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Abstract
BACKGROUND: ESR1 mutation in circulating cell-free DNA (cfDNA) is emerging as a noninvasive biomarker of
acquired resistance to endocrine therapy, but there is a paucity of data comparing the status of ESR1 gene in
cfDNA with that in its corresponding tumor tissue. The objective of this study is to validate the degree of
concordance of ESR1 mutations between plasma and tumor tissue. METHODS: ESR1 ligand-binding domain
mutations Y537S, Y537N, Y537C, and D538G were analyzed using droplet digital PCR in 35 patients with
metastatic breast cancer (MBC) (35 tumor tissue samples and 67 plasma samples). RESULTS: Of the 35 paired
samples, 26 (74.3%) were concordant: one patient had detectable ESR1 mutations both plasma (ESR1 Y537S/
Y537N) and tumor tissue (ESR1 Y537S/Y537C), and 25 had WT ESR1 alleles in both. Nine (25.7%) had discordance
between the plasma and tissue results: five had mutations detected only in their tumor tissue (two Y537S, one
Y537C, one D538G, and one Y537S/Y537N/D538G), and four had mutations detected only in their plasma (one
Y537S, one Y537N, and two Y537S/Y537N/D538G). Furthermore, longitudinal plasma samples from 19 patients
were used to assess changes in the presence of ESR1 mutations during treatment. Eleven patients had cfDNA
ESR1mutations over the course of treatment. A total of eight of 11 patients with MBC with cfDNA ESR1mutations
(72.7%) had the polyclonal mutations. CONCLUSION: We have shown the independent distribution of ESR1
mutations between plasma and tumor tissue in 35 patients with MBC.
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Introduction
Endocrine therapy resistance is one of the leading problems in
patients who are estrogen receptor (ER) positive and who have
metastatic breast cancer (MBC). Extensive tumor genotyping studies
revealed that ESR1 nonsynonymous ligand-binding domain (LBD)
mutations in a “hot spot” confined to Tyr537 and Asp538 become
clear as a biomarker of endocrine therapy resistance in patients with
MBC [1–6]. These recurring ESR1 mutations allow activation of
ER-dependent transcription and proliferation due to the conforma-
tional change of ER in the absence of ligand, and cause the resistance
to ER antagonists [3,4,7].
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Tumor tissue is the gold standard specimen for tumor genotyping.
Recent developing methods of gene alterations' analysis from
fragmented alleles have made it possible to detect rare gene alterations
of cell-free DNA (cfDNA) in blood, such as beads, emulsion,
amplification, magnetics technology [8], digital polymerase chain
reaction (dPCR) technology [9], pyrophosphorolysis-activated poly-
merization [10] or tagged-amplicon deep sequencing [11]. Numerous
groups have examined the presence of ESR1 mutations in cfDNA of
patients with MBC and have clarified the utility of them as a
biomarker for disease monitoring, predicting prognosis, and
therapeutic decision-making [12–16].
The main drawback to the use of cfDNA as a surrogate for tissue is a

high degree of variability in the concordance rate between the gene
alterations detectable in tumor tissues and those in their corresponding
plasma, but a few groups reported the various concordance rates of ESR1
mutations between them. Schiavon et al. reported there was 97%
agreement (30/31) of the presence of ESR1 mutations between tumor
tissue DNA (ttDNA) and cfDNA analysis [13]. However, in a
prospective cohort (N = 12), Chu et al. identified seven ESR1mutations
in blood, while no mutations were detected in metastatic biopsies [17].
The objective of this study was to validate the distribution of ESR1

mutations between plasma and tumor tissue. We performed droplet
dPCR (ddPCR), with a number of reports highlighting its superior
accuracy [18,19], for each representative four ESR1 mutations (i.e.,
ESR1 Y537S, Y537N, Y537C, and D538G, which cover more
than 80% of ESR1 mutations associated with acquired resistance to
endocrine therapy [3–5]) on matching tumor tissue and plasma
samples from 35 patients with MBC. In addition, we performed an
exploratory analysis of the change of ESR1 mutations in longitudinal
plasma samples, collected at more than two time points during the
clinical course, from 19 patients during treatment.

Methods

Patients and Breast Cancer Tissue and Plasma Samples
A total of 35 patients (35 tumor tissue samples and 67 plasma samples)

withMBC, treated at KumamotoUniversityHospital between 2007 and
2014, were enrolled in this study. Cases were selected if an archival plasma
sample and its corresponding tumor tissue were available. Informed
consent was obtained from all patients before biopsy or surgery. The
Ethics Committee of Kumamoto University Graduate School of
Medicine (Kumamoto, Japan) approved the study protocol. The
treatment of patients with MBC was performed in accordance with the
National ComprehensiveCancerNetworkClinical PracticeGuidelines in
Oncology [20]. Basically, patients with MBC were assessed monthly for
clinical response at the Kumamoto University Hospital. Progressive
disease was defined as the identification of positive spots by physical
examination and/or by imaging diagnosis during the follow-up period.

Sample Preparation
Genomic DNA from formalin fixed, paraffin embedded tissue

samples that included more than three tissue cores was extracted as
ttDNA using the All Prep DNA/RNA Mini kit (Qiagen,
Germantown, MD, USA) according to the manufacturer's instruc-
tions. ER positive tumor cells were captured by laser microdissection
(LMD) using a Leica LMD 7000 (Leica Microsystems K.K., Tokyo,
Japan), referring to the ER-stained slide. The dissected tissues were
incubated with a PicoPure® DNA Extraction Kit (Life Technologies,
Tokyo, Japan) as described elsewhere [21]. After heat inactivation, the
solution was directly used as template ttDNA for the analysis of ESR1
mutations. Blood collected in EDTA K2 tubes was processed as soon
as possible and was centrifuged at 1467 g for 10 min, with plasma
stored in freezer until DNA extraction. After a second centrifugation
step, DNA was extracted from 200-μL aliquots of plasma using the
PureLink® Viral RNA/DNA Mini Kit (ThermoFisher Scientific,
Waltham, MA USA) as described before [14]. All DNA were
quantified using a NanoDrop 2000 spectrometer (NanoDrop
Technologies, Wilmington, DE, USA) and purity was determined
from the A260/A280 absorbance ratios. In addition, plasma DNA
was quantified and qualified using both DNA 1000 kit and RNA
6000 Pico kit, and an Agilent 2100 Bioanalyzer equipped with Expert
2100 software according to the manufacturer's instructions (Agilent
Technologies Inc., JPN).

Analysis of ESR1 Mutations by ddPCR
ddPCR assay was carried out in the same sample twice using the

QX200™ Droplet Digital™ PCR System (Bio-Rad Laboratories,
Hercules, CA, USA) as described previously [21]. PCR data were
quantified using QuantaSoft™ software (Bio-Rad Laboratories), and
the results are expressed as a percentage of mutant to total (mutant +
wild type) for each tumor tissue sample and as copies per microliter of
mutant DNA for each plasma sample. Our ddPCR method has been
optimized by comparative analysis of a dilution series of each
synthetic ESR1 mutant oligonucleotide as reported previously
[14,21]. All samples were compared with the ESR1 wild-type (WT)
molecule and each ESR1 mutant molecule as positive control. A
water-only (no template) control was run in parallel for each ddPCR
reaction as negative control. According to ttDNA, the cutoff level was
11.2% in ESR1 Y537S, 15.3% in Y537N, 5% in Y537C, and 7.5%
in D538G, respectively, as described previously [21]. According to
plasma cfDNA, a mutation was considered positive with more than
three ESR1 mutant droplets because this assay could detect as few as
three copies of the mutant allele in an abundance of WT DNA (data
not shown). In the longitudinal analysis, changes of cfDNA ESR1
mutations were defined as whether they existed or not during
treatment.

Probes and Primers
The ddPCR assay for the detection of the representative four ESR1

LBD mutations in ESR1 exon 8, ESR1 Y537S, Y537N, Y537C, and
D538G consisted of a pair of primers and two TaqMan minor groove
binding probes, respectively, as described previously [21].

Immunohistochemistry
Immunohistochemical staining was carried out on 4-μm-thick

tumor sections. Serial sections were prepared from selected blocks and
float-mounted on adhesive-coated glass slides for estrogen receptor
alpha (ERα), progesterone receptor (PgR), and human epidermal
growth factor receptor 2 (HER2). Primary antibodies, their
visualization methods, and their evaluation were according to
previously described methods [22].

Statistical Analysis
The chi-square test or Fisher's exact test was used to assess baseline

differences between binary variables. The nonparametric Mann–
Whitney U test was adopted for statistical analysis of the associations
of total alleles in plasma with clinicopathological factors. Differences
were considered significant when a value of P b .05 was obtained. All



Table 2. Correlation of ttDNA and cfDNA ESR1 Mutations with Clinicopathological Parameters
in 35 Metastatic Breast Cancer Patients

Variables No. of Patients (%)

ttDNA cfDNA

Total ESR1
Wild Type

ESR1
Mutation

P
Value

ESR1
wild type

ESR1
Mutation

P
Value

(N = 35) (N = 29) (N = 6) (N = 30) (N = 5)

Age at biopsy
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statistical analyses were two-sided and were performed using JMP
software version 10.0.1 for Windows (SAS Institute Japan, Tokyo,
Japan).

Results
A total of 35 patients with MBC (35 tumor tissue samples and

67 plasma samples) were enrolled in this study. All tumor tissue and
plasma samples contained sufficient DNA for this study. The median
concentration of fragmented alleles in plasma was 117 pg/μL (range,
14–1018), and it varied by 70-fold. There was no statistically
significant correlation of total allele concentration in plasma with
clinicopathological factors (Table S1). The demographics and
baseline characteristics of patients with MBC are presented in
Table 1. The median age of the patients at blood and corresponding
tumor tissue biopsy was 56 years (range, 31–84). Of the 35 metastatic
tumor tissue samples, 12 (34.3%) were from skin, 9 (25.7%) were
from lymph nodes, six (17.1%) were from ipsilateral breast tumor
recurrence, three (8.6%) were from bone, two (5.7%) were from
lung, and one sample each (2.9%) was from liver, brain, and ovary.
Of the 67 plasma samples, 35 plasma samples were drawn in the
biopsy of the tumor tissue and 32 plasma samples were drawn before
or after tumor tissue biopsy (two points from a total of 9 patients
(47.4%), three points from a total of seven patients (36.8%), and four
points from a total of three (15.8%) of 19 patients with MBC). A
total of 33 of 35 patients (94.3%) had been treated with hormonal
therapy and a total of 17 of 35 patients (48.6%) were treated with
both hormonal and chemotherapy. In addition, three patients were
treated simultaneously with targeted therapy using trastuzumab. A
Table 1. Thirty-Five Metastatic Breast Cancer Patient Characteristics

Variables No. of Patients (%)

Metastatic Breast Cancer

(N = 35)

Age at biopsy
Median (range) 56.4 (31–84)

Primary clinical Stage
I 10 (28.6)
II 14 (40)
III 5 (14.3)
IV 6 (17.1)

Histological type
Invasive ductal 32 (91.4)
Invasive lobular 2 (5.7)
Mucinous 1 (2.9)

Histological grade
1 6 (17.1)
2 17 (48.6)
3 9 (25.7)

Lobular 2 (5.7)
The percentage of ERα median (25%, 75%) 90 (60–95)
The percentage of PgR median (25%, 75%) 10 (1–60)
HER2
Negative 32 (91.4)
Positive 3 (8.6)

Recurrent lesions examined
IBTR 6 (17.1)
skin 12 (34.3)
lymph nodes 9 (25.7)
bone 3 (8.6)
lung 2 (5.7)
liver 1 (2.9)
brain 1 (2.9)
ovary 1 (2.9)

Abbreviations: ERα, estrogen receptor alpha; PgR, progesterone receptor; HER2, human epidermal
growth factor receptor 2; IBTR, ipsilateral breast cancer recurrence.
total of two of 35 MBC cases (5.7%) had not received any treatment
before recurrence for the following reasons: one had history of
cerebral infarction and the other had microinvasive disease. Both
these patients were treated with endocrine therapy after recurrence.
The median duration of follow-up was 146 months (range, 15–284
months).

We performed a ddPCR assay to screen representative four ESR1
mutations in MBC tissues and plasma. Six of 35 patients (17.1%) had
detectable mutant ESR1 alleles in their tumor tissue samples and five
of 35 patients (14.3%) had detectable mutant ESR1 alleles in
corresponding plasma samples. Correlation of ttDNA and cfDNA
ESR1 mutations with clinicopathological parameters in 35 patients
with MBC is summarized in Table 2. The presence of cfDNA ESR1
mutations was marginally associated with higher ERα immunostain-
ing (P = .093). All five patients with cfDNA ESR1 mutations were
previously treated with AIs and more than two kinds of endocrine
drugs. In the analysis of corresponding MBC tumor tissue samples,
≤50 8 6 (20.7) 2 (33.3) 0.52 7 (23.3) 1 (20) 0.87
N50 27 23 (79.3) 4 (66.7) 23 (76.7) 4 (80)

Number of ESR1
mutation
0 29 (100) 0 30 (100) 0
1 0 4 (66.7) 0 2 (40)
2 0 1 (16.7) 0 1 (20)
3 0 1 (16.7) 0 2 (40)

Percentage of ERα
immunostaining
≤90 (median) 25 20 (69) 5 (83.3) 0.48 23 (76.7) 2 (40) 0.093
N90 10 9 (31) 1 (16.7) 7 (23.3) 3 (60)

PgR
Negative 5 4 (13.8) 1 (16.7) 0.85 4 (13.3) 1 (20) 0.69
Positive 30 25 (86.2) 5 (83.3) 26 (86.7) 4 (80)

HER2
Negative 32 26 (89.7) 6 (100) 0.41 27 (90) 5 (100) 0.46
Positive 3 3 (10.3) 0 3 (10) 0

Visceral involvement
No 14 11 (37.9) 3 (50) 0.59 13 (43.3) 1 (20) 0.32
Yes 21 18 (62.1) 3 (50) 17 (56.7) 4 (80)

Bone disease
No 20 16 (55.2) 4 (66.7) 0.60 18 (60) 2 (40) 0.40
Yes 15 13 (44.8) 2 (33.3) 12 (40) 3 (60)

Previous endocrine
therapy
AI 28 23 (79.3) 5 (83.3) 0.82 23 (76.7) 5 (100) 0.23
SERM 25 20 (62.1) 5 (83.3) 0.48 21(70) 4 (80) 0.65

Number of prior
endocrine therapy
0 4 3 (10.3) 1 (16.7) 0.52 4 (13.3) 0 0.36
1 5 5 (17.2) 0 5 (16.7) 0
2≤ 26 21 (72.4) 5 (83.3) 21 (70) 5 (100)

Number of metastatic
sites
1 11 9 (31.0) 2 (33.3) 0.45 10 (33.3) 1 (20) 0.34
2 6 6 (20.7) 0 6 (20) 0
3≤ 18 14 (48.3) 4 (66.7) 14 (46.7) 4 (80)

Abbreviations: ttDNA, tumor tissue DNA; cfDNA, cell-free DNA; ERα, estrogen receptor alpha;
PgR, progesterone receptor; HER2, human epidermal growth factor receptor 2; AI, aromatase
inhibitor; SERM, selective estrogen receptor modulator.
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no relationship could be found between the presence of ESR1
mutation and clinicopathological factors.
Comparison of the plasma and tissue results for these 35 patients

revealed concordance of results in 26 of 35 (74.3%) patients: one
patient had detectable ESR1 mutations both plasma (ESR1 Y537S/
Y537N) and tumor tissue (ESR1 Y537S/Y537C), and 25 had WT
ESR1 alleles in both their plasma and tumor tissues. Nine of 35
patients had discordance between the plasma and tissue results: five
had mutations detected only in their tumor tissue (two Y537S, one
Y537C, one D538G, and one Y537S/Y537N/D538G), and four had
mutations detected only in their plasma (one Y537S, one Y537N, and
two Y537S/Y537N/D538G) (Figure 1A).
Additionally, longitudinal plasma samples, collected at more than

two time-points of the clinical course, from 19 patients were used to
assess changes in the presence of ESR1 mutations during treatment
(Figure 1B). In 12 patients, plasma samples were obtained before
tumor tissue biopsy, and in seven of these patients, the samples were
Figure 1. A, Chart showing the percentage of the correlation in the sta
Six of 35 patients (17.1%) had detectable mutant ESR1 alleles in their
mutant ESR1 alleles in corresponding plasma samples. Comparison
concordance of results in 26 of 35 patients (74.3%). Nine of 35 patien
showing the percentage of the change in the status of cfDNA ESR1
ttDNA ESR1 mutations (lower). Longitudinal plasma samples, collecte
patients were used to examine changes in the presence of ESR1 mu
collected before tumor tissue biopsy, and in seven of them, the sam
ttDNA ESR1 WT, eight patients (27.6%) did not have changes in the s
changes in the presence of cfDNA ESR1mutations during treatment. O
not have any cfDNA ESR1 mutations, but 1 patient (16.7%) acqui
wild-type; cfDNA, cell-free DNA; ttDNA, tumor tissue DNA; Mu, mut
collected after tumor tissue biopsy. Of 29 patients with ttDNA ESR1
WT, 8 patients (27.6%) did not have the changes in the status of
ESR1 cfDNA during treatment (six patients (26.7%) had cfDNA
ESR1 WT and two patients (6.9%) had cfDNA ESR1 mutations),
but 8 patients (27.6%) had the changes in the presence of cfDNA
ESR1 mutations during treatment (cfDNA ESR1 mutations
disappeared in four patients (13.8%) and newly appeared in four
patients (13.8%)). Of six patients with ttDNA ESR1 mutations, two
patients (33.3%) have not had any cfDNA ESR1 mutations, but one
patient (16.7%) had acquired cfDNA ESR1 mutations during
treatment. Clinical details of 11 ER-positive MBC patients with
cfDNA ESR1 mutations during treatment are shown in Table S2. A
total of eight (72.7%) of 11 MBC patients with cfDNA ESR1
mutations had the polyclonal mutations over the course of treatment.
Aside from case 9, all patients were treated with AIs before tumor
tissue biopsy. Case 34 lost ESR1 mutations (Y537S/N, D538G) in
both tumor tissue and paired plasma after treatment with AI.
tus of ESR1 gene between tumor tissue and plasma in this cohort.
tumor tissue samples and 5 of 35 patients (14.3%) had detectable
of the plasma and tissue results for these 35 patients revealed

ts had discordance between the plasma and tissue results. B, Chart
gene in patients with ttDNA ESR1 WT (upper) and in patients with
d at more than two time points during the clinical course, from 19
tations during treatment. In 12 patients, the plasma samples were
ples were collected after tumor tissue biopsy. Of 29 patients with
tatus of ESR1 cfDNA during treatment, but 8 patients (27.6%) had
f six patients with ttDNA ESR1mutations, two patients (33.3%) did

red cfDNA ESR1 mutations during treatment.Abbreviations; WT,
ation.
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Discussion
In this study, we performed ddPCR for each of representative four
ESR1 mutations (i.e., ESR1 Y537S, Y537N, Y537C, and D538G)
on cell-free plasma samples from 35 MBC patients with known
distribution of all four ESR1 mutations in metastatic lesions. A total
of 17.1% (6/35) patients had detectable mutant ESR1 alleles in their
tumor tissue samples and 83.3% (5/6) patients with ESR1 mutations
were previously treated with aromatase inhibitors and more than two
kinds of endocrine drugs. There were 14.3% of patients (5/35) who
had detectable mutant ESR1 alleles in paired plasma samples and all
five patients with ESR1 mutations were previously treated with AIs
and more than two kinds of endocrine drugs (Table 2), with a
distribution of mutations that was less frequent than that of
previously published data [4,5,13,23].

The LBD in ESR1 gene can acquire polyclonal mutations [24]. We
observed a case with multiple ESR1 mutations (Y537S/Y537N/
D538G) in the same tumor, but two cases with multiple ESR1
mutations (Y537S/Y537N/D538G) in plasma cfDNA (Figure 1). In
addition, longitudinal analysis of cfDNA indicated a total of 8 of 11
patients with MBC (72.7%) with cfDNA ESR1 mutations had
polyclonal mutations over the course of treatment (Table S2),
possibly reflecting differential response of individual ESR1 mutations
to treatments [15].

Comparison of the plasma and tissue results for these 35 patients
revealed concordance of results in 26 of 35 patients (74.3%), but 9 of 35
patients had discordance between the plasma and tissue results
(Figure 1A). It is conceivable that the variability in the concordance
rate between tumor tissue and plasmamight be explained by the following
three reasons. First, the substantial selection pressure due to endocrine
therapies causes intertumoral and/or intratumoral heterogeneity, which
may miss subclonal populations in a given metastatic lesion [25]. A prior
report demonstrated differences in ESR1 mutation status between two
metastatic sites within the same patient [7]. Second, it is regarded that as a
cause of discordance between them, cfDNA itself can show the
integration of somatic mutations from distinct populations of tumor
cells and different metastases. Finally, the cfDNA is fragmented DNA
reflecting the degradation of DNA following apoptosis and/or necrosis
[26]. Thus, the quantity and quality of cfDNA is dependent on a
functional disorder of infiltrating phagocytes or the location, size, and
vascularity of the tumor [27], perhaps generating the variability in the
concordance rate between tumor tissue and plasma. Longitudinal plasma
samples from 19 patients were used to examine changes in the presence of
ESR1 mutations during treatment (Figure 1B). Of 29 patients with
ttDNA ESR1WT, 8 patients (27.6%) did not have changes in the status
of ESR1 gene during treatment, but 8 patients (27.6%) had changes in
the presence of ESR1 mutations during treatment (cfDNA ESR1
mutations disappeared in four patients (13.8%) and newly appeared in
four patients (13.8%)). Of six patients with ttDNAESR1mutations, two
patients (33.3%) did not have any ESR1 mutations, but one patient
(16.7%) had acquired ESR1 mutations during treatment.

The current study has limitations. This was a retrospective,
single-institute study with a relatively small patient cohort. In addition,
this cohort was very heterogeneous as it was not only based on the
clinicopathological factors but also based on the treatment arms.

Conclusions
We have shown the independent distribution of ESR1 mutations
between plasma and tumor tissue in 35 patients with MBC. As more
data regarding the presence of actionable genomic alterations in breast
cancer tissue and paired blood become available, it would be possible
to clarify the differences in the clinical significance and utility of the
genomic alterations in each sample.
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