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Abstract

Endocrine therapy is the mainstay of treatment in
estrogen receptor-positive breast cancers and
significantly reduces disease recurrence and breast
cancer-related mortality. However, acquired resistance
to therapy has been noted in nearly one-third of
women treated with tamoxifen and other endocrine
therapies. Mutations in the estrogen receptor have
long been speculated to play a role in endocrine
therapy resistance but have been rarely detected.
However, recent studies utilizing next-generation
seguencing on estrogen receptor-positive, metastatic
clinical samples have revealed that recurrent £SRT
mutations are far more frequent than previously
thought and may play an important role in acquired
endocrine therapy resistance. Here we review recent
advances in detection and characterization of ESR1T
mutations in advanced, endocrine therapy-resistant
breast cancers.

Introduction

Acquired resistance to drug treatment is a major prob-
lem in cancer therapy. While many mechanisms of drug
resistance to chemotherapeutic agents such as efflux,
metabolism and inactivation have been described previ-
ously, alterations within the drug target have emerged as
a dominant resistance mechanism to targeted therapies
[1]. A classic example of such acquired resistance is gen-
omic amplification of the androgen receptor (AR) in
prostate cancer following treatment with AR antagonists
such as bicalutamide [2]. Other examples include ac-
quired mutations in the kinase domain of BCR-ABL1 in
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chronic myelogenous leukemia patients treated with
imatinib [3] and secondary mutations in epidermal
growth factor receptor in nonsmall-cell lung cancer pa-
tients treated with selective epidermal growth factor
receptor inhibitors such as gefitinib [4]. Target-related al-
terations that induce treatment resistance have also been
described in breast cancer. A mutated isoform of Her2
with truncation of the extracellular domain and constitu-
tive kinase activity has been shown to impair trastuzumab
binding and promote treatment resistance [5].

The estrogen receptor (ER) belongs to a family of nu-
clear hormone receptors that act as ligand-activated
transcription factors [6]. The binding of ligand induces a
conformational change in the receptor, which translo-
cates to the nucleus, binds as a homodimer to specific
DNA sequences termed estrogen response elements
(ERE) and regulates the transcription of multiple target
genes. The domain architecture of the ER includes an
N-terminal hormone-independent transactivation do-
main (AF1), a highly conserved DNA-binding domain
that mediates specific recognition of ERE, a hinge do-
main that separates the DNA-binding domain from the
ligand-binding domain (LBD), a LBD that contains the
hormone binding pocket, and a second transactivation
domain (AF2) in the C-terminus that is activated in re-
sponse to ligand binding [7]. The etiological role of
estrogens in breast cancer is well established and modu-
lation of estrogen signaling remains the mainstay of
breast cancer treatment for the majority of breast can-
cers classified as ER-positive [8]. Several strategies for
inhibiting the estrogen axis in breast cancer exist, in-
cluding: selective ER modulators such as tamoxifen and
raloxifene, which act as selective tissue-specific antago-
nists of ER in the breast [9]; selective ER degraders such
as fulvestrant, which promote ER turnover [10]; and aro-
matase inhibitors such as exemestane (steroidal aroma-
tase inhibitors), anastazole and letrazole (nonsteroidal
aromatase inhibitors) — agents primarily used in post-
menopausal women with ER-positive breast cancer —
which inhibit estrogen biosynthesis [11].
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While endocrine therapy has contributed significantly
to reduction in disease development, recurrence and
breast cancer-related deaths, one-third of women treated
with tamoxifen for 5 years have been reported to have
recurrent disease within 15 years [12]. Acquired endo-
crine therapy-resistant disease has thus been estimated
to develop in up to one-quarter of all breast cancers
[13]. Intense efforts are therefore focused on studying
the underlying molecular mechanisms that contribute to
endocrine therapy resistance. Multiple growth factor re-
ceptor signaling pathways have been implicated in the
development of endocrine therapy resistance, including
human epidermal growth factor 2, mitogen-activated pro-
tein kinase, phosphoinositide 3-kinase/mammalian target
of rapamycin, insulin-like growth factor 1 receptor and
fibroblast growth factor receptor signaling pathways [14].
It has been speculated for many years that acquired mu-
tations in ER which occur after initiation of hormone
therapy may play a role in treatment failure and disease
progression. Sluyser and Mester proposed that certain
mutations in steroid receptors may result in their ability
to bind to DNA in the absence of ligand and may confer
hormone independence in cells harboring such mutant
receptors [15]. However, reports of acquired mutations
in the ER itself have been sparse despite persistent ef-
forts to identify such mutations [16-19].

In one of the first reports of acquired ESRI mutations in
human breast cancers, Fuqua and coworkers in 1997 de-
scribed a nonsynonymous mutation in Tyr537 (Y537N) in
a study of 30 metastatic breast cancer tumors and impli-
cated this mutation in hormone-independent constitutive
activation of the ER [18]. Subsequent studies failed to
validate this finding, however, probably because most of
these studies focused on primary breast tumors instead
of metastatic lesions and employed techniques that had
low sensitivity for detecting rare mutations in the back-
ground of the wild-type alleles. The advent of more sophis-
ticated and sensitive technologies such as next-generation
sequencing has aided the search for genomic alterations in
ER in response to endocrine therapy, and recent discover-
ies have renewed interest in ESRI mutations as a potential
mechanism of endocrine therapy resistance [20].

Estrogen receptor mutations in breast cancer

Recently, we initiated the clinical sequencing program
MI-ONCOSEQ (The Michigan Oncology Sequencing
Program) to identify potential actionable genomic alter-
ations in various cancers [21]. As a part of this program,
we performed integrative sequencing on 11 metastatic
ER-positive breast cancer patients including whole-exome
sequencing of the tumor and matched normal tissue, tran-
scriptome sequencing and low-pass whole-genome sequen-
cing, as needed. In addition to several potentially actionable
aberrations, we noted nonsynonymous mutations in ESRI
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in six of the 11 patients (ER L536Q in one patient, D538G
in two patients and Y537S in three patients) [22]. Interest-
ingly, all mutations localized to the LBD of the ER. Further-
more, all of the index patients had a history of treatment
with anti-estrogens (tamoxifen and/or fulvestrant) and aro-
matase inhibitors. More significantly, when clinical sequen-
cing was performed on pretreatment primary diagnostic
tissue from three of the patients for whom the material was
available, these mutations were not detected — suggesting
that the mutations were acquired following initiation of
endocrine therapy. Consistent with this observation, no
ESRI mutation was found in the pretreatment, primary
resection tissue of 390 ER-positive breast carcinoma
patients from The Cancer Genome Atlas study [23] or
in our cohort of 80 triple-negative breast carcinoma
transcriptomes. Similarly, a whole-genome sequencing
study of 46 ER-positive, pretreatment breast cancer
samples from two neoadjuvant aromatase inhibitor
therapy trials [ClinicalTrials.gov:NCT00084396, Clini-
calTrials.gov:NCT00265759] did not reveal any ESRI
mutations [24]. Interestingly, somatic mutations in the
LBD of the ER (Y537C and Y537N) were also detected
in four of 373 cases of endometrial cancer in The Cancer
Genome Atlas database [25]. It is not known whether
these patients have a history of endocrine therapy, al-
though it is tempting to speculate that these mutations
arose in patients who had concurrent breast cancer, as
these patients often are treated with tamoxifen (which is a
known risk factor for endometrial cancer) and estrogen
deprivation therapy [26].

Our findings of acquired ESRI mutations in meta-
static, endocrine therapy-resistant breast cancers have
been independently corroborated by other groups and
have been described previously by Li and colleagues in
ER-positive xenografts derived from poor-prognosis,
treatment-resistant tumors [27]. In a targeted approach
aimed at understanding the genetic basis for acquired
hormonal therapy resistance in ER-positive breast can-
cers, Toy and coworkers surveyed mutations and copy
number alterations in 230 commonly mutated genes of
tumors from metastatic ER-positive breast cancer patients
[28]. The authors found ESRI mutations in seven out of
22 tumors that had matched normal DNA and in an add-
itional two out of 14 tumors that did not have matched
normal DNA (for a total of 9/36 cases sequenced). All of
the patients had been on hormonal therapy for at least
3 months (and an average of 4.9 years) but experienced
disease progression while on therapy. Treatment-naive
primary tumor samples were available from two of the
nine patients with ESRI mutations and no ESRI muta-
tions were found in the primary tumor.

To further validate these findings, the authors ana-
lyzed primary tumors as well as a subset of metastatic
tumors collected after hormonal therapy from patients
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enrolled in the BOLERO-2 clinical trial [29]. They noted
that ESR1 mutations were present in only 6/183 (3%)
primary tumors but in 5/44 (11%) metastatic tumors.
The higher rate of ESRI mutations in primary tumors
(3%) in this study is probably related to the fact that pa-
tients enrolled in the BOLERO-2 clinical trial had ad-
vanced breast cancer and had disease progression or
recurrence after treatment with an aromatase inhibitor
(letrozole or anastrozole). The ESRI mutations in these
primary tumors thus probably arose in response to es-
trogen deprivation. In contrast, nearly all studies on
treatment-naive, primary breast tumors showed no evi-
dence of ESRI mutations. Remarkably, all mutations in
ESRI in this study also clustered in the same region in
the LBD and showed a high degree of overlap to the
mutations described in our study, and included V534E,
P535H, L536R, Y537C, Y537N, Y537S, D538G, S463P/
Y537N, S463P/D538G and Y537S/D538G, suggesting
that the selective pressure of estrogen deprivation en-
riches for activating mutations in the LBD of ESRI.

In a study of genomic profiling of 249 (134 ER-positive
and 115 ER-negative) tumor specimens from 208 patients,
Jeselsohn and colleagues carried out DNA sequencing of
3,230 exons of 182 cancer-related genes and 37 introns of
14 commonly fused genes, including in 37 pairs of
matched primary and metastatic breast tumors [30].
Consistent with previous studies, two ER mutations
(Y537C and D538G) were reported in this study in
metastatic tumors but not in the matched primary tu-
mors. In another metastatic lesion harboring the ER
Y537C mutation, the authors were able to sequence tis-
sue from the same metastatic site at two different time
points. The initial biopsy obtained before initiation of
tamoxifen did not show the mutation while a subse-
quent biopsy from the same site after 8 years of treat-
ment did. Overall, 16 ESRI point mutations were found
across 249 specimens and 12 of those were assessed to
be somatic in nature. However, the lack of matched nor-
mal specimens in this study made it difficult to make
definitive determination of the somatic status of the ob-
served mutations. When the authors focused on previ-
ously described codon 537/538 mutations in ESRI, they
found them in nine of 76 (12%) metastatic, ER-positive
tumors and in zero of 58 primary ER-positive and zero
of 115 ER-negative tumors. Furthermore, the mutation
rate was even higher (20%) in heavily pretreated meta-
static patients, who on average had received seven lines
of previous treatment, including at least two endocrine
treatments.

In another study that included 13 tumor samples from
Israeli patients with metastatic, ER-positive breast cancer
who failed multiple treatments, Merenbakh-Lamin and
coworkers performed commercially available genetic
analysis by next-generation sequencing of 182 cancer-
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related genes on DNA extracted from formalin-fixed
paraffin-embedded tissue samples and reported ER
D538G mutation in five patients (38%) [31]. Interest-
ingly, the biopsies harboring this mutation originated
from liver metastases in all of the patients and all pa-
tients who tested positive for the mutation had received
at least two lines of endocrine therapy for a minimum of
5 years prior to onset of endocrine resistance. Consistent
with other studies, the primary tumors did not harbor
any mutations in ESRI.

In a study aimed at genomic characterization of endo-
crine therapy-resistant ESRI variants in patient-derived
xenografts (PDX), Li and colleagues evaluated ER-positive
xenografts derived from poor-prognosis, treatment-
resistant tumors by monitoring their growth after trans-
plantation into oophorectomized mice [27]. Among six
PDX evaluated, only one exhibited estradiol-dependent
growth while four demonstrated estradiol-independent
growth. The growth of the remaining xenograft was
inhibited by estradiol, consistent with paradoxical re-
sponse of some advanced breast cancers to estradiol.
The authors employed RNA-seq analysis of the PDX
and identified genomic alterations in four of the xeno-
grafts. One alteration included an ESRI1/YAPI fusion in-
volving the first four exons of the ER (amino acids 1 to
365) and the C terminus of YAP1 (amino acids 230 to
504). Another alteration involved ESRI gene amplifica-
tion with associated high protein levels, with the other
two alterations involving mutational events (an ER
Y537S mutation and an E380Q mutation).

The discovery of recurrent ESRI mutations in endo-
crine therapy-resistant, metastatic breast cancer spurred
interest in functional characterization of these genetic al-
terations. In our study, we evaluated the response of
ESRI mutations to estradiol and anti-estrogens in an
ERE-luciferase reporter assay system [22]. Interestingly,
all ESRI mutants showed robust constitutive activation
of the ERE reporter, unlike the wild-type ESRI that had
little activity in the absence of estradiol. The ESR1 mu-
tants did not show significant further increase in ERE re-
porter activity following stimulation with estradiol.
Interestingly, all of the mutants identified in our study
showed a dose-dependent inhibitory response to tamo-
xifen and fulvestrant. These findings argue that the ER
mutants arose under selective pressure from estrogen
deprivation therapy rather than from anti-estrogen ther-
apy. However, the ESRI mutants showed a slightly blunted
response to both 4-hydroxytamoxifen and fulvestrant with
a twofold to fourfold increase in half-maximal inhibitory
concentration values. Similar high constitutive activation
of ESRI mutants (except S463P) with concomitant in-
crease in the transcript levels of estrogen-responsive genes
such as GREB1, MYC, PGR and TFF1 and reduced, but
retained, response to anti-estrogens was noted by Toy and
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coworkers [28]. When gene expression analysis of MCF7
cells in hormone-depleted medium was performed follow-
ing transfection with the mutant ESRI constructs with the
highest constitutive activity (Y537S, D538G and S463P/
D538G), the mutants demonstrated a unique and shared
gene expression pattern that was distinct from the wild-
type receptor. These mutants also demonstrated an ele-
vated level of phosphorylation of Ser118 in the AF-1
domain, a post-translational modification previously
implicated in increased ligand-independent activity of
the ER. The D538G mutant also demonstrated in-
creased interaction with coactivator protein A1B1 when
compared with the wild-type protein. These findings
were further corroborated by Jeselsohn and colleagues,
who also reported constitutive activation of D538G mu-
tant ER in reporter gene assays and increased ligand-
independent interaction of ESRI D538G mutant with
SRC-1, when compared with the wild-type receptor
[30]. Furthermore, the D538G mutant demonstrated in-
creased proliferation and migration in MTT and wound
healing assays, respectively, compared with the wild-
type protein. Additionally, the ESRI mutants discovered
in the Li and colleagues xenograft study have also been
functionally characterized and both ESR1/YAPI and ER
Y537S mutants showed increased constitutive activa-
tion and proliferation in low-estrogen conditions [27].
Finally, when stable MCE7 cell lines with ectopic ex-
pression of wild-type, Y537S and D538G mutants were
used to establish tumors in nude mice, cells harboring
the mutant protein had dramatically increased tumor
growth compared with wild-type cells [28]. These find-
ings suggest that mutant ER proteins afforded signifi-
cant growth advantage to the breast cancer cells.
Interestingly, the structural and functional charac-
terization of Tyr537 mutations preceded their discovery
in human cancers. Since Tyr537 resides in close pro-
ximity to the region of the ER that is important for
ligand-dependent transcriptional function, extensive
mutational studies have been carried out to probe its
function in estrogen signaling. For instance, Weis and
coworkers carried out site-directed mutagenesis of the
ER and substituted Y537 with five differing amino acids
(alanine, phenylalanine, glutamic acid, lysine and
serine), noting that Y537S displayed the highest consti-
tutive activity and was indistinguishable from wild-type
ER activity in the presence of estradiol [32]. Further-
more, the extent of the constitutive activity of the
mutant receptors strongly correlated with their ability
to interact with SRC-1, a known ER coactivator. The
Y537S mutant, which showed full constitutive activity
in the absence of estradiol, was thus also capable of
maximal interaction with SRC-1 in the complete ab-
sence of estradiol. Moreover, the interaction with SRC-
1 was blocked by anti-estrogens, consistent with
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findings that these mutant receptors retained sensitivity
to tamoxifen and fulvestrant. This study suggested that
certain ER mutations may facilitate shift of helix 12 of
ESRI into a conformation that mimics the ligand-
bound active state of the receptor [33]. In fact, struc-
tural studies of Y537S mutant by X-ray crystallography
have provided evidence for such a conformational
change. Nettles and colleagues crystallized the Y537S
mutant protein, in complex with an NR box II peptide
from the coactivator protein GRIP1, and demonstrated
that the mutant protein exists in the canonical agonist
conformation with helix 12 folded across helix 3 and
helix 11 [34]. Moreover, the mutant Y537S apostructure
showed a high degree of similarity to wild-type ER
bound to diethylstilbesterol [35], a full ER agonist, con-
firming that the Y537S mutant mimics the ligand-
occupied, active ER conformation.

These studies have shown that Tyr537 hydrogen bonds
with Asn348 in the wild-type receptor, resulting in
stabilization of the backbone of the helix 11-12 loop
and leaving Leu536 in a solvent-exposed position. How-
ever, in the Y537S mutant, Ser537 has been shown to es-
tablish a hydrogen-bonding interaction with Asp351
resulting in an altered conformation of the helix 11-12
loop and burial of Leu536 in a solvent-inaccessible pos-
ition. This has been postulated to contribute to constitu-
tive activity of the Y537S mutant protein. Interestingly,
the Y537S surface mutation has been shown to have no
impact on the structure of the LBD pocket, an observation
consistent with functional studies that demonstrated
retained sensitivity to anti-estrogens [22,28]. These struc-
tural studies also support the notion that ESRI mutations
probably arose in response to an estrogen-deprived state
rather than anti-estrogen therapy [22].

While an X-ray crystal structure of D538G mutant
protein has not been reported in the literature, extensive
structural modeling studies have been reported previ-
ously [28,31]. When molecular dynamics simulation
studies of the wild-type and D538G mutant proteins
were performed in the absence of ligand and bound to a
coactivator protein, TIF2, a hydrogen-bonding inter-
action was noted between the backbone of Gly538 and
the side chain of Asp351 that resulted in shifting of
G538 towards helix H3 in the mutant receptor that was
not present in the wild-type protein [28]. It has been
postulated that the Gly538—Asp531 hydrogen bond was
enabled by the flexibility of glycine residue owing to its
small size, which allows it to adopt backbone conforma-
tions that are not accessible for other amino acids. This
results in a conformation of the mutant receptor that is
similar to the estrogen-bound wild-type receptor and ex-
plains its constitutive activity. The structural basis for
constitutive activity of other mutant ER proteins is less
well understood although biochemical characterization



Alluri et al. Breast Cancer Research 2014, 16:494
http://breast-cancer-research.com/content/16/6/494

of some of these mutant proteins has been described
[36-39].

Conclusion

In summary, ESRI mutations are significantly enriched
in endocrine therapy-resistant, metastatic breast cancer
and are rare or nonexistent in treatment-naive, primary
tumors (Figure 1). Based on published reports, the over-
all frequency of ER mutations in metastatic, ER-positive
breast cancers ranged from 11 to 54.5%, depending on
the clinical characteristics of the cohort and the method
of identification [22,28,30,31]. Larger prospective studies
with standardized detection methods may be needed to
establish the true incidence of these mutations. While
the evolution of these mutations appears to be strongly
correlated with endocrine therapy resistance, a causal
relationship between ESRI mutations and endocrine
therapy resistance remains to be established. We have,
however, noted significant upregulation of ER-responsive
genes such as GREBI in tumors harboring ESRI muta-
tions, suggesting that ER signaling is active in these tu-
mors and may play a role in conferring endocrine
therapy resistance (DR Robinson, AM Chinnaiyan, et al.,
unpublished data).

Future prospective studies involving long-term moni-
toring of patients undergoing endocrine therapy by less
invasive methods such as circulating tumor cells may be
necessary to establish the evolutionary timeline of these
mutations and their relationship to development of endo-
crine therapy resistance. Indeed, recent technical advances
in single-cell sequencing capability may make future
monitoring of ESRI mutations in patients receiving
endocrine therapy feasible [40]. It remains to be seen
whether early detection and intervention, either by a
change in endocrine therapy or by addition of other
agents, will result in a clinically meaningful improve-
ment in outcomes. In theory, while detection of ESRI
mutations may prompt a clinician to change the treat-
ment regimen from, say, an aromatase inhibitor to an
anti-estrogen, it is already known that patients who de-
velop resistance to aromatase inhibitors often respond
to anti-estrogen therapy [41]. Such a change in treat-
ment regimen is thus likely to happen even in the ab-
sence of information on ESRI mutation status. Whether
preemptive changes to the treatment regimen in re-
sponse to early detection of ESRI mutation(s) and prior
to onset of clinically detectable disease progression im-
pacts clinical outcomes is an open question and may
need to be addressed in a prospective study. Further-
more, the contribution of other genomic and nonge-
nomic alterations that coevolve with ESRI mutations
also needs to be determined and merits further investi-
gation. Finally, the prognostic significance of ESRI mu-
tations in predicting clinical outcomes among patients
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Figure 1 Evolution of ESRT mutations in estrogen receptor-
positive breast cancer with endocrine therapy treatment. £SR7
mutations are rare or nonexistent in primary breast tumors and are
significantly enriched in metastatic, endocrine therapy-resistant breast
cancer. Nearly all £SRT mutations localize to the ligand-binding domain
(LBD) of the estrogen receptor (ER) and often result in constitutive
activation of the ER. DBD, DNA-binding domain.
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who develop endocrine therapy resistance remains an
area of great clinical interest.

While numerous unknowns remain regarding the role of
ESRI mutations in advanced, endocrine therapy-resistant
breast cancer, their identification certainly opens exciting
new avenues of research that will deepen our knowledge
and understanding of the molecular basis for acquired
endocrine therapy resistance. It is quite remarkable that a
very limited number of residues in the LBD of the ER
serve as hotspots for evolution of endocrine therapy
resistance. It is gratifying that multiple laboratories
studying diverse patient populations with advanced,
treatment-resistant breast cancer have verified ESRI muta-
tions, thus validating those who suggested their existence
nearly 30 years ago [15]. These findings have the potential
for providing a framework for understanding the struc-
tural determinants of ER that contribute to endocrine
therapy resistance and coupling them with genomic alter-
ations that evolve in response to therapy.

Furthermore, the retained sensitivity but decreased effi-
cacy of anti-estrogens in preclinical ESRI mutant models
suggests that the standard dose of anti-estrogens such as
tamoxifen often used in the aromatase inhibitor-refractory
setting may be inadequate in ESRI mutant breast cancers.
Prospective clinical trials evaluating the benefits of dose
escalation of anti-estrogens such as tamoxifen and fulves-
trant may therefore be warranted in ESRI mutant breast
cancers that have failed standard-dose anti-estrogen ther-
apy. Detailed structural studies on mutant ER proteins
may also open the door for development of more potent
and mutant-specific ER antagonists and selective ER de-
graders. Finally, while studies have demonstrated that cer-
tain ESRI mutations may result in increased interaction
with known ER coactivators such as SRC-1 in a ligand-
independent fashion, it is unclear whether ESRI mutations
alter the interactome of the ER. Such studies may uncover
novel protein interactions with mutant ERs that may be
amenable to therapeutic targeting. In this regard, develop-
ment of reliable preclinical models of endocrine therapy
resistance in the background of ESRI mutations would be
highly valuable. Encouragingly, the most common ESRI
mutation (Y537S) in our study as well as in the Chandar-
lapaty study has independently evolved in PDX grown
under low estrogen conditions [27]. It would be interesting
to see whether the other ESRI alterations detected in the
PDX will eventually be found in patient samples. A high
concordance between ESRI mutations that evolved in
PDX and human tumors bolsters our confidence in
using PDX as a reliable model for evaluating novel
therapeutic strategies for treatment of endocrine ther-
apy resistance that evolved in the background of ESRI
mutations.

Finally, alterations in the ER that contribute to en-
docrine therapy resistance provide opportunities for
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targeting pathways downstream of the ER activation.
Recently, we have shown that bromodomain proteins
such as BRD4 physically interact with the AR and are
necessary for AR-mediated transcription in metastatic
castration-resistant prostate cancer models. We have
also demonstrated that bromodomain inhibitors such
as JQ1 are more efficacious than direct AR antagonism in
treatment of castration-resistant prostate cancer in mouse
models [42]. These observations provide a further frame-
work for identifying novel effectors of mutant ERs that
may serve as attractive targets for therapeutic intervention
in advanced, endocrine therapy-resistant breast cancers.
The recent discovery of recurrent ESRI mutations in
metastatic ER-positive breast cancers may merely repre-
sent the tip of the iceberg but do provide the basis for
further exploration of endocrine therapy resistance mecha-
nisms and the next generation of targeted therapies.

Abbreviations
AR: Androgen receptor; ER: Estrogen receptor; ERE: Estrogen response
elements; LBD: Ligand-binding domain; PDX: Patient-derived xenografts.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements

The authors would like to thank J Rae and C-Y Yang for their insights and critical
reading of the manuscript, K Giles for assistance with manuscript preparation and
M McClements for help with illustrations. This project is supported in part by the
Prostate Cancer Foundation with funding for our sequencing infrastructure, the
National Cancer Institute Early Detection Research Network (UOTCA111275), the
National Human Genome Research Institute Clinical Sequencing Exploratory
Research Consortium (TUM1THG006508), US Department of Defense contract
W8TXWH-12-1-0080 and a Department of Defense Era of Hope Scholar Award.
AMC is also supported by the Alfred A. Taubman Institute, the American Cancer
Society, the Howard Hughes Medical Institute and a Doris Duke Charitable
Foundation Clinical Scientist Award. PGA is partly supported by the National
institutes of Health (T32 CA009672). CS is partly supported by a Resident Research
Grant from Radiological Society of North America.

Author details

'Department of Radiation Oncology, University of Michigan Medical School,
1500 E. Medical Center Drive, B2-C445 UH, Ann Arbor, Ml 48109-5010, USA.
Michigan Center for Translational Pathology, University of Michigan Medical
School, 1400 E. Medical Center Drive, 5316 CCC, Ann Arbor, Ml 48109-5940,
USA. *Comprehensive Cancer Center, University of Michigan Medical School,
1400 E. Medical Center Drive, 5316 CCGC 5940, Ann Arbor, Ml 48109-5940,
USA. *Department of Pathology, University of Michigan Medical School, 1301
Catherine, M5240 Med Sci |, Ann Arbor, Ml 48109-5602, USA. SDepartmer\t of
Urology, University of Michigan Medical School, 1500 E. Medical Center
Drive, 3875 TC, Ann Arbor, MI 48109-5330, USA. ®Howard Hughes Medical
Institute, University of Michigan Medical School, 1500 E. Medical Center
Drive, 5316 CCC, Ann Arbor, MI 48109-5940, USA.

Published online: 12 December 2014

References

1. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG: Cancer drug
resistance: an evolving paradigm. Nat Rev Cancer 2013, 13:714-726.

2. Palmberg C, Koivisto P, Hyytinen E, Isola J, Visakorpi T, Kallioniemi OP,
Tammela T: Androgen receptor gene amplification in a recurrent
prostate cancer after monotherapy with the nonsteroidal potent
antiandrogen Casodex (bicalutamide) with a subsequent favorable
response to maximal androgen blockade. Eur Urol 1997, 31:216-219.



Alluri et al. Breast Cancer Research 2014, 16:494
http://breast-cancer-research.com/content/16/6/494

20.

21.

22.

23.

24.

25.

Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, Rao PN, Sawyers CL:
Clinical resistance to STI-571 cancer therapy caused by BCR-ABL gene
mutation or amplification. Science 2001, 293:876-880.

Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, Meyerson M,
Johnson BE, Eck MJ, Tenen DG, Halmos B: EGFR mutation and resistance
of non-small-cell lung cancer to gefitinib. N Engl J Med 2005, 352:786-792.
Recupero D, Daniele L, Marchio C, Molinaro L, Castellano I, Cassoni P,

Righi A, Montemurro F, Sismondi P, Biglia N, Viale G, Risio M, Sapino A:
Spontaneous and pronase-induced HER2 truncation increases the
trastuzumab binding capacity of breast cancer tissues and cell lines.

J Pathol 2013, 229:390-399.

Heldring N, Pike A, Andersson S, Matthews J, Cheng G, Hartman J, Tujague
M, Strom A, Treuter E, Warner M, Gustafsson JA: Estrogen receptors: how
do they signal and what are their targets. Physiol Rev 2007, 87:905-931.
Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson G, Enmark
E, Pettersson K, Warner M, Gustafsson JA: Mechanisms of estrogen action.
Physiol Rev 2001, 81:1535-1565.

Shang Y: Hormones and cancer. Cell Res 2007, 17:277-279.

Shang Y: Molecular mechanisms of oestrogen and SERMs in endometrial
carcinogenesis. Nat Rev Cancer 2006, 6:360-368.

Wardell SE, Marks JR, McDonnell DP: The turnover of estrogen receptor
alpha by the selective estrogen receptor degrader (SERD) fulvestrant is a
saturable process that is not required for antagonist efficacy. Biochem
Pharmacol 2011, 82:122-130.

Chumsri S, Howes T, Bao T, Sabnis G, Brodie A: Aromatase, aromatase
inhibitors, and breast cancer. J Steroid Biochem Mol Biol 2011, 125:13-22.
Early Breast Cancer Trialists’ Collaborative Group: Effects of chemotherapy and
hormonal therapy for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials. Lancet 2005, 365:1687-1717.
Musgrove EA, Sutherland RL: Biological determinants of endocrine
resistance in breast cancer. Nat Rev Cancer 2009, 9:631-643.

Roop RP, Ma CX: Endocrine resistance in breast cancer: molecular
pathways and rational development of targeted therapies. Future Oncol
2012, 8:273-292.

Sluyser M, Mester J: Oncogenes homologous to steroid receptors? Nature
1985, 315:546.

Karnik PS, Kulkarni S, Liu XP, Budd GT, Bukowski RM: Estrogen receptor
mutations in tamoxifen-resistant breast cancer. Cancer Res 1994, 54:349-353.
Roodi N, Bailey LR, Kao WY, Verrier CS, Yee CJ, Dupont WD, Parl FF: Estrogen
receptor gene analysis in estrogen receptor-positive and receptor-negative
primary breast cancer. J Nat/ Cancer Inst 1995, 87:446-451.

Zhang QX, Borg A, Wolf DM, QOesterreich S, Fugua SA: An estrogen
receptor mutant with strong hormone-independent activity from a
metastatic breast cancer. Cancer Res 1997, 57:1244-1249.

Fuqua SA, Wiltschke C, Zhang QX, Borg A, Castles CG, Friedrichs WE, Hopp
T, Hilsenbeck S, Mohsin S, O'Connell P, Allred DC: A hypersensitive
estrogen receptor-alpha mutation in premalignant breast lesions. Cancer
Res 2000, 60:4026-4029.

Chin L, Andersen JN, Futreal PA: Cancer genomics: from discovery science
to personalized medicine. Nat Med 2011, 17:297-303.

Roychowdhury S, lyer MK, Robinson DR, Lonigro RJ, Wu YM, Cao X, Kalyana-
Sundaram S, Sam L, Balbin OA, Quist MJ, Barrette T, Everett J, Siddiqui J,
Kunju LP, Navone N, Araujo JC, Troncoso P, Logothetis CJ, Innis JW, Smith
DC, Lao CD, Kim SY, Roberts JS, Gruber SB, Pienta KJ, Talpaz M, Chinnaiyan
AM: Personalized oncology through integrative high-throughput
sequencing: a pilot study. Sci Trans/ Med 2011, 3:111ra121.

Robinson DR, Wu YM, Vats P, Su F, Lonigro RJ, Cao X, Kalyana-Sundaram S,
Wang R, Ning Y, Hodges L, Gursky A, Siddiqui J, Tomlins SA, Roychowdhury S,
Pienta KJ, Kim SY, Roberts JS, Rae JM, Van Poznak CH, Hayes DF, Chugh R, Kunju
LP, Talpaz M, Schott AF, Chinnaiyan AM: Activating ESRT mutations in
hormone-resistant metastatic breast cancer. Nat Genet 2013, 45:1446-1451.
Network CGA: Comprehensive molecular portraits of human breast
tumours. Nature 2012, 490:61-70.

Ellis MJ, Ding L, Shen D, Luo J, Suman VJ, Wallis JW, Van Tine BA, Hoog J,
Goiffon RJ, Goldstein TC, Ng S, Lin L, Crowder R, Snider J, Ballman K, Weber
J, Chen K, Koboldt DC, Kandoth C, Schierding WS, McMichael JF, Miller CA,
Lu C, Harris CC, McLellan MD, Wendl MC, DeSchryver K, Allred DC, Esserman
L, Unzeitig G, et al. Whole-genome analysis informs breast cancer
response to aromatase inhibition. Nature 2012, 486:353-360.

Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, Shen H, Robertson AG,
Pashtan |, Shen R, Benz CC, Yau C, Laird PW, Ding L, Zhang W, Mills GB,

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 7 of 8

Kucherlapati R, Mardis ER, Levine DA: Integrated genomic characterization
of endometrial carcinoma. Nature 2013, 497:67-73.

Fisher B, Costantino JP, Redmond CK, Fisher ER, Wickerham DL, Cronin WM:
Endometrial cancer in tamoxifen-treated breast cancer patients: findings
from the National Surgical Adjuvant Breast and Bowel Project (NSABP)
B-14. J Natl Cancer Inst 1994, 86:527-537.

Li S, Shen D, Shao J, Crowder R, Liu W, Prat A, He X, Liu S, Hoog J, Lu C,
Ding L, Griffith OL, Miller C, Larson D, Fulton RS, Harrison M, Mooney T,
McMichael JF, Luo J, Tao Y, Goncalves R, Schlosberg C, Hiken JF, Saied L,
Sanchez C, Giuntoli T, Bumb C, Cooper C, Kitchens RT, Lin A, et al:
Endocrine-therapy-resistant ESR1 variants revealed by genomic
characterization of breast-cancer-derived xenografts. Cell Rep 2013,
4:1116-1130.

Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, Li Z, Gala K, Fanning S,
King TA, Hudis C, Chen D, Taran T, Hortobagyi G, Greene G, Berger M,
Baselga J, Chandarlapaty S: ESR1 ligand-binding domain mutations in
hormone-resistant breast cancer. Nat Genet 2013, 45:1439-1445.

Baselga J, Campone M, Piccart M, Burris HA, Rugo HS, Sahmoud T, Noguchi
S, Gnant M, Pritchard KI, Lebrun F, Beck JT, Ito Y, Yardley D, Deleu |, Perez A,
Bachelot T, Vittori L, Xu Z, Mukhopadhyay P, Lebwohl D, Hortobagyi GN:
Everolimus in postmenopausal hormone-receptor-positive advanced
breast cancer. N £ngl J Med 2012, 366:520-529.

Jeselsohn R, Yelensky R, Buchwalter G, Frampton G, Meric-Bernstam F,
Gonzalez-Angulo AM, Ferrer-Lozano J, Perez-Fidalgo JA, Cristofanilli M,
Gomez H, Arteaga CL, Giltnane J, Balko JM, Cronin MT, Jarosz M, Sun J,
Hawryluk M, Lipson D, Otto G, Ross JS, Dvir A, Soussan-Gutman L, Wolf |,
Rubinek T, Gilmore L, Schnitt S, Come SE, Pusztai L, Stephens P, Brown M,
Miller VA: Emergence of constitutively active estrogen receptor-a muta-
tions in pretreated advanced estrogen receptor-positive breast cancer.
Clin Cancer Res 2014, 20:1757-1767.

Merenbakh-Lamin K, Ben-Baruch N, Yeheskel A, Dvir A, Soussan-Gutman L,
Jeselsohn R, Yelensky R, Brown M, Miller VA, Sarid D, Rizel S, Klein B,
Rubinek T, Wolf I: D538G mutation in estrogen receptor-a: a novel
mechanism for acquired endocrine resistance in breast cancer. Cancer
Res 2013, 73:6856-6864.

Weis KE, Ekena K, Thomas JA, Lazennec G, Katzenellenbogen BS:
Constitutively active human estrogen receptors containing amino acid
substitutions for tyrosine 537 in the receptor protein. Mol Endocrinol
1996, 10:1388-1398.

Tanenbaum DM, Wang Y, Williams SP, Sigler PB: Crystallographic
comparison of the estrogen and progesterone receptor’s ligand binding
domains. Proc Natl Acad Sci U S A 1998, 95:5998-6003.

Nettles KW, Bruning JB, Gil G, Nowak J, Sharma SK, Hahm JB, Kulp K, Hochberg
RB, Zhou H, Katzenellenbogen JA, Katzenellenbogen BS, Kim Y, Joachmiak A,
Greene GL: NFkappaB selectivity of estrogen receptor ligands revealed by
comparative crystallographic analyses. Nat Chem Biol 2008, 4:241-247.

Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, Greene GL:
The structural basis of estrogen receptor/coactivator recognition and the
antagonism of this interaction by tamoxifen. Cell 1998, 95:927-937.
Carlson KE, Choi |, Gee A, Katzenellenbogen BS, Katzenellenbogen JA:
Altered ligand binding properties and enhanced stability of a
constitutively active estrogen receptor: evidence that an open pocket
conformation is required for ligand interaction. Biochemistry 1997,
36:14897-14905.

Lazennec G, Ediger TR, Petz LN, Nardulli AM, Katzenellenbogen BS:
Mechanistic aspects of estrogen receptor activation probed with
constitutively active estrogen receptors: correlations with DNA and
coregulator interactions and receptor conformational changes. Mol
Endocrinol 1997, 11:1375-1386.

Pakdel F, Reese JC, Katzenellenbogen BS: Identification of charged
residues in an N-terminal portion of the hormone-binding domain of
the human estrogen receptor important in transcriptional activity of the
receptor. Mol Endocrinol 1993, 7:1408-1417.

Zhao C, Koide A, Abrams J, Deighton-Collins S, Martinez A, Schwartz JA,
Koide S, Skafar DF: Mutation of Leu-536 in human estrogen receptor-
alpha alters the coupling between ligand binding, transcription
activation, and receptor conformation. J Biol Chem 2003, 278:27278-27286.
Eberwine J, Sul JY, Bartfai T, Kim J: The promise of single-cell sequencing.
Nat Methods 2014, 11:25-27.

Ingle JN, Suman VJ, Rowland KM, Mirchandani D, Bernath AM, Camoriano
JK, Fishkin PA, Nikcevich DA, Perez EA, North Central Cancer Treatment



Alluri et al. Breast Cancer Research 2014, 16:494
http://breast-cancer-research.com/content/16/6/494

Group Trial N0032: Fulvestrant in women with advanced breast cancer
after progression on prior aromatase inhibitor therapy: North Central
Cancer Treatment Group Trial N0032. J Clin Oncol 2006, 24:1052-1056.

42, Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, Yang R, Escara-Wilke J,

Wilder-Romans K, Dhanireddy S, Engelke C, lyer MK, Jing X, Wu YM, Cao X,
Qin ZS, Wang S, Feng FY, Chinnaiyan AM: Therapeutic targeting of BET
bromodomain proteins in castration-resistant prostate cancer. Nature
2014, 510:278-282.

doi:10.1186/513058-014-0494-7
Cite this article as: Alluri et al.: Estrogen receptor mutations and their
role in breast cancer progression. Breast Cancer Research 2014 16:494.

Page 8 of 8



	Abstract
	Introduction
	Estrogen receptor mutations in breast cancer
	Conclusion
	Abbreviations
	Competing interests
	Acknowledgements
	Author details
	References

