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DISSERTATION ABSTRACT

HSP90 inhibitors can target many oncoproteins simultaneously, but none have made it
through clinical trials due to dose-limiting toxicity and induction of heat shock response,
leading to clinical resistance. We identified diptoindonesin G (dip G) as an HSP90
modulator that can promote degradation of HSP90 clients by binding to the middle
domain of HSP90 (K¢ = 0.13 + 0.02 pM) without inducing heat shock response. We
found that binding of dip G to HSP90 promotes degradation of HSP90 client protein
estrogen receptor a (ER), a major oncogenic driver protein in most breast cancers.
Mutations in the ER ligand-binding domain (LBD) are an established mechanism of
endocrine resistance and decrease the binding affinity of mainstay endocrine therapies
targeting ER, reducing their ability to promote ER degradation or transcriptionally
silence ER. Because dip G binds to HSP90 and does not bind to the LBD of ER, unlike
mainstay endocrine therapies, it is insensitive to ER LBD mutations that drive endocrine
resistance. Additionally, we determined that dip G promoted degradation of WT and
mutant ER with similar efficacy, downregulated ER- and mutant ER-regulated gene
expression, and inhibited WT and mutant cell proliferation. Our data suggest that dip G

is not only a molecular probe to study HSP90 biology and the HSP90 conformation



cycle, but also a new therapeutic avenue for various cancers, particularly endocrine-

resistant breast cancer harboring ER LBD mutations.
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CHAPTER 1: Introduction

Portions of this chapter have been previously published in the following book chapter:

Donahue K, and Xu W. “Therapeutic Strategies to Target Activating Estrogen Receptor
a Mutations.” Nuclear Receptors: The Art and Science of Modulator Design and
Discovery, Springer Nature, 2021. DOI: 10.1007/978-3-030-78315-0


https://doi.org/10.1007/978-3-030-78315-0

Abstract

Despite great strides, estrogen receptor a (ER) positive breast cancer remains a
challenging disease. About 60-70% of breast cancers express estrogen receptor, which
is predictive of response to endocrine therapies, including selective estrogen receptor
modulators (SERMS), and selective estrogen receptor degraders (SERDs). However,
many patients will still develop therapeutic resistance. One mechanism of resistance is
the development of gain-of-function mutations in the ligand-binding domain (LBD) of
ER. Mutant ER exhibits ligand-independent, pro-metastatic activity, and higher
concentrations of anti-estrogens are required to inhibit its activity. Fulvestrant, currently
the only FDA-approved SERD, possesses dose-limiting pharmacological properties,
must be administered intramuscularly, and promotes only partial degradation of ER.
New orally bioavailable SERMs and SERDs are being developed to overcome the
shortcomings of current mainstay treatments, but are challenging classes of drug to
develop. Taking a ligand-binding domain-independent approach by modulating
molecular chaperones and E3 ligases that control ER stability could circumvent

endocrine resistance, and target additional drivers in mutant ER tumors.



Introduction

In 2019, breast cancer was the most commonly diagnosed cancer in the US?. Itis
a heterogeneous disease, and can be subclassified based on expression, or lack of
expression, of different classes of receptors. About 60-70% of breast cancers are
luminal tumors, which arise from luminal cells of the mammary duct. They express
estrogen receptor a (ERa or ER), and can be subgrouped into luminal A and luminal B
tumors. Luminal B tumors express high levels of Ki67, and can also express human
epidermal growth factor receptor 2 (HERZ2). In luminal A tumors, tumor growth is driven
primarily by estrogen and ER. Even before the discovery of estrogenic hormones
produced in the ovary (1923)? and ER (1958)3+#, as well as the cloning of ER (1986)°5, it
was recognized that endocrine ablation through oophorectomy, first performed in 1895,
could lead to regression of some breast tumors’. ER is a nuclear receptor and a ligand-
activated transcription factor encoded by ESR1 and is responsible for sensing and
mediating the effects of its ligand, estrogen. In humans, estrogens are produced
throughout life, with 173-estradiol (E2) being the predominant and most potent
circulating estrogen, particularly during reproductive years. Estrogen signaling and ER
are important regulators of diverse functions, including normal development of
mammary glands and reproductive tissues, as well as inflammation, bone density,
cognitive function, and cholesterol homeostasis. As a result, dysregulation can lead to a

variety of disease states.



Estrogen Receptor a and Breast Cancer
ER structure

The full length ER protein weighs ~66KDa, and has several domains. The
intrinsically disordered N-terminal activation functional domain 1 (AF-1) is involved in
ligand-independent activation®®. The structure of AF-1 remained elusive until recently
due to its flexible and intrinsically-disordered nature'®. Phosphorylation in the AF-1
domain represents a major mechanism of ER activation!!. Most notably, residue serine
118 (S118) can be phosphorylated!! by cyclin- dependent kinase 7 (CDK7) in response
to E2 stimulation'? and by mitogen-activated protein kinase (MAPK) in response to

activation of growth factors3-15,

The DNA binding domain (DBD) of ER contains two zinc finger motifs, allowing it
to bind to estrogen response elements (ERESs) within the genes it regulates®1’, as well
as a dimerization interface®. The hinge region of ER connects the DBD and ligand-
binding domain (LBD), and contains a nuclear localization signal (NLS)?° responsible for
nuclear translocation. This region is subjected to a variety of post-translational
modifications. For example, lysine residues in the hinge domain can be acetylated,
which fine tunes and regulates hormone and ligand responsiveness?°, as well as
sumoylated?*. In addition, K302 and K303 can be polyubiquitinated, which is important
for regulating receptor stability?2. In addition, amino acids required for stable DNA
binding and interaction of ER with accessory proteins are also found in the hinge

domain”23, The LBD, which resides in the activation functional domain 2 (AF-2) is



required for interaction with endogenous estrogens, synthetic ligands, and

coactivators24.25,

ER signaling pathways

Ligand-Dependent Genomic Functions of ER

The canonical or genomic action of ER as a transcription factor involves binding
of an endogenous ligand, such as E2, or synthetic ligands, to the LBD. This binding
induces the C-terminal helix 12 to change to the agonistic conformation?*, leading to
dissociation of ER from the HSP90 chaperone complex?®, dimerization?’, and
association with DNA motifs, such as ERE found in the promoter, enhancer, and
intergenic regions of target genes?®. Though the ERE consensus sequence is 5'-
GGTCANnNnTGACC-3' 2% where n is any nucleotide, the actual sequence of many EREs
can differ, resulting in changes to the binding affinity of the receptor to an ERE*. Some

genes regulated by ER do not contain EREs at all.

Once bound to an ERE, the complex interacts with co-regulators, including co-
repressors and co-activators which interact via their LXXLL motif3!, and epigenetic
enzymes, to regulate the transcription of estrogen-responsive genes, some of which are
important in tumor growth and survival. Post-translational regulation promotes the
dissociation of the complex, and finally, ubiquitylation of ER induces its degradation by
the 26S proteasome, and results in either further transcriptional activation or silencing3?-
34 ER-coregulatory complexes can also be recruited by other transcription factors, such

as AP-13°, SP-135, and NF-kB?3"38, to regulate transcription.



Ligand-Independent Genomic Functions of ER

Ligand-independent activation of ER is also well documented. One mechanism is
through receptor tyrosine kinases. Membrane receptor tyrosine kinases such as EGFR,
HER2, and IGF1R can activate kinase cascades that phosphorylate serine and tyrosine
residues in the AF-1 domain of ER. For example, HER2 can trigger activation of MAP
kinase ERK which can phosphorylate ER at S118, resulting in ER transcriptional

activation3949,
Non-genomic functions of ER

Many effects of estrogen that take place within seconds to minutes are too rapid
to be explained by transcriptional and translational mechanisms, which can take hours
to days. This rapid signaling can be mediated by membrane-associated ERs, which
account for ~5-10% of the total cellular ER*!, depending on the cell type. Palmitoylation
of serine 522 and cysteine 447 on ER allows for association with caveolin 1, and for ER
to be transported to the plasma membrane where ER can modulate signaling cascades,

including PI3K/AKT, MAPK/ERK#,

A brief history of breast cancer treatment and the discovery of the estrogen
receptor

In 1882, William Halstead began pioneering the radical mastectomy for breast
cancer patients, which involved removal of cancerous breast tissue, as well as the
surrounding tissue where cancer may have spread, including the pectoralis major and

minor, and axillary lymph nodes“2. This surgery significantly improved local recurrence,


https://www-sciencedirect-com.ezproxy.library.wisc.edu/topics/medicine-and-dentistry/caveolin-1

but was horribly disfiguring and brutal procedure, and ignored estrogen produced by the
ovaries, a major contributor to breast cancer growth. Endocrine ablation through
oophorectomy, first performed by George Beatson in 1895, had a significant advantage
over radical mastectomy alone as it could lead to regression of some breast tumors,
even those that were metastatic’. This is considered one of the earliest forms of
endocrine therapy. However, Stanley Boyd observed that only one-third of patients
responded to ovarian ablation*3, indicating that not all breast tumors were equally
dependent on an unknown factor secreted from ovaries that drove growth of tumors.

This factor was later identified as estrogen?.

Despite variable responses to oophorectomy, it was part of the standard of care
until advances were made in surgery, radiotherapy, and chemotherapy. It was unclear
how estrogens functioned, and what mediated their effects until Elwood Jensen’s
laboratory discovered the estrogen receptor in 1958. His lab demonstrated that tritiated
estrogen was bound and retained in estrogen-sensitive tissues such as the uterus and
vagina in immature rats®#. Along with Elwood Jensen'’s lab, Jack Gorski’s lab was also
working to address this question, and was able to isolate and characterize the estrogen
receptor from rat uterine tissue**. These discoveries were particularly notable given that
the prevailing hypothesis at the time was that estrogens participated in enzymatic
reactions to exert their effects®4. Unlike an enzyme, which fundamentally changes its
substrates, steroid hormone receptors leave their ligands unaltered. It would take
another 20 years before ER would be cloned and sequenced by Chambon and

colleagues®, Shine and colleagues*®, as well as Waterfield and colleagues®.



Collectively, these discoveries laid the foundation for the idea that if some tumors are
indeed dependent on estrogen, and ER is necessary for estrogen stimulated growth,
then detection of ER may be predictive of clinical outcomes. This idea would

revolutionize breast cancer treatment.

Jensen and colleagues showed in 1971 that breast cancers expressing high
levels of ER were more likely to respond to endocrine ablation than those expressing
low-levels of ER“6. Breast cancer task force data would corroborate this observation,
showing 60% of ER-positive patients responded to endocrine ablation, whereas only 8%
of ER-negative patients responded to the same treatment3. These findings established
ER as a predictive biomarker for response to endocrine therapy. However, even then, it
was recognized that ER+ breast tumors were very heterogenous, with some cells
expressing ER while others did not, as seen by immunocytochemistry*”48, Around this
time, Harper and Walpole at the Imperial Chemical Company (ICl) were investigating
anti-estrogens, not as anti-cancer agents, but rather as modulators of the reproductive
system*®. ICI 46,474, now known as tamoxifen, was one of the more notable molecules
developed because of its tolerability, and potent anti-fertility properties in rats®4°,
Walpole encouraged V. Craig Jordan to investigate tamoxifen’s anti-cancer properties
because tamoxifen had been shown to inhibit the binding of tritiated estradiol to mouse
and rat estrogen-sensitive tissues®*°. Jordan and colleagues showed that indeed,
tamoxifen could not only inhibit binding of tritiated estradiol to rat and mouse tumors®0:5%,
and human tumors®?, but also inhibit tumor growth and initiation of DMBA-induced rat

mammary carcinogenesis, establishing that tamoxifen not only has anti-neoplastic



effects, but also chemopreventative effects in ER+ breast cancer®3, This discovery laid
the foundation for the approval of tamoxifen as a chemopreventative drug for breast

cancer by FDA.

ER-based therapy

Because luminal A tumors are highly dependent on ER for growth, methods that
either inhibit production of its ligand, such as aromatase inhibitors (Al), or antagonize
the receptor directly, such as selective ER modulators (SERMs), are highly effective
therapies in the adjuvant setting. E2, a potent ER agonist, binds ER via the LBD.
SERMs like tamoxifen often compete with E2 for binding to the LBD, forcing ER into an
antagonistic conformation and blocking ER-mediated transcription?*34. Tamoxifen, the
first clinically approved SERM used in the adjuvant setting, is now primarily used to treat
premenopausal breast cancer patients at low-risk for recurrence with, or without,
interventions to achieve ovarian suppression. Though tamoxifen competes with E2 and
inhibits LBD-mediated co-activator recruitment, it can also promote activation of the AF-
1 domain®*°6, This results in weak agonist activity in some tissues (e.g. uterus),
increasing the risk for other kinds of cancer, and incomplete ablation of ER
transcriptional activity. Fulvestrant, a selective ER degrader (SERD), also directly
antagonizes ER. Fulvestrant has the advantage of being a pure anti-estrogen with no
agonist activity, and can promote degradation of ER through the 26S proteasome®’.
Fulvestrant is used as a second line therapy in the recurrent, and metastatic setting.
Aromatase inhibitors, such as exemestane, anastrozole, and letrozole stop estrogen

biosynthesis, thereby preventing ER-mediated transcription. Als in the adjuvant setting
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are used as the frontline endocrine therapy in postmenopausal patients, or in high-risk
premenopausal patients when combined with ovarian suppression. Recently, cyclin
dependent kinase (CDK) 4/6 inhibitors such as palbociclib have been approved for
treating metastatic ER+ breast cancer in combination with letrozole for advanced or
metastatic breast cancer, or in combination with fulvestrant in those previously treated

with endocrine therapy®®.

ESR1 mutations

ER+ tumors are typically associated with the most favorable prognosis, and
expression of ER indicates a more differentiated and luminal state. In addition,
expression of ER predicts response to endocrine therapies. However, approximately
25% of patients with primary disease, and almost all patients with metastatic disease,

will eventually develop resistance to these therapies®®.

Several mechanisms of resistance have been reported, including loss of ER,
increases in ER expression, gene fusions, bidirectional crosstalk between ER and
growth factor receptors, as well as aberrant activation of growth factor receptors and
their downstream signaling cascades®®61. One recently established mechanism of
resistance in breast cancer patients treated previously with endocrine therapies is the
development of hotspot missense mutations in the LBD of ESR1. These mutations were
originally identified in the late 90’s, but because they were rarely found in primary
tumors, they were largely ignored until ER mutations were identified by deep
sequencing of metastatic tumors®2-%6. These experiments identified “hotspot” ESR1

mutations in ~ 20-50% of metastatic breast cancers following endocrine therapy,
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depending on the study, cohort, and sequencing technology used®-%¢, Some hotspot

mutations found in metastatic sites include the Y537S, Y537N, and D538G mutations®2-

66

The D538G mutation results in increased migratory capacity in MCF7 cell models
in 2D cell culture 2, and the D538G and Y537S mutations are associated with
increased metastatic potential in vivo®’. Moreover, the ESR1 mutations are prognostic
of poor outcomes in patients with metastatic disease®6°. ESR1 LBD mutations result in
a constitutively active receptor. In addition, they have reduced ligand binding, including
to E2 and fulvestrant’®-"%. Therefore, higher concentrations of anti-estrogens are
required to inhibit its activity "°-72. Interestingly, not all LBD mutations are involved in
hormone insensitivity. K303R (though technically at the interface of the LBD and hinge
region) and E380Q result in estrogen hypersensitivity’374, and S432L and V534E are
neutral mutations’. However, there are still many LBD missense mutations that have
yet to be functionally characterized. Though ER mutations are not the primary drivers of
carcinogenesis, under selective pressure, such as long-term anti-estrogen therapy in a
post-menopausal breast cancer patient, clonal expansion of rare mutants, or acquisition

of de novo mutations, can lead to resistance®®.

Phenotypically, the wild type (WT) and mutant ER are distinct, and their
structures help to explain their respective phenotypes. In WT ER-expressing cells,
binding of agonists, such as E2, to ER changes the C-terminal helix 12 to the agonistic
conformation3®75, However, in ER LBD mutants, the helix 12 is maintained in the

agonistic conformation, mimicking ER bound to estrogen®®7°, even in the absence of
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ligand. This may explain the hormone-independent activity of mutated receptors, and

reduced efficacy of antiestrogens and ER antagonists.

Indeed, Matrtin et al. discovered naturally occurring ESR1 mutations in SUM44
cells following long-term estrogen deprivation, and showed that ESR1 mutations are
sufficient for driving acquired resistance’®. Expression of these mutations has also been
shown to be sufficient to drive metastasis. Jeselsohn et al also demonstrated that the
Y537S mutation drives metastasis using in vivo orthotopic xenografts with doxycycline
(dox)-inducible ER Y537S and ER D538G cells in ovariectomized mice with no E2
supplementation. These metastases were dependent on expression of mutant ER, as
removal of the dox diet resulted in regression of the Y537S tumors®’. Using CRISPR-
Cas9 engineered homozygous knock in ER Y537S xenograft models, Fuqua et al also

reported that the ESR1 Y537S mutation drives spontaneous, distant metastasis in vivo

1

Despite structural similarities, the mutant ER does not simply behave like
constitutively active ligand-bound WT ER, but instead has its own unique phenotype.
Further, not all mutations are equivalent, and each mutation is distinct, and displays
varying degrees of anti-estrogen resistance. Several reports have shown that ER
residue Y537 (S and N) mutations are more resistant to anti-estrogens than mutations
at D538%77! and S46373. This is also evidenced by co-regulators with mutant selectivity

for the Y537S mutant over the D538G mutant, and vice versa’8

Mutant ER Coregulators



13

Because of mutant ER’s ligand independent activity, many groups have found
that co-activator recruitment is constitutive. Gates et al. found co-activators such as
SRC1, SRC3, AIB1, p300, RNA polymerase II, KMT2C, and KMT2D were recruited by
mutant ER, even in the absence of hormones’®. Fanning et al found that SRC3 did not
bind to the WT ER a LBD in the absence of hormone’'’°. However, the ER Y537S and
ER D538G bound SRC3 in the absence of E2, albeit with reduced affinity as compared
to E2-bound WT receptor’®. Toy et al. found that compared to WT ER, the D538G
mutant co-immunoprecipitated with a much higher amount of AIB1°3, indicating that, in
addition to constitutive coactivator recruitment, coactivator recruitment to mutant ER is

enhanced compared to WT ER.
ER mutant transcriptome and cistrome

Jeselsohn et al. compared the transcriptomes of dox-inducible ER mutants
Y537S, Y537N, and D538G in the absence of E2 with WT ER cells stimulated with E2
using RNAseq®’. Based on the structural similarities between E2-bound WT ER and the
ER mutant proteins, one would hypothesize that there would be large overlaps in their
respective transcriptomes. However, only 18% of the Y537S-induced genes, and 33%
of the D538G-induced genes overlapped with the E2-induced genes in WT ER cells®’,
indicating that many mutant ER-regulated genes in hormone-deprived conditions were
unique. In addition, each mutant exhibits differing degrees of E2 independence. When
examining the E2-regulated genes in the ER mutant cells, only 12 genes were
upregulated by E2 in the Y537S mutant cells. In the D538G mutant cells, 416 genes

were upregulated in response to E2, and 64% of these genes overlapped with the E2-
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induced genes in WT ER-expressing cells®’. Analysis of patient derived xenograft (PDX)
RNAseq data and patient RNAseq data confirmed the relevance of the cell line data,
and the two data sets were highly correlated®’. This indicates several points. The
transcriptional activity of these mutants is more E2-independent compared to the WT
ER. Further, each ER mutant drives a unigue transcriptional program, and even ER

Y537S and ER D538G elicit distinct transcriptional differences®’.

Jeselsohn et al also found that the mutant cistrome is indeed E2-independent
using ChlP-seq, with the number of binding sites in the Y537S, Y537N, and D538G
mutants correlating to the known resistance phenotype of each®’. The Y537S mutant
cells had the greatest number of binding sites, and D538G mutant cells had the
fewest®’. In addition, the ER binding sites gained in the presence of the mutations
occurred at transcriptionally active regions, and >30% of the super enhancers detected
in the Y537S mutant cells, marked by acetylation of histone 3 lysine 27 (H3K27ac),
overlapped with the mutant gained binding sites®”. However, no specific pioneer factors
co-occupied these sites®”. Motif analysis showed that the ERE motif was the most
significantly enriched of all of the binding sites, indicative of direct ER binding among all
receptors and treatment conditions®’. There were many enriched motifs common to WT
and mutant ER, including FOXA1, AP-1, and GRHL2%7. FOXA1 was the second most
enriched motif in the WT ER-selective binding sites, whereas ERE motifs were enriched
in the Y537S and D538G selective motif sites®”. The FOXA1 motif was not significantly
enriched in the mutant-selective binding sites, suggesting that FOXA1 may be less

essential for mutant-specific ER DNA binding®’. Knockdown of FOXA1 did not
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significantly affect growth of mutant ER-expressing cells in hormone-depleted
conditions®’. Fu et al. showed that FOXA1 overexpression in ER* breast cancer cells
drives genome-wide enhancer reprogramming to activate pro-metastatic transcriptional
programs, and, using clinical ER*/HER2 metastatic breast cancer datasets, that the
aberrant FOXA1/HIF-2a transcriptional axis is largely non-concurrent with the ESR1
mutations’®, implying different mechanisms are employed to drive endocrine

resistance.

Using a CRISPR knock-in model, results from Harrod et al confirm that there was
a greater magnitude of ER binding in absence of estrogen in MCF7 Y537S cells
compared to WT cells®. In the mutant ER transcriptome, estrogen-regulated gene
expression was still a dominant feature. GSEA hallmark gene sets such as “estrogen
response early” and “estrogen response late” were among the most upregulated gene
sets compared to MCF7 vehicle treatment®. However, in the unstimulated Y537S
knock-in model where only one ER allele was mutated, most of the peaks found were
shared with estrogen-treated Y537S cells, as well as MCF7 WT cells®, which does not
agree with Jeselsohn et al®’. In addition, motif analysis showed that the Y537S mutation
does not cause ER binding to new unique sites®. In all conditions, ERE, FOXA1, AP-1,
and GATA3 were the most enriched binding motifs®°. To complicate things further,
Martin et al performed rapid immunoprecipitation with tandem mass spectrometry of
endogenous proteins to delineate the WT and mutant ER interactomes’. These
analyses demonstrated that, though many of the proteins bound by mutant ER were

also bound by WT ER, there were increased interactions between ER and
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transcriptional regulators like GREB1 and FOXA16, ChIP-Seq analyses also
demonstrated a ligand-independent enrichment of FOXA1 motifs in mutant ER-
expressing cells’®. Targeted knockdown of FOXA1 in WT and mutant cells resulted in a
greater growth inhibition in mutant ER-expressing cells compared with WT ER-
expressing cells, suggesting a role for FOXA1 in mutant-specific biology’®, which

directly contradicts the results from Jeselsohn et al®’.

One explanation for the discrepancy between these studies is the differences in
models used, with one study using an MCF7 inducible overexpression approach®’, one
using an MCF7 knock-in approach®, and the last using long term estrogen-deprived
SUMA44 cells with a naturally occurring ESR1 mutation’® . Indeed, Andreano et al.
showed that response to ligands was not dictated simply by the presence of a mutant
allele, but rather by the relative WT ER levels co-expressed in cells®!. Specifically,
dysregulated response to anti-estrogens was only evident in cells in which the mutants
were overexpressed relative to the ligand-activated WT ER®L. This finding underlines
the importance of using multiple models, as well as paying specific attention to

“allelism”.
ER mutant phosphorylation

Phosphorylation may also contribute to the constitutive activity of mutant ER.
Serine 118 (S118) is a major phosphorylation site within the AF-1 domain. S118 is
phosphorylated in response to many stimuli, but most notably by E211.82, S118

phosphorylation (pS118) is important for receptor stability, and is required for



17

proteasome-dependent degradation of ER, which is often coupled to transactivation®3,
Mutations in this site were shown to impair ER transactivation!!. Helzer et al. performed
ChiIP-seq to define the pS118-ER and ER cistomes in MCF-7 cells treated with
estrogen, and found that pS118 promotes direct DNA binding at active enhancers,
which is associated with increased transcriptional activity®2. In addition, pS118-ER sites
were enriched in GRHL2 DNA binding motifs®2. E2 treatment enhanced GRHL2
recruitment to pS118-ER-occupied sites®. Interestingly, mutant ER is constitutively
phosphorylated at S1188. CDK?7 functions as a CDK-activating kinase (CAK) for
CDK1, 2, 4, and 6, but has also been shown to modulate ER activity through S11812,
CRISPR-Cas9 gRNA-mediated silencing of CDK7 resulted in suppressed proliferation in
both WT ER cells in full medium, and mutant ER cells in estrogen-deprived conditions®’,
demonstrating CDK7’s importance in regulating WT and mutant ER

transcription. Normally, WT ER is rapidly phosphorylated within a matter of minutes in
response to E2 treatment®2. However, even in cells expressing HA-tagged ER D538G,
the endogenous WT ER could be phosphorylated in hormone starved conditions,
whereas this effect was not seen in the Y537S mutant-expressing cells, perhaps
suggesting that the D538G mutant has a greater propensity to heterodimerize with WT
ER®’. This propensity may also explain some of the phenotypic differences observed
between the two mutants. In addition to phosphorylation of S118, phosphorylation on
residue Y537 by SRC kinase increases E6AP recruitment, and is involved in ER

proteolysis and transcriptional activation®. When this residue is mutated to a residue
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that cannot be phosphorylated (e.g. Y537F), fails to undergo ligand-dependent

proteolysis, stabilizing the receptor®

Clinical significance of mutant ER

Despite many pre-clinical studies demonstrating that mutant ER-expressing cells
are are resistant to fulvestrant treatment, ER-positive metastatic breast cancer patients
are not currently stratified based on ESR1 mutational status. A recent retrospective
analyses of the PALOMA-2 clinical trial published by O’Leary showed that patients
continued to acquire the Y537S ESR1 mutation during fulvestrant monotherapy, or
fulvestrant and palbociclib treatment8. Analysis of the BOLERO?2 clinical trial suggested
that patients with the Y537S mutant allele may have worse outcomes compared with
patients whose tumors harbor the D538G mutation®. Mutant alleles are also associated
with shorter progression-free survival®®27.88 Even in early-stage local recurrence and
metastatic lesions, mutant alleles are associated with worse prognosis®®. ESR1
mutations occur at a higher incidence rate in patients previously treated with Al
compared to those whose treatments did not include AI®. Though there is evidence
from several studies that ESR1 mutations are associated with worse progression free
and overall survival®887.88.90 the authors of one particular meta-analysis observed that
when inspecting specific mutations, the D538G, but not the Y537S mutation, was
associated with a worse prognosis and shorter progression free survival (PFS),
regardless of what treatment was administered®®0, Additionally, ESR1 mutations were
predictive of resistance to aromatase inhibitors, but were not predictive of resistance to

other endocrine therapies® %, which disagrees with the conclusions and observations of
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many in vitro and in vivo studies. However, additional studies with larger cohorts
harboring these ER mutations will be needed to conclusively determine the clinical
differences among the various mutant alleles, including responses to specific endocrine

treatments, and prognosis.

PET imaging with 16a-18F-fluoro-17B-estradiol (*8F-FES) is a common imaging
modality that can be used to measure ER in metastatic sites, optimize doses for
endocrine therapies, and predict therapeutic response in breast cancer patients®..
Despite reduced ligand binding ability of mutant ER, as well as the structural similarities
between E2 and 8F-FES, surprisingly, Kumar et al found that tumoral uptake of 18F-
FES in MDA-MB-231 cells stably expressing either WT ER, ER Y537S, or ER Y537C
was not found to be significantly impacted by the Y537S or Y537C mutations®s. This
indicates that 1®F-FES PET imaging may be used for breast cancer patients, regardless

of ER mutational status®?.
Organotropism of ER Mutants

Frequent metastatic sites for ER+ breast cancer include the bone, liver, lymph
nodes, and brain. Toy et al found that ESR1 mutations were most frequently detected in
the liver liver and bone, and were not found in brain biopsies’®. Zundelevicet al.,
however, was able to detect one brain metastasis expressing an ESR1 mutation in their
cohort. Jeselsohn et al®” was able to confirm their findings from Merenbakh-Lamin et

al®2 that the D538G mutant allele has a liver organotropism.
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Methods to Target Mutant ER

Selective estrogen receptor modulators and degraders

Because ER is constitutively active in these tumors, it remains an important
therapeutic target. Several approaches are being pursued to target mutant ER. One
notable class of drugs being used to directly antagonize mutant ER is selective estrogen
receptor degraders, or SERDs. Fulvestrant is currently the only FDA-approved SERD,
and was shown to signficantly downregulate ER Y537S and ER D538G expression, but
at very high doses®3%°. Though fulvestrant has been shown to be effective in the
metastatic setting, fulvestrant possesses dose-limiting pharmacological properties, such
as low bioavailability®3-%8. Further, fulvestrant is administered intramuscularly, and it is
unclear whether fulvestrant occupies the receptor at saturating levels at the current
clinical dosages®*-%. Therefore, there is strong rationale for developing more potent,

orally bioavailable, pure antiestrogens that are insensitive to ESR1 mutations.

The SERM, lasofoxifene, which was originally developed for the treatment of
vulvovaginal atrophy and osteoporosis, has been shown to not be impacted by mutant
ESR1 status®. In addition, it has been shown to be efficacious in mammary intraductal
mouse models, where MCF7, or MCF7 expressing the Y537S or D538G mutations were
introduced®’. It was more effective than fulvestrant (250mg/kg 1/week SQ) at inhibiting
primary tumor growth (5 and 10 mg/kg SQ)¥’. Lasofoxifene also inhibited the Y537S and
D538G mutants from metastasizing to the lung and liver, whereas fulvestrant only

inhibited the D538G mutant®’. It is now in phase 3 clinical trials for osteoporosis, and is
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being clinically evaluated as a treatment for patients with advanced ER-positive breast

cancer whose tumors harbor ESR1 mutations (Table 1-1).

Bazedoxifene is a unique antiestrogen that possesses both SERM and SERD
properties. It has been studied extensively clinically, and is approved for use in
combination with conjugated equine estrogens for hormone replacement therapy in
postmenopausal women, as well as a single agent for the prevention of
osteoporosis®9, It has strong antagonist and SERD profiles in breast, agonist
properties in bone, and, unlike many SERMs and SERDs, did not stimulate endometrial
tissue in preclinical studies®®1%0.101 |n addition, bazedoxifene showed good oral
bioavailability and improved pharmacokinetics compared with fulvestrant®. Preclinical
studies found bazedoxifene possesses antitumor activity not only in several models of
endocrine resistance, including Al, SERM resistant tumors®8, as well as ER mutants,
though the Y537S mutant was found to be relatively resistant to degradation'?.
Bazedoxifene was also found to have anti-tumor activity in multiple ER+ PDX models,
including those expressing WT ER, the ER Y537S mutation, as well as PI3K
mutations!%?. However, some data suggest that at low concentrations, bazedoxifene
may behave more like a SERM than a SERD, with mixed agonist/antagonist

activity92,

New orally bioavailable nonsteroidal SERDs, such as AZD9496, GDC-0810 (also
known as brilacestrant), and GDC-0927 have been evaluated in pre-clinical models, and
were found to be effective in mutant ER-expressing models’3193-197_|n addition, they alll

have improved pharmacokinetics, are orally bioavailable, and do not exhibit the dose
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limitations of fulvestrant 73193107 Although exhibiting desirable mechanistic features
over fulvestrant and GDC-0810, GDC-0927 still suffers from suboptimal drug-like
propertiest®, In addition, both GDC-0810 and GDC-9027 are not pure antiestrogens,
and showed some weak agonistic activity'%3, GDC-0810 and AZD9496, in endometrial
cells and rat models, both exhibited uterotrophic effects, raising the concern that these
drugs may have agonistic activity in reproductive tissues'?#19%, Though Genentech is no
longer actively investigating GDC-0810 and GDC-0927, both have proven to be useful

tools in SERD development, and for understanding ER biology.

GDC-9545 is the replacement molecule for GDC-0927, and touts major
improvements over both GDC-0927 and fulvestrant!®®. GDC-9545 has high binding
potency, and an improved DMPK profile when compared to GDC-0927 and
fulvestrant'®®, GDC-9545’s increased oral bioavailability, reduced metabolism, and
improved oral exposure in multiple species means that the same degree of anti-tumor
activity can be achieved but at 100-fold lower doses in the HCI-013 patient-derived
xenograft (PDX) model compared to GDC-0927%, In addition, GDC-9545 can achieve
full suppression of ER signaling, resulting in robust anti-proliferative activity, which may
indicate a lack of detectable agonist activity, as was seen in GDC-0810 and GDC-
0927103108 ' A Study of GDC-9545 alone or in combination with Palbociclib and/or
Luteinizing Hormone-Releasing Hormone agonist in locally advanced or metastatic ER+

breast cancer i