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Activating mutations of estrogen receptor a gene (ESR1) in breast cancer can cause endocrine resistance of
metastatic tumor cells. The skeleton belongs to the metastatic sides frequently affected by breast cancer. The
prevalence of ESR1 mutation in bone metastasis and the corresponding phenotype are not known. In this study
bone metastases from breast cancer (n= 231) were analyzed for ESR1mutation. In 27 patients (12%) (median age
73 years, range: 55–82 years) activating mutations of ESR1 were detected. The most frequent mutation was p.
D538G (53%), no mutations in exon 4 (K303) or 7 (S463) were found. Lobular breast cancer was present in 52% of
mutated cases (n= 14) and in 49% of all samples (n= 231), respectively. Mutated cancers constantly displayed
strong estrogen receptor expression. Progesterone receptor was positive in 78% of the mutated cases (n= 21).
From 194 estrogen receptor-positive samples, 14% had ESR1 mutated. Except for one mutated case, no
concurrent HER2 overexpression was noted. Metastatic breast cancer with activating mutations of ESR1 had a
higher Ki67 labeling index than primary luminal cancers (median 30%, ranging from 5 to 60% with 85% of cases
revealing ≥20% Ki67-positive cells). From those patients from whom information on endocrine therapy was
available (n= 7), two had received tamoxifen only, 4 tamoxifen followed by aromatase inhibitors and one patient
had been treated with aromatase inhibitors only. We conclude that ESR1 mutation is associated with estrogen
receptor expression and high proliferative activity and affects about 14% of estrogen receptor-positive bone
metastases from breast cancer.
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Bone is the predominant, and often the first, site of
breast cancer metastasis; 50–70% of women who
experience metastases present with bone metastases
during their disease course.1 In postmenopausal
women with hormone receptor-positive breast can-
cer, both the disease itself and its therapeutic
treatment with anti-estrogenic agents can negatively
impact bone, resulting in decreases in bone mineral
density and increases in bone loss.1 In order to avoid
deleterious bone effects, anti-hormonal therapy is
only considered when cancer cells express the
estrogen receptor α.2 More than 75% of primary
breast cancer belong to the luminal subtype and
express estrogen receptor α.3 The growth of the
majority of luminal breast cancers is dependent on
estrogen and can be efficiently inhibited by anti-
hormonal therapy. Corresponding agents abrogate
estrogenic signaling through impeding the

transcriptional activity of estrogen receptor α or
diminishing estrogen synthesis by aromatase
inhibition.4 A subfraction of luminal cancers can
escape anti-hormonal blockade either by primary or
by secondary resistance to therapy.4,5 The mechan-
isms of primary resistance remain to be resolved, a
promising approach has been made by DNA sequen-
cing of tumors, which were non-responsive to
neoadjuvant anti-hormonal therapy.6 Secondary or
acquired resistance occurs in virtually all patients
with estrogen receptor α-positive metastatic breast
cancer undergoing endocrine therapy, and is attrib-
uted to various mechanisms, including loss of
expression,7 altered activity of coregulators, and
cross-talk between the estrogen receptor α and
growth factor signaling pathways.5 An alternative
mechanism of secondary resistance, first described
in single cases,8 was further unravelled by analysis
of metastatic breast cancer showing progression
during anti-estrogenic therapy.9 Mutations of the
estrogen receptor α encoding gene ESR1 were found
in hotspot regions in the ligand-binding domain,
resulting in ligand-independent, constitutive estro-
gen receptor α activity.10 In this and following
studies,11–15 prevalence of ESR1 mutation differed
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markedly between patients who were first exposed to
aromatase inhibitors during the adjuvant and meta-
static settings. Only rarely, and depending on the
sensitivity of the method applied, were activating
ESR1 mutations detected in primary treatment-naive
cancers.10 Most of the studies encompassing larger
cohorts of patients were conducted on plasma
samples.12–15 Mutation detection in circulating
tumor DNA may miss a considerable proportion of
cases 16 and is difficult to standardize.17 Therefore,
in this study, tissue samples from biopsies were used
for detection of ESR1 mutation as well as correlation
with histologic and intrinsic subtype Figure 1.

Materials and Methods

Bone marrow biopsies were retrieved from the
archive of the bone marrow registry in Hannover.
In the years 1998–2015, 243 samples with a clinical
history of breast cancer and histologically proven
metastasis were identified. From these biopsies, 12
were not further analyzed because of low tumor
content (o5%). The 231 remaining cases had a
median age of 69 years (27–89 years). The study
population encompassed exclusively women with-
out any male breast cancer patient. All individuals
were Caucasians, predominantly from European
countries with one Armenian and one Arab. With
regard to histological subtype, 118 cases were of no
special type (51%) and 113 (49%) were lobular.
Expression of estrogen receptor α and progesterone
receptor, as well as HER2 status were determined
according to established guidelines using immuno-
histochemistry and in situ hybridization in case of
equivocal HER2 results.18,19 E-Cadherin and Ki67
were detected as described.20 With regard to receptor
expression, 194 cases (83.9%) belonged to the
luminal subtype and 10 cases (4.3%) to the HER2
type, respectively (Table 1).

The study was confirmed by the Ethics Committee
of Hannover Medical School.19

Immunophenotyping

For immunohistochemistry, 2 μm sections of
formalin-fixed paraffin-embedded tumor specimens
were mounted on poly-L-lysine-coated slides, and
deparaffinized and rehydrated conventionally.
Immunohistochemical stainings were performed on
a Benchmark Ultra (Ventana, U.S.A.) automated
stainer using the CC1-mild or CC1-st protocols for
target retrieval and the anti-estrogen receptor α
(clone SP1, Ventana, undiluted), anti-progesterone
receptor α (clone 1E2, Ventana, undiluted), anti-
HER2 (clone 4B5, Ventana, undiluted), anti-E-
Cadherin (clone MSK 033, Zytomed, Berlin, Ger-
many, 1:100) and anti-Ki-67 (clone SP6,Thermo
Scientific, Germany, 1:100) antibodies. HER2
in situ hybridization was done as described.20

DNA Analysis

From tumor-bearing paraffin blocks, 10 μm-thick
sections were cut. From each core biopsy,
2–6 sections were taken, depending on its size.
Genomic DNA was extracted from formalin-fixed
paraffin-embedded specimens with the Maxwell
RSC DNA FFPE KIT on a Maxwell® RSC instrument

Figure 1 Bone metastasis of lobular breast cancer with ESR1
mutation (a), Hematoxylin-Eosin. In all mutated cases strong
estrogen receptor expression was demonstrable (b), immune
peroxidase.

Table 1 Age, histologic and intrinsic subtype of ESR1-mutated
breast cancer with bone metastases

All patients ESR1 mutated

Age (median, range, y= years) 69y, 27y–89y 73y, 55y–82y
BC, all types (%) 231 (100) 27 (100)
BC, no special type (%) 118 (51.1) 13 (48.2)
BC, lobular (%) 113 (48.9) 14 (51.8)
ER positive (%) 194 (84) 27 (100)
PR positive (%) 107 (46.3) 21 (77.8)
HER2 positive (%) 10 (4.3) 1 (3.7)
Triple negative (%) 33 (14.3) 0 (0)
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(Promega, Madison, WI, USA) according to the
manufacturer's recommendations. DNA quantifica-
tion was performed using the Qubit 2.0 Fluorometer
with dsDNA high sensitivity Assay kit (Thermo-
Fisher Scientific, Dreieich, Germany). Amplicon-
based library preparation was performed with a
customized NGS mini panel (ESR1 coding regions of
exon 4, 7, and 8), consists of short amplicons below
150 bp (Table 2). Next-generation sequencing, data
processing, and evaluation were performed as
described previously 21

Sequencing of ESR1 exon 5 was performed by
pyrosequencing as described.22 All mutations in
ERS1 detected with NGS were confirmed by
pyrosequencing (Table 3).

Digital polymerase chain reaction was performed
to evaluate possible ESR1 gene amplification.
QuantStudio 3D Digital PCR System, 3D PCR
Master Mix v2 and 3D PCR 20 K Chip Kit v2 were
used (ThermoFisher Scientific, Dreieich, Germany).
The reaction conditions were as follows: hot start at
96 °C for 10min, denaturation at 98 °C for 30 s,
annealing/extension at 62 °C for 2min for a total of
39 cycles, followed by a final extension step at
60 °C for 2min. The data analysis was performed
with QuantStudio 3D AnalysisSuite™ Cloud
Software version 3.1.2. TaqMan® Copy Number
Assays (ESR1 assay ID: Hs00482211_cn; Reference
assay: RPPH1, catalog number: 4403326,
ThermoFisher Scientific) were used with 30 ng
DNA input.

Results

Frequency and Types of ESR1 Mutations

Activating mutations of ESR1 were found in 27
patients with bone metastasis from breast cancer.
Except for one sample, mutations were exclusively
detected in exon 8 with p.D538G being the most
frequent type (n=17, Table 4), followed by muta-
tions of codon 537 (p.Y537). One patient revealed
double mutation with p.D538G and p.E380Q
(Table 4). No mutations of exons 4 and 7 were seen.
Four patients had received sequential biopsies with
up to four further samples and spanning a time
period from 1 to 7 years. In three of the patients with
follow-up biopsies, the mutation and its allelic
burden remained stable over time. One patient with
7 years of follow-up had ESR1 wild type in the first
and second biopsy after 3 years. After another 6
years, p.E380Q mutation was detected. In the fourth
biopsy after 7 years, a second mutation was demon-
strable (p.D538G), which occurred in conjunction
with p.E380Q mutation.

ESR1 Gene Amplification

To evaluate ESR1 gene amplification as a potential
second mechanism of resistance towards endocrine
therapy copy number variation analysis by digital
polymerase chain reaction was performed in a
subgroup of samples. From 54 estrogen receptor
α-positive samples, 53 (98%) samples provided

Table 2 Genomic location on chromosome 6 and amplicon primer sequences for ESR1 mutation profiling with NGS

Start End
Amplicon
length Forward primer Reverse primer

Exon 4 152265409 152265540 131 bp 5′-GGTCTGCTGGAGACATGAGAG-3′ 5′-TCACTGAAGGGTCTGGTAGGATC-3′
Exon 7 152415468 152415596 128 bp 5′-CCATGAACACTCTGGGTCTCCTA-3′ 5′-CATCAGGTGGATCAAAGTGTCTGT-3′
Exon 8 152419900 152420028 128 bp 5′-TGGAGCATCTGTACAGCATGAAG-3′ 5′-TGCAAGGAATGCGATGAAGTAGAG-3′

Table 3 Pyrosequencing primer used for mutation profiling in exon 5 and for validation of mutations in exon 4, 7, and 8

ESR1 exon 4 for 5′-GGAGACATGAGAGCTGCCAACC-3′
ESR1 exon 4 rev 5′-AATAGAGTATCGGGGGCTCAGCA-3′
ESR1 exon 4 pyroseq for 5′-ATGATCAAACGCTCTAAG-3′
ESR1 exon 4 pyroseq rev 5′-AAGGCCAGGCTGTTC-3′
ESR1 exon 5 for 5′-GTTTTCAGGCTTTGTGGATTTGAC-3′
ESR1 exon 5 rev 5′-ACGAGACCAATCATCAGGATCTCT-3′
ESR1 exon 5 pyroseq for 5′-TCTAGCCAGGCACATT-3′
ESR1 exon 5 pyroseq rev 5′-ATCAGGTCCACCTTCTA-3′
ESR1 exon 7 for 5′-TCTCTGCGCATTCAGGAGTGT-3′
ESR1 exon 7 rev 5′-TGCCTTGGCCATCAGGTG-3′
ESR1 exon 7 pyroseq for 5′-GGAGTGTACACATTTCTG-3′
ESR1 exon 7 pyroseq rev 5′-AGAGACTTCAGGGTGCTGG-3′
ESR1 exon 8 for 5′-TGGAGCATCTGTACAGCATGAAG-3′
ESR1 exon 8 rev 5′-GGCGTCCAGCATCTCCAG-3′
ESR1 exon 8 pyroseq for 5′-AAGAACGTGGTGCCCC-3′
ESR1 exon 8 pyroseq rev 5′-GCATCTCCAGCAGCAG-3′
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evaluable results. In none of these samples ESR1
gene amplification was detectable.

Histologic Types of Metastatic Breast Cancer with
ESR1 Mutation

Lobular and no special type breast cancer were
affected by ESR1 mutations in an almost equal
frequency. The propensity for lobular breast cancer
to metastasize to the bone has been described
before,23,24 but the high proportion of almost 50%
of all bone metastases by breast cancer, as found in
this study (Table 1), had not been expected. No clear-
cut differences with regard to the share of lobular
cancers were found between ESR1-mutated and
ESR1-non-mutated cases (Table 4) as well as
between estrogen receptor α-positive (49%) or estro-
gen receptor α-negative breast cancer (46%), making
it unlikely that these factors significantly contributed
to the over-representation of lobular breast cancer in
bone metastases.

Expression of Hormone Receptors, HER2 and Ki67 by
Metastatic Breast Cancer with ESR1 Mutation

All ESR1-mutated breast cancers expressed the
corresponding receptor and no mutation was found
in estrogen receptor α-negative cases (Table 1). In 24
patients (89%), strong estrogen receptor α expression
(100% of cells; Figure 1) occurred, in the remaining 3
cases, estrogen receptor α was positive in 30–80% of
cells. Progesterone receptor expression was present
in 78% of mutated cases (n=21) ranging from 5 to
100%. Among the ESR1-mutated cases, there was
one with HER2 overexpression. Metastatic breast
cancer with activating mutations of ESR1 displayed a
Ki67 labeling index ranging from 5 to 60%. The
median labelling index was 30, and 85% of cases
showed ≥ 20% Ki67-positive cells.

Endocrine Pretreatment of Metastatic Breast Cancer
with ESR1 Mutation

ESR1 mutation was demonstrable in bone biopsies
from patients with first diagnosis of metastatic
disease (n=16) as well as in patients with known
metastatic disease, and being already under

treatment (n=11). In one of the latter patients from
whom follow-up biopsies were available, it could be
shown that two different ESR1 mutations were
acquired during aromatase inhibitor treatment. From
seven patients, information on endocrine therapy
was available. Two of these patients had been treated
exclusively with tamoxifen. Four patients had
received tamoxifen followed by aromatase inhibitor,
and one patient had been treated with aromatase
inhibitor only. In those patients from whom informa-
tion on endocrine pretreatment could not be
retrieved, there is high probability that all of them
had received anti-hormonal therapy because the
German guidelines require tamoxifen or aromatase
inhibitor treatment of every receptor-positive breast
cancer irrespective of its grade or stage.25 The
adherence to the corresponding guide line, specifi-
cally to the recommendations on adjuvant endocrine
therapy, is high and above 80%.26 Because aroma-
tase inhibitor treatment is recommended in post-
menopausal patients and in lobular breast cancer
patients25 who provide the majority of ESR1-mutated
cases in this study, most of the mutated cases have
probably been treated with an aromatase inhibitor-
containing regimen.

Discussion

In this study, which is the largest on bone metastasis
of breast cancer so far, 14% of estrogen receptor α-
positive cancers harbored an activating ESR1 muta-
tion. A similar proportion has been found in a
smaller series encompassing 11 patients.12 The
estrogen receptor α mutations in this study were
clustered in the mutational ‘hotspot’ surrounding
residues 536–538 in the hormone-binding domain,
known to result in a constitutive activation of the
receptor.2 The most frequent ESR1 ‘hotspot’ muta-
tions in metastatic breast cancer are the p.E380Q, p.
Y537N, p.Y537S, and p.D538G somatic alterations.2
All of these were found in the study population of
bone metastases (Table 2). In addition, rarer muta-
tions were encountered in three patients (p.Y537C,
p.L536H). Breast cancer of no special type and of
lobular type did not differ with regard to distribution
of ESR1 mutations (Table 2). One patient showed
two types of ESR1 mutations which were sequen-
tially acquired during treatment of metastatic dis-
ease. Wang et al. had made similar observations with
multiple ESR1 mutations in the same tumor and
provided evidence that in these cases, mutations (p.
Y537S and p.D538G) were on different alleles,
indicating polyclonal disease.12 All ESR1-mutated
cases in the current study did express estrogen
receptor α, whereas triple negative cases displayed
wild-type ESR1. This is in line with previous
findings.13

Bone is the preferred metastatic niche for some
cancers, including breast cancer, in particular estro-
gen receptor α-positive luminal BC and it is still

Table 4 Types of ESR1 mutations

Mutation
All mutated

cases
No special
type BC Lobular BC

p.D538G 17 8 9
p.Y537S 4 2 2
p.Y537N 3 1 2
p.Y537C 1 1 0
p.L536H 2 1 1
p.E380Q 1 1 0
Double mutation
p.D538G/p.E380Q

1 1 0
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unclear why such selectivity is seen for bone.2 With
almost 50% of cases belonging to the lobular
subtype, this study substantiates prior clinical
observational studies that lobular BC, exhibits a
higher propensity for bone metastasis than breast
cancer of no special type.23,24 The rate was 3–5-fold
of what could have been expected from the pre-
valence of the lobular subtype among all types of
breast cancer (Table 1). Two potential explanations
for this over-representation of lobular breast cancer
could be envisaged. It may be presumed that higher
estrogen receptor α expression in lobular breast
cancer might play a role, but a considerably higher
share of lobular breast cancer was present in both,
the estrogen receptor α-positive as well as estrogen
receptor α-negative subgroup of bone metastasis.
Furthermore, it could have been speculated that a
higher rate of ESR1 mutation in lobular breast cancer
contributes to its over-representation. Obviously,
this does not seem to be the case (Table 2). Thus,
other factors intrinsic to luminal subtype appear to
determine its bone metastatic potential.

There has been some indication that accumulation
of ESR1 mutations upon aromatase inhibition might
occur especially in bone metastatic tumors, suggest-
ing a selective role of bone microenvironment for
such mutations.2 But up to now there has been not
enough evidence to support a particular role of ESR1
mutation in bone.2 Schiavon and colleagues 13

described a high proportion of bone metastasis
(84%) in their series of 19 ESR1-mutated breast
cancer patients. From our study, no convincing
evidence can be derived that ESR1 mutation selects
for bone metastasis. The frequency of 12% ESR1-
mutated cases in all bone metastases and 14% in the
estrogen receptor α-positive subgroup, respectively
is well in line with other studies which did not focus
on metastatic bone disease.12,13,17 ESR1 mutations
were detected in the plasma of 11% (18 of 171) of
patients with advanced breast cancer, amounting to
14% of the estrogen receptor α-positive cases.13
Using cell-free DNA coupled with sensitive digital
drop polymerase chain reaction methods, the fre-
quency of ESR1 mutations in metastatic patients is
now estimated to be as high as 30 and 50% in breast
cancer.27 Although different sensitivities of the
methods applied such as droplet12 or multiplex
polymerase chain reaction13 could cause some
differences in the detection rate, our data do indicate
that the frequency might not be as high as
anticipated.27 As obvious from one patient in our
series who acquired ESR1 mutation during treatment
of metastatic disease after being initially negative,
the proportion might be higher when aromatase
inhibitor treated patients in a metastatic setting are
analyzed.13,17

Because ESR1 mutations have only rarely
been detected in primary tumors, it has been
concluded that these mutations appear to be
selected by anti-hormonal therapy, in particular
aromatase inhibitor treatment.13,27 In this study, all

patients from whom clinical information was avail-
able had received anti-hormonal treatment, the
majority with an aromatase inhibitor-containing
regimen (5 out of 7). In two patients with ESR1
mutation, only tamoxifen had been applied. Using
digital drop polymerase chain reaction, Gelsomino
et al.28 identified mutations at high frequencies
ranging from 12% for p.Y537N, 5% for p.Y537S,
and 2% for p.D538G in archived primary breast
tumors from women treated with adjuvant mono-
tamoxifen therapy. No association of ESR1 mutation
with prior tamoxifen exposure was reported by
others.13

In clinical practice, estrogen receptor α expression
is equalled with potential sensitivity to anti-
hormonal therapy. In metastatic disease, endocrine
therapy is even considered reasonable regardless of
whether the receptor assay had been repeated on the
metastasis once the primary tumor had yielded a
positive hormone receptor assay.29 From first clin-
ical trials, there is growing evidence for a worse
outcome for ESR1-mutated cases when further
treated with aromatase inhibitor instead of
fulvestrant.15 Consequently, reporting receptor
positivity of metastatic disease might not be suffi-
cient anymore and information on the ESR1 muta-
tion status should be included in order to guide
adequate therapy. Preliminary evidence suggests that
some of the ESR1 mutations are sensitive to
fulvestrant, and/or everolimus, or palbociclib
treatment, thus these agents promise to be poten-
tially useful in metastatic ESR1 mutation-positive BC
patients.2,15
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