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ESR1 Mutations in Breast Cancer
Derek Dustin, BS1,2; Guowei Gu, PhD1,3,4; and Suzanne A. W. Fuqua, PhD1,3,4

The acquisition of ligand-independent ESR1 mutations during aromatase inhibitor therapy in metastatic estrogen receptor  

(ER)-positive breast cancer is a common mechanism of hormonal therapy resistance. Preclinical and clinical studies have dem-

onstrated that ESR1 mutations can preexist in primary tumors and can be enriched during metastasis. Furthermore, ESR1 muta-

tions express a unique transcriptional profile that favors tumor progression, suggesting that selected ESR1 mutations may influence 

metastasis. Several groups have used sensitive detection methods using patient liquid biopsies to track ESR1 or truncal somatic 

mutations to predict treatment outcome and tumor progression, and some of these techniques may eventually be used to guide 

sequential treatment options in patients. Further development and standardization of mutation tracking in circulating tumor DNA is 

ongoing. Clinically, patients with ESR1 mutations derive clinical benefit when treated with fulvestrant and CDK4/6-targeted thera-

pies, but the development of more potent selective ER degraders and/or new targeted biotherapies are needed to overcome the 

endocrine-resistant phenotype of ESR1 mutant–bearing tumors. In this review, we discuss the mechanisms of resistance and dissemi-

nation of ESR1 mutations as well as the detection methods for ESR1 mutation tracking, newly discovered potential therapeutic tar-

gets, and the clinical implications and treatment options for treating patients with ESR1 mutant–bearing tumors. Cancer 2019;0:1-15.  
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INTRODUCTION
Approximately 70% of breast cancers are estrogen receptor (ER)-positive, and many of these patients are effectively 
cured of their disease.1 However, despite effective hormonal and targeted therapies, half of these patients will relapse 
or progress to incurable metastatic disease. Several mechanisms of de novo and acquired endocrine therapy (ET)  
resistance have been described, including loss of ER expression, ER crosstalk with growth factor receptors, subclonal 
genomic alterations of tumor suppressors or drivers, and acquisition of ESR1 fusions or activating ESR1 missense 
mutations.2-4

Current clinical strategies to effectively treat and prevent recurrence of ER-positive breast cancer is with ETs, which 
target the ER through hormone deprivation or antagonistic binding of the receptor. ET cures about half of patients in 
the nonmetastatic setting, and clinical benefit is seen in about 30% of metastatic patients. However, most metastatic 
breast cancer (MBC) patients will eventually progress on ET and succumb to their disease. Other targeted agents such as 
the CDK4/6 inhibitors palbociclib, ribociclib, or abemaciclib, and the mammalian target of rapamycin (mTOR) inhib-
itor everolimus are combined with ET in the metastatic setting, as these agents have shown improved progression-free 
survival (PFS) in patients compared with ET alone.5-8 However, patients with ESR1 mutant–positive metastases are 
resistant to standard-of-care ET and exhibit a worse overall survival.9,10 Figure 1 shows the location within the ER where 
these mutations occur in clinical samples. The most common and well-characterized mutations occur at the Y537 and 
D538 residues. However, missense mutations have been identified in at least 51 other residues, most of which occur 
within the ER ligand-binding domain (LBD). The most common mutations have been functionally characterized as 
hormone-independent activating mutations (Y537, D538), whereas others result in estrogen hypersensitivity (K303R, 
E380Q)11,12 or neutral, retaining hormone-dependent activation function (S432L, V534E).12 Furthermore, many of 
these mutations are rare and have not yet been functionally annotated. There is a current clinical need to identify addi-
tional effective hormonal and targeted therapies, as well as novel therapeutic sequencing strategies to best treat MBC. 
This review focuses on the biology, detection, and treatment strategies of ESR1 LBD mutations as one of the most com-
mon mechanisms of acquired endocrine resistance.
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BIOLOGY OF ESR1 MUTATIONS  
IN PRECLINICAL STUDIES
Several studies have shown that ESR1 LBD mutations 
are constitutively active and are less sensitive to the ER 
antagonists tamoxifen and fulvestrant.13-16 In vitro stud-
ies have shown that the Y537S and D538G mutations 
required higher concentrations of antagonist to decrease 
ER signaling compared with the wild-type (WT) recep-
tor. Molecular modeling of the Y537S and D538G ESR1 
LBD mutations showed that these mutations are in an 
apo-receptor conformation and are constitutively active,  
even upon antagonist binding.15,17 These mutations  
induced changes in protein structure, which resulted in 
reduced ligand affinity, and this may be one potential 
mechanism for their ligand-independent activity and ET 
resistance. In the absence of ligand, the mutant receptors 
exhibited increased hydrogen bonding between Y537S 
and N348, which was similar to the estrogen-bound WT 
receptor. Mutant receptors also had enhanced protein 
stability compared with the WT receptor when bound 
to fulvestrant. Several studies have shown that the most 
common ESR1 LBD mutations also recruited coactiva-
tors, such as SRC-1 and SRC-3, in the absence of ligand 
that further potentiated ER transcription.18,19 Therefore, 
it was concluded that the altered structure of ESR1 mu-
tations conferred ET resistance and potentiated distinct 
mechanisms of resistance through enhanced coactivator 
recruitment.

The transcriptomes of WT and mutant ERs have 
been described by several groups, showing there are 

shared, classical ER signaling signatures, as well as  
mutant-specific transcriptional regulation.20-22 Using in 
vitro–derived ESR1 mutant cell line models generated 
using CRISPR/Cas9 technology, or through natural  
selection of cells in hormone-deprived conditions, Martin  
et al23 showed that there was a high overlap between  
ER chromatin binding sites of estrogen-stimulated WT 
receptor and hormone-deprived mutant receptors. They 
further showed that estrogen treatment of both the WT 
and Y537S models exhibited a 74% concordance in ER 
binding sites. These results suggest that there are hor-
mone-dependent but also independent mechanisms of 
mutant gene regulation and that the unique constitu-
tive mutant-specific ER binding sites and transcriptional 
regulation should be studied further to better under-
stand the role of the ESR1 mutant in tumor growth and 
progression.

Recent studies by Jeselsohn et al20 demonstrated 
that the models expressing the Y537S mutation was rel-
atively more resistant to growth inhibition when treated 
with tamoxifen or fulvestrant compared with D538G 
and WT, which is consistent with many published stud-
ies. The Y537S and D538G mutations exhibited differ-
ent cistromes and transcriptomes compared with WT  
ESR1. Specifically, gene expression analyses comparing 
estrogen-bound WT receptor with hormone-deprived 
Y537S and D538G mutant receptors showed little over-
lap of shared gene expression (18% and 33%, respec-
tively). Furthermore, there was minimal upregulation of 
gene expression when Y537S mutant cells were treated 

Figure 1. Location of ESR1 missense mutations found in clinical samples. Of 62 identified mutations, 47 occurred in the ligand 
binding domain, and several were associated with ligand-independent activation of estrogen receptor. AF1, activation function 1; 
AF2, activation function 2; DBD, DNA binding domain; LBD, ligand binding domain. Data obtained from COSMIC (https ://cancer.
sanger.ac.uk/cosmic) and cBioPortal for Cancer Genomics (https ://www.cbiop ortal.org/). Accessed March 11, 2019.

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic
https://www.cbioportal.org/
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with estrogen (12 genes), but there was a significant  
increase in gene expression when D538G mutant- 
expressing cells were treated with estrogen (416 genes), 
and many of these genes were unique to each mutation. 
Transcriptome analysis of MBC patient tumors harbor-
ing ESR1 mutations showed a high correlation with pro-
files obtained from these cell line models as analyzed by 
gene set enrichment analysis, validating the significance 
of the in vitro–derived models. Collectively, these data 
demonstrate that ESR1 mutations mediate unique and 
allele-specific transcriptional programs that do not just 
mimic estrogen-regulated WT ER expression. A better 
mechanistic understanding of how mutant receptors 
drive unique gene expression in metastatic disease could 
provide insight into not only the subclonal evolution of 
ESR1 mutants, but may also identify novel strategies to 
target tumor progression.

Other studies have extended clinical findings of  
acquired ESR1 mutations in hormone-deprived MBC pati-
ents by confirming these observations in 2-dimensional  
culture systems. For instance, Martin et al23 were the 
first to model in vitro the natural acquisition of ESR1 
mutations in ER-positive breast cancer cells. Culturing 
breast cancer cells with WT ESR1 for the long term in 
hormone-depleted media resulted in gradual acquisition 
of the Y537C mutation in MCF-7 cells and the Y537S 
mutation in SUM44 cells. Interestingly, analysis of 
parental cells from each line demonstrated that a sub-
population of Y537S mutant cells preexisted in SUM44 
cells at a very low frequency, and that this population 
was then enriched with long-term estrogen-deprived in 
vitro conditions. The Y537C mutation was not identi-
fied in the parental MCF-7 cells, suggesting that these 
mutations can either preexist or be acquired depending 
on the cell line background. Furthermore, tamoxifen- or 
fulvestrant-resistant long-term treated cell lines did not 
acquire ESR1 mutations, further supporting clinical ev-
idence that most tumors acquiring ESR1 mutations did 
so during estrogen withdrawal with AIs. Integrated tran-
scriptomic and cistromic analyses demonstrated that the 
cell line models with naturally occurring ESR1 mutations 
exhibited enriched chromatin binding, which correlated 
with enhanced estrogen-independent transcriptional  
activity. These results in long-term estrogen-deprived 
models are also confirmatory of studies that used 
CRISPR/Cas9 knock-in or lentiviral engineered ESR1 
mutation models.20,23

Nongenomic functions of ESR1 mutations have 
also been described. Gelsomino et al14 have shown that 
insulin growth factor 1 receptor (IGF-1R) signaling was 

upregulated in ESR1 mutant overexpression models, and 
was involved in ET resistance to tamoxifen. Interestingly, 
this mechanism of resistance was cell-type specific and 
was dependent on the expression of the PI3K regulators, 
PI3K3R1 and PI3K3R3, since small interfering RNA 
knockdown of these regulators restored tamoxifen sensi-
tivity. Treatment with specific inhibitors of the IGF-1R 
pathway also sensitized ESR1 mutant cells to tamoxifen. 
Furthermore, ER immunoprecipitation and proximity 
ligation assays demonstrated enhanced co-localization 
and crosstalk between mutant ER and IGF-1R.4 More  
recently, Li et al24 confirmed a role for the IGF-1R path-
way using similar mutant models. RNA-Seq analyses 
showed an enhanced IGF gene signature in the mutant 
models compared with WT receptor expressing mod-
els. These cells exhibited an enhanced growth response 
to IGF1, which was common between the mutant mod-
els but also between tamoxifen-resistant and long-term  
estrogen-deprived models. Targeting the IGF-1R pathway 
through small interfering RNA knockdown or targeted 
inhibitors sensitized ESR1 mutant cells to ET, as demon-
strated in the study by Gelsomino et al.14 Unfortunately, 
IGF-1R inhibitors have not yet proven clinically useful in 
MBC; therefore, they are currently not a viable targeted 
clinical approach for patients with ESR1 mutations. Other 
growth factor receptors, including the HER1-3 family 
members, need to be evaluated as potential mechanisms 
of ET resistance in ESR1 mutation models, since expres-
sion of different growth factor receptor family members 
have been shown to be enhanced in these models.14,24

Martin et al23 performed rapid immunoprecipita-
tion with tandem mass spectrometry of endogenous pro-
teins to delineate ESR1 WT and mutant interactomes. 
These analyses demonstrated that many of the proteins 
bound by mutant ESR1 were also bound by WT ESR1, 
but that there were increased interactions between  
mutant receptors and selected transcriptional regula-
tors, such as GREB1 and FOXA1. ChIP-Seq analyses 
also demonstrated a ligand-independent enrichment of 
FOXA1 motifs in ESR1 mutant cells. Targeted knock-
down of FOXA1 in WT and mutant cells resulted in 
a greater growth inhibition in ESR1 mutant cells com-
pared with WT, suggesting a role for FOXA1 in mutant- 
specific biology. In contrast, Jeselsohn et al20 found that 
the FOXA1 motif was not enriched in hormone-deprived 
Y537S cells compared with estrogen-treated WT cells, 
and that knockdown of FOXA1 did affect growth of mu-
tant ESR1 cells compared with WT cells. These discor-
dant findings could be explained by different treatment 
conditions between the groups, different modeling of 
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ESR1 mutations through CRISPR/Cas9 or overexpres-
sion systems, or divergent cellular backgrounds. Studies 
of the interactome of mutant ESR1 from clinical samples 
needs to be more thoroughly studied, as these may help 
resolve these discrepancies and potentially identify new 
approaches for targeting direct, mutant-specific tran-
scriptional regulators in ESR1 mutant samples.

Implications of ESR1 Mutations in Metastasis  
and Tumor Progression
There is considerable preclinical and clinical evidence 
demonstrating that metastatic tumor cells with ESR1 
mutations are most frequently acquired under the selec-
tive pressure of aromatase inhibitor (AI) therapy.20,25 
These mutations are rare or are not present in primary 
tumors. ESR1 mutant cells may display an enhanced  
“aggressive phenotype,” which could provide an enrich-
ment of subclonal cell populations in circulating tumor 
cells and metastatic sites.10,26

Gu et al25 were the first to report that the Y537S 
ESR1 mutation drives spontaneous ligand-independent 
distant metastasis in vivo using CRISPR-Cas9 engi-
neered ESR1 mutant xenograft models. Jeselsohn et al20 
recently used doxycycline-inducible models of the Y537S 
and D538G ESR1 mutations to show that these cells  
express a transcriptional network that promotes metas-
tasis. ESR1 Y537S and D538G mutant cells both metas-
tasized, and withdrawal of doxycycline in the Y537S 
models resulted in regression of metastatic tumors, 
demonstrating that metastases resulted from mutant 
ER populations. Transcriptional profiling from this and 
other studies have shown that ESR1 mutations promote 
upregulation of hallmark cancer pathways, including  
estrogen response, the p53 pathway, and MTORC1 sig-
naling, suggesting a role for mutant ERs in promoting an 
ET-resistant and metastatic phenotype.20,23

SENSITIVE DETECTION METHODS FOR 
ESR1 MUTATIONS IN CLINICAL BIOPSIES
It has been reasoned that the detection of ESR1 muta-
tions in clinical samples could provide important 
prognostic information over the treatment course of 
ER-positive metastatic disease. ER-positive breast 
cancer patients can recur many years after comple-
tion of adjuvant therapy. Zhang et al13 were the first 
to identify an ESR1 mutation, Y537N, in a metastatic 
ER-positive tumor biopsy in 1997 using ER-specific 
exon primer polymerase chain reaction (PCR) and 
Sanger sequencing. Fifteen years after this seminal 
discovery, many laboratories have now confirmed the 

presence of ESR1 mutations in MBC biopsy samples 
using deep sequencing, and collectively these studies 
have identified a hotspot for ESR1 mutations within 
the LBD region using various DNA sequencing meth-
ods.9,10,12,15,16,26-28 Early studies using next generation 
sequencing (NGS) as the detection method for ESR1 
mutations found that mutations were relatively rare in 
clinical samples. However, the development of droplet 
digital PCR (ddPCR) technology has allowed for more 
sensitive and reliable detection of these mutations. 
With current data, it is thought that the acquisition of 
ESR1 mutations are the most common mechanism of 
ET resistance in MBC. One of the challenges in breast 
cancer is the development of prognostic and predictive 
biomarkers for monitoring MBC patients. Next, we 
discuss the different sequencing approaches that have 
been developed recently using retrospective analysis of 
clinical trial samples to evaluate the emergence of ESR1 
mutations during tumor progression.

NGS DETECTION OF ESR1 MUTATIONS  
IN PATIENT BIOPSIES
Some of the early studies that analyzed ESR1 mutations 
from clinical samples used NGS platforms. NGS using 
Illumini Hiseq 2000 technology identified lower muta-
tion frequencies of 25% (9/36) and 11% (5/44) in 2 in-
dependent cohorts of MBC patient tumors.15 Only 3% 
(6/183) of primary tumors contained ESR1 mutations, 
providing some of the first data that these mutations 
may emerge during metastasis. NGS of sequential tumor 
biopsies over time would allow for the identification of 
genomic alterations as potential mechanisms of tumor 
progression, but the burden of multiple biopsies on  
patients, and the cost and complexity of the assay over 
other techniques (eg, targeted ddPCR) limits its routine 
use as a standardized assay for patient management.

The Memorial Sloan Kettering-Integrated Mutation  
Profiling of Actionable Cancer Targets (MSK-IMPACT)  
panel was developed as an alternative to NGS to  
detect selected common cancer gene mutations with 
high sensitivity.4 Using this mutational profiling tech-
nology, ESR1 mutation status was analyzed in archival 
samples from a cohort of 929 breast cancer patients 
who were treated at Memorial Sloan Kettering Cancer 
Center. In this analysis, mutations were found in 3.5% 
(11/313) of primary breast tumors and 13.6% (84/616) 
of metastatic tumors. Furthermore, ESR1 mutations 
were found in ER-positive samples, but not triple-neg-
ative cancers.12 ESR1 mutations were also identified in 
7.9% (10/126) of ER-positive/HER2-positive patients, 
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suggesting that ESR1 mutations might also play a 
role in HER2 patients who undergo HER2-targeted  
therapy; therefore, further investigation will be 
needed to evaluate ESR1 mutant–specific biology in a  
HER2-positive background to determine whether 
patients with mutations have a different treatment 
outcome.

Additional studies using the MSK-IMPACT plat-
form compared genomic alterations between early breast 
cancer and MBC.29 These analyses demonstrated that 
ER-positive, but not HER2-positive or triple-negative 
breast cancers, had a significant enrichment of addi-
tional driver mutations in metastatic tumors compared 
with early breast cancer. Some of these mutated genes 
are downstream of ER regulation or are involved in the 
regulation of ER itself, including the transcriptional reg-
ulators KMT2C, NCOR1, and AKT1. These findings 
suggest that ESR1 mutant–positive breast cancers evolve 
and acquire distinct and perhaps targetable mechanisms 
driving tumor evolution that directly affect or are a con-
sequence of ER signaling.

DDPCR DETECTION OF ESR1 MUTATIONS 
IN PATIENT BIOPSIES
ddPCR technologies are increasingly being used to detect  
ESR1 mutations in both solid tumor and liquid biopsies 
due to the enhanced sensitivity and lower cost compared 
with NGS technology. Thus the increased sensitivity  
of ddPCR is allowing for more accurate positive detec-
tion of ESR1 mutations from patient biopsies. Takeshita 
et al30 were one of the first groups to evaluate ESR1  
mutation status (Y537S, D538G, Y537N, or Y537C) 
from formalin-fixed, paraffin-embedded samples (270 
primary and 55 MBC tumors), and reported ESR1 muta-
tion frequencies of 2.5% and 20%, respectively. Of the 11 
MBC patients with ESR1 mutations, 5 had been treated 
with an AI, 4 were treated with tamoxifen, and 2 had 
not had received prior ET before biopsy. Furthermore, 
Gelsomino et al14 analyzed ESR1 mutation status in a 
larger cohort of 203 primary breast cancers treated with 
tamoxifen monotherapy, and found that the frequency of 
ESR1 mutations was higher (12% Y537N, 5% Y537S, 
and 2% for the D538G mutations) compared to other 
reports in the literature of unselected primary tumors. In 
addition, the presence of ESR1 mutations was associated 
with a better progression free survival in these tamoxifen-
treated patients, suggesting that the use of tamoxifen 
might not select for or may be effective at preventing 
the emergence of mutation. This possibility needs to be 
explored.

In the CARMINA02 clinical trial, which evalu-
ated the efficacy of neoadjuvant anastrozole versus ful-
vestrant, ESR1 mutations were found in 3.4% (3/89) of 
treatment-naïve tumors.31 Technologies for assessing liq-
uid biopsies have also recently been developed, and have 
there are now commercial assays to monitor ESR1 muta-
tion status in metastatic patients. Schiavon et al26 used 
ddPCR of liquid biopsy samples from advanced breast 
cancer patients but did not detect ESR1 mutations in a 
cohort of 22 patients who were previously treated with 
tamoxifen in an adjuvant setting; however, they detected 
ESR1 mutation frequencies in 0% (0/32) to 5.8% (3/52) 
in 2 cohorts of patients who were treated with an AI in an 
adjuvant setting. Mutation frequencies were enriched to 
36.4% (16/44) in patients who were treated with an AI in 
the metastatic setting. These data demonstrate that ESR1 
mutations can preexist at low frequencies in primary  
tumors but are enriched in a metastatic setting, especially 
in AI-treated patients.

Whether the analysis of circulating tumor cells 
(CTCs) or circulating tumor DNA (ctDNA) will become 
a superior technical approach to detect ESR1 mutations, 
and monitor treatment response or progression is still 
being evaluated. Shaw el al32 compared paired CTCs and 
ctDNA samples from the same patient cohort. More mu-
tations were discovered in ctDNA than the paired CTC 
sample, and not all CTCs had the same mutations that 
were found in the ctDNA. This finding suggests that 
ctDNA analyses may be more sensitive for tracking gene 
mutations rather than CTCs. However, there is a need to 
evaluate mutations in liquid biopsies to those found in 
distant metastatic tumors biopsies to draw definitive con-
clusions about discordances. Thus, digital PCR using liq-
uid biopsies has been applied to evaluate ESR1 mutation 
frequencies in several large phase 2/3 clinical trials such 
as BOLERO 2, SoFEA, PALOMA3, and FERGI.9,10,28 
With increasing use, the potential advantages of ctDNA 
versus CTC sampling should become apparent.

In the BOLERO-2 clinical trial, MBC patients 
who had prior exposure to a nonsteroidal AI were ran-
domized to the steroidal AI exemestane, or in combina-
tion with the mTOR inhibitor everolimus.33 Y537S and 
D538G ESR1 mutations were found in 29% (156/541) 
of patients.10 Thirty patients exhibited polyclonal 
Y537S and D538G mutations, and other studies have 
also confirmed that ESR1 mutations are frequently 
polyclonal.9,28,34-37 Survival analyses showed that pa-
tients with Y537S or D538G mutations exhibited worse 
overall survival compared with patients who had only 
WT ER (32.1 vs 20.7 months). Patients with polyclonal 
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ESR1 mutations also exhibited a worse overall survival 
(15.2 months). Treatment with everolimus was associ-
ated with improved PFS for patients with the D538G 
mutation that was similar to WT (5.78  months for 
D538G, 8.48 months for WT), but the analysis of PFS 
in patients with the Y537S mutation was underpow-
ered to determine whether clinical benefit was achieved 
in this treatment arm. A potential limitation of this 
study was that only 2 ESR1 mutations were assessed 
using ddPCR, and the acquisition of other polyclonal 
ESR1 mutations may have impacted the prognostic re-
sults obtained in this trial.

Fribbens et al9 developed a multiplex ddPCR assay 
to simultaneously study 7 ESR1 mutations in ctDNA 
from the SoFEA and PALOMA3 clinical trials. In the 
SoFEA clinical trial, patients who exhibited prior sen-
sitivity to nonsteroidal AIs were randomized to receive 
fulvestrant plus anastrozole, fulvestrant plus placebo, or 
the steroidal AI exemestane.38 In this cohort of patients,  
ESR1 mutations were found in 39.1% (63/161) of patient’s  
ctDNA, and 49.1% (27/55) of these patients exhibited 
polyclonal mutations. Patients who had an ESR1 muta-
tion and were treated with exemestane had worse PFS 
compared with patients who did not have detectable 
ESR1 mutations (2.6 vs 8.0 months). Patients who were 
treated with fulvestrant derived significant clinical bene-
fit regardless of whether they had detectable ESR1 muta-
tions (PFS 5.7 months for ESR1 mutations, 5.4 months 
for WT ER). Therefore, this study suggests that patients 
with ESR1 mutations were relatively sensitive to a ful-
vestrant-containing regiment and should be treated with 
fulvestrant if there were detectable ESR1 mutations.

In the PALOMA-3 clinical trial, patients who pro-
gressed during ET were randomized to receive fulves-
trant or fulvestrant plus palbociclib.5 ESR1 mutations 
were detected in 25.3% (91/360) of the patients in this 
cohort. Patients with ESR1 mutations had improved  
PFS when treated with fulvestrant plus palbociclib ver-
sus fulvestrant monotherapy (9.4 vs 3.6 months), as well 
as patients with WT ESR1 (9.5 vs 5.4  months). These 
results suggest that patients who have progressed on a 
nonsteroidal AI derive clinical benefit from fulvestrant 
and palbociclib, regardless of whether the patient ctDNA 
exhibited ESR1 mutations. However, a more recent anal-
ysis of the PALOMA-3 clinical trial demonstrated that 
although there was no overall enrichment of ESR1 mu-
tations during treatment, the Y537S mutation was sele-
ctively enriched in fulvestrant-based treatments in the 
metastatic setting, suggesting relative resistance to ful-
vestrant and palbociclib.39

In the FERGI clinical trial, AI-resistant, locally  
advanced, or MBC patients were treated with fulvestrant 
alone or in combination with the pan-PI3K inhibitor pic-
tilisib.40 BEAMing Digital PCR assays were developed to 
detect 12 ESR1 mutations using ctDNA. Liquid biopsies 
were evaluated at progression on an AI, and ESR1 muta-
tions were found in 37% (57/153) of patient ctDNA.28 
The authors also compared ctDNA data with those 
found using tumor tissue from a subset of the patients. 
No ESR1 mutations were detected in primary tumor tis-
sue from biopsies collected at diagnosis (0/81). However,  
9.7% (3/31) of metastatic samples obtained before AI 
therapy contained ESR1 mutations, and the prevalence 
increased to 63% (12/19) in tumor samples collected 
after AI progression. In patients with both ctDNA and 
tumor tissues, the ctDNA often showed increased ESR1 
mutant content than match tumor tissue. This suggests 
that ctDNA might better reflect the total ESR1 mutation 
burden across multiple metastatic sites.

There was no significant difference in PFS between 
patients according to ESR1 mutation status in both the 
fulvestrant only or the combination fulvestrant plus  
pictilisib arms of FERGI. These findings support that 
patients derive benefit from fulvestrant treatment regard-
less of ESR1 mutation status when mutations are ana-
lyzed in aggregate. This is in contrast to the retrospective 
analysis of PALOMA-3,5 where end of treatment ctDNA 
was used to demonstrate that the Y537S was significantly 
increased and associated with resistance to fulvestrant or 
fulvestrant plus palbociclib.

Collectively, these results demonstrate a need for the 
routine use of targeted sequencing of liquid biopsies, and 
if possible, tumor samples. These collective results show 
that ESR1 mutations represent a small subclonal popu-
lation in primary breast tumors that are most probably 
enriched during the course of treatment in the metastatic 
setting. Table 1 summarizes the frequencies of ESR1  
mutations found in clinical tumor biopsies. These fre-
quencies show that overall, the use of ctDNA may be a 
more reliable and representative detection of total ESR1 
mutation status compared with genomic DNA from pri-
mary or metastatic tumors.

CLINICAL IMPLICATIONS  
AND THERAPEUTIC STRATEGIES  
TO TREAT MBC WITH ESR1 MUTATIONS
There are effective ETs to treat patients with ER-positive 
metastatic disease. ET and biotherapy combinations  
are now commonly used to treat ET-resistant MBC, as 
opposed to sequencing of single endocrine agents. There 
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are 2 biological targets that have been approved for  
ER-positive breast cancer: mTOR and cyclin-dependent 
kinases (CDKs) 4/6. Treatment guidelines recommend 
that patients who develop MBC 12 months after adju-
vant ET or who are de novo metastatic should be treated 
in a first-line setting with an AI in combination with a 
CDK4/6 inhibitor.45 This recommendation is based on 
the results of the PALOMA-2 trial, which showed that 
the combination of letrozole and palbociclib extended 
PFS by 13.1 months compared with letrozole alone (27.6 
vs 14.5 months).46 However, other approaches, such as the 
selective estrogen receptor degrader fulvestrant alone or 
in combination with a CDK4/6 inhibitor, are also often 
used in a first-line metastatic setting. Subsequent ther-
apy of an AI- and/or CDK4/6 inhibitor–treated patient 
includes fulvestrant monotherapy (or in combination 
with a CDK4/6 inhibitor in treatment-naïve patients), a  
steroidal AI with or without an mTOR inhibitor, tamox-
ifen, or chemotherapy. Preclinical development and proof 
of clinical utility of additional targeted biotherapies are 
needed to delay the eventual progression to unresponsive 

metastatic disease. A better understanding of when to 
use targeted therapies and the sequence of combination 
therapies is critical to effectively manage ER-positive dis-
ease. Importantly, there has not been a direct comparison 
of the efficacy of fulvestrant monotherapy versus an AI 
with a CDK4/6 inhibitor. Furthermore, there has not 
been a direct comparison between the CDK4/6 inhibi-
tors palbociclib, ribociclib, and abemaciclib in clinical 
trials. These comparisons will help us understand effec-
tive sequencing of therapies to delay acquired resistance 
to targeted therapies and manage metastatic disease.

Current treatment guidelines for ER-positive MBC  
do not stratify patients based on ESR1 mutation status.  
Although many preclinical studies have demonstrated 
that ESR1 mutant cells respond to fulvestrant, but 
with less sensitivity, recent retrospective analyses of the 
PALOMA-2 clinical trial published by O’Leary et al39  
trial showed that patients treated with fulvestrant mono-
therapy alone, or in combination with palbociclib con-
tinued to acquire the Y537S ESR1 mutation during 
treatment. Furthermore, a more recent retrospective 

TABLE 1. ESR1 Mutation Frequency in Primary or Metastatic Tumors, or ctDNA

Reference Sequencing Method ESR1 Mutation Prevalence Mutations Detected

Primary tumor

Toy et al15 NGS 3.3% (6/183) E380Q, V392I, L536R, Y537C, Y537N, D538G
Toy et al12 Targeted sequencing 3.5% (11/313) S329Y, G344D, E380Q, V418E, S463P, S432L, F461D, L466Q, 

V478L, N532K, V534E, L536H, L536P, L536R, Y537S, Y537N, 
Y537C, Y537D, D538G, E542G, A576D

Liang et al31 ddPCR 3.4% (3/89) Mutations not specified

Metastatic tumor

Toy et al12 Targeted sequencing 14% (84/616) S329Y, G344D, E380Q, V418E, S463P, S432L, F461D, L466Q, 
V478L, N532K, V534E, L536H, L536P, L536R, Y537S, Y537N, 
Y537C, Y537D, D538G, E542G, A576D

Toy et al15 NGS 25% (9/36) and 11% (5/44) S463P, V534E, L536R, Y537N, Y537S, D538G
Robinson et al16 NGS 55% (6/11) L536Q, Y537S, D538G
Takeshita et al36 ddPCR 17% (6/35) Y537C, Y537N, Y537S, D538G

ctDNA

Schiavon et al26 ddPCR 14% (24/171) L536R, Y537C, Y537N, Y537S, D538G
4.1% (2/49)
22% (4/18)

Clatot et al27 ddPCR 31% (44/144) Y537C, Y537N, Y537S, D538G
Spoerke et al28 ddPCR 37% (57/153) E380Q, S463P, P535H, L536Q, L536R, L536H, L536P, Y537C, 

Y537N, Y537S, D538G
Chandarlapaty et al10 ddPCR 29% (156/541) Y537S, D538G
Fribbens et al9 ddPCR 39% (63/161) and 25% (91/360) E380Q, S463P, L536R, Y537C, Y537N, Y537S, D538G
Chung et al35 NGS 34% (67/197) T347A, R352M, H356D, M357V, L379I, E380Q, M388I, M388L, 

T431S, G442R, S463P, H476N, H524L, H524Y, P535T, L536F, 
L536H, L536P, L536R, L536V, Y537S, Y537N, Y537C, Y537D, 
D538G, L539P, L541M, E542D, E542K

Takeshita et al36 ddPCR 14% (5/35) Y537C, Y537N, Y537S, D538G
Cristofanilli et al41 BEAMing ddPCR 27% (106/396) Mutations not specified
O’Leary et al42 ddPCR 31% (61/195) E380Q, S463P, L536R, Y537C, Y537N, Y537S, D538G
Lok et al43 ddPCR 30% (10/33) E380Q, S463P, I514V, Y537C, Y537S, D538G
Allouchery et al44 ddPCR 33% (7/21) Y537C, Y537N, Y537S, D538G
Fribbens et al34 ddPCR 56% (22/39) E380Q, S463P, L536R, Y537C, Y537N, Y537S, D538G

Abbreviations: ctDNA, circulating tumor DNA; ddPCR, droplet digital polymerase chain reaction; NGS, next generation sequencing.
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correlative analysis of the PALMOA-3 trial evaluated 
whether early changes in ESR1 or PIK3CA mutations 
measured using ddPCR of ctDNA were predictive of 
response to therapy. Although total ESR1 mutant abun-
dance was shown to decrease in both treatment arms, 
these changes were not predictive of response to fulves-
trant.42 In contrast, PIK3CA mutation frequency was 
lower in the fulvestrant and palbociclib-treated group 
and was significantly predictive of PFS. This study sug-
gests that truncal mutations, such as PIK3CA, may be 
more useful to predict treatment responses. Differences 
in the predictive value of these 2 genetic biomarkers may 
be due to the clinical resistance of selected ESR1 mutant 
cells to fulvestrant and the truncal nature of PIK3CA 
mutations that are shared by all subclones in the meta-
static tumor. O’Leary et al also showed that other driver 
mutations in RB1, growth factor receptors, TP53, and 
PIK3CA were acquired over the course of treatment. 
The acquisition of these mutations was associated with 
a longer time of treatment, and acquired mutations at 
the end of treatment correlated with a longer PFS. These 
data support the conclusion that driver mutations may be 
acquired later in therapy as a consequence of therapeutic 
pressures, but perhaps not always in the early treatment 
setting. These studies also suggest there may be limited 
clinical utility to stratify patients to treatment based on 
ESR1 mutation status alone and that concurrent acquisi-
tion of other driver mutations may play a significant role 
in therapeutic resistance.

There are several considerations for the development 
of new targeted agents that may prove effective in suppress-
ing ESR1 mutant-bearing tumors. First, preclinical studies 
rely on the generation of ESR1 mutation models through 
genetic manipulation using CRISPR/Cas9 or through 
overexpression systems, thus any results must be validated 
in patient-derived material. Patient-derived xenografts 
(PDX) can preserve clonal representation and are becom-
ing a useful tool to study ESR1 mutations and test new 
therapeutic strategies.47 Indeed, several studies have shown 
treatment responses in PDX models in in vivo transplant 
experiments or ex vivo organoid culture strongly correlated 
to treatment responses seen in patients.48-50 Unfortunately, 
there is a paucity of ER-positive PDX models from MBC 
patients, especially patients with ESR1 mutations. There is 
an urgent need to establish more mutation-positive PDX 
models from metastatic patients.

It is hoped that the development of novel oral and 
more potent SERDs will provide a more effective ET 
backbone to target WT and mutant ERs. Preclinical 
studies have shown the effectiveness of the newer SERDs 

AZD9496, GDC-0810, and elacestrant (RAD1901) 
in reducing tumor growth of ESR1 WT and mutant  
tumors.51-54 AZD9496 exhibited higher activity against 
ESR1 mutant cells than fulvestrant, as demonstrated 
through transcriptional and growth assays and in xe-
nograft growth models. However, the short half-life of 
AZD9496 and reduced efficacy of GDC0810 are sig-
nificant limitations for clinical development of these 
agents. Elacestrant is an orally available selective estro-
gen receptor degrader currently in phase 3 clinical trial 
to compare its efficacy and safety with standard of care 
ET (EMERALD trial; NCT03778931). Patients in this 
study who have WT or mutant ESR1 and have pro-
gressed on up to 2 lines of ET with a CDK4/6 inhibitor 
were randomized to either elacestrant or standard of care 
ET (fulvestrant, anastrozole, letrozole, or exemestane). 
Preclinical studies demonstrated elacestrant inhibited 
both WT and mutant ESR1 signaling and reduced the 
growth of mutant ESR1-bearing PDX models. If clinical 
studies demonstrate significant efficacy in the elacestrant 
arm, it would be one of the first clinically approved oral 
SERDs that may also be useful for patients with ESR1 
mutations.

Proteolysis targeting chimeras (PROTACs) are being 
developed to degrade the ER and may prove useful in 
patients who have ER-positive breast cancer.55 PROTAC 
molecules contain an ER ligand covalently linked to an 
E3 ligase, which promotes proteasomal degradation of 
ER. Preclinical studies showed that the ER PROTAC 
ARV-471 promoted potent degradation of ER in mul-
tiple ER-positive cell line models.56 Furthermore, ARV-
471 showed robust growth inhibition of WT and mutant 
ESR1 xenograft models. Clinical development of ARV-
471 is ongoing and, if successful, will represent a novel 
class of ER protein degraders that can also be applied to 
targeting other proteins in breast and other cancers.

The development of additional targeted therapies 
for vulnerable pathways in breast cancer is needed to 
prolong progression and survival of patients with met-
astatic disease. Clinical trials using pan-PI3K inhibitors 
and isoform-specific inhibitors have been recently devel-
oped. A phase 1 trial in ER-positive MBC patients using 
the pan-PI3K inhibitor buparlisib in combination with 
fulvestrant showed that 2 patients with ESR1 mutations 
derived clinic benefit.57 Larger studies using fulvestrant 
with buparlisib, such as BELLE-2 and BELLE-3, are cur-
rently being evaluated. The BELLE-2 clinical trial was a 
phase 3 trial in which patients who had ER-positive breast 
cancer and progressed on AI therapy received either ful-
vestrant or fulvestrant plus buparlisib.58 The BELLE-3 
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trial evaluated the efficacy of these therapies in patients 
who progressed after being treated with an mTOR in-
hibitor.59 Although combinations exhibited a marginally  
better PFS (BELLE-2, 6.9 vs 5.0  months; BELLE-3, 
3.9 vs 1.8 months) the toxicity profile of buparlisib plus 
fulvestrant does not support its further development in 
this setting. However, the use of isoform-specific PI3K 
inhibitors are showing promising clinical benefit. In the 
phase 3 SOALR-1 clinical trial, patients with ER-positive 
MBC who progressed on AI therapy were randomized 
to fulvestrant with or without the mutant PI3K-alpha 
specific inhibitor alpelisib.60 Patients whose tumors con-
tained PIK3CA mutations exhibited an improved PFS 
when treated with the combination of fulvestrant and 
alpelisib compared to fulvestrant monotherapy (11.1 vs 
3.7 months). There was no significant difference in PFS 
for patients who had WT PIK3CA. In the SANDPIPER 
phase 3 clinical trial, where patients were randomized to 
receive either fulvestrant monotherapy or fulvestrant plus 
the mutant PI3K-alpha, beta-sparing inhibitor taselisib, 
the addition of taselisib extended PFS by only 2 months 
compared with fulvestrant alone (7.4 vs 5.4 months) and 
was associated with more adverse events.61 Importantly, 
there has not yet been a retrospective analysis of ESR1 
mutations in these patient populations. Understanding 
whether these therapies can effectively target tumors with 
ESR1 mutations, or prevent the acquisition or subclonal 
evolution of these mutations, could provide alternative 
treatments for patients with ESR1 mutations.

AKT inhibitors may be another approach for tar-
geting patients with ESR1 mutations, since this pathway 
can be activated. A single-arm, phase 2 neoadjuvant clin-
ical trial was conducted using the AKT inhibitor MK-
2206 in combination with anastrozole in advanced breast 
cancer patients with a PIK3CA mutation.62 There were 
no pathological complete responses (pCR) in the ER-
positive population, and there was no additional sup-
pression of tumor cell proliferation with the addition 
of MK-2206.62 Furthermore, a patient in this study ac-
quired an ESR1 mutation detected at the time of surgery. 
Although not statistically powered for analysis, this ob-
servation could suggest clinical resistance of ESR1 mu-
tations to AKT inhibitors. This is an important clinical 
question to be resolved. Another phase 2/3 clinical trial, 
IPATunity130 (NCT03337724), is investigating the use 
of the AKT inhibitor ipatasertib in combination with 
paclitaxel to determine whether patients with advanced 
or ER-positive MBC or TNBC who have a genomic al-
teration in PIK3CA, AKT1, or PTEN will benefit from 
ATK inhibition. The LOTUS phase 2 clinical trial found 

that patients with TNBC treated with ipatasertib and 
paclitaxel had improved PFS compared with paclitaxel 
alone (6.2 vs 4.9 months),63 providing the rationale for 
IPATunity130. It will be valuable to determine whether 
ER-positive breast cancer patients in this trial will also 
derive benefit from this combination. However, mTOR 
inhibitors currently remain the best option for treating 
ER-positive patients with activation of the PI3K/AKT/
mTOR pathway.

The combination of fulvestrant and everolimus has 
been tested in the PrE0102 (NCT01797120) clinical 
trial, where patients with ER-positive, AI-resistant MBC 
were treated with fulvestrant, with or without evero-
limus.64 Patients treated with the combination showed 
a significant extension of PFS compared with fulves-
trant alone (10.3 vs 5.1 months). However, there are no 
projected differences in overall survival. These results 
demonstrate that targeting the PI3K pathway through 
PI3K- or mTOR-selective inhibitors may be clinically 
useful; however, further investigation is needed to deter-
mine whether patients with ESR1 mutations derive bene-
fit from these combinations.

Immunotherapy using checkpoint inhibitors is  
approved for many cancers, including melanoma, lung 
cancer, and bladder cancer. In recent years, antibodies to  
PD-L1, PD-1, or CTLA4 have been developed to target  
immune-suppressive pathways, allowing for cytotoxic  
T cells to infiltrate and kill tumor cells.65,66 In breast 
cancer, immunotherapy clinical trials have been mainly 
focused on metastatic TNBC, a genomically unstable 
subtype of breast cancer that is believed to be the most 
immunogenic.67,68 The multicenter I-SPY 2, phase 2 
clinical trial is evaluating novel neoadjuvant therapies 
and comparing immune therapy in combination with 
chemotherapy. In TNBC, there were higher pCR rates in 
patients treated with the combination of the anti–PD-1 
therapy pembrolizumab with paclitaxel compared with 
paclitaxel treatment alone (approximately 60% vs 20%).69 
In ER-positive/HER2-negative breast cancers, there 
was also an increase in pCR in patients treated with the  
pembrolizumab-containing regimen (approximately 34% 
vs. 13%). Furthermore, in the phase 1 KEYNOTE-028 
clinical trial, in which ER-positive breast cancer patients 
were treated with pembrolizumab monotherapy after pro-
gressing on several lines of therapies (median of 9 therapies 
before pembrolizumab treatment), 20% (5/25) attained 
a partial response and 52% (13/25) had stable disease. 
Pembrolizumab is currently being tested in combination 
with fulvestrant in MBC patients (NCT03393845) and 
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may provide insight into the efficacy of immunotherapies 
in first- or second-line metastatic disease.

Because many patients with ER-positive MBC will 
be treated with a CDK4/6 inhibitor, it is important to 
understand how systemic inhibition of CDK4/6 alters 
immunotherapy responses. A recent study reported that 
CDK4/6 inhibitors enhanced PD-L1 expression on 
tumor cells and augmented responsiveness to PD-L1 im-
mune therapy.70 In a separate study, it was demonstrated 
that systemic CDK4/6 inhibition resulted in suppression 
of regulatory T cells, but had a lesser effect on CD8+ 
T cells, suggesting there may be an enhanced T cell– 
mediated antitumor response.71 These preclinical data 
suggest that systemic CDK4/6 inhibition may upregulate 
PD-L1 expression on tumor cells and inhibit regulatory 
T cells, which may augment responses to immunother-
apy in patients after or during treatment with CDK4/6 
inhibitors. The Palbociclib After CDK Inhibitor and ET 
(PACE) phase 2 clinical trial (NCT03147287) is testing 
the efficacy of combining ET, CDK4/6 inhibition, and a 
PD-1 inhibitor in MBC patients who have progressed on 
ET. Furthermore, because ESR1 mutant cells have been 
shown to upregulate pathways involved in inflammatory 
response,20 it is possible that tumors expressing ESR1 mu-
tations may be sensitive to immunotherapies. Analysis of 
ESR1 mutations in patients being treated in these clin-
ical trials should be performed to determine whether 
these therapies prevent the acquisition of ESR1 mutations 
during therapy.

PRECLINICAL STRATEGIES TO IDENTIFY 
ACTIONABLE TARGETS IN ESR1 MUTANT 
BREAST CANCER
Genome-wide CRISPR knockout screens and tran-
scriptomic analyses identified several genes that are es-
sential for growth of ESR1 mutant tumors.20 Potential 
candidates identified in these preclinical studies are 
classified as ER coregulators, kinases, and receptors in-
volved in growth factor signaling and downstream ER 
phosphorylation and epigenetic modifying proteins 
(Table 2).14,18,20,21,24,57,72-75 Importantly, many of these 
proteins are targetable, and combinations of specific 
inhibitors and ET have either an additive or synergistic 
growth reduction in preclinical models.

The identification of mutant-selective coregula-
tors is one strategy to target mutant ER transcriptional 
activity. Gates et al18 performed mass spectrometry–
based proteomic profiling of WT, Y537S, and D538G 
protein complexes to identify coactivators for mutant 

ER. Pharmacological inhibition of the coactivator 
SRC-3 in combination with ET synergistically reduced 
ER transcriptional activity and growth of mutant ER-
expressing models. Furthermore, the SRC inhibitor 
SI-2 in combination with AZD9496 significantly in-
hibited growth of a Y537S ESR1 mutant PDX model 
in vivo, suggesting that the SRC family of coactivators 
may be useful therapeutic targets for blocking mutant 
ER growth.

In addition to targeting ER coregulators, several 
studies have shown that targeting kinases that phos-
phorylate mutant ER can augment growth inhibition 
by ET. CDK7 phosphorylates ER at S118 and is also re-
quired for cell cycle progression.76 In a study reported 
by Harrod et al,21 the selective CDK7 inhibitor THZ1 
significantly reduced the growth of MCF-7 cells ex-
pressing the Y537S ESR1 mutation. The combination 
of THZ1 with fulvestrant resulted in further decreased 
growth, reduction of S118 phosphorylation, and reduc-
tion of ER-mediated gene expression. Jeselsohn et al20 
confirmed these findings, and also reported that the 
growth of MCF-7 ESR1 Y537S xenograft tumors were 
significantly reduced with fulvestrant in combination 
with THZ1. A study reported by Scott et al73 reported 
that CDK2 can phosphorylate ER serine 294, which 
led to ligand-independent ER-mediated gene tran-
scription. ER S294 was also found to be hyper-phos-
phorylated in MCF-7 ESR1 Y537S and D538G cells 
compared with WT ESR1 cells. Treatment with the 
CDK2 inhibitor dinaciclib resulted in a reduction 
of S294 phosphorylation, and in combination with 
tamoxifen resulted in tumor regression in a MCF-7 
ESR1 Y537S xenograft model. These data demonstrate 
that inhibition of selective CDKs, such as CDK7 and 
CDK2, could potentially benefit patients with ESR1 
mutations and supports their clinical development of 
these alternative treatment approaches.

TABLE 2. Potential Therapeutic Targets 
Discovered in Preclinical Studies for Treating  
ESR1 Mutant-Bearing Tumors

Target Name Targeted Therapy Reference

CDK7 THZ1 Jeselsohn et al,20 Harrod et al21

BET family JQ1 Ladd et al72

Class I and II 
HDAC

Vorinostat Ladd et al72

SRC-3 SI-2 Gates et al18

CDK2 Dinaciclib Scott et al73

IGF-1R OSI-906 Gelsomino et al,14 Li et al24

UPR BHPI Mao et al74

NOTCH RO4929097 Gelsomino et al75
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ESR1 mutant models have been used to demonstrate 
other potential targetable pathways, such as the unfolded 
protein response (UPR) and stemness pathways. Mao  
et al74 showed that Y537S and D538G mutant cells have 
constitutive hyperactivation of the UPR pathway, and 
that this may contribute to the ET-resistant phenotype 
of ESR1 Y537S and D538G mutant cells. The ER bio-
modulator BHPI activates UPR, which causes inhibition 
of protein synthesis and cell death. Treatment of T47D 
ESR1 WT and mutant cells with BHPI decreased estro-
gen-stimulated growth and further enhanced growth 
reduction with tamoxifen or fulvestrant. Furthermore, 
activation of progesterone receptor with progestin was 
associated with increased resistance to anti-estrogen 
therapies and further activation of the UPR pathway in 
ESR1 mutant cells as measured by downstream markers, 
such as spliced XBP1. Treatment with BHPI reduced 
progestin-stimulated growth. Collectively, this study 
demonstrated that UPR activation contributes to the 
ET-resistant phenotype associated with ESR1 mutation 
expression. Gelsomino et al75 demonstrated that the 
Y537S ESR1 mutation increases a stem cell–like pheno-
type. Y537S ESR1 mutant cells exhibited a higher per-
centage of CD44+/CD24− cells compared with WT 
ESR1 cells and had enhanced Notch signaling, indicat-
ing that these cells represent a more stem-like progenitor. 
Therapeutic screening of stem cell pathway inhibitors 
enhanced Notch signaling in ESR1 mutant cells, which 
was mediated through phosphorylation of residue S118 
in Y537S ER. Furthermore, inhibition of Notch signal-
ing using the RO4929097 selective inhibitor reduced 
mammosphere formation efficiency, but inhibitors of 
other stem cell pathways such as the Wnt/B-catenein and 
sonic hedgehog were not effective. These collective re-
sults show that ESR1 mutant cells have enriched stem cell 
properties through Notch signaling and that this path-
way could be potentially targeted in patients with ESR1 
mutant-expressing tumors.

An additional novel strategy to overcome ET resis-
tance is to therapeutically target epigenetic modifying 
proteins to either inhibit ER transcriptional activity or 
resensitize tumor cells to ET by modifying ER expression 
and chromatin binding. The JQ1 inhibitor targets the BET 
family of bromodomain proteins, and the HDAC inhibi-
tor vorinostat has been tested in an ESR1 D538G model 
and demonstrated effective reduction of tumor growth and 
ER transcriptional activity when treated in combination 
with fulvestrant.72 Unfortunately, the BET inhibitors have 
shown widespread toxicity in clinical trials. The efficacy of 
the HDAC inhibitor entinostat has been tested in clinical 

trials in combination with ET. In the phase 2 ENCORE301 
trial, patients with ER-positive advanced breast cancer were 
treated with either exemestane or in combination with 
entinostat.77,78 There was an improvement in PFS (4.3 
vs 2.3  months) and OS (28.1 vs 19.8  months) with the 
combination, leading to the initiation of the larger phase 
3 E2112 trial (NCT02115282).79 Because preclinical stud-
ies suggest that ESR1 mutant cells are sensitive to HDAC 
inhibition in combination with ET, it would be valuable 
to see whether clinical trials with tamoxifen or fulvestrant 
can be developed further and whether patients with ESR1 
mutations derive benefit from these combinations. Figure 2 
shows potential targetable pathways in ESR1m tumors and 
highlights several inhibitors used in preclinical and clinical 
studies to target these pathways. However, use of the PI3K 
inhibitors alpelisib and taselisib will have to be evaluated 
further to determine whether patients with ESR1 mutant− 
bearing tumors derive clinical benefit. These studies 
demonstrate there are several new targets that could poten-
tially be actionable in the clinic; however, there is an urgent 
need to continue developing clinical trials of inhibitors of 
these novel targets.

An additional consideration for the development 
of effective therapies to target ESR1 mutant tumors will 
be to target common acquired mechanisms of resistance 
between mutant and WT ER. The majority of patients 
with advanced or ER-positive MBC will be treated with 
a CDK4/6 or mTOR inhibitor in combination with ET 
during the course of their disease. Indeed, several studies 
now demonstrate differential mechanisms of acquired re-
sistance to either mTOR or CDK4/6 inhibitors in breast 
and other cancers, including upregulation of MAPK sig-
naling in everolimus- and palbociclib-resistant models, 
as well as mutations in RB1, and upregulation of CDK2, 
CCNE1, or PDK1 in palbociclib-resistant cells.80-86 
These aberrations associated with targeted therapy re-
sistance could be used to develop an effective treatment 
sequence to delay disease progression. Certainly, several 
recent and ongoing clinical trials testing investigational 
agents are recruiting patients who have been treated pre-
viously with mTOR or CDK4/6 inhibitors, and com-
parison of response between these patient populations is 
necessary to provide insight into whether certain patient 
populations benefit from sequencing of targeted thera-
pies or are inherently resistant to therapy.

Conclusions
Collectively, it has been demonstrated that ESR1 mu-
tations are frequently acquired during AI therapy in 
the metastatic setting and may play a role in metastatic 
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progression. Advances in DNA sequencing technol-
ogy have led to more sensitive detection of ESR1 mu-
tations in clinical samples, and there are now several 
studies applying sequencing and ddPCR methods to 
track ESR1 and other mutations during treatment and 
progression. Targeted DNA sequencing and ddPCR 
technologies have shown that ESR1 mutations can pre-
exist in approximately 5% of primary tumors and are 
significantly enriched by 30% to 40% in the metastatic 
setting. Analysis of ctDNA allows for an easy, nonin-
vasive, and relatively inexpensive method to monitor 
driver mutations that may arise during treatment, 
which may eventually be used to guide treatment deci-
sions. Importantly, monitoring ESR1 mutations alone 
has not been clinically predictive of treatment; how-
ever, monitoring the acquisition of truncal or other 
mutations may predict response and/or progression of 
treated cancers. Currently, patients who have tumors 

expressing ESR1 mutations are best treated with the 
combination of fulvestrant and palbociclib, since this 
combination has significantly improved PFS in pa-
tients with the majority of identified ESR1 mutations. 
Ongoing clinical trials using fulvestrant with PI3K-
alpha specific inhibitors are showing promising clini-
cal results, but the analysis of whether patients with 
specific ESR1 mutations will benefit from this treat-
ment have yet to be published. Furthermore, immu-
notherapies are becoming increasingly more effective 
in solid tumors, and it is hoped that ongoing clinical 
trials may show clinical benefit in selected ER-positive 
MBC patients. Preclinical studies have identified novel 
targets that may be clinically important for targeting in 
these patients. Further discovery and development of 
targeted inhibitors is needed, and ongoing and future 
clinical trials are necessary to discover new treatment 
options for patients with MBC.

Figure 2. Targetable pathways in ESR1 mutant cells identified in preclinical studies. Growth factor receptor (GFR) signaling 
through insulinlike growth factor 1R activates the PI3K pathway, which is inhibited with GFR inhibitors or PI3K inhibitors. Cyclin-
dependent kinases 2 and 7 phosphorylate and activate estrogen receptor (ER). NOTCH, histone deacetylase, BET family 
proteins, ER coactivators, or ER itself are altered and implicated in resistance of ER mutant cancers. Immunotherapies targeting 
PD-1 are currently being investigated in breast cancer clinical trials. CDK, cyclin-dependent kinase; CoA, coactivator; EnR, 
endoplasmic reticulum; GFRs, growth factor receptors; HDAC, histone deacetylase; IGF, insulinlike growth factor; MHC, major 
histocompatibility complex; mTOR, mammalian target of rapamycin; TCR, T cell receptor.
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