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Opinion Statement

Endocrine treatment resistance eventually develops during adjuvant and even more often
during hormonal treatment for advanced breast cancer (ABC). An ESR1 gene mutation,
which encodes for the estrogen receptor (ER) protein, is one of the potential mechanisms
of therapy resistance. The ESR1 mutations result in conformational changes in the ER
leading to subsequent estrogen-independent transcriptional activity. These mutations are
found at a lower level in early stage when compared to metastatic BC, more often through
selective pressure after aromatase inhibitor (AI) treatment. Recent studies have explored
the role of ESR1 mutations as potential prognostic and predictive biomarkers and showed
that ESR1 mutations are likely associated with a more aggressive disease. However,
definitive associations with outcome in order to make a specific treatment recommenda-
tion are yet to be found. The development of targeted therapy directed to ESR1-mutated
clones is an appealing concept, and preclinical and clinical works are in progress. ESR1
mutations represent an exciting field with a rapidly increasing number of recent publica-
tions that will likely advance the knowledge of treatment resistance mechanisms and pave
the way into more individualized patient endocrine treatment.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11864-018-0542-0&domain=pdf


Introduction

Breast cancer is a heterogeneous disease comprising
distinct clinical, histopathological and molecular sub-
types. Hormone-receptor-positive (HR+) tumors repre-
sent the most common form of breast cancer and
account for most of the deaths from the disease. En-
docrine therapy (ET) is recommended virtually to all
patients with HR+ early-stage tumors and is the main-
stay of treatment of HR+ advanced breast cancer
(ABC). However, due to a diversity of mechanisms of
resistance, approximately 20–30% of patients with ear-
ly stage breast cancer will relapse during or after com-
pletion of adjuvant ET [1] and recurrences can some-
times occur years or decades after diagnosis despite
curative-intent loco-regional and systemic therapies
[2••]. In the metastatic setting, even though most pa-
tients derive benefit from initial ET, with disease

stabilization or tumor shrinkage, development of resis-
tance and disease progression invariably occurs [2••].
Breast tumors undergo molecular evolution over the
course of the disease and especially during selective
pressure by therapeutic strategies such as estrogen dep-
rivation, with the acquisition of new alterations that
confer resistance to therapy such as mutations of the
ESR1 gene, which encodes the estrogen receptor (ER).

This article reviews published research and future
perspectives regarding ESR1 mutations in breast cancer,
addressing epidemiological and pathophysiological is-
sues with conceivable clinical implications. The poten-
tial use of ESR1 mutational status as a prognostic and
predictive biomarker, along with the development of
therapeutic strategies targeting ESR1-mutated tumor will
also be explored.

The ER Pathway

Estrogens (estradiol and estrone) play a pivotal role in the initiation and pro-
gression of HR+ breast cancer. Effects of estrogen are mediated through ER, a
protein encoded by the ESR1 gene of the steroid hormone receptor superfamily
that is expressed in approximately 70% of breast cancers. ER expression is one of
the determinant characteristics in classifying breast cancer subtype and assigning
therapeutic strategies. Experimental and clinical researches have established the
central role of ER and its ligands in normal mammary gland development, and
in the initiation and progression of breast tumors [3].

ER is predominantly a nuclear protein that functions as a ligand-dependent
transcription factor. Functionally, the ER consists of two transcriptional activa-
tion domains: the ligand-dependent domain (AF-2) and the ligand-
independent activation function domain (AF-1) [4]. The ligand-binding do-
main (LBD) is located in the C-terminal region, while the DNA-binding and
hinge domains are found in the central core of the protein [2••]. Estrogen
binding initiates a variety of events that activate the ER pathway and induces
conformational changes in the LBD, allowing the estrogen-ER complex to
interact with specific DNA sequences (estrogen response elements–EREs) while
networking with co-activating and co-repressor proteins to regulate the tran-
scription of estrogen-responsive genes that are influential in a variety of phys-
iological and pathological processes [5••, 6–8].

Importantly, estrogens interact with high affinity with other cellular com-
ponents, including membrane receptors. Some effects of estradiol, like activa-
tion of mitogen-activated protein kinase (MAPK) and extracellular signal-
regulated kinase (ERK) pathways, appear to involve predominantly a direct
action of constituents of the ER pathway at the plasma membrane rather than
genomic modulation. The aberrant activation of growth factor receptors
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(GFRs), including human epidermal growth factor receptor (HER) family re-
ceptors [9], fibroblast growth factor receptor 1 (FGFR1) [10], and their down-
stream signaling components, including phosphoinositide 3 kinase–serine/
threonine protein kinase (PI3K–AKT pathway) [11], has been associated with

Fig. 1. ER pathway and mechanisms of resistance. Estrogen-bound estrogen receptor (ER), in association with a variety of co-
activators and co-repressors, exerts its classical genomic action as a transcription factor through the estrogen response element
(ERE) of target genes. ER can also mediate an ERE-independent genomic effect via interaction with other transcription factors. In
addition, ER can be activated via plasma membrane crosstalk with other growth factor receptor pathways that phosphorylate ER or
its co-regulators. Reprinted from Ma C, Reinert T, Chmielewska I, and Ellis M., Mechanisms of aromatase inhibitors resistance. Nat
Rev. Cancer 2015;15:261–75, with permission from Springer Nature.
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acquired ET resistance. These forms of “non-genomic” effect of the ER pathway
are summarized in Fig. 1 and have been comprehensively reviewed elsewhere
[2••, 6].

Contemporary Endocrine Therapy Strategies

Beatson’s historical observations on the regression of breast cancer following
oophorectomy more than a century ago provided the initial insight into the
hormone-related nature of breast cancer. Targeting the ER pathway with endo-
crine agents could be considered the first molecularly targeted cancer therapy
and remains the mainstay of treatment for all stages of HR-positive disease
[12•]. The main strategies of ET include treatments that result in estrogen
deprivation (e.g., ovarian ablation, aromatase inhibitors [AIs]), drugs that
antagonize the ER (e.g., tamoxifen), and ER degraders (e.g., fulvestrant) [13].

Even though ET is associated with significant clinical benefits throughout all
stages of the breast cancer clinical continuum, breast tumors are known to
undergo genomic evolution, with the acquisition of new alterations that confer
resistance to therapy. In the metastatic setting, most patients achieve benefit
from initial ET, with symptoms palliation, disease stabilization, or tumor
shrinkage. Nonetheless, subsequent lines of treatment result in shorter periods
of response, denoting the development of resistance and disease progression
that invariably occurs [2••].

Advances in the understanding of molecular interactions between the ER
pathway and growth factor, and metabolic and cell-division pathways have
been translated into clinical trials that showed improved outcomes using
targeted therapies that modulate hormone signaling and interfere with resis-
tance mechanisms [12•]. Therefore, the treatment algorithm for HR+ advanced
breast cancer is evolving, and combinations of endocrine agents with targeted
therapies that modulate endocrine resistance, such as mammalian target of
rapamycin (mTOR) and cyclin-dependent kinase (CDK) 4/6 inhibitors, have
been incorporated into clinical practice [12•, 13, 14]. Major paradigms that
have been guiding clinical practice include the sequential use of endocrine
agents and the indication of ET in all cases, except those with an impending
visceral crisis or proven endocrine resistance. However, the lack of predictive
biomarkers, tumor heterogeneity and limitations in the design of clinical stud-
ies make the development of a rational approach to the management of HR+
ABC challenging, especially in regard to the optimal sequencing strategy of
therapeutic agents [12•, 15].

ESR1 Mutation: Physiopathology and Potential Role as a
Prognostic and Predictive Biomarker

The initial description of ESR1mutations in breast cancer patients dates back to
1997 by Zhang et al., which identified three missense mutations in a cohort of
30 tumors from metastatic patients [16]. Two of the three mutations were
similar to wild-type ER; however, Y537N showed a potent estradiol-
independent transcriptional activity, due to the induction of conformational
changes in the ER. A previous preclinical report fromWeis et al. showed similar
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results of the ligand-independent transcriptional activity of a different muta-
tion, Y537S ER, in breast cancer cell lines, showing that the amino acid substi-
tutions at the 537 position facilitate an active conformation of the ER in its
active form [17].

Mutant ER recruits coactivators in the absence of hormone and confers
antiestrogen resistance by altering the conformational dynamics of the loop
connecting Helix 11 and Helix 12 in the LBD of ER that leads to a stabilized
agonist state and an altered antagonist state that resists inhibition [18]. Func-
tional studies showed that these mutated receptors have a decreased affinity for
tamoxifen and estradiol [19].

In the past few years, several other ESR1 mutations and genomic alterations
leading to endocrine treatment resistance have been described. The majority of
the ESR1 mutations are located in a hotspot region of the ligand-binding
domain (LBD) comprising the codons 534 through 538, located mainly at
two amino acids in the Y537N/C/S and D538G [20–24]. Another recurrent
ESR1 LBD mutation, E380Q, has been described (Fig. 2) [20, 21, 24].

Recently, Martin et al. described for the first time the identification of
naturally occurring ESR1 mutations in ESR1-positive BC cell lines. This study
also supported the notion that activating mutations in the ESR1 are sufficient
for driving acquired resistance that does not require changes in other signaling
pathways. Of note, while Y537S was not inhibited by tamoxifen, it was
inhibited by fulvestrant at current usual doses [25•].

Veeraraghavan et al. identified a recurrent rearrangement event between
ESR1 and CCDC170 leading to a gain-of-function alteration. This abnormal
form is associated with increased motility, tumorigenicity, and endocrine resis-
tance [26]. Li et al. described another interesting rearrangement in which the C-
terminal end of ESR1 is fused to the C-terminus of YAP1. The ESR1/YAP1

Fig. 2. The ESR1 gene and its most common mutations. A schematic diagram of estrogen receptor-α (ERα) mutations and their
frequencies in ER+ metastatic breast cancer after therapy with aromatase inhibitors (AIs) and other endocrine agents. The structural
domains of ERα are shown, including the transcription activation function 1 (AF1) domain, the DNA-binding domain (DBD), the
receptor dimerization and nuclear localization (hinge) domain, and the ligand-binding domain (LBD) and AF2 domain. Reprinted
from Ma C, Reinert T, Chmielewska I, and Ellis M., Mechanisms of aromatase inhibitors resistance. Nat Rev. Cancer 2015;15:261–75,
with permission from Springer Nature.
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mutants showed hormone-independent growth and complete resistance to
fulvestrant since the LBD is not present in this chimeric protein [20].

In primary breast cancer samples, these mutations are found in a very low
frequency, being identified in only 0.5% of the 962 samples in The Cancer
Genome Atlas set, using next-generation sequencing (NGS) [27]. However, the
development of newer ultrasensitive technologies such as digital droplet PCR
(ddPCR) challenged this finding. Using ddPCR in a cohort of 270 primary
tumors, Takeshita et al. reported a 2.5% (7/270) prevalence of ESR1 mutations
[28] and Wang et al. found an even higher prevalence of 7% (3/43) [29]. It is
reasonable to hypothesize, based on these studies, that the prevalence of ESR1
mutations in primary tumors is higher than previously reported in NGS studies.

In contrast with primary ER-positive BC sequencing studies, the NGS of
metastatic ER-positive BC samples showed a much higher prevalence of ESR1
mutations between 11 and 55%, especially in patients previously treated with
an AI [20–24]. When more advanced technologies, such as sequencing of
plasma ctDNA or ddPCR, were used to analyze ER-positive BC patients that
progressed after an AI, the prevalence of ESR1 mutations ranged from 11 to
39% [30••, 31•, 32, 33••, 34, 35].

Although these mutations were first described in NGS studies analyzing
stored metastatic tissue specimens, this method is not the most convenient
for prospective studies, as it requires sequential biopsies that are invasive and,
often, risky procedures [4]. In the search for a non-invasive method of detection
of DNA mutations, Dawson et al. demonstrated in their seminal study the
utility of serial evaluations of ctDNA in plasma samples of breast cancer patients
[36]. In that study, ctDNA was detected in 97% of the metastatic patients who
had a PIK3CA or TP53 mutation in their primary tumor specimens, ctDNA
levels were correlated with changes in tumor burden and increasing ctDNA
levels were correlated with worse prognosis. To identify and validate the occur-
rence of ESR1 mutations in prospective trials, several groups are studying non-
invasive techniques to detect them in ctDNA isolated from plasma samples [28,
30••, 32, 33••, 37, 38]. In this setting, ddPCR seems to be a simpler and more
sensitive approach than NGS [37–39]. In a series of studies, Takeshita et al.
demonstrated the utility and feasibility of ddPCR monitoring of ESR1 muta-
tions in ctDNA in metastatic BC patients [40], the clinical significance of on-
treatment ESR1 mutations monitoring [41] and finally evaluated the indepen-
dent distribution of ESR1 mutations between plasma and tumor tissue in 35
metastatic BC patients [42].

With the emerging knowledge of the presence of ESR1 mutations mainly in
advanced and metastatic BC, researchers have been exploring its potential as a
prognostic and predictive biomarker. Wang et al. found ESR1mutations in 7 of
29 ctDNA samples of advanced ER-positive BC patients and showed that
changes in ESR1 mutations detection and allele frequencies were associated
with treatment [29]. In a cohort of 171 advanced BC patients, Schiavon et al.
identified ESR1mutations in 18 ER+ patients, all of themwith prior exposure to
treatment with an aromatase inhibitor. These patients had significantly lower
PFS on subsequent AI-based therapy (HR = 3.7, 95%CI 1.9–76.9, p = 0.008).
Moreover, the authors found a statistically significant difference in the detection
of ESR1 mutations between patients who received an AI in the adjuvant setting
and patients who received an AI in the metastatic setting (5.8 versus 36.4%, p =
0.0002) [33••]. The secondary analysis of the BOLERO-2 clinical trial that
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randomized 724 MBC patients to exemestane plus placebo versus exemestane
plus everolimus had the objective to determine the prevalence of ESR1 muta-
tions and whether they were associated with poor PFS [30••]. The authors
identified mutations in 156 of 541 (28.8%) evaluable patients and showed a
shorter OS in those patients when compared to WT ESR (WT 32.1 months,
D538G 25.99 months, and Y537S 19.98 months). To further investigate the
relationship between ESR1mutations and survival, and given the fact that those
mutations are rare in the primary setting, Fribbens et al. enrolled 83 patients on
the first-line AI for MBC in a prospective study to collect plasma samples every
3 months to disease progression [43]. Twenty-two of 39 (56.4%) patients
presented ESR1 mutations at progression and those mutations were detectable
6.7 months prior to clinical progression (95%CI 3.7-NA). Of those 22 patients,
9 presented polyclonal mutations (40.9%). In a retrospective study, Clatot et al.
demonstrated similar results, where ER-positive MBC patients with ESR1 mu-
tations had a decreased PFS (5.9 versus 7 months, p = 0.002) and OS (15.5
versus 23.8 months, p = 0.0006) than patients without detectable mutations
[31•]. In this study, 75% of the patients had detectable mutations 3 months
prior to clinical progression.

In the FERGI trial, a randomized phase 2 study that compared fulvestrant
plus placebo versus fulvestrant plus pictilisib, ESR1 mutations were detected in
78 of 207 (37%) patients with MBC but they were not associated with differ-
ences in PFS. Decreases in allele frequencies of ESR1 mutations, however, were
associated with clinical response in this trial [34]. In the retrospective analysis of
the SOFEA and PALOMA-3 trials, seven ESR1 mutations were evaluated at
baseline ctDNA samples of metastatic ER-positive BC patients that progressed
on endocrine treatment [32]. In the SOFEA trial, ESR1 mutations were identi-
fied in 63 of 161 (39.1%) patients and in the PALOMA3 trial, such mutations
were present in 91 of 360 (25.3%) patients. In the first, patients with ESR1
mutations had an improved PFS with fulvestrant when compared to
exemestane (HR = 0.52, 95% CI 0.30–0.92, p = 0.02); in the latter, patients
receiving a combination treatment with fulvestrant plus palbociclib showed
improved PFS independent of ESR1 mutation status. As discussed above, ESR1
mutations are likely associated with more aggressive biology and poor PFS but
definitive association with response to different treatment regimens is yet to be
found. However, results from the clinical trials discussed above support that the
dose of fulvestrant used might be sufficient to overcome treatment resistance
induced by ESR1 mutations.

A recent publication by Toy et al. [44] analyzed the spectrumof ESR1m from
over 900 patients. Seventy-eight ESR1m were detected in 10%, with D538G
being the most frequent (36%), followed by Y537S (14%). A variety of novel-
activating mutations were also identified (e.g., Y537D, V422del, L469V). While
many mutations lead to constitutive ER activation and resistance to SERMs,
only selected mutants such as Y537S caused significant changes associated with
fulvestrant resistance in vitro. Accordingly, more potent and bioavailable SERDs
inhibited tumors driven by Y537Smore effectively than fulvestrant, whereas the
inhibition was equivalent in tumors driven by D538G, E380Q, or S463P.

Patient and disease characteristics could be associated with an increased risk
of development of ESR1m. Firstly, most patients with tumor-harboring ESR1m
have experienced a protracted clinical course before the detection of the mutant
clones. Some studies have reported an association between the frequency of
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hotspot LBD mutations and previous use of multiple lines of ET [5••], thereby
supporting the concept that ESR1m is predominantly a mechanism of acquired
(secondary) resistance that emerges after long-term ET [45]. Interestingly, kinet-
ic studies reported that circulating ESR1m can be detected before clinical
progression in 75% of cases [46]. If further confirmed and validated, these
results may eventually lead to evaluating the strategy of earlier changes in
therapy based on liquid biopsies, before clinical and radiological demonstra-
tions of disease progression.

Secondly, ESR1m is mostly a mechanism of AI resistance rather than a non-
specific mechanism of resistance to endocrine agents in general. ESR1m muta-
tions have rarely been identified in patients only exposed to tamoxifen [47–49].
Even though analysis of tamoxifen resistance has contributed to the under-
standing of ligand-independent ER activity, it must be emphasized that while
SERMs and AI resistance share many similar features, their effects on ER signal-
ing are distinct [50].

Early reports of ESR1m in tumor samples have been obtained from different
organ sites, including the skin, bone, lymph nodes, liver, and lungs, indicating
that these mutations do not display specific organotropism [5••, 20, 21, 48,
51]. Contrastingly, multivariable analyses based on liquid biopsies of patients
included in the PALOMA-3 and SOFEA studies showed that the detection of
ESR1m is associated with bone and visceral disease and may suggest that

Author ESR1m positive/Number
of patients (n)

ESR1m
frequency (%)

Methods

Fribbens (PALOMA 3 cohort)
(2016) [49]

91/360 25 Plasma ctDNA ddPCR

Fribbens (SOFEA cohort) (2016)
[49]

63/161 39 Plasma ctDNA ddPCR

Chandarlapaty (BOLERO-2 cohort)
(2016) [52]

156/541 29 Plasma ctDNA ddPCR

Clatot (2016) [46] 44/144 31 Plasma ctDNA ddPCR

Spoerke (FERGI cohort) (2016)
[62]

153 37 Plasma ctDNA ddPCR

Schiavon(2015) [47] 18/171 11 Plasma ctDNA ddPCR

Jeselson (2014) [5••] 9/76 12 Metastatic tumor biopsies

NGS

Niu (2015) [65] 28/341 12 Metastatic tumor biopsies

NGS

Lefebvre (2016) 20/143 14 Metastatic tumor biopsies

Whole exome sequencing (WES)

Takeshita (2015) [66] 11/55 20 Metastatic tumor biopsies

ddPCR

Toy (2017) 95/929 10 Metastatic tumor biopsies

NGS
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ESR1m are rarely present in patients with locoregional recurrence only. [49].
These association needs to be evaluated in further studies.

Moreover, it is not clear if the frequency of ESR1m differs markedly between
tumors exposed to AI during (neo)adjuvant therapy and those exposed in the
metastatic setting. Studies demonstrating a higher frequency of mutant clones
in advanced disease (compared to early stage disease) have hypothesized that
preexisting ESR1m subclones are selected following estrogen deprivation, but
the tumor burden in the micrometastatic setting might be too low for such
clones to be detected in comparison with the higher tumor burden seen in overt
macrometastatic disease [47, 52]. This hypothesis-generating association needs
to be further evaluated in prospective studies, especially so with the increasing
use of extended adjuvant ET [53].

Taken together, these evidences support that ESR1m is a mechanism of
acquired ET resistance occurring in a significant proportion of AI refractory
patients (see Table 1). ESR1m is clearly a prognostic biomarker consistently
associated with statistically and clinically inferior survival outcomes (both PFS
and OS) in comparison with patients with wild-type ESR1m. Additionally,
ESR1m can be considered a predictive biomarker associated with inferior
outcomes with further AI monotherapy. The impact of subsequent chemother-
apy treatment has not been adequately studied. As previously discussed, the
presence of ESR1m does not seem to have any impact on the benefit associated
withmTORor CDK4/6 combinations. It is not known how the increasing use of
CDK4/6 inhibitors both in the first- and second-line treatment will impact the
subsequent emergence of ESR1m.

ESR1 Mutation as a Therapeutic Target

The development of targeted therapy directed to ESR1-mutated clones is an
appealing concept, and preclinical and clinical development of rationale-based
novel therapeutic strategies that inhibit these ER mutants has the potential to
substantially improve treatment outcomes. Efforts to develop new agents with
superior bioavailability, pharmacokinetics, and potent antiestrogenic activity in
the breast have led to the discovery and characterization of the second and third
generations of SERDs, SERMs, and SERDs-SERMs hybrids that are being evalu-
ated in phase I/II clinical trials following preclinical studies that demonstrated
evidence of efficacious inhibition of ER-LBD mutants [5••, 54].

Among the most promising agents are the oral SERDs AZD9496 [55],
ARN810 [56], GDC0810 [57], and RAD1901 [58]. Two antiestrogens with
mixed SERM/SERD activity, bazedoxifene and pidendoxifene, have shown
efficacy in preclinicalmodels of ET resistance, with bazedoxifene demonstrating
activity against a patient-derived xenograft (PDX) model expressing the ESR1
Y537S mutation [59].

The activity ofmutated ER remains highly dependent on the interactionwith
ERE, especially recruitment of co-activators. New strategies with therapies
targeting ER co-activators, such as small-molecule SRC-3 inhibitors, may offer
another approach to target ESR1m and are being tested alone and in combina-
tion with ER antagonists [60].

The presence of ESR1m is associated with several different genetic and
epigenetic alterations; therefore, testing of novel therapeutic approaches in
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preclinical models that include distinct molecular backgrounds is essential and
highlights the potential of techniques like patient-derived xenografts (PDXs)
and ex vivo cultures of circulating tumor cells (CTCs) from patients with
metastatic ER+ breast cancer. Indeed, Yu et al. [61] tested inhibitors of multiple
pathways, alone or in combination with endocrine agents and elicited the
efficacy of shock protein 90 (HSP90), PI3K, and mTOR inhibitors in this
context, especially in combination with fulvestrant. Targeting HSP 90, which
is the chaperone protein of ER, might be useful to treat Y537S ESR1-mutated
tumors. The authors showed that mutant ESR1 tumors are highly dependent on
HSP90, and preclinical studies with the HSP90 inhibitor STA9090 demonstrat-
ed cytotoxicity alone and in combination with SERMs and SERDs to ex vivo-
cultured circulating breast tumor cells [61]. Interestingly, the allele frequency of
ESR1m was associated with the sensitivity to HSP90 inhibition.

Conclusion

The traditional clinicopathological features including grade, histological sub-
type, ER, PR, and HER2 status do not reflect the significant heterogeneity of ER-
positive breast cancer. As previously discussed, estrogen-independent growth
often exists de novo at diagnosis or develops during ET. The generation of
clinically relevant predictive biomarkers to allow optimal sequencing of thera-
peutic strategies and to guide more individualized patient care is a research
priority.

The discovery of recurrent ESR1 mutations within ER+ advanced breast
cancer introduced new concepts for the understanding and modulation endo-
crine resistance [4]. Recent data analyzing ctDNA, which better captures the
intra-tumoral heterogeneity, reported that the ESR1 mutations are found in
approximately 40% of patients with AI-refractory disease [32, 62]. The use of
liquid biopsies for assessing ESR1m is a promising tool for the continued
investigation of the clinical role of these mutations as a predictive biomarker.
However, this test will need to be standardized before being incorporated into
clinical practice. Particularly, a standardized cutoff has not been established,
and it is not known if the allele frequency is more important than a dichoto-
mized result and if there are potential clinical implication related to the kinetics
of the allele frequency based on sequential testing [63].

Integrative approaches using a variety of technologies and data, leading to
comprehensive evaluations of gene expression, proteomics, and epigenetic
regulators of the genome may be translated into biomarkers and therapies
associated with clinical benefit for cancer patients [64]. Future research efforts
may allow ESR1 mutational status to be prospectively tested as predictive
biomarker, stratification factor, and as a therapeutic target.
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