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Objective
To characterize circulating oestrogen receptor (ER) mutants
and splice variants in men with advanced prostate cancer.

Materials and Methods
Sequential blood samples were obtained from men with
advanced prostate cancer, and from healthy controls. Blood-
derived RNA samples were analyzed using droplet digital
PCR for the presence of six ERa mutations (E380Q, L536Q,
Y537C, Y537S, Y537N and D538G), and six ERa and ERb
splice variants (ERa-66, ERa-36, ERb1, ERb2, ERb4 &
ERb5).

Results
A total of 94 samples were collected from 42 men with
advanced prostate cancer. Four mutations (E380Q, L536Q,

Y537S and D538G) and all six splice variants were detected
in patient samples. Splice variants were detectable in non-
cancer control samples. The presence of ER mutations was
associated with bone metastases and castration resistance.
ERb splice variant concentrations decreased after successive
lines of treatment.

Conclusions
The ER mutations were detectable in plasma from patients
with advanced prostate cancer. ER splice variants were
frequently detected in both men with and without prostate
cancer.
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Introduction
Despite the recent availability of new treatments, advanced
prostate cancer remains a leading cause of cancer deaths in
men and continues to cause significant morbidity through
symptoms such as pain and fatigue, and the occurrence of
symptomatic skeletal events 1. In addition, the complex
process of treatment selection and sequencing is varied, with
men of similar risk of disease being offered differing
treatment options 2. There is a current lack of effective
biomarkers to monitor and guide disease progression.

An emerging field uses ‘liquid biopsy’ technology for the
detection of circulating blood-based biomarkers 3. Various
blood-based components have been studied for biomarker
utility, including circulating tumour DNA (as a fraction of
cell-free [cf]DNA), cfRNA and circulating tumour cells
(CTCs). To date, the study of blood-based biomarkers in
prostate cancer has predominantly focused on the androgen
receptor (AR) and androgen signalling pathway. There has
been particular attention on the AR splice variant 7 4,
measurable in cfRNA and in CTCs, which may be associated

with poorer treatment response to AR-directed therapy 4,5.
One of the laboratory techniques used in liquid biopsy
technology is droplet digital PCR (ddPCR), a highly sensitive
and specific method of detecting and quantitating low-
frequency mutations and variants as nucleic acid markers 6.
Other techniques are available, including next-generation
sequencing. Next-generation sequencing may, however, be
limited by the use of source tissue (such as primary prostate
tissue) preventing active monitoring of patients undergoing
treatment 6.

Other sex steroid receptors, including the oestrogen receptors
(ERs; including ESR1/ERa and ESR2/ERb), are also expressed
by prostate cancer cells. Therapies targeting ERs have been
shown to be active in advanced prostate cancer 7–13. While it
is not yet known whether ER mutants and splice variants
contribute to the progression of prostate cancer, ESR1
missense substitution mutations affect the function of the
transcribed ERa ligand-binding domain, disrupting the
normal hormone signalling pathway 14. Mutations leading to
ligand-independent activity may allow faster cell growth and
development of resistance to endocrine therapies 15.
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Expression of ER RNA splice variants may represent another
mechanism for tumour escape from androgen deprivation or
inhibition of AR signalling 16.

A select number of mutations for the ESR1 gene, coding
for ERa, have been explored for breast cancer 17–19. As ERs
are also expressed by non-cancerous cells, ER mutations have
been reported as detected proportions relative to wild-type
ER, as a mutation frequency 20. The presence of certain ESR1
mutations has been associated with acquired resistance to
aromatase inhibitor therapy in patients with advanced breast
cancer 21.

Because ESR1 and ESR2 aberrations have not been previously
characterized for patients with prostate cancer, a genomic
database analysis was initially conducted. This analysis was
conducted on publicly available prostate cancer genomic
datasets to further support investigation of ER variants in
men with prostate cancer (Fig. 1).

Using the genomic datasets available publicly, the prevalence
of ESR1 and ESR2 mutations or copy number change was 3%
(5/150) in patients with metastatic or advanced prostate
cancer, compared to 2% (11/492) in patients with early
prostate cancer 22,23. Interestingly, there was significantly
higher prevalence of ER aberrations among patients with
neuroendocrine prostate cancer compared to early prostate
cancer (17% vs 2%; P < 0.05). The predominant aberration
was increased copy number. Altered ER copy number or
mutation was associated with poorer overall survival among
the patients with early prostate cancer (P = 0.01), although
there was no significant difference in progression-free
survival. From our preliminary analysis, there was convincing
evidence to further investigate the role of ERs as markers in
advanced prostate cancer.

We hypothesized that circulating oestrogen signalling
markers, in the form of ER mutations and splice variants, can
be detected and quantified in men with advanced prostate
cancer and may be associated with resistance to therapies.

Materials and Methods
The study was approved by the Eastern Health Human
Research Ethics Committee and all participants provided
written informed consent. Men with advanced prostate cancer
were enrolled through the Uro-Oncology clinic at Box Hill
Hospital in Victoria, Australia. Blood samples were collected
between November 2015 and April 2017. The only specified
exclusion criteria were the inability to comprehend the
project or unwillingness to participate. Additional healthy
male participants who did not have prostate cancer were also
recruited for the present study, for the provision of control
samples.

Patient demographics were recorded, as well as clinical details
including the date of prostate cancer diagnosis, development

of castration resistance (defined as rising serum PSA levels
despite castrate levels of testosterone), pattern of metastases,
therapies received, treatment response by PSA, radiology or
clinical symptoms, and date of death or last contact.

Longitudinal blood samples were collected and banked as
patients proceeded through treatment. Decision points were
targeted for sample collection, including treatment
commencement, alteration or termination of treatment owing
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Fig. 1 Oestrogen receptor (ER) aberrations in previously available

genomic datasets. Mutations, amplifications and deletions in the ESR1

and ESR2 genes were identified in publicly available cancer genomic

datasets. DFCI, Dana-Farber Cancer Institute; MSKCC, Memorial Sloan

Kettering Cancer Center; NEPC, neuroendocrine prostate cancer; PRAD,

prostate adenocarcinoma; SU2C, Stand Up To Cancer; TCGA, The

Cancer Genome Atlas.
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to either completion or progression (biochemical, radiological
or clinical).

Laboratory Processing

Blood was collected into PAXgene Blood RNA tubes (Qiagen,
Hilden, Germany) for extraction of blood-derived RNA
(including cfRNA), which was performed using the PAXgene
Blood RNA Extraction Kit (Qiagen), as per the
manufacturer’s instructions, with a 40-lL elution. Reverse
transcription was performed using the SuperScript III kit
(Thermo Fisher Scientific, Waltham, MA, USA) using 5 lL of
extracted RNA in a total reaction volume of 20 lL. A ‘no RT’
control was included with each experiment.

The ER mutants and splice variants investigated were chosen
based on reported findings in previous literature. These
mutants were amongst the commonest of over 200 mutants
associated with cancers (see COSMIC database, http://cancer.
sanger.ac.uk/cosmic), and have been described in patients
with breast cancer 21. The ESR1 mutations selected for
investigation were: E380Q, L536Q, Y537C, Y537S, Y537N and
D538G. These mutations result in amino acid sequence
changes of the ligand-binding domain for the translated ER
that cause functional changes to the ER. The ER splice
variants selected for investigation were ERa-66 and ERa-36,
as well as ERb1, ERb2, ERb4, and ERb5.

Previously described primer pairs that could specifically
amplify the region of interest were identified for all ESR1
mutations, as well as the ERa-66 and ERa-36 splice variants
24,25. Primer pairs for the ERb splice variants ERb1, ERb2,
ERb4 and ERb5 were designed for the present study
(Table S1). The sequence of each transcript was determined
using the UniGene database (see https://www.ncbi.nlm.
nih.gov/UniGene/). Customized primer pairs were designed

by inputting sequences surrounding the splice site into
Primer3 (see http://bioinfo.ut.ee/primer3-0.4.0/), with optimal
primer design parameters being a length of 20 base pairs and
a melting temperature of 60 °C 26. All oligonucleotide
primers used in this study were obtained through Sigma
Aldrich (Melbourne, VIC, Australia). Primer pairs were tested
and optimized using conventional PCR, gel electrophoresis,
and direct Sanger sequencing of amplified products prior to
ddPCR analysis.

The MCF-7 cell line was used as a positive ESR1 wild-type
template control for this study. Cells were cultured and total
RNA extracted using the RNeasy kit (Qiagen) according to
the manufacturer’s instructions. Specific fluorescent probes for

all ESR1 mutants were identified in the literature and
obtained through Sigma Aldrich (Table S2) 24. Synthetic
mutant oligonucleotides were used for each of the
investigated ESR1 mutations, as positive ESR1 template
controls for this study (Table S3).

The QX200 ddPCR system (Bio-Rad, Hercules, CA, USA)
was used to quantitate the ER mutants and splice variants.
The specificity and limits of detection for our assays were
tested prior to analysing patient samples (Figs S1–S3). ER
mutant assays were conducted using ddPCR Supermix for
Probes (no dUTP; Bio-Rad) and detected with FAM-
(mutant) and HEX- (wild-type) fluorescent probes, while the
splice variant assays used QX200 ddPCR EvaGreen Supermix
(Bio-Rad). All ddPCR samples were run in duplicates. Each
ddPCR plate included negative and positive template controls.

Droplet Digital PCR Analysis

The ddPCR assays were analysed using QuantaSoft Analysis
Pro software (version 1.0.596; Bio-Rad). Graphical
representations of droplet fluorescence for each sample were
obtained as one-dimensional graphs for EvaGreen, and two-
dimensional graphs for duplex probe reactions. Duplicate
sample wells were analysed using the ‘Merge Wells’ feature in
the software. Concentrations as copies per lL of mutants and
splice variants were obtained using Poisson-distribution
calculations within the software, from the proportion of
positively fluorescing droplets compared to the total number
of droplets. These concentrations were corrected to copies per
mL of blood for splice variants, and mutation allele
frequencies (MAFs) for mutants. For this study, a minimum
of three positive droplets in a sample was considered a
‘positive reading’.

Splice variants were reported using the following calculation:

Mutants were reported using the following calculation:

MAF ¼ Mutant copies=lL
Mutant copies=lLþWild-type copies=lLð Þ

Statistical Analysis

GraphPad Prism software (version 7.01) was used to generate
descriptive group statistics for samples and patient variables.
The median and interquartile ranges (IQRs) of the detected
mutants and splice variants were reported for all samples
collected. Splice variants were reported in the healthy control

Copies/mL blood ¼ Copies=lL� 25 lL=1 lL ddPCR reaction½ � � 20 lL=1:25 lL RT reaction½ � � 40 lL=5lL RNA extraction½ �
2:5 from 2.5 mL of blood½ �
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participants and concentrations were compared with patient
samples using Mann–Whitney calculations, with statistical
significance set at P < 0.05.

Exploratory analyses compared ER mutants and splice
variants with clinical variables. The MAFs and mean splice
variant levels were compared with disease and treatment
variables without statistical testing. The analysis of androgen
deprivation therapy (ADT) duration was conducted by
dichotomizing patients into those developing castration-
resistant prostate cancer (CRPC) in < 12 months or
>12 months after initiation of ADT. This threshold was
selected as it may identify prostate cancer with poor
prognosis 27.

Results
A total of 42 men with advanced prostate cancer were
included in the present study (Table 1). Of these, nine had
initial blood samples taken prior to becoming castration-
resistant. The median age of the patient cohort at prostate
cancer diagnosis was 65.5 years. Altogether, 94 patient RNA
samples were processed for this study. Patients contributed 1–
6 sequential samples (median: 2).

Of the six ESR1 mutants examined in patient blood-derived
RNA samples, four ESR1 mutants were detected: E380Q
(found in n = 13 patient samples, 14% of all samples
analysed); L536Q (n = 28, 29.8%); Y537S (n = 3, 3.2%); and
D538G (n = 23, 24.5%; Fig. 2). Altogether, 54/94 samples
(57%) were positive for any mutation. This corresponded to
28/42 patients (67%) who had at least one sample with an
ESR1 mutation.

All patient blood-derived RNA samples contained detectable
ERa and/or ERb splice variants (Fig. 3). The ERa-36 splice
variant was detected in 84/94 samples (89.4%). For ERa
splice variants, the median concentration of ERa-66 was
significantly higher than ERa-36 (6.00 9 103 vs 0.292 9

103 copies/mL blood; P < 0.0001, Mann–Whitney
calculation). Of the ERb splice variants analysed, ERb1 (2.03
9 104 copies/mL blood, IQR: 1.43 9 104–2.78 9 104) was
detected at a significantly lower concentration than ERb2
(3.29 9 104, IQR: 2.24 9 104–5.04 9 104), ERb4 (4.12 9 104,
IQR: 2.75 9 104–6.00 9 104) and ERb5 (3.52 9 104, IQR:
2.38 9 104–5.24 9 104; P < 0.0001, Kruskal–Wallis
calculation).

Each of the six splice variants was detected in the five control
samples (Fig. 3). ERa-36 was found at lower levels in samples
from patients with prostate cancer (0.292 9 103 copies/mL
blood) compared to healthy control samples (0.664 9

103 copies/mL blood; P < 0.0001, Mann–Whitney
calculation). There were no statistical differences in the
concentrations of variants between patient and control
samples for the other splice variants.

Clinical Association

Metastases

The association of metastatic pattern with ER mutant and
splice variant expression was explored in 40 patients for
whom sufficient data were available (n = 5 without bone
metastases and n = 35 with bone metastases). Patient
numbers were small and this was a hypothesis-generating
analysis. The E380Q, L536Q and Y537S mutations were
detected in greater absolute frequency in the presence of bone
metastases on conventional imaging (no statistical testing
performed). The expression of ER splice variants in men with
or without bone metastases is shown in Table 2. ERa-66 and
ERa-36 were both expressed at numerically lower mean
concentrations in patients with bone metastases, while
variable results were observed for ERb splice variants (no
statistical testing performed).

Table 1 Patient characteristics.

Patient characteristics (N = 42)
Median (range) age at prostate cancer diagnosis 65 (48–86)
Number of patients sensitive to
androgen deprivation at first sample*, n (%)

9 (21.4)

Sample characteristics (N = 94)
Number of prior treatments*, n (%)
Docetaxel 62 (66.0)
Abiraterone acetate/prednisolone 27 (28.7)
Enzalutamide 33 (35.1)
Cabazitaxel 25 (26.6)

Number of metastases†, n/N (%)
Bone 82/91 (90.1)
Visceral 12/86 (13.9)

Characteristics of patients included in this study. *Percentages add up to more than
100 as some patients received multiple treatments throughout the study. †Different N
values were used based on the number of patient records obtained.
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Fig. 2 Blood RNA ESR1 mutant expression. Samples positive for the

assayed ESR1 mutations were graphed according to their frequency, as a

proportion of total ESR1. Median values and interquartile ranges have

been represented for E380Q, L536Q and D538G.
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Duration of Prior Androgen Deprivation Therapy

The ER mutations and splice variant levels were compared to
rapidity of development of castration resistance. Thirty-six
patients were included in this analysis (n = 24 patients with
CRPC within 12 months of commencing ADT and n = 12 who
developed CRPC beyond 12 months). ESR1 mutations E380Q,
L536Q, Y537S and D538G were found in both groups,
irrespective of time to development of CRPC (Table 2). The
mean concentrations of the four measured ERb splice variants
were numerically lower in patients who had a longer time to
CRPC (no statistical testing performed; Table 2).

Castration Resistance

Oestrogen receptor mutant and splice variant expression was
analysed for association with the emergence of castration

resistance. The initial samples of all 42 patients were included
(n = 9 hormone-sensitive and n = 33 castration-resistant).
Although mutations were frequently observed, no convincing
associations with castration resistance were identified. A lower
numerical mean concentration of ERa-66 was observed,
combined with lower ERb splice variant concentrations, in
the cohort of men with CRPC (no statistical testing
performed; Table 2).

Number of Previous Treatments

The number of prior CRPC treatments was examined for
associations with ER mutants and splice variants (n = 42).
There were 28 patients with no prior systemic treatment,
seven with one prior treatment and seven with at least two
prior treatments. No convincing patterns were observed with
any of the ESR1 mutations; however, the ERa-36 splice
variant was found at higher mean concentrations in more
heavily pre-treated patients, while ERa-66 and ERb splice
variant levels decreased in patients with more advanced
disease (no statistical testing performed; Table 2).

Discussion
In the present study we explored the detection of circulating
ER mutants and splice variants in men with advanced
prostate cancer. Four of the six ESR1 mutations tested
(E380Q, L536Q, Y537S and D538G) were detected in patient
blood-derived RNA samples. Factors influencing the detection
of these ESR1 mutations include volume of disease, as well as
the use of different therapies that target hormone signalling
28. In addition, the metabolic microenvironment of the
disease may also impact on the detection of these signalling
markers, through their association with disease progression
and aggressiveness 29.

Table 2 Oestrogen receptor variant expression in patients with bone metastases, androgen deprivation therapy use, castration resistance, and number
of previous castration-resistant prostate cancer treatments.

Mutation frequency, n (%) Mean splice variant concentration, copies/mL blood

E380Q L536Q D538G Y537S ERa-66 ERa-36 ERß1 ERß2 ERß4 ERß5

Bone metastases
Bone metastases, N = 35 10/35 (29) 11/35 (34) 14/35 (40) 3/35 (9) 7379 287 20 933 37 891 48 026 42 004

ADT
ADT ≤12 months, N = 24 5/24 (21) 8/24 (33) 10/24 (42) 1/24 (4) 6681 292 21 238 38 392 53 780 47 163
ADT >12 months, N = 12 3/12 (25) 3/12 (25) 5/12 (42) 2/12 (17) 6154 317 17 833 33 716 37 363 33 815

Castration resistance status
Hormone sensitive, N = 9 3/9 (33) 2/9 (22) 2/9 (22) 0/9 (0) 11 746 294 29 626 58 226 63 012 56 696
Castration resistance, N = 33 7/33 (21) 10/33 (30) 14/33 (42) 3/33 (27) 6457 304 19 794 36 408 46 826 41 500

Number of previous CRPC treatments
None, N = 28 5/28 (18) 8/28 (29) 5/28 (18) 2/28 (7) 8778 292 24 698 47 116 57 843 51 311
One previous, N = 7 1/7 (14) 1/7 (14) 2/7 (29) 0/7 (0) 5541 332 15 720 29 001 36 382 33 221
Two previous, N = 6 2/6 (33) 2/6 (33) 3/6 (50) 0/6 (0) 5128 289 17 554 31 790 36 965 32 394
Three previous, N = 1 0/1 (0) 0/1 (0) 0/1 (0) 1/1 (100) 3078 416 14 748 15 299 16 884 15 329

ADT, androgen deprivation therapy; CRPC, castration-resistant prostate cancer; ER, oestrogen receptor. Levels of expressed ER mutations and splice variants presented according to
different patient characteristics.

Fig. 3 Blood RNA oestrogen receptor (ER) splice variant expression.

Concentrations of the measured ER splice variants are graphed for

patient and control samples, with median values and interquartile ranges

represented (solid black lines). Small dots = patients; large dots = controls.
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Initial preliminary genomic data obtained from prostate
cancer databases revealed ER aberrations in up to 17% of
advanced prostate cancer tumour tissues with neuroendocrine
features, compared to early prostate tumours (2%; Fig. 1) 23.
The increase in ER aberrations in advanced prostate cancers
may be explained by the selection pressure from therapies,
especially those targeting hormone signalling pathways.

The frequency of detection of ESR1 mutations in this study
(67%) is comparable to previous studies investigating the
same ESR1 mutations in metastatic breast cancer 30. Breast
cancer studies using ddPCR to detect circulating tumour
DNA have reported mutation-positive frequencies varying
from 14.0% to 82.0% 30. The prevalence of the D538G
mutation has been reported to be up to 83.3% in metastatic
breast cancer samples 20. In comparison, we detected D538G
in 24.5% of our prostate cancer samples. To contrast with
other hormone receptors investigated in men with advanced
prostate cancer, reported AR mutations range from 8.2% to
45%, where they have been associated with poor outcomes
31,32. In the present study we used RNA samples derived from
blood as an indirect measure of cfRNA and, in turn,
circulating tumour RNA, to identify somatic mutations
associated with prostate cancer and to analyse RNA splice
variants. Previously ESR1 mutation analysis has been
performed directly using cfDNA 20,30. The presence of these
low-frequency mutations in the absence of germline
mutations suggests that they may be derived from cancer. In
contrast, the splice variants are likely to be derived from non-
malignant and malignant cells, especially as all six ER splice
variants were detectable in almost all patients and normal
healthy controls 33. Our blood-derived RNA findings may not
be comparable, however, with previous studies that reported
ER splice variants in tissue and used other assays such as
immunohistochemistry 34.

The development of these ER ddPCR assays assists our early
investigation of ER biology in advanced prostate cancer. The
use of the ER variant ddPCR assays may be applied to CTC
samples for analysing tumour-specific genes or the effects of
therapies affecting ER signalling. Data from the present study
indicate that changes in ER splice variants may be involved in
CRPC biology, while the explored ESR1 mutations had
limited potential utility. ERb splice variants may also be
explored further for association with progression for patients
on chemotherapy or androgen signalling targeted therapy.

In addition, the efficient analysis of variants as biomarkers in
advanced prostate cancer can be further aided and
coordinated on a global scale. The systematic collection of
data through the development and analysis of registries that
use refined quality indicators can ensure consistency of
information that can provide a framework for biomarker
work in advanced prostate cancer 35.

In summary, the present exploratory study has provided
evidence that ER mutants and splice variants are present in
men with advanced prostate cancer, warranting their
investigation in larger prospective studies.
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