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Abstract

Purpose: Given the clinical relevance of ESR1 mutations as
potential drivers of resistance to endocrine therapy, this study
used sensitive detection methods to determine the frequency of
ESR1 mutations in primary and metastatic breast cancer, and in
cell-free DNA (cfDNA).

Experimental Design: Six ESR1 mutations (K303R, S463P,
Y537C, Y537N, Y537S, D538G) were assessed by digital droplet
PCR (ddPCR), with lower limits of detection of 0.05% to 0.16%,
in primary tumors (n ¼ 43), bone (n ¼ 12) and brain metastases
(n ¼ 38), and cfDNA (n ¼ 29). Correlations between ESR1
mutations in metastatic lesions and single (1 patient) or serial
blood draws (4 patients) were assessed.

Results: ESR1 mutations were detected for D538G (n ¼ 13),
Y537S (n ¼ 3), and Y537C (n ¼ 1), and not for K303R, S463P,
or Y537N. Mutation rates were 7.0% (3/43 primary tumors),
9.1% (1/11 bone metastases), 12.5% (3/24 brain metastases),
and 24.1% (7/29 cfDNA). Two patients showed polyclonal

disease with more than one ESR1 mutation. Mutation allele
frequencies were 0.07% to 0.2% in primary tumors, 1.4% in
bone metastases, 34.3% to 44.9% in brain metastases, and
0.2% to 13.7% in cfDNA. In cases with both cfDNA and
metastatic samples (n ¼ 5), mutations were detected in
both (n ¼ 3) or in cfDNA only (n ¼ 2). Treatment was
associated with changes in ESR1 mutation detection and allele
frequency.

Conclusions: ESR1 mutations were detected at very low allele
frequencies in some primary breast cancers, and at high allele
frequency in metastases, suggesting that in some tumors rare
ESR1-mutant clones are enriched by endocrine therapy. Further
studies should address whether sensitive detection of ESR1
mutations in primary breast cancer and in serial blood draws
may be predictive for development of resistant disease.
Clin Cancer Res; 22(5); 1130–7. �2015 AACR.
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Introduction
Estrogen receptor alpha (ERa, ESR1) is expressed in the

majority of breast cancers and is a major regulator of breast
cancer development and progression (1). Endocrine therapy is
one of the most efficacious and least toxic treatments in ER-
positive (þ) breast cancers. Current strategies target ER action
either by ligand deprivation [aromatase inhibitors (AI) or
ovarian function suppression] or ER blockade through selective
estrogen receptor modulators (SERM) and degraders (SERD).
All these therapies may improve survival in early-stage breast
cancer (2, 3). However, de novo or acquired resistance is a major
clinical problem, especially in metastatic breast cancer. Multi-
ple molecular mechanisms of resistance include downregula-
tion of ER expression, dysregulation of ER coregulators, post-
translational modifications of ER, and cross-talk with growth
factor signaling pathways (4–11).

The concept that somatic base-pairmissensemutations in ESR1
may confer hormone independence has been speculated formany
years.However, studies of primary breast cancer have reported few
or no ESR1 mutations (12–16). For example, ESR1 base-pair
missense mutations are present at 0.2% (1/482) in breast cancers
in The Cancer Genome Atlas (TCGA; ref. 17), and 0.3% (5/1430)
in the Catalog of Somatic Mutations in Cancer. However, recent
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studies have documented ESR1 as being highly mutated in met-
astatic breast cancer. Li and colleagues first reported ESR1 ligand-
binding domain mutations in two patient-derived xenografts
from hormone-resistant advanced disease (18). Subsequently,
high rates of ESR1 mutation (15%–50%) in metastatic breast
cancer have been reported (19–22). Furthermore, recent studies
have implicated that the emergence of ESR1 fusions can also be a
mechanism of endocrine therapy resistance (18, 23). Preliminary
functional studies indicate that some somatic mutations in ESR1
results in ER ligand-independent activity that is partially resistant
to current endocrine therapies, suggesting that these mutations
may undergo selection under the pressure of endocrine therapy
(18–22).

One goal of precision cancer medicine is to make clinical
decisions based upon genomic data, which can identify a target
for therapy, and/or predict therapeutic resistance. It is hypothe-
sized that ESR1 gene mutations may be a predictive biomarker of
resistance to endocrine therapy. As longitudinal biopsy and
genetic analysis of metastatic disease are often not feasible, the
concept of measuring mutations in tumor DNA circulating in
plasma, termed circulating cell-free DNA (cfDNA), has recently
gained much attention. The feasibility of using cfDNA to nonin-
vasively identify molecular alterations within metastatic tumors
has been shown in several studies (24–26) and preliminary data
suggest that cfDNA can be used to monitor breast cancer burden
and treatment response (27). A recent proof-of-principle study
detected an ESR1 mutation (E380Q) in cfDNA from a single
patient with advanced hormone refractory breast cancer (25, 28).
However, the detection of rare mutations has been challenged by
several limiting factors, including low cfDNA yields and low
tumor cellularity in metastatic lesions. Digital droplet PCR
(ddPCR) is a highly sensitive and robust technology for detection
of rare mutations compared with the available sequencing tech-
niques (29–31). Here, we report the use of ddPCR to study the
incidence of ESR1 mutation in primary breast cancer, metastatic
biopsies with a focus on bone, and brain metastases since they
havebeenunderstudieddue to difficulties in accessing such tissue,
and finally cfDNA from breast cancer patients with recurrent
disease.

Materials and Methods
Sample acquisition

Samples used in this studywere obtained from theUniversity of
Pittsburgh Health Sciences Tissue Bank (HSTB; Pittsburgh, PA;
primary breast cancer, brain metastases), or were prospectively
collected (bone metastases, blood). There were no special criteria
for selection of samples for the study other than those described
here. Frozen primary ER-positive breast cancers (n ¼ 43; >60%
tumor cellularity) from patients subsequently treated with endo-
crine therapy were obtained from HSTB. Metastatic tumor biop-
sies frombrain (n¼38) andbone (n¼ 12)were collected through
HSTBover the last 3 years. For collectionof cfDNA (n¼29), blood
was drawn (1–4� 10mL Streck tubes) between 01/14 and 08/14
frompatientswith advanceddisease seenwithin theUPMChealth
system. Therewere a total of 122 samples, from121patients, since
one patient (CF28) donated both cfDNA and a bone metastases
sample. In addition, we had access to skin (CF4), liver (CF16),
ovarian (CF23), and soft tissue neck metastases (CF14) from
patients who donated blood for cfDNA isolation, thus totaling
n ¼ 126 analyzed samples. ER status was detected by IHC, using
ASCO-CAP 2010 guidelines for tumors diagnosed in or after 2010
(32). All patients signed informed consent, and the studies were
approved by the University of Pittsburgh IRB.

DNA isolation, preparation, and quantification
Of note, 30 to 50 mg of frozen primary tumor tissue and 50 to

150 mg frozen bone metastases were crushed under liquid
nitrogen, and DNA was isolated using Qiagen DNeasy Blood
&Tissue Kit. Brainmetastaseswere obtained as FFPE sections and
Qiagen Allprep DNA/RNA FFPE Kit was used to isolate DNA
from four to six 10 mm slides. cfDNA was isolated as previously
described (29). Briefly, plasma was separated by double centri-
fugation within 7 days of blood collection, and DNA was
isolated from 1 to 4 mL plasma using QIAamp Circulating
Nucleic Acid kit. Targeted high-fidelity preamplification (15
cycles) was performed on cfDNA and DNA isolated from FFPE
brainmetastases using primers listed in Supplementary Table S1.
Preamplification products were purified using QiaQuick PCR
purification kit and diluted before ddPCR at 1:100 and 1:20 for
brain metastases and cfDNA, respectively. The preamplification
does not affect linearity of detection of the mutant allele, as we
have shown for ESR1 and PIK3CA mutations (Supplementary
Fig. S1). All DNA samples were quantified by Qubit dsDNA HS/
BR assay kits (Life Technologies).

Mutation detection by droplet digital PCR (ddPCR)
Primers and probes were designed and ordered through Life

Technologies for S463P, Y537C/N/S, K303R, and Integrated
DNA Technologies for D538G ESR1mutations (Supplementary
Table S2). Bio-Rad QX100 Droplet Digital PCR system was
used. Briefly, 1 mL template from diluted preamplified products
or 50 to 60 ng of nonamplified DNA was mixed with ddPCR
supermix for probes (no dUTPs; Bio-Rad laboratories, Inc.) and
primer/probe set. Droplets were generated using 20 mL of the
reaction mixture and 70 mL of droplet generation oil. Positive
and negative controls were included in each run to exclude
potential contamination artifacts, and to control for proper
gating of alleles. All mutation-positive samples were run in
at least three replicates, assaying at least 10,000 genome equ-
ivalents. For positive controls, we utilized oligonucleotides

Translational Relevance

Recent studies have identified somatic mutations in the
estrogen receptor (ERa, ESR1) in endocrine-resistant meta-
static breast cancer, but rarely or not at all in primary disease,
suggesting that such mutations may undergo selection during
endocrine therapy. Here, we report the use of highly sensitive
digital droplet (ddPCR) to study the incidence of ESR1muta-
tion in primary breast cancer, metastatic biopsies from brain
and bone, and circulating cell-free DNA (cfDNA) from breast
cancer patients with advanced disease. Our results show that
mutations can indeed be identified in primary disease,
although at very low mutant allele fraction. In cfDNA we find
that 25% of patients with advanced breast cancer harbor
mutations in ESR1. Collectively, our data suggest that sensitive
detection of ESR1 mutations in primary breast cancer and in
serial blood draws may be predictive for development of
resistant disease, a hypothesis to be tested in prospective trials.

ESR1 Mutations in Advanced Breast Cancer
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containing the mutation (463P, Y537C/N, K303R), DNA from
a cell line with a D538G knock-in mutation (unpublished
data), or DNA from a liver biopsy with an ESR1 mutation at
Y537S confirmed by Sanger sequencing (Fig. 1). Specificity of
the probes was demonstrated for Y537C/N/S and D538G
mutations (Supplementary Fig. S2). No detectable cross-reac-
tivity of mutant probes andWT probes was observed for D538G
or Y537C mutation (Supplementary Fig. S3A). We did find that
an increase in the presence of Y537S caused a slight downshift
in the fluorescent signal for D538G (Supplementary Fig. S3B)
causing a double population; however, this did not affect the
calculated D538G allele frequency. The reason for the decrease
in D538G fluorescence is unclear. Mutations with high allele
frequencies were confirmed with Sanger sequencing using pri-
mers listed in Supplementary Table S1.

Quantitative analysis
Data were analyzed using QuantaSoft software (Bio-Rad),

calculating a fractional abundance ("mutant allele frequency").
The background noise, which was higher in preamplified DNA
from cfDNA and FFPE brain metastases compared with DNA
from frozen tissues (primary tumors and bone metastases), was
defined as the average of allele frequency plus half (for cfDNA)
or full (for FFPE DNA) 95% confidence intervals (CI) of
negative controls (ESR1 wild-type DNA) across all ddPCR
assays. The noise was subtracted from the allele frequencies.

The background noise-adjusted lower limits of detection
(LLoD) of the assay were 0.05% for frozen tissues, 0.10% for
cfDNA, and 0.16% for FFPE tissues (Supplementary Fig. S4).
Samples were called "positive" for the ESR1 mutation if (a) the
allele frequencies were >0 after subtraction of background
noise, (b) >2 mutant droplets were repeatedly detected, and
(c) allele frequency was > noise adjusted LLoD for at least three
independent assays.

Results
ESR1 mutations in primary tumors

We screened 43 primary ER-positive tumors to detect ESR1
mutations (S463P, Y537C, Y537N, Y537S, and D538G) recently
described in recurrent endocrine-resistant breast cancer. We also
included the analysis of the K303R mutation, which has been
previously described to be present in primary and metastatic
disease, while it was not detected in other studies (33–37). Three
primary tumors (PR3, PR21, PR28)were positive forD538G,with
very low mutant allele frequencies between 0.07% and 0.2%
(Fig. 2 and Table 1). Another sample (PR44) was positive in
multiple repetitive assays, but the mutant allele frequency
(0.012%)was belowour LLoD.Noothermutationswere detected
in any of the remaining primary tumors. We thus detected ESR1
mutations in 7.0% (3/43, 95%Wilson binomial CI 2%–19%) of
primary ERþ breast cancers.
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Figure 1.
Positive controls for mutation probes utilized in ddPCR technology. ESR1 K303R, S463P, Y537C, Y537N oligos, or ESR1 D538G and Y537S gDNA were mixed
with ESR1WT gDNA to serve as positive controls for the assay. Scatter plots of ddPCR results showing fluorescent detection of individual droplets. Blue and green
dots represent droplets with ESR1 genotypes indicated on y-axis and x-axis, respectively. Orange dots represent droplets containing both WT and mutant
ESR1 DNA. Black dots represent droplets that did not contain DNA.
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ESR1 mutations in bone metastases
Because decalcification of bone metastases can impact down-

stream analyses, we restricted our analysis of bone metastases
to fresh-frozen tissue. We obtained 12 frozen bone metastases,
11 of which were from primary tumors known to be ERþ. One
sample (BM14) was positive for the D538G mutation, with an
allele frequency of 1.4% (Fig. 2), for an overall ESR1 mutation
rate in bone metastases of 8.3% (1/12; 95% CI, 0.4%–35%). Of
note, the pathologist's estimate of tumor cellularity in this
sample was about 1% to 5% (Supplementary Table S3), sug-
gesting that the allele frequency of this mutation within tumor
cells in this sample is likely much higher. To confirm our ability
to detect mutations across all samples, we performed an addi-
tional control by assaying for a frequent PIK3CA mutation
(H1047R). Three samples (BM01, BM08, and BM11; Supple-
mentary Table S3) tested positive for PIK3CA mutation at high
allele frequencies (27.0%, 29.7%, and 37.8%), supporting
suitability of our metastatic samples for mutation detection
by ddPCR (Supplementary Fig. S5).

ESR1 mutations in brain metastases
We analyzed 38 brain metastases, 24 of which originated from

ERþ primary tumors, and 14 from which the ER status of the
primary tumors were unknown. All brain metastases with the
exception of BR55 (30%–40%), BR56 (40%–60%), BR60 (40%),
and BR68 (30%–50%) had at least 60% tumor cellularity. Three

brain metastases (BR11, BR17, BR19) contained D538G muta-
tions at high allele frequencies (34.3%–44.9%; Fig. 2) for an
overall mutation rate of 7.9% (3/38; 95% CI, 3%–21%): all
were recovered from patients with ERþ primary breast cancer
giving a 12.5% frequency in disease with known ER-positivity
(3/24; 95% CI, 4%–31%). The presence of the D538G muta-
tion was confirmed by Sanger sequencing in the three brain
metastases (Supplementary Fig. S6). Interestingly, sample BR17
had an additional Y537S mutation at a lower allele frequency
(0.24%). Furthermore, using a dual-mutation specific probe,
the mutations were found to be on separate alleles, indicative
of polyclonal ESR1 mutations within a single metastatic tumor
(Supplementary Fig. S7).

ESR1 mutations in cfDNA
We next interrogated ESR1mutations in cfDNA collected from

29 patients with metastatic breast cancer, all arising from ERþ

primary disease. ESR1D538G (n¼ 6), Y537S (n¼ 2), and Y537C
(n¼ 1) mutations were detected in a total of 7 patients, with one
patient (CF4) having polyclonal ESR1-mutations consisting of
Y537C, Y537S, andD538Gwith allele frequencies of 2.7%, 1.2%,
and 5.1%, respectively (Table 1). cfDNA allele frequency was
overall higher compared with primary tumors (Fig. 2). The ESR1
mutation rate in cfDNA was 24.1% (7/29; 95% CI, 12%–42%).

Table 2 summarizes clinical characteristics and endocrine
treatment history of patients with an ESR1 mutation identified
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Figure 2.
ESR1mutation allele frequencyofESR1mutation-positive
samples. Average mutant allele frequency � SEM were
calculated using data from at least three replicates
(after subtraction of respective background noise). Gray
lines indicate the adjusted LLoD of respective tissue. PR,
BM, BR, and CF represented primary tumors, bone
metastases, brain metastases, and cfDNA, respectively.
Each mark on x-axis represents a sample, and names are
indicated for ESR1 mutation-positive samples.

Table 1. The rates of ESR1 mutations in primary tumors, cfDNA, brain and bone metastases from breast cancer patients

ESR1 mutations
Samples N ERþ primary K303R S463P Y537C Y537N Y537S D538G Pts with ESR1 mutation Rates of ESR1 mutation

Primary tumor 43 43 0 0 0 0 0 3 3 7.0% (3/43)

Bone metastases 12 11a 0 0 0 0 0 1 1 8.3% (1/12)
(9.1% in ERþ)c

Brain metastases 38 24a 0 0 0 0 1 3 3b 7.9% (3/38)
(12.5% in ERþ)c

cfDNA 29 29a 0 0 1 0 2 6 7b 24.1% (7/29)
aNumber with known ERþ primary tumor at time of diagnosis (ER status of primary tumor unknown for remaining samples).
bOne patient with a brain metastasis, and one with cfDNA analysis had multiple distinct ESR1 mutations within a single sample (polyclonal ESR1 mutations).
cFrequency of mutations in metastases from a known ERþ primary tumor.

ESR1 Mutations in Advanced Breast Cancer
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in cfDNA. Typical of patients with ERþ metastatic breast cancer,
most had an extensive history of endocrine therapy as mea-
sured by both number of agents and months of exposure. There
were not sufficient number of samples to formally analyze a
predicted association between ESR1 mutations and shorter
survival.

Analysis of ESR1 mutations in serial blood samples, and
matched metastatic tumors

Serial blood draws from 4 patients were available for longitu-
dinal examination of ESR1mutation status. Patient CF4 (Fig. 3A)
was originally diagnosed with ERþ lymph-node positive disease,
underwent mastectomy, and was then treated with SERMs. Over
the next year, she developed metastases to brain, liver, bone, and
skin. A metastatic skin lesion biopsy was negative for ESR1
mutation. A blood draw 6 months later showed three ESR1
mutations with different allele frequencies (Y537C – 2.7%,
Y537S–1.2%,D538G–5.1%). The patient received an aromatase
inhibitor, everolimus, and chemotherapy for 6 months. A sub-
sequent blood draw (6 months after the first one) revealed an
enrichment of Y537C and D538G mutations, but a loss of the
Y537S-mutant clone (Y537C – 7.4%, Y537S < LLoD, D538G –

10.1%). The increase in the allele frequencies of D538G
and Y537C co-occurred with an increase in the tumor marker
CA 27-29.

For patient CF16, DNA from five serial blood draws and from a
biopsy of a liver metastasis was analyzed (Fig. 2B). The patient
originally developed ERþ chest wall metastases 12 years after
excision of DCIS. She received serial endocrine therapy including
tamoxifen, fulvestrant, and multiple AIs, followed by mTOR
inhibitor and chemotherapy, but metastases progressed to other
sites, including liver and bone. The ESR1 D538G mutation was
detected in both the liver metastasis (23.0%) and the first blood
draw (1.0%). The allele frequencywas similar in the secondblood
draw (0.9%), peaked around the time of the third draw (13.7%),
decreased in the fourth blood draw (4.9%), and was below LLoD
in the fifth draw taken after approximately 6 months of chemo-
therapy (0.2% before noise subtraction, which did not pass the
cut-off for "positive" mutation calling). The decreased frequency

of the mutant allele corresponded to lower CA 27-29 levels after
chemotherapy.

Two additional patients (CF23, CF28) had two blood draws
each (Supplementary Fig. S8). Patient CF23 presented with Stage
IV disease, with multiple bone lesions, and an ovarian metastasis
thatwas negative forESR1mutation. Bloodwas drawnat two time
points throughout disease progression, as indicated in Supple-
mentary Fig. S8A,whichwas approximately 1month after surgical
removal of the ovarianmetastasis. D538Gmutation was detected
at low allele frequency (0.2%) in the first draw, and was below
LLoD in the seconddraw. PatientCF28developed lung, bone, and
brain metastases 3 years after completion of 5 years of AI treat-
ment for an ERþ breast tumor (Supplementary Fig. S8B). She was
treated with AI, and fulvestrant, and cfDNA from first blood draw
was negative for ESR1 mutations. The disease progressed, and a
subsequent bone biopsy revealed an ESR1 D538G mutation
(1.4% allele frequency; BM14, described above), and cfDNA
showed the D538G mutation at 7.8% allele frequency. The
increase in allele frequency of D538G co-occurred with an
increase in CA 27-29 tumor marker. Finally, in one additional
patient (CF14) with a single blood draw, the Y537Smutation was
detected in both a posterior neck soft tissue nodule (40.5% allele
frequency), and in cfDNA, although at lower frequency (0.8%).

Thus, in summary, mutations were either detected in both
metastatic biopsy and cfDNA (n ¼ 3) or in cfDNA only (n ¼
2), suggesting cfDNA as a source for disease phenotyping (e.g.,
detecting types of mutations), and potentially monitoring bur-
den. This is supported by the observation that changes in ESR1
mutation frequency correlated with changes in CF27-29 levels.

Discussion
ESR1 mutations are present at very low allele frequency in
primary ER-positive breast cancer

Previous studies have shown low or undetectable rates of ESR1
mutation in primary breast cancer using Sanger sequencing or
massively parallel sequencing (MPS). This is the first study to
examine ESR1 mutations (S463P, Y537C, Y537N, Y537S, and
D538G, K303R) in primary breast cancer using ddPCR.We found

Table 2. Clinical characteristics and endocrine treatment history in patients with confirmed ESR1-mutant cfDNA, brain or bone metastases

Clinical characteristics
Endocrine therapy before

mutation analysis
Endocrine therapy after

mutation analysis

ID Specimen

Detected
ESR1
mutations

Stage
at Dx

ER
Status

ADJ
hormonal
therapy

ADJ
hormonal
therapy
duration
(months)

Number
of
therapies

Cumulative
Exposure
(months)

Endocrine
therapy

Number
of
therapies

Cumu-
lative
exposure
(months)

Endo-
crine
therapy

CF4a cfDNA Y537C/S,
D538G

IIB þ SERM 5 3 23 AI, SERM No No No

CF8a cfDNA D538G IIB þ AI 13 1 47 SERD 2 5 AI, SERM
CF14a cfDNA/soft

tissue
Y537S IV þ No 0 4 25 AI, SERM, SERD 1 2 AI, SERM,

SERD
CF16 cfDNA/liver D538G 0 þ No 0 4 35 AI, SERM, SERD 1 4 AI
CF23 cfDNA D538G IV þ No 0 3 42 AI, SERD 1 7 SERM
CF27a cfDNA D538G IV þ No 0 7 37 AI, SERM, SERD No No No
BR11 Brain D538G 0 þ No 0 4 47 AI, SERM, SERD 1 7 SERM
BM14/CF28 cfDNA/bone D538G IIA þ AI 72 2 9 AI, SERD 1 4 AI
BR19 Brain D538G NK NK NK NK NK NK NK NK NK NK
BR17 Brain Y537S, D538G NK NK NK NK NK NK NK NK NK NK

Abbreviations: ADJ, adjuvant; AI, aromatase inhibitor; Dx, diagnosis; NK, not known; SERD, selective estrogen receptor downregulator; SERM, selective estrogen
receptor modulator.
aPatient is deceased.
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that 7.0% (3/43) of primary breast cancers have an ESR1 D538G
mutation, but the allele frequency is very low (0.07%–0.2%). A
recentNGS studyof primary tumors fromBOLERO trial identified
ESR1 mutation in 6 of 183 tumors (3.3%; 22). TCGA did not
detect ESR1D538Gmutation (or K303R, S463P, Y537C, Y537N,
Y537S) in 482 primary breast cancers, andCOSMIC contains only
one ESR1 D538G mutation from 1,430 primary breast cancers.
The very low allele frequency suggests that in some primary
tumors, ESR1 mutations preexist as rare clones, which are then
selected for during metastatic progression. This is consistent with
a previous study from a single patient, which used deep-targeted
MPS and identified an ESR1 mutation (E380Q) at 2% allele
frequency in primary disease and 68% in synchronous liver
metastasis (25, 28). Detection of rare ESR1mutations in primary
tumors (0%–7%) may be clinically relevant for predicting resis-
tance to hormone therapy; however, additional studies using
sensitive detection technologies are necessary to develop this area
of investigation.

ESR1 is mutated in both brain and bone metastases
Our analysis of 38 brain and 12 bone metastases showed ESR1

mutations with higher allele frequency compared with primary
tumors. To our knowledge, this is the largest study of ESR1
mutations in these specific metastatic sites and the only one to
use ddPCR. The most frequently identified ESR1 mutation was
D538G, which is consistent with five prior studies that detected a

total of fourteenD538Gmutations, eleven Y537Smutations, four
Y537Nmutations, three Y537Cmutations, two S463Pmutations,
and eight other ESR1mutations in a total of 329 samples (18–22).
The slightly increased rate of D538G mutations compared with
other mutations may be a result of the small sample size in our
study. We did not detect the K303R mutation in any of our 126
analyzed samples. The prevalence of K303R has been controver-
sial with one group reporting high frequencies of up to 34% (34)
and 50% (38) in premalignant and invasive breast cancer respec-
tively, while others have identified it at low frequency (33, 39), or
not at all (18–22, 35–37, 40). The sensitivity of our detection
methods suggests that the occurrence of the K303R mutation is
likely to be rare.

Wedetected very high allele frequency (34.3%–44.9%) in brain
metastases, indicating that the ESR1-mutant clones are likely
dominant clones, and suggesting that the ESR1 mutation is a
driver event in metastatic progression to this site. Only one bone
metastasis had anESR1mutationof relatively lowallele frequency
(1.4%); however, this low frequency is likely due to the very low
tumor cellularity in this sample (1%–5%). In the future, it might
be of interest to test whether different ESR1 mutations preferen-
tially seed at different metastatic sites.

ESR1 exhibits polyclonal mutations
Previous studies have shown convergent evolution of poly-

clonal mutations in cancer, with different mutations in the same

AI/SERM SERD AI
Chemo

mTORi

Liver met*

Time 
(months)

Chemo

M
on

th
 3

9

Y537SY537C

PARPi
LU

SERM AI
Chemo

ChemomTORi
LU

Chemo

Skin met

Y537C
Y537S
D538G

Time 
(months)

D538G

BA

M
ut

an
t a

lle
le

 
fre

qu
en

cy
 (%

)
C

A
 27.29 (U

/m
L)

C
A

 27.29 (U
/m

L)

M
on

th
 4

4

D538G D538G

M
ut

an
t a

lle
le

 
fre

qu
en

cy
 (%

)

61FC4FC

14
12
10

8
6
4
2
0

0 5 15 20 35 40 45

400

300

200

100

16

14

12
6
4
2
0

0 1 2 24 26 28 30 32 34 36 38 40 42 44

200

150

100

50

0

Month 34 Month 35 Month 36

Month 37 Month 43

Figure 3.
Clinical timelines and allele frequency of ESR1 mutations in serial blood draws and matched metastatic lesions. A, sample CF4 and (B) sample CF16. Top:
2D blots showing ESR1-mutant allele frequency as measured by ddPCR. Bottom: The timeline starts with diagnosis of metastatic disease and shows treatments
received, disease progression (indicated with orange/red vertical arrows), tumor marker assessments (CA 27-29 antigen line graph), blood draws (indicated with
syringe), and ESR1-mutant allele frequency (bar graphs). Treatment abbreviations: AI (Aromatase Inhibitor), Chemo (chemotherapy), LU (Leuprolide), mTORi
(mTOR inhibitor), PARPi (PARP inhibitor), SERD (Selective Estrogen Receptor Degrader) and SERM (Selective Estrogen Receptor Modulator). � , the matched
metastatic lesion was positive for ESR1 mutation.

ESR1 Mutations in Advanced Breast Cancer

www.aacrjournals.org Clin Cancer Res; 22(5) March 1, 2016 1135

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/22/5/1130/2034959/1130.pdf by guest on 24 August 2022



gene ultimately targeting the same phenotype (41). We observed
cases with multiple ESR1 mutations in the same tumor, and
demonstrated that mutations (Y537S and D538G) were on dif-
ferent alleles, indicating polyclonal disease. Patient CF4 is unique
in that cfDNA contained three different ESR1 mutations. It is
possible that the cfDNA integrates ESR1 mutations from distinct
populations of cells, potentially arising fromdifferentmetastases.
The presence of three different mutations in the ligand-binding
domain of ESR1 highlights the substantial selection pressure for
these types of mutations during endocrine therapy. Interestingly,
longitudinal analysis of cfDNA in this patient indicated increased
mutant allele frequency of two clones, and loss of the third clone,
possibly reflecting differential response of individual ESR1muta-
tions to treatments. There is some prior evidence for different
biologies of the different mutants. Toy and colleagues show that
ligand-independent activity of Y537S is stronger than that of
D538G, and weak for S463P (22). It will be important to inves-
tigate whether this polyclonality is important in treatment
response and tumor progression, for example, if different clones
support each other, or if this simply represents a snapshot of a
high rate of genomic instability.

Longitudinal monitoring of ESR1 mutations in cfDNA
We detected ESR1mutations at highmutant allele frequency in

cfDNA from patients with advanced breast cancer. The ease of
obtaining cfDNA and the high sensitivity suggest that this may be
a valuable tool for detecting ESR1 mutation in patients with
advanced breast cancer. However, larger studies directly compar-
ing ESR1 mutation in paired cfDNA and metastatic tumor biop-
sies are required to confirm this possibility. In addition, cfDNA
analysis potentially affords an invaluable approach for longitu-
dinal measurement of mutations that is simply not possible with
solid biopsies. This is shown, for example, in patientCF4where an
initial skin biopsy was negative for ESR1 mutation, but subse-
quent cfDNA assays were positive during her course of advanced
disease. A study by Mattros-Arruda and colleagues showed a
similar concept in a proof-of-principle study of one patient with
advanced disease (25, 28). Association between ESR1 mutation
status and response to endocrine therapy is an important ques-
tion, but our study was not designed to address this. As the
numbers were small, retrospective assessment of endocrine ther-
apy history was not examined. Larger studies and methods to
determine the ratio of cfDNA from tumor versus normal cells are
required to determine the concordance between primary and
metastatic disease, and effects of mutations upon response to
hormone therapy. Thus, ultrasensitive detection of rare ESR1
mutations may represent an important biomarker for develop-
ment of endocrine-resistant disease.

Note: While this manuscript was under review, two other
studies reported detection of ESR1 mutations in cfDNA (42, 43).
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