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Abstract: Breast cancer (BC) is the most common cancer among women worldwide. More than
70% of BC cases express estrogen receptor alpha (ERx), a central transcription factor that stimulates
the proliferation of breast cancer cells, usually in the presence of estrogen. While most cases of ER-
positive BC initially respond to antiestrogen therapies, a high percentage of cases develop resistance
to treatment over time. The recent discovery of mutated forms of ER« that result in constitutively
active forms of the receptor in the metastatic-resistance stage of BC has provided a strong rationale for
the development of new antiestrogens. These molecules targeting clinically relevant ERx mutants and
a combination with other pharmacological inhibitors of specific pathways may constitute alternative
treatments to improve clinical practice in the fight against metastatic-resistant ER-positive BC. In this
review, we summarize the latest advances regarding the particular involvement of point mutations
of ER« in endocrine resistance. We also discuss the involvement of synonymous ERx mutations with
respect to co-translational folding of the receptor and ribosome biogenesis in breast carcinogenesis.
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1. Introduction
1.1. Breast Cancer Types

Millions of women develop breast cancer worldwide, representing a major health
issue. Notably, breast cancer also exists in men but is very rare, accounting for fewer than
one percent of cases. This disease generally arises from the proliferation of epithelial cells
in the lobules or lactiferous ducts of the mammary gland and is a very heterogeneous
malignancy. According to histopathological data, breast cancers are classified as lobular
or ductal, in situ or invasive carcinomas preferentially colonizing bone, liver, lung or
brain. In addition to histological grade and cancer stage determination, the development
of molecular techniques has shed light on the heterogeneity of molecular profiles and gene
expression across the types of breast cancer, resulting in more than 20 subtypes of breast
carcinoma being characterized [1,2]. Molecular markers rely primarily on the expression of
relevant receptors, including estrogen receptor alpha (ER«), progesterone receptor (PR)
and human epidermal growth factor receptor 2 (HER2). Various expressions of these
receptors by breast cancer cells are correlated with different degrees of differentiation and
aggressiveness of the tumor. Knowing these characteristics enables improved prognosis
and selection of the most relevant therapy [3,4]. The simplest classification relies on three
major subtypes: luminal, HER2-enriched, and triple-negative, as shown in Table 1 [5].

The luminal type of breast cancer is divided into two subclasses: A and B. Both are
characterized by the expression of ER«, but differ in terms of aggressiveness: luminal A
breast cancers are usually low-grade, whereas luminal B cancers display overexpression
of HER?2, reduced ERa expression, and increased proliferation. Such breast cancers are
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predominant, especially luminal A, and convey a better prognosis because these tumors
depend on estrogen for their growth, and specifically targeting estrogen through endocrine
therapy to block its proliferative action, which is an effective strategy. As reviewed by
Jensen and Jordan, the identification of the estrogen receptor and subsequent understand-
ing of its implication in breast cancer paved the way for developing targeted therapy [8].
The selective estrogen receptor modulator (SERM) tamoxifen was first developed during
the 1970s and became the standard of care for breast cancer, as it enabled the saving of
many lives with fewer side effects than chemotherapy. Nevertheless, the use of tamoxifen
presents some drawbacks, which led to the development of additional SERMs, as reviewed
by Maximov et al. [9]. While SERMs are competitive inhibitors of ERx that prevent its
activation by estrogens, another way to counteract ERx activity relies on using selective es-
trogen receptor downregulators (SERDs), whose binding to ER« results in the degradation
of the receptor. Finally, another therapeutic approach aims to directly deprive the tumor of
estrogen by ovariectomy or the use of aromatase inhibitors. The development of this class
of agents began during the 1980s by Brodie and colleagues and had benefits for patients
who do not respond to SERMs [10]. However, for 30-50% of ER-positive breast cancers,
resistance to endocrine therapy occurs. For this large number of patients, the prognosis is
worse, which raises real public health concerns [5].

Table 1. Breast cancer classification based on receptor expression (ER: estrogen receptor; PR: proges-
terone receptor; HER2: human epidermal growth factor receptor 2).

Breast Cancer Type Proportion Biological Profile Therapy of Choice
Luminal
A 60% ERa+ PR+/— HER2— Endocrine therapy
B 10% ERa+ PR+/— HER2+
HER2-enriched [6] 20% ERo+/— PR+/— HER2+ Anti-HER?2 therapy
Triple negative [7] ERo— PR— HER2—
Basal-like 7% + basal markers Chemotherapy
Non-basal-like 3% — basal markers

1.2. ERwa Activity

Estrogen receptors are nuclear receptors that mediate estrogen actions by regulating
gene expression. Two highly homologous protein isoforms exist in vertebrates, ERx and
ERp, encoded by two independent genes. However, several primarily in vivo studies have
shown that their activity differs in mammary gland development and nonreproductive
tissue functioning, as well as in breast cancer pathogenesis [11]. This difference is in line
with their differential tissue expression. Concerning breast cancer, clinicopathological data
notably reveal that ER( levels decrease during carcinogenesis [12,13]. The precise role of
ERp remains elusive; several lines of evidence confer it tumor suppressive activity, but
further studies are needed to gain insights into the mechanisms involved [14].

Much more is known about ERa. Its activity is essential for the reproductive system,
and its expression is increased in most breast cancers, which has led to extensive research to
understand its regulatory role. ERocis a ligand-inducible transcriptional factor. After ligand
binding and dimerization, ER« is recruited to the promoter region of the target genes,
either by binding, directly targeting DNA sequences called EREs (estrogen responsive
elements), or by protein/protein interactions with other transcriptional factors, such as
AP1 or SP1. Recent development of chromatin immunoprecipitation of DNA coupled
to high-throughput sequencing (ChIP-Seq) techniques has led to the identification of the
ER« cistrome in mammary adenoma carcinoma cell lines, such as MCF-7, with 5000 to
10,000 estrogen receptor binding sites (ERBS), three quarters of which are EREs [15]. This
results in the recruitment of numerous coactivators (members of the p160 family, CBP /P300,
members of the SWI/SNF family, members of the mediator complex, etc.) via the AF1
and AF2 transactivation domains of ERx in an ordered, cyclic and combinatorial process,
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leading to transcriptional activation of target genes [16]. In addition to this activity at the
genomic level, ERx also has nongenomic activity by interacting in the cytoplasm with
cellular kinases that activate various signaling pathways, such as PI3K-AKT and Src-MAPK
(Figure 1). These rapid actions of the receptor may ultimately result in the regulation
of gene expression, highlighting the complex interrelationships between membrane and
nuclear-induced events. All these modes of action ultimately lead to the regulation of cell
fate, resulting in a balance between proliferation, differentiation and cell survival [11].
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Figure 1. ER«x activity through genomic and nongenomic actions. Genomic activity: ERc activation upon estrogen binding

(E2) or after its phosphorylation by cellular kinases following growth factor (GF) receptor stimulation allows its release
from heat shock proteins (HSPs). Then, ER« translocates into the nucleus, where it binds DNA by direct (through estrogen
responsive elements, EREs) or indirect mechanisms (upon binding to other transcription factors, such as AP1 or SP1, that

bind DNA through serum responsive elements, SREs). Nongenomic activity: Activated ER« interacts with cellular kinases

(e.g., PI3K and Src), leading to signaling pathway stimulation involving AKT or MAPK, for example, eventually resulting in

transcription factor (TF) activation. All these mechanisms induce transcriptional activation or repression of the regulation of

cell fate.

1.3. Role of ERw in Breast Cancer

Many players are involved in breast carcinogenesis at the cellular level. Notable exam-
ples include tumor suppressor genes BRCA1/2, TP53 or PTEN undergoing loss-of-function
mutations or decreased expression, receptor tyrosine kinases overexpression, such as EGFR,
IGF1R or HER2, whose downstream signaling pathways promote cell proliferation and
invasion (PI3K-AKT, RAS-MAPK, JNK) or overexpression of the oncogene c-Myc [17,18].

However, for most breast cancers, ER deregulation plays a major role, participating in
aberrant cell proliferation and leading to tumor development. This deregulation of ERx
function is due to multiple phenomena, implicating a shift in the balance of cofactors in
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favor of coactivators, the overexpression and function of growth factor receptors whose
signaling pathways (MAPK, PI3K, etc.) result in ERx activation or alteration of ERx
expression at the genetic level through epigenetic regulation [19-21]. ERc can also be
mutated and become constitutively active, but it is not the primary source of breast cancer
development. Instead, activating mutations are acquired following estrogen deprivation
therapies as a resistance mechanism of tumor cells to escape hormonal control and promote
cell proliferation through ligand-independent activation of ERx [22]. Breast cancer cells
have evolved into many other strategies against endocrine therapies, as reviewed by
Musgrove and Sutherland [23].

Recent developments in biophysical techniques have enabled us to gain insights
into ERa conformational changes related to mutations, causing increasing interest for
understanding of the ERo response to estrogen and antiestrogens. Whereas several ERx
alterations have been reviewed elsewhere, such as gene amplification or translocation [24],
as well as splice variants [22], this review aims to summarize the latest advances relative to
the particular implication of ERx point mutations in endocrine resistance.

2. ERx Missense Mutations
2.1. The Ligand-Binding Domain

Since the first discovery of a missense mutation of ER« in a breast cancer sample in
1997 [25], several mutations have been identified through cohort studies. By comparing
mutations detected in samples of primary versus metastatic tumors, it has been demon-
strated that most missense mutations are acquired under selective pressure of endocrine
therapies that create a low-estrogen environment, such as aromatase inhibitors [26,27]. In
fact, an analysis performed by The Cancer Genome Atlas Network in 2012 did not detect
significant mutations in the ERx gene (ESR1) in primary breast cancer samples contrary to
other genes, such as PIK3CA (49% of luminal A tumor samples) or TP53 (32% of luminal B
patients) [28]. When investigating ESR1 mutations in metastatic breast cancer, however, the
prevalence of missense mutations expands to 20-50% [29,30]. Notably, these mutations are
localized in the ligand-binding domain (LBD) of ER« (Figure 2A), and several biophysical
and functional studies have enabled us to decipher their consequences on ER« activity and
their role in endocrine resistance.

The LBD is a highly structured region with three layers of x-helices (h1 to h12) and
two (-sheets forming a hydrophobic pocket where the ligand binds (Figure 2B). Agonist
binding induces structural modifications of the receptor, where h12 plays a critical role
in generating a more compact conformation of ERe.. These structural rearrangements
participate in coactivator recruitment for ERo transcriptional activity. Antagonist binding,
however, inhibits the receptor by preventing h12 from folding properly [11]. Thus, it is not
surprising that most mutations acquired by ER«, in response to antiestrogens, localize in
the LBD and impact ligand binding.

The most prevalent ERx mutation is a substitution of the amino acid Y537 in S, N or C
(a Y537D mutation was also observed in one patient) with a prevalence reaching 60% of
mutations detected in metastatic breast cancer samples [29,31]. Such mutations result in a
conformational modification of the receptor that stabilizes it in its agonist form, conferring
ligand-independent, constitutive activity to the mutated receptor. According to the crystal
structures of the Y5375 mutant, this conformational modification is due to replacement
of the Y537-N348 interaction with a S537-D351 hydrogen bonding that optimizes the
h11-h12 loop in the agonist conformation [32]. In this conformation, coactivators can be
recruited to the AF2 cleft, and Fanning et al. showed that this binding occurs with a high
affinity for the Y5375 mutant, even in the absence of estrogens. This explains why this
mutation confers constitutive ligand-independent activity to ERa [33]. The same study
demonstrated that conformational rearrangements occurring around the h11-12 loop of
the receptor, conferring an agonist-bound-like structure to ER«, reduce its affinity for
the SERM tamoxifen. In addition, it was suggested that the SERM-bound Y537S mutant
adopts an altered conformation compared to the wild type receptor bound to tamoxifen,
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participating in a decrease in efficacy of such therapeutic agents. SERDs such as fulvestrant,
however, target h12 in a different way and still inhibit ERe, but increased therapeutic
doses seem to be necessary [34,35]. Of note, the Y5375 and C mutations were also detected
in vitro in breast cancer cell lines after depriving them of estrogen to mimic the acquisition
of endocrine resistance. In line with previous studies, these mutations confer ligand-
independent activities to ERo and altered responses to endocrine therapy [36].

DBD LBD

NLS AF2

Figure 2. (A) ER« is composed of 595 amino acids forming 6 domains, from A to F. Transcriptional activation function 1

(AF1) is localized in the N-terminal region of the receptor, whereas a second transactivation function (AF2) is generated at the

C-terminus when conformational rearrangements take place. The C and E domains contain the DNA- and ligand-binding

domains, respectively (DBD, LBD). Finally, the D domain is called the hinge region, which participates in conformational

changes and protein/protein interactions and contains nuclear localization signals (NLS) [11]. (B) A schematic representation
of ERoc LBD (from the crystal structure 1IGWR deposited in the Protein Data Bank) with the ligand-binding pocket

(LBP) depicted.

Another LBD mutation particularly observed in patients following antiestrogen treat-
ment affects D538 (at a frequency of 20%, as reported by Katzenellenbogen et al. [32]).
When substituted with G, modifications of the electrostatic environment and an increase
in h12 flexibility occur, which also results in stabilization of the agonist form of ERax [32].
This leads to increased affinity for coactivators in a ligand-independent way, conferring
constitutive activity to the receptor, but this activity is moderate, compared to Y537 muta-
tions. Insights into this phenotypic difference were provided by structural studies, showing
that the agonist-bound-like conformation conferred by the D538G mutation is less stable
than the conformation permitted by the Y537S mutation [33]. The D538G substitution still
confers increased migratory capacities to cancerous cells, which probably contribute to
metastasis [37]. A study by Li and colleagues analyzed the growth of ER-positive breast
tumors carrying the ER Y537S mutation in patient-derived xenografts (PDXs) after trans-
plantation into ovariectomized mice [38]. Results showed greater tumor growth compared
to tumors with wild type ERx under low estrogen conditions and an incomplete response
to antiestrogenic treatments. Other studies have evaluated the response of ERx mutations
(Y5375, D538G) to estradiol and antiestrogens by measuring the activation of a reporter
luciferase gene [34], or endogenous ER« target genes [35]. These ERx mutants exhibited
high constitutive transcriptional activation, in contrast to wild type ERx, which shows
low activity in the absence of estradiol. In addition, mammary cancer MCF-7 cell lines
that stably express ERx Y5375 and D538G showed dramatically higher proliferation than
wild type MCEF-7 cells, suggesting that these ERax mutations induce a significant growth
consequence in breast cancer cells [35]. Of note, Y5375 and D538G mutants showed an
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increase in the interaction with the transcriptional coactivators AIB1 and SRC-1 compared
to the wild type receptor, which is consistent with the increase in their ligand-independent
activity observed in reporter gene assays [26].

Additional mutations were detected at this hotspot in breast tumor samples, L536R,
P535H, V534E etc., but were less prevalent (usually less than 5% of the mutations detected
in metastatic breast cancers), and studies investigating their effect on ERoc conformation
and crystal structures are especially lacking [30]. As those mutations also confer ligand-
independent activity to ERe, it is reasonable to speculate that the mechanisms involved
rely at least partially on stabilization of the receptor in its agonist form as well.

Concerning L536, for example, its replacement with R, Q, P or H probably reduces
the hydrophobicity of the environment, which enables the rearrangement of the h11-h12
loop favoring the agonist conformation of ERc in the absence of estrogens; this altered
conformation increases the binding of coactivators for ligand-independent activity [32].

Finally, it is noteworthy that other LBD-activating mutations are outside the muta-
tional hotspots previously mentioned.

E380Q notably appears to be the third prevailing ERox mutation, with a detection rate
up to 14% among patients with advanced breast cancer following aromatase inhibitor treat-
ment [29]. This would neutralize charge repulsion between residues in h5 and h12, which
would favor an active conformation of the receptor without ligand binding [32]. In vitro
studies indeed emphasized the constitutive activity of this mutated receptor, resulting in
increased target gene transcription and cell proliferation in the absence of estrogens [39,40].
Evidence is lacking to explain the underlying mechanisms because ligand-independent
coactivator binding does not seem to be involved [40]. One hint could be a defect in
the corepressor PHB2 binding, which would enhance ER« signaling [41]. Additionally,
increased sensitivity to estrogens has been reported, which contributes to promoting tumor
growth and resistance to aromatase inhibitors [39].

Finally, the S463P mutation is less documented (with an apparent distribution inferior
to 4% in metastatic breast cancer patients [29]), and only speculations can be made about
the conformational modifications it might induce. Located between h9 and h10, mutation of
this residue could notably affect ERx binding to heat shock proteins (HSPs) and/or dimer
stability [32]. In addition to E380Q), the S463P mutation presents only slight constitutive
activity assessed by target gene transcription, although no interaction with coactivators
was detected without estrogen stimulation in vitro. Nonetheless, hormone-independent
cell proliferation is observed when ERa contains this mutation, raising questions about its
functional role in breast cancer [40].

It should be noted that several mutations are sometimes detected in the same tumor
sample, but it could not be established whether they reside within the same cell popula-
tion. Chandarlapaty et al., for example, identified concomitant of the D538G and Y5375
mutations in the plasma of 30/541 patients (5.5%) with metastatic breast cancer [42]. In
any case, this observation highlights the intrinsic heterogeneity of breast cancers and the
mechanisms involved in the development of endocrine resistance [30].

Usually acquired after the first line of endocrine therapies, the mutations presented
here counteract the efficacy of aromatase inhibitors and alter the inhibitory effect of SERMs
and SERDs to various extents (Table 2).
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Table 2. Major ERx mutations discussed in this review and a summary of their characteristics. Purple: mutations in the

LBD; blue: mutations outside the LBD (Al: aromatase inhibitor; SERD: selective estrogen receptor downregulator; SERM:

selective estrogen receptor modulator; E2: estrogen).

ERx
Substitution K303R
Stabilization of ~ Stabilization of
Structural data . .
. the agonist the agonist
obtained - .
conformation conformation
T target. genes 1 ERo stability
T target genes transcription .
. A . T target genes T coactivator
Ligand transcription T coactivator O T target genes T target genes .
. . . transcription 2 2 recruitment
independent 1 coactivator recruitment . transcription transcription . .
activit recruitment 1 proliferation T coactivator 1 proliferation T proliferation T interactions
y 4 proliferation 4 migrator recruitment with growth
P gratory factor receptors
properties

Al resistance

Al resistance

Al resistance

Al resistance

Estrogen and N SERD SERD Al resistance SERD SERD SERD
antiestrogen sensitivity sensitivity SERD sensitivity sensitivity sensitivity
SERM . SERM SERM SERM = agonist
responses . SERM sensitivity e e ..
resistance resistance sensitivity sensitivity activity
1 E2 sensitivity 1 E2 sensitivity
[26,30- [26,30-
References 36,38,40,42,43] 35,37,40,42,43] [32,34,40] [30-32,38—41] [32,35,40] [44-50]

According to in vitro studies, Y5375/N/C, D538G and L536Q mutations that confer
ligand-independent activity to ERx remain sensitive to the SERM tamoxifen and the SERD
fulvestrant when therapeutic doses are increased [34,35,37]. In contrast, in vitro and in vivo
fulvestrant is effective in tumors driven by mutations such as E380Q and 5463D, indicating
the heterogeneity of therapeutic responses depending on the mutations driving breast
cancer endocrine resistance [40]. From analysis of clinical data, it is unclear whether the
SERD fulvestrant is effective for patients harboring LBD-activating mutations [31,51,52].
Using high doses of fulvestrant was then explored for patients developing resistance to
aromatase inhibitors, and new therapeutic strategies were investigated to inhibit mutated
ERa in a more potent and specific way. Notably, orally available SERDs with improved
bioavailability are under development [53]. Additionally, Toy et al. showed by combining
in vitro and in vivo studies that AZD9496 or GDC-0810 provided complete inhibition of
tumors driven by mutated ER«, contrary to fulvestrant, against which the Y537S mutant
was particularly resistant [40]. Likewise, elacestrant (RAD1901) inhibited ER« signaling
and tumor development in PDX models harboring either wild type or mutant ERs [54].
Elacestrant is currently in a phase III trial for patients with ER-positive advanced breast
cancer [55]. Patients with metastatic breast cancer carrying LBD ESRI mutations have
poorer overall survival [31,42], which is consistent with the study by Jeselsohn et al. who
showed that Y5375 and D538G ERa mutants exhibit specific cistromes and transcriptomes
that promote tumor metastatic phenotypes [43]. Thus, to treat cancers harboring ESR1 LBD
mutants, it will be necessary to develop combined treatments composed of SERD/SERM
associated with other compounds, such as THZ1, a CDK? inhibitor, making it possible to
fight against the metastatic propensity of these mutants [43].

2.2. Outside the LBD

While less frequent than LBD-activating mutations, other ERx mutations are observed
in breast cancer patients. The primary recurrent mutation is the K303R substitution, which
was detected in 5-10% of invasive breast cancers, but could be more prevalent if more stud-
ies were performed with alternative sequencing techniques, according to Fuqua et al. [44].
Unlike mutations occurring in the LBD, the acquisition of this alteration in the hinge region
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does not appear to result from selection under endocrine therapy [44—-46]. This part of
the receptor is the target of multiple posttranslational modifications (PTMs): by affecting
residues 266 to 305, modifications such as acetylation, phosphorylation, methylation, ubig-
uitination and sumoylation enable the interaction with multiple coregulators and play a
role in DNA binding to regulate transcription [47].

The K303R mutation results in hypersensitivity to estrogen and a reduction in en-
docrine therapy efficacy due to a combination of molecular mechanisms that have been
previously reviewed [44]. This phenotype is notably due to an increase in the phospho-
rylation of S305 by cellular kinases, such as PKA [48], and the inhibition of other PTMs
surrounding the mutated residue. These modifications of the hinge region enhance the
stability of the receptor, alter coregulator binding in favor of coactivator recruitment, and
favor interactions with growth factor receptors and downstream signaling pathways. All
of these factors lead to increased ligand-independent activity of ERx and a better response
to estrogen stimulation, allowing tumor cells to grow in a low-estrogen environment, con-
tributing to the resistance to aromatase inhibitors [49]. Additionally, the response to SERM
is altered, and the mutated receptor responds to tamoxifen as an agonist [50], which is not
the case for the SERD fulvestrant [48]. Structural data are lacking for our understanding of
the phenotype caused by the K303R substitution in ERx. Considering the role played by
the hinge region in protein interactions and PTMs of the receptor, such a mutation could
lead to a conformational modification that would be relevant for endocrine resistance.
Investigating the arrangement of ERo in response to the K303R mutation would then be of
great interest to conceive new therapeutic strategies.

Other missense mutations were identified outside the LBD of ER« in patients with
breast cancer, such as the S47T, N69K and A86V substitutions in the AF1 domain and
the L296P point mutation in the hinge domain. Cell-based assays did not demonstrate
alterations of their transcriptional activity compared to the wild type receptor, but no
further studies were conducted to investigate these mutations or to decipher their potential
role in breast carcinogenesis and drug resistance [56].

3. ERx Synonymous Mutations

Restriction fragment length polymorphisms (RFLPs) of the ERx gene were first identi-
fied in introns, as well as exons [57]. Subsequently, the development of DNA sequencing
enabled the detection of additional silent mutations in breast cancer patients [58]. Many
studies have investigated the association of such polymorphisms with the risk of develop-
ing breast cancer (Table 3).

Table 3. Main polymorphisms of the ERx gene (ESR1) investigated in association studies. The major
allele was selected in agreement with the single nucleotide polymorphism database dbSNP. (RFLP:
restriction fragment length polymorphism).

RFLP rsID Domain Codon }Zﬁi (1): IXIIilI;;); A:ggo
Pvull  rs2234693 397 (Intron 1) T C
Xbal rs9340799 351 (Intron 1) A G
rs2077647 A/B 10 (Exon 1) TCT TCC Ser
BstUl  rs746432 A/B 87 (Exon 1) GCG GCC Ala
C 243 (Exon 3) CGC CGT Arg
rs1801132 E 325 (Exon 4) CCG CCC Pro

152228480 594 (Exon 8) ACG ACA Thr
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Despite the number of studies realized, no consensus has emerged due to several
drawbacks:

Small sample size: Most studies included only a few hundred patients and controls,
resulting in low statistical power for determining associations;

Control source: Some studies compared data from breast cancer patients to controls
originating from the entire population, whereas other studies used data from the hospital
as a control, which could induce bias in the observed associations [59];

Ethnicity: Association studies are generally performed in populations from a unique
geographical origin, resulting in conflicting results between women of European and Asian
or African ancestry, for example, due to diverse genetic backgrounds [60,61];

Analytic methods: The heterogeneity of methods employed to analyze the association of
ESR1 silent mutations with breast cancer development plays a role in the inconsistency of
conclusions as well.

Meta-analyses are then of interest to combine the results of several studies, enabling
us to increase the sample size and gather data from different ethnic groups. According
to the latest studies in this field, some ESR1 variants effectively seem to be associated
with breast cancer risk, such as rs2234693 and rs9340799, but data from patients of African
ancestry or environmental factors were lacking in these analyses [62,63]. New association
studies with larger sample sizes and more comprehensive information about patients’
lifestyles are needed to clarify the association of ESR1 polymorphisms and synonymous
mutations with breast cancer development to determine whether they are a relevant risk or
prognostic factors.

Functional studies are also needed to decipher the role of synonymous ERa mutations
in breast carcinogenesis. As they do not alter the sequence of the protein, experimental data
are indeed lacking regarding the role that such mutations could play in ER« transcription,
translation and functions.

After being ignored for a long time, synonymous mutations began to draw attention
only more recently, following increasing evidence that codons used in mRNAs play a
role in their translation. In fact, the use of synonymous codons can modify amino acid
incorporation during translation elongation due to various parameters reviewed by Han-
son and Coller [64]. First, the differential codon composition of an mRNA can alter its
secondary structure and stability, which affects its translation rate [65-67]. Furthermore,
the composition of the tRNA pool (concentration of each species, charging in amino acids,
posttranscriptional modifications) results in differential availability of cognate tRNAs for
each codon, which impacts thermodynamic parameters of anticodon-codon pairing and
wobble base pairing [68]. This tRNA pool varies notably in a tissue-specific manner [69],
depending on the differentiation state of the cell [70], and appears to be deregulated in
cancer [71-73]. The combination of these factors can then alter the kinetics of translation
during the initiation and elongation steps, which impact cotranslational folding of the
emerging peptide. After being hypothesized in 1987 [74], it is indeed now admitted that
many proteins begin to fold during their translation. This process already occurs in the
polypeptide exit tunnel and when emerging from it through transient electrostatic inter-
actions with the ribosome, protein folding activity of ribosomes (PFAR) and binding to
chaperone proteins [68,75]. Translation speed is then a major actor of this cotranslational
folding, with the use of codons translated faster or slower to characterize boundaries
between protein domains, which participate in their proper folding [64,67,75]. Notably, the
translational process is deregulated in cancer cells to meet their increased need for protein
synthesis, enabling the expression of specific proteins for tumor growth [76]. Such a phe-
nomenon notably relies on modifications of ribosome biogenesis in response to oncogenic
signaling and is linked to the concept of specialized ribosomes [77,78]. This translational
specificity of cancer cells could eventually participate in the modification of cotranslational
folding of proteins as well. A mutation resulting in a synonymous codon substitution,
although not modifying the amino acid sequence of the protein, can then alter mRNA
stability and translation speed, resulting in the modification of protein folding and thereby
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altering protein expression, stability [79], and function [68,80]. In addition, the use of a
synonymous codon less suited to the cellular environment can promote the incorporation
of the wrong amino acid [67]. Therefore, synonymous mutations, although not modifying
the sequence of the protein, appear to play a functional role in protein translation and
function (Figure 3).

Ll L JRES, X
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¢
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Figure 3. Synonymous mutations (represented by a star) can modify translational speed by impacting
various parameters, such as the mRNA structure and the stability or availability of cognate tRNAs.
This can ultimately result in the alteration of protein conformation, affecting its expression, stability
and function.

It is relevant to speculate that such mutations could play a role in the development
of human diseases, as well as in the efficacy of therapies [68,75,81]. This began to be
notably demonstrated with the example of the CFTR gene implicated in cystic fibrosis [82],
or the oncogene KRAS [83]. With the development of next-generation sequencing and
the increasing amount of data freely accessible through online databases, many more
polymorphisms of the human genome could be investigated for their potential implication
in human health [84].

Concerning ERe, it has been shown through in vitro translation that differences in the
translation machinery modify the conformation of the produced receptor, which highlights
a role of the translational process in the proper folding of the protein [85]. Ferndndez-Calero
et al. showed that the synonymous mutation Ala87 (BstUI, rs746432) in the A/B domain
of ER«x alters its transcriptional activity and nuclear export, suggesting a conformational
modification of the receptor [86]. Finally, Hertz and colleagues reported that another ESR1
SNP (rs9322336) could be associated with an increase in ERx gene expression in ER-positive
breast cancer patients, but no significant change of protein levels was recorded [87]. In
light of recent research on cotranslational folding and the first data concerning ERx, we can
hypothesize that synonymous mutations of this receptor could modify its conformation,
playing a role in its interactions with cofactors and ligands, thereby altering its activity and
cell fate regulation. Thus, further investigating the biological implications of synonymous
ERa mutations through functional and structural studies would definitely be of great
interest to increase our understanding of breast carcinogenesis and endocrine resistance
and to identify new therapeutic strategies.
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4. Conclusions

ERa is a major player in breast cancer development. By reducing circulating estrogen
or directly inhibiting ERx, endocrine therapy is an effective strategy against luminal breast
cancers. However, endocrine resistance exists in a significant number of patients, raising
public health concerns. One of the mechanisms enabling tumor cells to escape hormonal
control is mutation of ERa. Recurrent missense mutations were notably identified in the
LBD of the receptor that confer ligand-independent activity by stabilizing its agonist form
without estrogen binding. The development of biophysical studies has indeed enabled
insights into the conformational modifications induced by ERx mutations detected in
patients. Such information is of great value to better understand the biology of endocrine
resistance and design new therapeutic strategies. In fact, the development of resistance to-
wards standard of care highlights the need for more potent and selective agents against ERoc
in its native and mutated forms. In this regard, news SERDs such as GDC-0810, AZD9496
or RAD1901, were proven to efficiently target ESR1 mutants in preclinical studies, with
better pharmacokinetic properties than fulvestrant [40,54]. Furthermore, such therapeutic
molecules can be used in combination with inhibiting actors of the metastatic process,
such as cyclins, growth factors or PI3K/AKT/mTOR signaling pathways [88]. Novel
molecules continue to show promising in vitro effects in recent years, such as AF2-specific
inhibitors [89], selective ER covalent antagonist (SERCA) [90], and proteolysis-targeting
chimera (PROTAC) [91]. In addition, the principle of biased ligands, well developed for
GPCRs, could be applied to fine-tune ER signaling in breast cancer [92].

Structural data are still lacking for many point mutations known to play a role in
hormonal escape of cancerous cells. The development of biophysical techniques should
then improve the characterization of those receptors to develop more potent targeted
therapies. A recent study conducted by Huang et al. revealed notable new interactions
between the DBD and LBD of ER« that play a role in its genomic activity [93]. A mis-
sense mutation observed in endometrial cancer (Y191H) appeared to have a structural role
in this interaction, which correlates with increased ER« transcriptional activity assessed
in vitro [93]. While no oncogenic role has been reported for the Y191H substitution, this
study highlights the significance of investigating ER« structure to extend our understand-
ing of the mechanisms implicated in its activity and their potential roles in breast cancer
development and endocrine resistance. Improving the detection of ERx mutations (notably
by noninvasive methods) is critical as well to enable better patient care by adapting the
therapeutic strategy faster in a personalized way [94,95]. In fact, the relevance of analyzing
circulating DNA isolated from plasma samples to select therapy for breast cancer patients
was recently assessed by Turner and colleagues [96].

In addition to point mutations leading to modifications of the amino acid sequence of
ERe, synonymous mutations also exist. These mutations do not alter the protein sequence
and were consequently ignored for a long time. Furthermore, no consensus has emerged
regarding the association of such silent mutations with the risk of developing breast cancer.
The association studies performed so far present several drawbacks, and more studies are
needed to investigate the potential association of synonymous ERax mutations with breast
cancer. Indeed, recent advances in the biology of codon usage and translation suggest
that synonymous mutations play a role in a mechanism called cotranslational folding
and therefore modify the conformation of the receptor. In this way, such mutations could
modify ERa interactions and ligand binding, which could participate in tumorigenesis and
endocrine resistance. More studies are needed to confirm whether synonymous mutations
of ERx have a functional role in breast cancer development and therapeutic response.

Moreover, taking into account such a hypothesis would enlarge the field of therapies
potentially suitable to overcome endocrine resistance. If synonymous mutations contribute
to breast carcinogenesis by altering ERx function through the modification of its conforma-
tion due to an alteration of the cotranslational folding process, targeting the translational
machinery could represent an additional line of treatment for endocrine therapy and the
new ER« antagonists discussed above. With the increasing knowledge concerning the role
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played by ribosomes in tumorigenesis, this molecule has already emerged as a therapeutic
target in cancer [97]. In addition, small molecules targeting the protein folding activity of
ribosomes were developed as antiprion drugs [98], suggesting that more specific inhibitors
of the ribosome could be designed as adjuvant therapies. In any case, investigating the role
of synonymous mutations in human disease is a new area worth exploring [81,99].
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PTM posttranslational modification
RFLP restriction fragment length polymorphism
SERCA selective ER covalent antagonist
SERD selective estrogen receptor downregulator
SERM selective estrogen receptor modulator
SRE serum responsive element
TF transcription factor

References

1. Lakhani, S.; Ellis, I; Schnitt, S.; Tan, P.; van de Vijver, M. WHO Classification of Tumours of the Breast, 4th ed.; International Agency
for Research on Cancer: Lyon, France, 2012; ISBN 978-92-832-2433-4.

2. Vuong, D,; Simpson, P.T.; Green, B.; Cummings, M.C.; Lakhani, S.R. Molecular Classification of Breast Cancer. Virchows Arch.
2014, 465, 1-14. [CrossRef]

3. Bertucci, F; Finetti, P.; Rougemont, J.; Charafe-Jauffret, E.; Cervera, N.; Tarpin, C.; Nguyen, C.; Xerri, L.; Houlgatte, R.;
Jacquemier, J.; et al. Gene Expression Profiling Identifies Molecular Subtypes of Inflammatory Breast Cancer. Cancer Res. 2005,
65,2170-2178. [CrossRef]

4. Gajulapalli, V.N.R.; Malisetty, V.L.; Chitta, S.K.; Manavathi, B. Oestrogen Receptor Negativity in Breast Cancer: A Cause or
Consequence? Biosci. Rep. 2016, 36, e00432. [CrossRef]

5. Clarke, R.; Tyson, ].J.; Dixon, ].M. Endocrine Resistance in Breast Cancer—An Overview and Update. Mol. Cell. Endocrinol. 2015,
418, 220-234. [CrossRef]

6. Costa, R.L.B.; Czerniecki, B.J. Clinical Development of Immunotherapies for HER2 + Breast Cancer: A Review of HER2-Directed
Monoclonal Antibodies and Beyond. NPJ Breast Cancer 2020, 6, 10. [CrossRef]

7. Diana, A,; Carlino, E; Franzese, E.; Oikonomidou, O.; Criscitiello, C.; De Vita, F,; Ciardiello, F.; Orditura, M. Early Triple Negative
Breast Cancer: Conventional Treatment and Emerging Therapeutic Landscapes. Cancers 2020, 12, 819. [CrossRef]

8.  Jensen, E.V,; Jordan, V.C. The Estrogen Receptor: A Model for Molecular Medicine. Clin. Cancer Res. 2003, 9, 1980-1989.


http://doi.org/10.1007/s00428-014-1593-7
http://doi.org/10.1158/0008-5472.CAN-04-4115
http://doi.org/10.1042/BSR20160228
http://doi.org/10.1016/j.mce.2015.09.035
http://doi.org/10.1038/s41523-020-0153-3
http://doi.org/10.3390/cancers12040819

Int. J. Mol. Sci. 2021, 22, 756 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Maximov, P; Lee, T.; Jordan, V. The Discovery and Development of Selective Estrogen Receptor Modulators (SERMs) for Clinical
Practice. CCP 2013, 8, 135-155. [CrossRef]

Jordan, V.C.; Brodie, A.M.H. Development and Evolution of Therapies Targeted to the Estrogen Receptor for the Treatment and
Prevention of Breast Cancer. Steroids 2007, 72, 7-25. [CrossRef] [PubMed]

Arnal, ].-F; Lenfant, F.; Metivier, R.; Flouriot, G.; Henrion, D.; Adlanmerini, M.; Fontaine, C.; Gourdy, P.; Chambon, P.;
Katzenellenbogen, B.; et al. Membrane and Nuclear Estrogen Receptor Alpha Actions: From Tissue Specificity to Medical
Implications. Physiol. Rev. 2017, 97, 1045-1087. [CrossRef] [PubMed]

Haldosén, L.-A.; Zhao, C.; Dahlman-Wright, K. Estrogen Receptor Beta in Breast Cancer. Mol. Cell. Endocrinol. 2014, 382, 665-672.
[CrossRef] [PubMed]

Huang, B.; Omoto, Y.; Iwase, H.; Yamashita, H.; Toyama, T.; Coombes, R.C.; Filipovic, A.; Warner, M.; Gustafsson, ].—A. Differential
Expression of Estrogen Receptor «, B1, and B2 in Lobular and Ductal Breast Cancer. Proc. Natl. Acad. Sci. USA 2014, 111,
1933-1938. [CrossRef] [PubMed]

Ranganathan, P.; Nadig, N.; Nambiar, S. Non-Canonical Estrogen Signaling in Endocrine Resistance. Front. Endocrinol. 2019,
10, 708. [CrossRef] [PubMed]

Stender, J.D.; Kim, K.; Charn, TH.; Komm, B.; Chang, K.C.N.; Kraus, W.L.; Benner, C.; Glass, C.K.; Katzenellenbogen, B.S.
Genome-Wide Analysis of Estrogen Receptor « DNA Binding and Tethering Mechanisms Identifies Runx1 as a Novel Tethering
Factor in Receptor-Mediated Transcriptional Activation. MCB 2010, 30, 3943-3955. [CrossRef]

Meétivier, R.; Penot, G.; Hiibner, M.R,; Reid, G.; Brand, H.; Ko$, M.; Gannon, F. Estrogen Receptor-a Directs Ordered, Cyclical, and
Combinatorial Recruitment of Cofactors on a Natural Target Promoter. Cell 2003, 115, 751-763. [CrossRef]

Sun, Y.-S.; Zhao, Z.; Yang, Z.-N.; Xu, E; Lu, H.-].; Zhu, Z.-Y,; Shi, W,; Jiang, ].; Yao, P--P.; Zhu, H.-P. Risk Factors and Preventions of
Breast Cancer. Int. J. Biol. Sci. 2017, 13, 1387-1397. [CrossRef]

Fallah, Y.; Brundage, J.; Allegakoen, P.; Shajahan-Haq, A.N. MYC-Driven Pathways in Breast Cancer Subtypes. Biomolecules 2017,
7,53. [CrossRef]

Murphy, L.; Cherlet, T.; Lewis, A.; Banu, Y.; Watson, P. New Insights into Estrogen Receptor Function in Human Breast Cancer.
Ann. Med. 2003, 35, 614-631. [CrossRef]

Manavathi, B.; Dey, O.; Gajulapalli, V.N.R.; Bhatia, R.S.; Bugide, S.; Kumar, R. Derailed Estrogen Signaling and Breast Cancer: An
Authentic Couple. Endocr. Rev. 2013, 34, 1-32. [CrossRef]

Kerdivel, G.; Flouriot, G.; Pakdel, F. Modulation of Estrogen Receptor Alpha Activity and Expression During Breast Cancer
Progression. In Vitamins & Hormones; Elsevier: Cambridge, MA, USA, 2013; Volume 93, pp. 135-160. ISBN 978-0-12-416673-8.
Barone, I; Brusco, L.; Fuqua, S.A.W. Estrogen Receptor Mutations and Changes in Downstream Gene Expression and Signaling.
Clin. Cancer Res. 2010, 16, 2702-2708. [CrossRef]

Musgrove, E.A.; Sutherland, R.L. Biological Determinants of Endocrine Resistance in Breast Cancer. Nat. Rev. Cancer 2009,
9, 631-643. [CrossRef] [PubMed]

Ma, C.X,; Reinert, T.; Chmielewska, I.; Ellis, M.J. Mechanisms of Aromatase Inhibitor Resistance. Nat. Rev. Cancer 2015,
15,261-275. [CrossRef] [PubMed]

Zhang, Q.-X.; Borg, A.; Wolf, D.M.; Oesterreich, S.; Fuqua, S.A.-W. An Estrogen Receptor Mutant with Strong Hormone-
Independent Activity from a Metastatic Breast Cancer. Cancer Res. 1997, 57, 1244-1249. [PubMed]

Jeselsohn, R.; Yelensky, R.; Buchwalter, G.; Frampton, G.; Meric-Bernstam, F.; Gonzalez-Angulo, A.M.; Ferrer-Lozano, J.; Perez-
Fidalgo, J.A.; Cristofanilli, M.; Gomez, H.; et al. Emergence of Constitutively Active Estrogen Receptor-« Mutations in Pretreated
Advanced Estrogen Receptor-Positive Breast Cancer. Clin. Cancer Res. 2014, 20, 1757-1767. [CrossRef]

Schiavon, G.; Hrebien, S.; Garcia-Murillas, I.; Cutts, R.J.; Pearson, A.; Tarazona, N.; Fenwick, K.; Kozarewa, I.; Lopez-Knowles, E.;
Ribas, R.; et al. Analysis of ESR1 Mutation in Circulating Tumor DNA Demonstrates Evolution during Therapy for Metastatic
Breast Cancer. Sci. Transl. Med. 2015, 7, 313ral82. [CrossRef] [PubMed]

The Cancer Genome Atlas Network. Comprehensive Molecular Portraits of Human Breast Tumours. Nature 2012,
490, 61-70. [CrossRef]

Hamadeh, I.S.; Patel, ].N.; Rusin, S.; Tan, A.R. Personalizing Aromatase Inhibitor Therapy in Patients with Breast Cancer. Cancer
Treat. Rev. 2018, 70, 47-55. [CrossRef]

Jeselsohn, R.; Buchwalter, G.; De Angelis, C.; Brown, M.; Schiff, R. ESR1 Mutations—A Mechanism for Acquired Endocrine
Resistance in Breast Cancer. Nat. Rev. Clin. Oncol. 2015, 12, 573-583. [CrossRef]

Spoerke, ].M.; Gendreau, S.; Walter, K.; Qiu, J.; Wilson, T.R.; Savage, H.; Aimi, J.; Derynck, M.K; Chen, M.; Chan, L.T; et al.
Heterogeneity and Clinical Significance of ESR1 Mutations in ER-Positive Metastatic Breast Cancer Patients Receiving Fulvestrant.
Nat. Commun. 2016, 7, 11579. [CrossRef]

Katzenellenbogen, J.A.; Mayne, C.G.; Katzenellenbogen, B.S.; Greene, G.L.; Chandarlapaty, S. Structural Underpinnings of
Oestrogen Receptor Mutations in Endocrine Therapy Resistance. Nat. Rev. Cancer 2018, 18, 377-388. [CrossRef]

Fanning, S.W.; Mayne, C.G.; Dharmarajan, V.; Carlson, K.E.; Martin, T.A.; Novick, S.J.; Toy, W.; Green, B.; Panchamukhi, S.;
Katzenellenbogen, B.S.; et al. Estrogen Receptor Alpha Somatic Mutations Y5375 and D538G Confer Breast Cancer Endocrine
Resistance by Stabilizing the Activating Function-2 Binding Conformation. eLife 2016, 5, €12792. [CrossRef]

Robinson, D.R.; Wu, Y.-M.; Vats, P; Su, F; Lonigro, R.J.; Cao, X.; Kalyana-Sundaram, S.; Wang, R.; Ning, Y.; Hodges, L.; et al.
Activating ESR1 Mutations in Hormone-Resistant Metastatic Breast Cancer. Nat. Genet. 2013, 45, 1446-1451. [CrossRef] [PubMed]


http://doi.org/10.2174/1574884711308020006
http://doi.org/10.1016/j.steroids.2006.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17169390
http://doi.org/10.1152/physrev.00024.2016
http://www.ncbi.nlm.nih.gov/pubmed/28539435
http://doi.org/10.1016/j.mce.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/23954741
http://doi.org/10.1073/pnas.1323719111
http://www.ncbi.nlm.nih.gov/pubmed/24449868
http://doi.org/10.3389/fendo.2019.00708
http://www.ncbi.nlm.nih.gov/pubmed/31749762
http://doi.org/10.1128/MCB.00118-10
http://doi.org/10.1016/S0092-8674(03)00934-6
http://doi.org/10.7150/ijbs.21635
http://doi.org/10.3390/biom7030053
http://doi.org/10.1080/07853890310014579
http://doi.org/10.1210/er.2011-1057
http://doi.org/10.1158/1078-0432.CCR-09-1753
http://doi.org/10.1038/nrc2713
http://www.ncbi.nlm.nih.gov/pubmed/19701242
http://doi.org/10.1038/nrc3920
http://www.ncbi.nlm.nih.gov/pubmed/25907219
http://www.ncbi.nlm.nih.gov/pubmed/9102207
http://doi.org/10.1158/1078-0432.CCR-13-2332
http://doi.org/10.1126/scitranslmed.aac7551
http://www.ncbi.nlm.nih.gov/pubmed/26560360
http://doi.org/10.1038/nature11412
http://doi.org/10.1016/j.ctrv.2018.07.014
http://doi.org/10.1038/nrclinonc.2015.117
http://doi.org/10.1038/ncomms11579
http://doi.org/10.1038/s41568-018-0001-z
http://doi.org/10.7554/eLife.12792
http://doi.org/10.1038/ng.2823
http://www.ncbi.nlm.nih.gov/pubmed/24185510

Int. J. Mol. Sci. 2021, 22, 756 14 of 16

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

Toy, W.; Shen, Y.; Won, H.; Green, B.; Sakr, R.A.; Will, M.; Li, Z.; Gala, K,; Fanning, S.; King, T.A_; et al. ESR1 Ligand-Binding
Domain Mutations in Hormone-Resistant Breast Cancer. Nat. Genet. 2013, 45, 1439-1445. [CrossRef] [PubMed]

Martin, L.-A.; Ribas, R.; Simigdala, N.; Schuster, E.; Pancholi, S.; Tenev, T.; Gellert, P.; Buluwela, L.; Harrod, A.; Thornhill, A.; et al.
Discovery of Naturally Occurring ESR1 Mutations in Breast Cancer Cell Lines Modelling Endocrine Resistance. Nat. Commun.
2017, 8, 1865. [CrossRef] [PubMed]

Merenbakh-Lamin, K.; Ben-Baruch, N.; Yeheskel, A.; Dvir, A.; Soussan-Gutman, L.; Jeselsohn, R.; Yelensky, R.; Brown, M.; Miller,
V.A,; Sarid, D.; et al. D538G Mutation in Estrogen Receptor-a: A Novel Mechanism for Acquired Endocrine Resistance in Breast
Cancer. Cancer Res. 2013, 73, 6856—6864. [CrossRef] [PubMed]

Li, S.; Shen, D.; Shao, J.; Crowder, R.; Liu, W.; Prat, A.; He, X; Liu, S.; Hoog, J.; Lu, C.; et al. Endocrine-Therapy-Resistant ESR1
Variants Revealed by Genomic Characterization of Breast-Cancer-Derived Xenografts. Cell Rep. 2013, 4, 1116-1130. [CrossRef]
Pakdel, F; Reese, ].C.; Katzenellenbogen, B.S. 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. [CrossRef]

Toy, W.; Weir, H.; Razavi, P.; Lawson, M.; Goeppert, A.U.; Mazzola, A.M.; Smith, A.; Wilson, ]J.; Morrow, C.; Wong, W.L.; et al.
Activating ESR1 Mutations Differentially Affect the Efficacy of ER Antagonists. Cancer Discov. 2017, 7, 277-287. [CrossRef]
Chigira, T.; Nagatoishi, S.; Tsumoto, K. Differential Binding of Prohibitin-2 to Estrogen Receptor o and to Drug-Resistant ERoc
Mutants. Biochem. Biophys. Res. Commun. 2015, 463, 726-731. [CrossRef]

Chandarlapaty, S.; Chen, D.; He, W.; Sung, P.; Samoila, A.; You, D.; Bhatt, T.; Patel, P; Voi, M.; Gnant, M.; et al. Prevalence of ESR1
Mutations in Cell-Free DNA and Outcomes in Metastatic Breast Cancer: A Secondary Analysis of the BOLERO-2 Clinical Trial.
JAMA Oncol. 2016, 2, 1310. [CrossRef]

Jeselsohn, R.; Bergholz, J.S.; Pun, M.; Cornwell, M.; Liu, W.; Nardone, A.; Xiao, T.; Li, W.; Qiu, X.; Buchwalter, G.; et al. Allele-
Specific Chromatin Recruitment and Therapeutic Vulnerabilities of ESR1 Activating Mutations. Cancer Cell 2018, 33, 173-186.€5.
[CrossRef] [PubMed]

Fuqua, S.A.W,; Gu, G.; Rechoum, Y. Estrogen Receptor (ER) o« Mutations in Breast Cancer: Hidden in Plain Sight. Breast Cancer
Res. Treat. 2014, 144, 11-19. [CrossRef] [PubMed]

Conway, K.; Parrish, E.; Edmiston, S.N.; Tolbert, D.; Tse, C.-K.; Geradts, J.; Livasy, C.A.; Singh, H.; Newman, B.; Millikan,
R.C. The Estrogen Receptor-ac A908G (K303R) Mutation Occurs at a Low Frequency in Invasive Breast Tumors: Results from a
Population-Based Study. Breast Cancer Res. 2005, 7, R871. [CrossRef] [PubMed]

Abbeasi, S.; Rasouli, M.; Nouri, M.; Kalbasi, S. Association of Estrogen Receptor-ac A908G (K303R) Mutation with Breast Cancer
Risk. Int. J. Clin. Exp. Med. 2013, 6, 39-49. [PubMed]

Le Romancer, M.; Poulard, C.; Cohen, P; Sentis, S.; Renoir, ].-M.; Corbo, L. Cracking the Estrogen Receptor’s Posttranslational
Code in Breast Tumors. Endocr. Rev. 2011, 32, 597-622. [CrossRef]

Michalides, R.; Griekspoor, A.; Balkenende, A.; Verwoerd, D.; Janssen, L.; Jalink, K.; Floore, A.; Velds, A.; van't Veer, L.; Neefjes, J.
Tamoxifen Resistance by a Conformational Arrest of the Estrogen Receptor « after PKA Activation in Breast Cancer. Cancer Cell
2004, 5, 597-605. [CrossRef]

Barone, I.; Iacopetta, D.; Covington, K.R.; Cui, Y.; Tsimelzon, A.; Beyer, A.; Ando, S.; Fuqua, S.A.W. Phosphorylation of the Mutant
K303R Estrogen Receptor « at Serine 305 Affects Aromatase Inhibitor Sensitivity. Oncogene 2010, 29, 2404—2414. [CrossRef]
Giordano, C.; Cui, Y.; Barone, I.; Ando, S.; Mancini, M.A.; Berno, V.; Fuqua, S.A.W. Growth Factor-Induced Resistance to
Tamoxifen Is Associated with a Mutation of Estrogen Receptor o and Its Phosphorylation at Serine 305. Breast Cancer Res. Treat.
2010, 119, 71-85. [CrossRef]

Johnston, S.R.; Kilburn, L.S.; Ellis, P.; Dodwell, D.; Cameron, D.; Hayward, L.; Im, Y.-H.; Braybrooke, J.P.; Brunt, A.M.; Cheung,
K.-L.; et al. Fulvestrant plus Anastrozole or Placebo versus Exemestane Alone after Progression on Non-Steroidal Aromatase
Inhibitors in Postmenopausal Patients with Hormone-Receptor-Positive Locally Advanced or Metastatic Breast Cancer (SoFEA):
A Composite, Multicentre, Phase 3 Randomised Trial. Lancet Oncol. 2013, 14, 989-998. [CrossRef]

Cristofanilli, M.; Turner, N.C.; Bondarenko, I.; Ro, J.; Im, S.-A.; Masuda, N.; Colleoni, M.; DeMichele, A.; Loi, S.; Verma, S.;
et al. Fulvestrant plus Palbociclib versus Fulvestrant plus Placebo for Treatment of Hormone-Receptor-Positive, HER2-Negative
Metastatic Breast Cancer That Progressed on Previous Endocrine Therapy (PALOMA-3): Final Analysis of the Multicentre,
Double-Blind, Phase 3 Randomised Controlled Trial. Lancet Oncol. 2016, 17, 425-439. [CrossRef]

Fanning, S.W.; Greene, G.L. Next-Generation ER« Inhibitors for Endocrine-Resistant ER+ Breast Cancer. Endocrinology 2019,
160, 759-769. [CrossRef] [PubMed]

Bihani, T.; Patel, HK.; Arlt, H.; Tao, N.; Jiang, H.; Brown, J.L.; Purandare, D.M.; Hattersley, G.; Garner, F. Elacestrant (RAD1901), a
Selective Estrogen Receptor Degrader (SERD), has Antitumor Activity in Multiple ER + Breast Cancer Patient-Derived Xenograft
Models. Clin. Cancer Res. 2017, 23, 4793-4804. [CrossRef] [PubMed]

Bardia, A.; Aftimos, P,; Bihani, T.; Anderson-Villaluz, A.T.; Jung, J.; Conlan, M.G.; Kaklamani, V.G. EMERALD: Phase III Trial
of Elacestrant (RAD1901) vs Endocrine Therapy for Previously Treated ER + Advanced Breast Cancer. Future Oncol. 2019,
15, 3209-3218. [CrossRef] [PubMed]

Herynk, M.H.; Fuqua, S.A.W. Estrogen Receptor Mutations in Human Disease. Endocr. Rev. 2004, 25, 869-898. [CrossRef] [PubMed]
Andersen, T.; Heimdal, K.; Skrede, M.; Tveit, K.; Berg, K.; Borresen, A.-L. Oestrogen Receptor (ESR) Polymorphisms and Breast
Cancer Susceptibility. Hum. Genet. 1994, 94, 665-670. [CrossRef]


http://doi.org/10.1038/ng.2822
http://www.ncbi.nlm.nih.gov/pubmed/24185512
http://doi.org/10.1038/s41467-017-01864-y
http://www.ncbi.nlm.nih.gov/pubmed/29192207
http://doi.org/10.1158/0008-5472.CAN-13-1197
http://www.ncbi.nlm.nih.gov/pubmed/24217577
http://doi.org/10.1016/j.celrep.2013.08.022
http://doi.org/10.1210/mend.7.11.8114756
http://doi.org/10.1158/2159-8290.CD-15-1523
http://doi.org/10.1016/j.bbrc.2015.06.002
http://doi.org/10.1001/jamaoncol.2016.1279
http://doi.org/10.1016/j.ccell.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29438694
http://doi.org/10.1007/s10549-014-2847-4
http://www.ncbi.nlm.nih.gov/pubmed/24487689
http://doi.org/10.1186/bcr1315
http://www.ncbi.nlm.nih.gov/pubmed/16280033
http://www.ncbi.nlm.nih.gov/pubmed/23236557
http://doi.org/10.1210/er.2010-0016
http://doi.org/10.1016/j.ccr.2004.05.016
http://doi.org/10.1038/onc.2009.520
http://doi.org/10.1007/s10549-009-0334-0
http://doi.org/10.1016/S1470-2045(13)70322-X
http://doi.org/10.1016/S1470-2045(15)00613-0
http://doi.org/10.1210/en.2018-01095
http://www.ncbi.nlm.nih.gov/pubmed/30753408
http://doi.org/10.1158/1078-0432.CCR-16-2561
http://www.ncbi.nlm.nih.gov/pubmed/28473534
http://doi.org/10.2217/fon-2019-0370
http://www.ncbi.nlm.nih.gov/pubmed/31426673
http://doi.org/10.1210/er.2003-0010
http://www.ncbi.nlm.nih.gov/pubmed/15583021
http://doi.org/10.1007/BF00206961

Int. J. Mol. Sci. 2021, 22, 756 15 of 16

58.

59.

60.

61.

62.

63.
64.
65.
66.
67.
68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Roodi, N.; Bailey, L.R.; Kao, W.-Y.; Verrier, C.S.; Yee, C.J.; Dupont, W.D.; Parl, EF. Estrogen Receptor Gene Analysis in Estrogen
Receptor-Positive and Receptor-Negative Primary Breast Cancer. |. Nat. Cancer Inst. 1995, 87, 446—451. [CrossRef]

Zhang, Y.; Zhang, M.; Yuan, X.; Zhang, Z.; Zhang, P.; Chao, H.; Jiang, L.; Jiang, ]. Association Between ESR1 Pvull, Xbal, and
P325P Polymorphisms and Breast Cancer Susceptibility: A Meta-Analysis. Med. Sci. Monit. 2015, 21, 2986-2996. [CrossRef]

Lu, H,; Chen, D.; Hu, L.-P; Zhou, L.-L.; Xu, H.-Y;; Bai, Y.-H.; Lin, X.-Y. Estrogen Receptor Alpha Gene Polymorphisms and Breast
Cancer Risk: A Case-Control Study with Meta-Analysis Combined. Asian Pac. J. Cancer Prev. 2013, 14, 6743-6749. [CrossRef]
Quan, L.; Hong, C.-C.; Zirpoli, G.; Roberts, M.R.; Khoury, T.; Sucheston-Campbell, L.E.; Bovbjerg, D.H.; Jandorf, L.; Pawlish, K.;
Ciupak, G.; et al. Variants of Estrogen-Related Genes and Breast Cancer Risk in European and African American Women. Endocr.
Relat. Cancer 2014, 21, 853-864. [CrossRef]

Yang, Y.; Shu, X.; Shu, X.; Bolla, M.K.; Kweon, S.-S.; Cai, Q.; Michailidou, K.; Wang, Q.; Dennis, J.; Park, B.; et al. Re-Evaluating
Genetic Variants Identified in Candidate Gene Studies of Breast Cancer Risk Using Data from Nearly 280,000 Women of Asian
and European Ancestry. EBioMedicine 2019, 48, 203-211. [CrossRef]

Zhang, Z.; Zhang, C.; Li, Y,; Zhao, Z.; Yang, S. Association between ERx Gene Pvu II Polymorphism and Breast Cancer
Susceptibility: A Meta-Analysis. Medicine 2018, 97, e0317. [CrossRef] [PubMed]

Hanson, G.; Coller, J. Codon Optimality, Bias and Usage in Translation and MRNA Decay. Nat. Rev. Mol. Cell Biol. 2018, 19, 20-30.
[CrossRef] [PubMed]

Hia, F; Yang, S.E; Shichino, Y.; Yoshinaga, M.; Murakawa, Y.; Vandenbon, A.; Fukao, A.; Fujiwara, T.; Landthaler, M.; Natsume, T.;
et al. Codon Bias Confers Stability to Human MRNAs. EMBO Rep. 2019, 20, e48220. [CrossRef] [PubMed]

Wu, Q.; Medina, S.G.; Kushawah, G.; DeVore, M.L.; Castellano, L.A.; Hand, ].M.; Wright, M.; Bazzini, A.A. Translation Affects
MRNA Stability in a Codon-Dependent Manner in Human Cells. eLife 2019, 8, e45396. [CrossRef] [PubMed]

Komar, A.A. The Yin and Yang of Codon Usage. Hum. Mol. Genet. 2016, 25, R77-R85. [CrossRef]

Marin, M.; Fernandez-Calero, T.; Ehrlich, R. Protein Folding and TRNA Biology. Biophys. Rev. 2017, 9, 573-588. [CrossRef]
Dittmar, K.A.; Goodenbour, ].M.; Pan, T. Tissue Specific Differences in Human Transfer RNA Expression. PLoS Genet. 2005,
2,e221. [CrossRef]

Gingold, H.; Tehler, D.; Christoffersen, N.R.; Nielsen, M.M.; Asmar, F.; Kooistra, S.M.; Christophersen, N.S.; Christensen, L.L.;
Borre, M.; Serensen, K.D.; et al. A Dual Program for Translation Regulation in Cellular Proliferation and Differentiation. Cell 2014,
158, 1281-1292. [CrossRef]

Santos, M.; Fidalgo, A.; Varanda, A.S.; Oliveira, C.; Santos, M.A.S. TRNA Deregulation and Its Consequences in Cancer. Trends
Mol. Med. 2019, 25, 853-865. [CrossRef]

Goodarzi, H.; Nguyen, H.C.B.; Zhang, S.; Dill, B.D.; Molina, H.; Tavazoie, S.F. Modulated Expression of Specific TRNAs Drives
Gene Expression and Cancer Progression. Cell 2016, 165, 1416-1427. [CrossRef]

Pavon-Eternod, M.; Gomes, S.; Geslain, R.; Dai, Q.; Rosner, M.R.; Pan, T. TRNA Over-Expression in Breast Cancer and Functional
Consequences. Nucleic Acids Res. 2009, 37, 7268-7280. [CrossRef] [PubMed]

Purvis, L].; Bettany, A.J.E.; Santiago, T.C.; Coggins, J.R.; Duncan, K; Eason, R.; Brown, A.J.P. The Efficiency of Folding of Some
Proteins is Increased by Controlled Rates of Translation In Vivo. . Mol. Biol. 1987, 193, 413—417. [CrossRef]

Thommen, M.; Holtkamp, W.; Rodnina, M.V. Co-Translational Protein Folding: Progress and Methods. Curr. Opin. Struct. Biol.
2017, 42, 83-89. [CrossRef]

Truitt, M.L.; Ruggero, D. New Frontiers in Translational Control of the Cancer Genome. Nat. Rev. Cancer 2016, 16, 288-304.
[CrossRef] [PubMed]

Penzo, M.; Galbiati, A.; Treré, D.; Montanaro, L. The Importance of Being (Slightly) Modified: The Role of RRNA Editing on Gene
Expression Control and Its Connections with Cancer. Biochim. Biophys. Acta (BBA) Rev. Cancer 2016, 1866, 330-338. [CrossRef]
Shi, Z.; Fujii, K.; Kovary, K. M.; Genuth, N.R.; Rost, H.L.; Teruel, M.N.; Barna, M. Heterogeneous Ribosomes Preferentially
Translate Distinct Subpools of MRNAs Genome-Wide. Mol. Cell 2017, 67, 71-83.e7. [CrossRef]

Buhr, F; Jha, S.; Thommen, M.; Mittelstaet, J.; Kutz, F.; Schwalbe, H.; Rodnina, M.V.; Komar, A.A. Synonymous Codons Direct
Cotranslational Folding toward Different Protein Conformations. Mol. Cell 2016, 61, 341-351. [CrossRef]

Yu, C.-H.; Dang, Y.; Zhou, Z.; Wu, C.; Zhao, F,; Sachs, M.S.; Liu, Y. Codon Usage Influences the Local Rate of Translation
Elongation to Regulate Co-Translational Protein Folding. Mol. Cell 2015, 59, 744-754. [CrossRef]

Sauna, Z.E.; Kimchi-Sarfaty, C. Understanding the Contribution of Synonymous Mutations to Human Disease. Nat. Rev. Genet.
2011, 12, 683-691. [CrossRef]

Rauscher, R; Ignatova, Z. Timing during Translation Matters: Synonymous Mutations in Human Pathologies Influence Protein
Folding and Function. Biochem. Soc. Trans. 2018, 46, 937-944. [CrossRef]

Fu,],; Dang, Y.; Counter, C.; Liu, Y. Codon Usage Regulates Human KRAS Expression at Both Transcriptional and Translational
Levels. |. Biol. Chem. 2018, 293, 17929-17940. [CrossRef] [PubMed]

Savas, S. Useful Genetic Variation Databases for Oncologists Investigating the Genetic Basis of Variable Treatment Response and
Survival in Cancer. Acta Oncol. 2010, 49, 1217-1226. [CrossRef]

Horjales, S.; Cota, G.; Sefiorale-Pose, M.; Rovira, C.; Roman, E.; Artagaveytia, N.; Ehrlich, R.; Marin, M. Translational Machinery
and Protein Folding: Evidence of Conformational Variants of the Estrogen Receptor Alpha. Arch. Biochem. Biophys. 2007,
467,139-143. [CrossRef] [PubMed]


http://doi.org/10.1093/jnci/87.6.446
http://doi.org/10.12659/MSM.894010
http://doi.org/10.7314/APJCP.2013.14.11.6743
http://doi.org/10.1530/ERC-14-0250
http://doi.org/10.1016/j.ebiom.2019.09.006
http://doi.org/10.1097/MD.0000000000010317
http://www.ncbi.nlm.nih.gov/pubmed/29702977
http://doi.org/10.1038/nrm.2017.91
http://www.ncbi.nlm.nih.gov/pubmed/29018283
http://doi.org/10.15252/embr.201948220
http://www.ncbi.nlm.nih.gov/pubmed/31482640
http://doi.org/10.7554/eLife.45396
http://www.ncbi.nlm.nih.gov/pubmed/31012849
http://doi.org/10.1093/hmg/ddw207
http://doi.org/10.1007/s12551-017-0322-2
http://doi.org/10.1371/journal.pgen.0020221.eor
http://doi.org/10.1016/j.cell.2014.08.011
http://doi.org/10.1016/j.molmed.2019.05.011
http://doi.org/10.1016/j.cell.2016.05.046
http://doi.org/10.1093/nar/gkp787
http://www.ncbi.nlm.nih.gov/pubmed/19783824
http://doi.org/10.1016/0022-2836(87)90230-0
http://doi.org/10.1016/j.sbi.2016.11.020
http://doi.org/10.1038/nrc.2016.27
http://www.ncbi.nlm.nih.gov/pubmed/27112207
http://doi.org/10.1016/j.bbcan.2016.10.007
http://doi.org/10.1016/j.molcel.2017.05.021
http://doi.org/10.1016/j.molcel.2016.01.008
http://doi.org/10.1016/j.molcel.2015.07.018
http://doi.org/10.1038/nrg3051
http://doi.org/10.1042/BST20170422
http://doi.org/10.1074/jbc.RA118.004908
http://www.ncbi.nlm.nih.gov/pubmed/30275015
http://doi.org/10.3109/0284186X.2010.500297
http://doi.org/10.1016/j.abb.2007.07.029
http://www.ncbi.nlm.nih.gov/pubmed/17900518

Int. J. Mol. Sci. 2021, 22, 756 16 of 16

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Fernandez-Calero, T.; Astrada, S.; Alberti, A.; Horjales, S.; Arnal, ].E; Rovira, C.; Bollati-Fogolin, M.; Flouriot, G.; Marin, M. The
Transcriptional Activities and Cellular Localization of the Human Estrogen Receptor Alpha Are Affected by the Synonymous
Ala87 Mutation. J. Steroid Biochem. Mol. Biol. 2014, 143, 99-104. [CrossRef] [PubMed]

Hertz, D.L.; Henry, N.L.; Kidwell, KM.; Thomas, D.; Goddard, A.; Azzouz, F; Speth, K.; Li, L.; Banerjee, M.; Thibert, ].N.; et al.
ESR1 and PGR Polymorphisms are Associated with Estrogen and Progesterone Receptor Expression in Breast Tumors. Physiol.
Genom. 2016, 48, 688—698. [CrossRef]

AlFakeeh, A.; Brezden-Masley, C. Overcoming Endocrine Resistance in Hormone Receptor-Positive Breast Cancer. Curr. Oncol.
2018, 25, 18. [CrossRef]

Singh, K.; Munuganti, R.; Lallous, N.; Dalal, K.; Yoon, ]J.; Sharma, A.; Yamazaki, T.; Cherkasov, A.; Rennie, P. Benzothiophenone
Derivatives Targeting Mutant Forms of Estrogen Receptor-a in Hormone-Resistant Breast Cancers. Int. J. Mol. Sci. 2018,
19, 579. [CrossRef]

Furman, C.; Hao, M.-H.; Prajapati, S.; Reynolds, D.; Rimkunas, V.; Zheng, G.Z.; Zhu, P; Korpal, M. Estrogen Receptor Covalent
Antagonists: The Best is Yet to Come. Cancer Res. 2019, 79, 1740-1745. [CrossRef]

Lin, X,; Xiang, H.; Luo, G. Targeting Estrogen Receptor « for Degradation with PROTACs: A Promising Approach to Overcome
Endocrine Resistance. Eur. ]. Med. Chem. 2020, 206, 112689. [CrossRef]

Revankar, C.M.; Bologa, C.G.; Pepermans, R.A.; Sharma, G.; Petrie, WK.; Alcon, S.N.; Field, A.S.; Ramesh, C.; Parker, M.A.;
Savchuk, N.P; et al. A Selective Ligand for Estrogen Receptor Proteins Discriminates Rapid and Genomic Signaling. Cell Chem.
Biol. 2019, 26, 1692-1702.e5. [CrossRef]

Huang, W.; Peng, Y.; Kiselar, J.; Zhao, X.; Albaqami, A.; Mendez, D.; Chen, Y.; Chakravarthy, S.; Gupta, S.; Ralston, C.; et al.
Multidomain Architecture of Estrogen Receptor Reveals Interfacial Cross-Talk between Its DNA-Binding and Ligand-Binding
Domains. Nat. Commun. 2018, 9, 3520. [CrossRef] [PubMed]

Rakha, E.A.; Pareja, FG. New Advances in Molecular Breast Cancer Pathology. Semin. Cancer Biol. 2020, in press.
[CrossRef] [PubMed]

Jeselsohn, R.; De Angelis, C.; Brown, M.; Schiff, R. The Evolving Role of the Estrogen Receptor Mutations in Endocrine
Therapy-Resistant Breast Cancer. Curr. Oncol. Rep. 2017, 19, 35. [CrossRef] [PubMed]

Turner, N.C.; Kingston, B.; Kilburn, L.S.; Kernaghan, S.; Wardley, A.M.; Macpherson, L.R.; Baird, R.D.; Roylance, R.; Stephens, P.;
Oikonomidou, O.; et al. Circulating Tumour DNA Analysis to Direct Therapy in Advanced Breast Cancer (PlasmaMATCH): A
Multicentre, Multicohort, Phase 2a, Platform Trial. Lancet Oncol. 2020, 21, 1296-1308. [CrossRef]

Gilles, A.; Frechin, L.; Natchiar, K.; Biondani, G.; Loeffelholz, O.; von Holvec, S.; Malaval, J.-L.; Winum, J.-Y.; Klaholz, B.P;
Peyron, J.-F. Targeting the Human 80S Ribosome in Cancer: From Structure to Function and Drug Design for Innovative Adjuvant
Therapeutic Strategies. Cells 2020, 9, 629. [CrossRef]

Reis, 5.D.; Pang, Y.; Vishnu, N.; Voisset, C.; Galons, H.; Blondel, M.; Sanyal, S. Mode of Action of the Antiprion Drugs 6AP and
GA on Ribosome Assisted Protein Folding. Biochimie 2011, 93, 1047-1054. [CrossRef]

Hunt, R.C.; Simhadri, V.L.; Iandoli, M.; Sauna, Z.E.; Kimchi-Sarfaty, C. Exposing Synonymous Mutations. Trends Genet. 2014,
30, 308-321. [CrossRef]


http://doi.org/10.1016/j.jsbmb.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24607813
http://doi.org/10.1152/physiolgenomics.00065.2016
http://doi.org/10.3747/co.25.3752
http://doi.org/10.3390/ijms19020579
http://doi.org/10.1158/0008-5472.CAN-18-3634
http://doi.org/10.1016/j.ejmech.2020.112689
http://doi.org/10.1016/j.chembiol.2019.10.009
http://doi.org/10.1038/s41467-018-06034-2
http://www.ncbi.nlm.nih.gov/pubmed/30166540
http://doi.org/10.1016/j.semcancer.2020.03.014
http://www.ncbi.nlm.nih.gov/pubmed/32259641
http://doi.org/10.1007/s11912-017-0591-8
http://www.ncbi.nlm.nih.gov/pubmed/28374222
http://doi.org/10.1016/S1470-2045(20)30444-7
http://doi.org/10.3390/cells9030629
http://doi.org/10.1016/j.biochi.2011.03.002
http://doi.org/10.1016/j.tig.2014.04.006

	Introduction 
	Breast Cancer Types 
	ER Activity 
	Role of ER in Breast Cancer 

	ER Missense Mutations 
	The Ligand-Binding Domain 
	Outside the LBD 

	ER Synonymous Mutations 
	Conclusions 
	References

