D538. In addition, we identified two mutations, 344insC
and E380Q, that were not described in the literature previously and further studies are needed to test their
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Figure 4. Transcriptional activity and growth of mutant ER in a breast cancer cell line. A, transient transfection of MCF7 cells with empty vector (EV), wt,
or mutant Y537N ER expression vectors, then grown in complete medium (gray bars), hormone-depleted medium (white bars), or hormone-depleted
medium with 10 nmol/L E2 (black bars). Relative mRNA levels of ER target genes GREB1 and PR (left) and pS2/TFF1 and CA12 (right) were determined by realtime PCR. Bars, fold change  SD of two independent experiments. B, MCF7 cells were transfected with WT or Y537N ER. Cells were grown in E2-deprived
conditions alone, with 4-OHT or fulvestrant and monitored for 5 days. Histograms depict cell count at day 5. Unpaired two-tailed t test was used to
examine the statistical difference and P value is shown. C, Western blot analysis of ER levels in MCF7 cells after transfection of either WT-ER or Y537N mutant
ER showing similar expression levels.

functional significance. In line with our data, other groups
have recently identified the Y537 and D538 mutations and
additional other mutations (31–34). The mutations
detected in these studies are clustered in the LBD in a
substantial number of metastatic ERþ cancers Among these
three studies, the largest cohorts consisted of 36 and 44
metastatic tumors with a mutation frequency of 25% and
11%, respectively, supporting the significance of these
mutations in advanced disease. We did not detect LBD
ESR1 mutations in 58 primary ERþ tumors and is consistent
with the findings of The Cancer Genome Atlas of more than
450 cases (35). In contrast, LBD mutations were detected in
3% of the primary tumors from the BOLERO 2 study, where
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patients with ERþ metastatic breast cancer that had progressed in the metastatic setting were randomized to exemestane  the TORC1 inhibitor everolimus (32, 36). This
discrepancy may be due to the fact that the primary tumors
in the BOLERO 2 represent a selective group of patients who
all developed resistance to endocrine treatment, among
them approximately 20% developed resistance early after
adjuvant hormonal adjuvant treatment. Thus, the frequency of the recurrent ESR1 LBD mutations in primary disease
remains an open and important question, as the existence of
these mutations in early disease has important implications
for the selection of adjuvant treatment for thousands of
patients annually.
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The recurring LBD mutations in positions Y537 and
D538 are at the start of helix 12, a highly conserved a-helix
that undergoes conformational changes during ER activation. Therefore, it is not surprising that mutations in these
positions would have functional implications. Similar to
previous studies that focused on the Y537N, Y537S, and
D538A mutations (11, 19, 37), our functional studies
indicate that the Y537N, Y537C, and D538G mutations
lead to ligand-independent activity that is relatively resistant to tamoxifen, fulvestrant, and estrogen deprivation.
Prior studies led by Katzenellenbogen and colleagues have
shed light on the mechanisms of these findings by demonstrating that the ER mutants that confer constitutive activity
adopt a conformation that resembles the WT ligand-bound
ER and the Y537S mutant has a decreased affinity to E2 with
increased binding to coactivators (12, 38). The mutant ER
affinity to tamoxifen and fulvestrant has not been tested;
however, we hypothesize that it is also reduced and together
with increased coactivator binding leads to the relative
resistance to these drugs. Our studies show that higher
doses of tamoxifen or fulvestrant are able to partially
decrease the mutant transcriptional activity, suggesting the
possibility that higher doses of these agents could be a
strategy to circumvent this relative resistance. This might
explain in part the results of the CONFIRM trial in which a
higher dose of fulvestrant improved progression-free survival (39). Further experiments to understand the detailed
mechanism of the endocrine resistance of these mutants
and test this hypothesis are under way.
Previous studies in xenograft models of MCF7 cells demonstrated the emergence of a D351Y LBD mutation in a
tamoxifen-resistant and stimulated tumor (40, 41). In this
study, we analyzed tumor specimens obtained at different
stages of ERþ breast cancer, including primary treatmentna€ve primary disease, local recurrent and/or metastatic
disease with an average of two lines of treatment for metastatic disease, and metastatic disease biopsied after an
average of seven treatments. The frequencies of the recurring
ER-LBD mutations in these three cohorts were 0%, 8%, and
20%, respectively, demonstrating a correlation between the
increase in the frequency of these mutations and tumor
progression. In addition, in a case from which serial biopsies were available, we were able to detect the emergence of
the LBD mutation as the patient developed resistance to
tamoxifen treatment. Taken together, these findings suggest
a temporal evolution of ER mutations with emergence of an
endocrine-resistant phenotype.
In our study, we detected ESR1 amplifications in a primary and metastatic tumor. Multiple studies have investigated the frequency of ESR1 amplifications in ERþ primary
breast cancer though the data have been controversial. Two
large studies found ESR1 amplifications in approximately
20% of cancers, which correlated with an increased
response to tamoxifen, whereas in other studies, amplifications were detected in just 1% to 3% of tumors (41–45). Our
study is consistent with the latter studies as we observed an
ESR1 amplification rate of 1.7% (1/58) in primary ERþ
tumors. Similarly, the frequency of amplifications in met-
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astatic samples was also very low (1.3%, 1/76). This is the
first study to report the frequency of ESR1 amplifications in
metastatic breast cancer.
In summary, our study demonstrates an overall 14%
frequency of somatic ESR1 mutations in a large cohort of
metastatic ERþ breast cancers though the retrospective
nature of our study limits our ability to precisely determine
the frequency. The absence of detectable mutations in the
primary tumors suggests clonal evolution as the mechanism
of resistance. Thus, we propose that these mutations are a
genomic mechanism of endocrine resistance. As such, the
detection of these mutations can assist in clinical decision
making as disease progresses, underscoring the value of
serial biopsies and profiling of metastatic recurrences. In
addition, since the frequencies of these mutations are
substantial when sensitive testing methods are used in
patients with ERþ breast cancer, studies to identify alternative dosing schedules of currently approved antiestrogens and novel therapeutics that can overcome this resistance are warranted.
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