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Abstract Recurrent ligand-binding domain ESR1 mutations
have recently been detected in a substantial number of patients
with metastatic ER+ breast cancer and evolve under the selec-
tive pressure of endocrine treatments. In this review, we eval-
uate the current understanding of the biological and clinical
significance of these mutations. The preclinical studies re-
vealed that these mutations lead to constitutive ligand-
independent activity, indicating resistance to aromatase inhib-
itors and decreased sensitivity to tamoxifen and fulvestrant.
Retrospective analyses of ESR1 mutations in baseline plasma
circulating tumor DNA from completed clinical trials suggest
that these mutations are prognostic and predictive of resis-
tance to aromatase inhibitors in metastatic disease. Currently,
we are lacking prospective studies to confirm these results and
to determine the optimal treatment combinations for patients
with the ESR1 mutations. In addition, the clinical

development of novel agents to overcome resistance engen-
dered by these mutations is also needed.
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Introduction

Multiple epidemiological, molecular, and clinical studies sug-
gest a key role for the female hormone estradiol and its cog-
nate receptor, estrogen receptor α (ER), in the development
and progression of breast cancer. ER-positive (ER+) breast
cancers, which constitute about 70% of all breast cancers,
express the ER protein. ER+ breast cancers are classified mo-
lecularly as mainly the luminal subtype, which includes the
more indolent and endocrine-sensitive luminal A and the more
aggressive and less endocrine-sensitive luminal B subtypes
[1]. ER is a ligand-dependent transcription factor and a mem-
ber of the nuclear receptor superfamily. The protein consists of
multi-functional domains including the DNA-binding and
hinge domains flanked by the transcriptional transactivation
domains, the ligand-independent activating function-1 (AF-1)
and the ligand-dependent activating function-2 (AF-2). The
AF2 overlaps with the ligand-binding domain (LBD). Upon
ligand binding, ER undergoes a conformational change, di-
merizes, and is recruited to numerous DNA sites to regulate
the transcription of genes involved in physiological and can-
cer processes. The genome-wide distribution of ER-binding
sites within a particular cell (termed the ER cistrome) and its
transcriptional activity are influenced by receptor tyrosine ki-
nase pathways, other signaling networks, the repertoire of the
ER-co-regulatory (co-activators and co-repressors) and pio-
neer factors, and chromatin accessibility [2, 3].
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Endocrine Therapy and Mechanisms of Endocrine
Resistance

The most commonly used endocrine (hormonal) therapies
inhibit ER activity by either targeting the ER protein itself
or depriving the receptor of its ligand. The different classes
of endocrine treatments include selective ER modulators
(SERMs; e.g., tamoxifen), which compete with the estrogen
ligand and have mixed agonistic/antagonistic capacities, se-
lective ER degraders (SERDs; e.g., fulvestrant), which pos-
sess almost exclusive antagonistic activity and induce ER
protein degradation, and treatment strategies that deplete
systemic estrogen levels by either aromatase inhibitors or
pharmacological or surgical ovarian ablation in post- and
premenopausal women, respectively. While endocrine ther-
apies have proven to be very effective in both the early and
the metastatic settings, both de novo and acquired resis-
tance to endocrine treatments remain a key clinical chal-
lenge [4].

Preclinical and clinical studies have elucidated a
number of potential mechanisms underlying endocrine
resistance. These mechanisms involve pathways that ei-
ther interact with ER, its co-regulators, or other tran-
scriptional factors to alter ER activity and sensitivity
to endocrine treatments or escape pathways that can
bypass ER dependency by providing alternative, prolif-
erative, and survival stimuli to sustain tumor growth and
progression. Modulations of these pathways can be driv-
en by genomic, epigenetic or tumor microenvironment
influences. A detailed discussion on these mechanisms
is beyond the scope of this review and can be found
elsewhere [5, 6].

A complete loss of ER is uncommon and observed in
clinical samples in 10–20% of metastatic breast cancers
[7]. The fact that many tumors with acquired endocrine
resistance can still respond to additional lines of endocrine
therapies suggests that ER continues to play a key role,
albeit an altered one in these tumors. Increased ligand-
independent activity or decreased response to SERMs and
SERDs can be facilitated by multiple posttranslational
modifications of ER as a result of increased growth factor
and other kinase signaling pathways. Changes in the ratio
of the levels of positive and negative ER co-regulators or
in their activity have also been shown to play a role in
endocrine resistance [8, 9]. Amplification of the ESR1
gene that encodes the ER or ESR1 gene fusions may be
key drivers of resistance in some tumors, although these
genetic alterations are relatively uncommon [10, 11]. In
contrast, recurrent activating missense mutations clustered
within the ER LBD have been recently reported by multi-
ple groups and found in a substantial fraction of endocrine-
resistant metastatic ER+ breast cancers [10, 12, 13, 14,
15••, 16].

ESR1 Ligand-Binding Mutation Missense Mutations
in Breast Cancer Tissue Samples

The ESR1 Y537N-activating missense mutation was first de-
scribed in a single metastatic sample in 1997 [17]. But other
studies, mainly in treatment-naïve primary tumors, failed to
detect this or similar ESR1 mutations [18, 19]. Since 2013, a
series of studies using next-generation sequencing reported
the detection of ESR1 recurrent LBD mutations in metastatic
ER+ breast cancer tissue specimens (Fig. 1a). The first study
employed whole exome sequencing of patient-derived xeno-
graft (PDX) models derived from ER+ metastatic samples.
ESR1 mutations were found in three of the seven models
and were corroborated with the originating metastatic tumors
[10, 12, 13].

A second study included two cohorts of ER+ metastatic
tumors [12]. One of the cohorts consisted of 44 patients from
the BOLERO-2 study, which accrued patients that developed
disease resistant to aromatase inhibitor (AI) treatment either
within 12 months of completion of adjuvant AI treatment or
disease progression on AI treatment in metastatic disease. The
other cohort included 36 patients that developed disease pro-
gression after at least 3 months of endocrine therapy. Using
targeted next-generation sequencing, this study found 14 pa-
tients with ESR1 LBD mutation among the 80 patients
(17.5%). Additionally, sequencing of 183 primary tumors of
a subset of the BOLERO-2 patients with metastatic disease
detected mutations in six of these primary tumors (3.3%).

In addition, in two small studies in which 11 and 13 meta-
static ER+ tumor samples were sequenced, ESR1 LBD recur-
rent mutations were found in six and five tumors, respectively
[13, 14]. These two studies included together a subset of eight
matched primary tumors in which no ESR1 LBD mutations
were detected in the primary tumors. In another larger study,
76 metastatic ER+ metastatic tumors were sequenced and 11
ESR1 LBD mutations were detected (14.4%) [15••]. Finally,
in a more recent study, where ESR1 mutations were assessed
using droplet digital (dd) PCR in 37 ER+ matched metastatic
and primary tumor samples, four ESR1 LBD mutations were
found only within the metastatic tumors (10.8%) [16].

Similarly, in all the studies mentioned above, with the ex-
ception of the BOLERO-2 cohort, in the limited available
matched primary tumors and in a small number of additional
primary tumors without matched metastatic samples, the
ESR1 mutations were not detected. In addition, in the provi-
sional TCGA study andMetabric study available online on the
cBioPortal [20, 21], which used next-generation sequencing,
ESR1 mutations were detected in less than 1% of primary
tumors. In contrast, two recent studies using the more sensi-
tive dd-PCR approach to detect the recurrent LBD mutations
with larger sample numbers of primary tumors found higher
percentages of ESR1 mutations. In the first study, ESR1 mu-
tations were detected in 2.5% of 270 primary tumors. This
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study also detected 11 ESR1mutations in 55 (20%) ER+ met-
astatic tissue samples by dd-PCR [22]. In the second study,
203 primary tumors were analyzed by dd-PCR and a relatively
high percentage of these tumors harbored LBD ESR1 muta-
tions (the Y537N mutation was found in 12% of the tumors,
the Y537S in 5%, and the D538G mutation in 2%) [23]. Of
note, in this study, the LBD mutations in the primary tumors
were not associated with long-term outcomes after adjuvant
tamoxifen treatment [23].

The Biology of the ESR1 Ligand-Binding Domain
Mutations

The recurrent ESR1mutations detected in ER+ breast cancers
were all found within the LBD. The most common mutations
were mutations in the Y537 and D538 amino acid residues.
Preclinical studies revealed that these are gain-of-functionmu-
tations that lead to constitutive, ligand-independent activation
of ER (Fig. 1b) [12, 14, 15••]. In addition, these mutations
lead to relative resistance to tamoxifen and fulvestrant. The
Y537 and D538 mutations reside in helix 12 (H12), a key
structural part of AF2. Estrogen binding to the LBD leads to
stabilization of H12 in an active conformation, allowing the
binding of co-activators, such as NCOA3, and results in acti-
vation of the receptor. In contrast, the binding of an antagonist

to the LBD induces an H12 inactive conformation that pro-
motes co-repressor binding and inhibition of the receptor
activity.

Early structural studies have shown that the Y537S ER
mutation stabilizes H12 in the agonistic conformation, similar
to wild-type (WT)-ER when bound to E2 [24]. More recent
simulation studies and a crystallography study of the D538G-
mutant structure show that this mutation also stabilizes H12 in
the agonistic conformation in the absence of E2, albeit less
potently when compared to the Y537S mutation [25••]. In
addition, the crystal structure and simulation studies of tamox-
ifen bound to the D538G and Y537S mutants indicate that
these mutations confer an altered antagonistic conformation,
facilitating resistance to antagonism. Affinity studies show
that these mutated receptors have a decreased affinity for ta-
moxifen and E2. Finally, several studies showed increased co-
activator binding to mutant ER when compared to WT-ER
under ligand-independent conditions or in the presence of ta-
moxifen [12, 25••]. Together, these observations provide a
mechanistic explanation for the ligand-independent activity
and the reduced inhibitory potency of SERMs like tamoxifen.

The LBD ER mutants engender a growth advantage in
estrogen-independent conditions and relative resistance to ta-
moxifen and fulvestrant. These phenotypes were shown
in vitro as well as in vivo using breast cancer cell lines
engineered to express the mutations and PDXs derived from

Fig. 1 a Estrogen receptor α (ER) structural/functional domains and the
distribution of the somatic ESR1 ligand-binding domain (LBD) point
mutations identified in tissue specimens of ER-positive breast tumors
by next-generation sequencing in recent reports (references 10, 12, 13,
14, 15••). Each mutation is represented by a red bar at the specific ER
protein position. b Direct consequences of the conformational changes in
the ER LBD mutations: estrogen (E2) binding to LBD of the wild-type
(WT) ER leads to receptor dimerization and stabilization of the α-helix of
helix 12 (H12) in an active conformation, thus allowing the binding of co-
activators (CoA) [top panel]. The Y537S and D538G mutations, denoted

by red X, lead to a conformational change in the H12 that promotes
stabilization in the agonist mode. This conformational change enables
CoA binding in the absence of ligand. The conformational changes also
lead to a decreased affinity for tamoxifen and decreased potency of
tamoxifen. The conformational changes of D538G are different from
Y537S and result in more subtle stabilization of H12 and lower binding
affinity of the ER co-activator AIB1 when compared to Y537S [bottom
panel]. AF-1 activation function-1, AF-2 activation function-2, LBD
ligand-binding domain
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human metastatic breast cancer tumors harboring the LBD
mutations [10, 12, 15••]. In addition, an increased migratory
capacity was observed in breast cancer cells with the D538G
mutation, suggesting an enhanced invasive phenotype, which
could explain the propensity of these mutations in the meta-
static setting [14]. Gene expression and signaling analysis
indicated that the mutations activate a unique set of genes
and enhance the cross talk with IGF signaling [12, 23].
Whether and how these or other molecular changes mediate
a metastatic potential remain elusive and are of importance. In
addition, most of the mechanistic in vitro studies have focused
on the most prevalent mutations. The E380Q mutation is an-
other recurrent LBD ESR1 detected less frequently than the
mutations in Y537 and D538. A PDX model with this muta-
tion remained ligand dependent, and in one study, a non-breast
cancer cell line expressing this mutation did not exhibit con-
stitutive transcriptional activity [10, 26]. Thus, this mutation
may facilitate tumor growth through a different mechanism
and additional studies are needed to fully characterize the
phenotypes engendered by this mutation.

ESR1 Mutations in Circulating Tumor DNA

Overall, the aforementioned studies of tumor tissue specimens
showed that a significant percentage of patients with metasta-
tic ER+ breast cancer harbor recurrent ESR1 LBD mutations.
The high prevalence of these mutations and their biology im-
ply that these mutations play an important role in resistance to
treatment and disease progression. However, to further vali-
date the clinical impact of these mutations and eventually use
these mutations as biomarkers for treatment decision, a non-
invasive assay to detect and seriallymonitor these mutations is
needed. In addition, breast cancers are heterogeneous and in
many cases a single biopsy cannot depict the full genomic
landscape of the disease. Therefore, a number of groups have
been developing non-invasive liquid biopsies to detect the
ESR1 and other mutations in circulating tumor DNA
(ctDNA) isolated from plasma samples of breast cancer pa-
tients, especially with metastatic disease.

Numerous recent studies have demonstrated the detection
of mutant DNA alleles in ctDNA isolated from plasma as a
tumor-specific biomarker [27, 28]. One of the seminal studies
looked at serial levels of PIK3CA and TP53mutations, which
are prevalent mutations in primary and metastatic breast can-
cers [29]. In a cohort of 30 patients with metastatic breast
cancer who were found to have a PIK3CA or TP53 through
analysis of the archival primary tumor tissue specimens,
ctDNAwas detected in 97% of the patients. The single patient
in which ctDNA was not detected had limited tumor burden
and stable disease throughout the study. When compared to
other circulating biomarkers, such as CA15-3 levels and cir-
culating tumor cells, ctDNA was found to be more sensitive

and had a greater dynamic range that correlates with changes
in tumor burden. Moreover, increasing levels of ctDNA was
prognostic in this study.

A number of groups investigated ctDNA ESR1 LBD mu-
tations in order to develop a non- invasive reliable method for
the detection of ESR1mutations and to study in a more defin-
itive manner the association between the presence of the ESR1
mutations and response to endocrine treatments and other
targeted treatments. In one ctDNA study, ESR1 mutations
were found in 25% of advanced breast cancer patients (9/29)
and serial monitoring displayed changes in allele frequency
(AF) [22]. In another study, plasma was tested for ESR1 LBD
mutations (L536R, Y537C, Y537N, D538G) using dd-PCR in
128 patients with advanced ER+ breast cancer at the time of
disease progression [30••]. ESR1 LBD mutations were found
in 14.8% of these patients and were found exclusively in pa-
tients who had prior treatment with an AI. An analysis of a
limited number of patients with and without detectable ctDNA
ESR1 mutations showed that the ESR1 mutations are associ-
ated with a shorter progression-free survival (PFS) on subse-
quent AI treatment. Interestingly, patients who received an AI
in the adjuvant setting or developed recurrent disease on ad-
juvant AI treatment had a lower prevalence ofESR1mutations
compared to patients that received AI treatment for metastatic
disease only (5.8 and 4.8%, respectively, versus 36.4%). The
authors hypothesized that this difference is due to the lack of
genetic diversity in the presence of micrometastatic disease.
These results have important clinical implications, but this
study was relatively small, included a non-stratified cohort
of patients with metastatic disease, and did not look at the
associations between the ESR1mutations and other endocrine
treatments or other targeted therapies.

More recently, three groups performed post hoc
prospective-retrospective analyses of ESR1mutations in plas-
ma samples from completed randomized clinical trials
(Table 1) [26, 31••, 32]. In the first study, blood samples from
the FERGI study were analyzed [26]. The FERGI study was a
randomized phase II study that compared pictilisib, a pan-
PI3K kinase inhibitor, plus fulvestrant with fulvestrant plus
placebo in patients with metastatic ER+ breast cancer who
progressed on AI treatment. Baseline ctDNA was analyzed
for 12 ESR1 (E380Q, S463P, V534E, P535H, L536P,
L536H, L536H, Y536S, Y536N, Y537C, D538G) and 9
PIK3CA mutations. ESR1 mutations were detected in 37%
of plasma samples (78/207). In this study, ESR1 mutations
were enriched in patients with luminal A tumors compared
to luminal B and in PIK3CA-mutated tumors. Importantly,
ESR1 mutations were not associated with differential PFS
with the fulvestrant plus placebo or the fulvestrant plus
pictilisib arm. In addition, serial testing of ctDNA was per-
formed in 71 of the patients. Clinical response was associated
with decreases in the AF of ESR1 and PIK3CAmutations, and
increases in AF were seen only in patients with stable disease

35 Page 4 of 8 Curr Oncol Rep (2017) 19: 35



(SD) or progressive disease (PD). However, these changes did
not reliably predict response, as there were patients with SD or
PD in which a decrease in AF was measured.

In the second study, baseline ctDNA for seven ESR1 muta-
tions (E380Q, L536R,Y537C,D538G, S463P,Y537N,Y537S)
was evaluated in two phase III clinical trials in patients with
metastatic ER+ breast cancer that progressed on endocrine treat-
ment, including the SOFEA and PALOMA3 studies [31••]. In
the SOFEA study, patients that had demonstrated prior sensitiv-
ity to an AI, in the adjuvant or metastatic setting, were random-
ized to fulvestrant plus anastrozole, fulvestrant plus placebo, or
exemestane. ESR1 mutations were detected in 39.1% of a rela-
tively small subgroup of patients in this trial (63/161). Patients
with an ESR1 mutation had improved PFS with a fulvestrant-
containing treatment (N = 45) compared to exemestane alone
(N = 18), whereas patients with WT ESR1 had similar PFS on
either treatment. However, the interaction test between ESR1
mutation and relative sensitivity to fulvestrant over exemestane
was not statistically significant. In the PALOMA3 trial, patients
who had prior endocrine treatment (tamoxifen or an AI) were
randomized to receive fulvestrant plus palbociclib, a CDK4/6
inhibitor, or fulvestrant plus placebo. ctDNA for ESR1 muta-
tions was tested in baseline plasma samples and found in 25.3%
of the cohort that was tested (91/360). The PFS with the com-
bination treatment (N = 63) was improved compared to
fulvestrant plus placebo in patients with ESR1 mutations
(N = 28) and patients with WT ESR1. In PALOMA3, overall,
patients with ESR1 mutations had worse PFS compared to WT
ESR1 patients. In addition, in this study, ESR1 mutations were
almost exclusively found in patients with prior AI treatment, rare
in patients that had prior tamoxifen only, and associated with
prior response to endocrine treatment.

Lastly, a third study tested baseline ctDNA for ESR1 mu-
tations (D538G, Y537S) in the BOLERO2 study [32]. This
was a phase III study in which patients with metastatic ER+
breast cancer and prior exposure to a non-steroidal AI were
randomized to exemestane versus exemestane plus the mTOR
inhibitor everolimus. In this study, ESR1 mutations were

detected in 28.8% of patients (156/541). Patients with an
ESR1 mutation had worse overall survival (OS) compared to
WT ESR1. A subgroup analysis showed that patients with the
D538G mutation alone, the Y537S mutation alone, or both
mutations all had decreased OS compared to WT ESR1. In
contrast to the SOFEA study, in this study, the presence of the
D538G mutation only (N = 24) was associated with decreased
PFS in the single-agent exemestane treatment arm. As for the
benefit from everolimus, the presence of the D538G mutation
(N = 59) was not associated with differential response to
everolimus plus exemestane, whereas the presence of a
Y537S mutation (N = 21) or both mutations was associated
with worse PFS. Similar to the previous studies, in the
BOLERO2 study, the prevalence of the ESR1 mutations was
higher in patients that received prior endocrine treatment in
the metastatic setting (33%) compared to those that received
endocrine treatment in the adjuvant setting only.

Taken together, in these studies, the prevalence of the ESR1
mutations determined by ctDNA in patients with metastatic
ER+ breast cancer is in the range of 25–40%. The ESR1 mu-
tations are associated with prior exposure to AI treatment. In
addition, the presence of ctDNA ESR1mutations is associated
with poor outcomes. Given the retrospective and exploratory
nature of these analyses and the relatively small number of
patients with ESR1 mutations in the different treatment arms,
it is hard to make strong conclusions regarding the associa-
tions between the ESR1 mutations and clinical response to
treatment. Prospective studies in which patients are stratified
based on ESR1 mutations are still needed to elucidate the
impact of these mutations on response to different subsequent
endocrine treatments and other targeted treatments.

Tumor Evolution and Clinical Implications

The need for cancer cells to resist and adapt to signals from the
microenvironment and other exogenous factors, including
treatment interventions, and the genetic instability in cancers

Table 1 Details of the randomized clinical trials with ESR1 ctDNA analysis

Clinical trial No. of plasma samples
tested/no. of patients
on study (%)

Clinical trial arms ESR1 mutations tested Prevalence of all
ESR1 mutations (%)

FERGI (ref. 26) 153/156a (98%) A. picticilib + fulvestrant
B. placebo + fulvestrant

E380Q, P535H, L536H, L536P, L536Q,
L536R, Y537C, Y537N, Y537S, D538G

37.3

SOFEA (ref. 31••) 162/723 (22.4%) A. fulvestrant + anastrozole
B. fulvestrant + placebo
C. exemestane

E380Q, S436P, L536R, Y537S, Y537C,
Y537N, D538G

39.1

PALOMA (ref. 31••) 360/521 (69.1%) A. palbociclib + fulvestrant
B. placebo + fulvestrant

E380Q, S436P, L536R, Y537S, Y537C,
Y537N, D538G

25.3

BOLERO (ref. 32) 541/724 (74.7%) A. exemestane + everolimus
B. placebo + exemestane

Y537S, D538G 28.8

a Part 1 of the study including patients with or without a PIKCA mutation
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resulting in the accumulation of somatic mutations is the basis
for clonal evolution in cancers. Preclinical and clinical studies
also suggest that acquired resistance to cancer treatments is
due to the expansion of rare pre-existing (or acquired) drug-
resistant clones under the selective pressure of targeted treat-
ments [33, 34]. The ligand-independent and endocrine-
resistant properties of the ESR1 LBD mutations and the fact
that they are more prevalent in metastatic disease after treat-
ment with aromatase inhibitors indicate that the selection of
these mutations occurs under the pressure of endocrine treat-
ment, particularly aromatase inhibitors. In addition, the wide
range of allele frequencies and the polyclonality detected in
tumor tissues and ctDNA imply that there is continued tumor
heterogeneity even after the clonal selection.

The ESR1 LBD mutations were either undetectable or
found at a very low frequency in primary tumors to date,
suggesting that the mutations are either acquired or arise from
a rare clone. In a more recent study that applied a more sensi-
tive assay, ESR1mutations were found in higher percentage of
primary tumors [23], suggesting that with deeper sequencing
methods, the ESR1 mutations might be present at a higher
prevalence in primary tumors. The presence of ESR1 muta-
tions in primary tumors may have an impact on the risk of
disease recurrence and choice of adjuvant treatments, and
therefore, it is important to determine the frequency in primary
tumors. On the other hand, there is some evidence that AI
treatment in the adjuvant setting does not strongly impact
the evolution of the ESR1 mutations, hypothesized to be due
to the low tumor burden in the micrometastatic setting [30••].
This raises the question of the significance of the presence of
the ESR1mutations in primary tumors and the implications in
the decision-making of specific adjuvant endocrine treatment
in the context of the ESR1 mutations. Resolution of this im-
portant issue awaits analysis of large adjuvant endocrine ther-
apy trials.

In metastatic disease, multiple studies show that the prev-
alence of the ESR1mutations is substantial and that the detec-
tion of these mutations is overall prognostic of poor outcome.
In this setting, ctDNA ESR1mutation testing is a sensitive and
specific tool. However, the published studies to date on ESR1
mutations in ctDNA were conducted in individual research
laboratories and differed in the specific mutations that were
assayed, and a standardized test with a standardized cutoff has
not been established. In addition, the majority of the studies
used dichotomized results of baseline ctDNA analysis and it is
not known if the AF and kinetics of the AF based on serial
testing are of clinical significance. Another limitation of the
recent post hoc studies is the retrospective design of these
studies and lack of power, making the results hypothesis-
driving only.

Given these limitations, it is not surprising that there are
some discrepancies between the studies. As an example, in the
analysis of the SOFEA study, patients with any ESR1

mutation had worse PFS with exemestane compared to pa-
tients with WT ESR1, whereas in the BOLERO2 study, only
the patients with the D538G mutation had worse PFS on
exemestane when compared to WT ESR1. Randomized stud-
ies stratified by patients with the ESR1 mutations are needed
to determine if patients with the ESR1 mutations are less sen-
sitive to exemestane and if the clinical benefit from fulvestrant
at the current dose is similar compared to patients with WT
ESR1. In addition, since everolimus, palbociclib, and more
recently the CDK4/6 inhibitor ribociclib [35] are approved
drugs in metastatic ER+ breast cancer, it is important to study
the sensitivity of the mutations to these treatments and, not
less important, the effect of these treatments on the evolution
of the mutations. Another open question that is important to
sort out is the sensitivity of the ESR1-mutant breast cancers to
tamoxifen, since tamoxifen might be a better option than aro-
matase inhibitors in the presence of the mutations, particularly
in combination with the other targeted agents.

Novel therapeutic strategies based on ongoing preclinical
studies should also be considered in the future. The preclinical
studies show that the mutant ER has lower affinity to tamox-
ifen and fulvestrant, suggesting that high doses might be more
effective. Alternatively, newer SERMs/SERDs, such as
bazedoxifene [36], RAD1901 [37], or GDC-0810 [38], might
have a better binding affinity for the mutant ER and are cur-
rently under investigation. Bazedoxifene is a third-generation
SERM with SERD activity. In a preclinical study of a PDX
model harboring the Y537S, bazedoxifene as a single agent or
in combination with palbociclib effectively reduced tumor
growth [39]. We are currently conducting a phase Ib/II clinical
trial with the combination of bazedoxifene and palbociclib for
patients with metastatic breast cancer (NCT02448771). This
trial includes serial monitoring of ctDNA ESR1 mutations.

GDC-0810 is a new orally available SERD that is currently
being investigated in combination with palbociclib
(NCT01823835). In preclinical studies, GDC-0810 had de-
creased potency in a cell line model of the Y537S but was
effective in inhibiting the growth of an Y537S ER-mutant
PDX [40]. Since the mutant ER activity remains dependent
on co-activator binding, including NCOA3, drugs that target
co-activators might offer another therapeutic option [25••, 41].
Lastly, similar to some other missense mutations, the ESR1
LBD mutations may be immunoreactive and could be lever-
aged by personalized vaccinations or candidates for treatments
with immune modulators, potentially offering a wide range of
therapeutics.

Conclusions

The recent discovery that LBD-activating ESR1mutations are
present in a high percentage of metastatic ER+ breast cancers
sheds new light on the mechanisms of endocrine resistance.
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Based on the analysis of tissue specimens, the mutations are
found in between 15 and 20% of metastatic ER+ tumors, with
a relatively higher prevalence in patients who have received
multiple lines of endocrine treatment. The analysis of ctDNA,
which can capture the complexity of intra-tumoral heteroge-
neity and the heterogeneity between different metastatic sites,
has found that these ESR1 mutations are detectable in up to
40% of patients with metastatic ER+ breast cancer. Testing
ctDNA for ESR1mutations in the metastatic setting is a prom-
ising tool for the continued investigation of the clinical role of
these mutations as a predictive biomarker; however, ultimate-
ly for clinical utility, this test will need to be standardized.

The preclinical studies show that these mutations lead to
ligand-independent constitutive activity and reduced sensitiv-
ity to tamoxifen and fulvestrant. In line with the preclinical
data, the recent post hoc analyses of ESR1-mutant ctDNA in
randomized clinical trials show that in patients with metastatic
breast cancer, after first line treatment with a non-steroidal AI,
patients with an ESR1mutation have worse PFS on a steroidal
AI compared to patients with WT ESR1. In addition, ESR1-
mutant metastatic breast cancer patients seem to benefit from
fulvestrant as a single agent or in combination with
palbociclib. The dose of fulvestrant in these clinical trials
may be sufficient to overcome at least the relative resistance
predicted by the preclinical studies.

These retrospective analyses are exploratory only and are
not practice changing. Prospective clinical trials in which pa-
tients are stratified on the basis of the ESR1 mutant status are
needed, both to confirm these findings and to investigate the
sensitivity of the mutations to other drugs such as tamoxifen,
everolimus, and ribociclib. In addition, clinical trials dedicated
to patients with ESR1 mutations will be needed in order to
study novel agents to overcome the resistance engendered
by these mutations that are currently under investigation in
preclinical models.
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