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Abstract

Breast cancer is the most common form of invasive cancer diagnosed in women, and
despite advances in therapeutic strategies, approximately 10% of women with breast tumors will
experience locoregional recurrence. Therefore, we have identified the presence of nuclear
hormone receptors, including the androgen and estrogen receptors, as potential therapeutic
targets that may be aiding in the response to ionizing radiation. While the androgen receptor
(AR) and the estrogen receptor (ER) are expressed both alone and together in breast cancer, the
potential roles of AR or ER alone or in tandem have not been investigated. Previous work
demonstrated that AR may be a mediator of radioresistance in AR-positive, ER-negative models
of breast cancer, but little is known about the underlying mechanism of radiosensitization.

First, we demonstrate that in AR+ triple negative breast cancer (TNBC) models, AR
inhibition with the novel AR inhibitor and CYP17 lyase inhibitor, seviteronel, or AR knockdown
results in radiosensitization through a delay in dsDNA break repair following treatment with
radiation therapy (RT). While seviteronel is sufficient to radiosensitize AR+ TNBC cells,
seviteronel appears to have a different mechanism of radiosensitization in comparison to the
second-generation anti-androgen, enzalutamide.

To further investigate the mechanism of radiosensitization with AR inhibition, we
transcriptomic and proteomic data to nominate the MAPK/ERK signaling pathway as a mediator
of radioresistance in AR+ TNBC models. Our data demonstrates an increase in p-ERK1/2

signaling in response to AR activation using synthetic androgens. This work suggests that AR

xxi



may be activating the MAPK/ERK signaling cascade to promote DNA repair following RT, and
inhibition of AR may be sufficient to block this phenotype.

ER-positive (ER+) breast cancers account for 67-80% of all breast cancer diagnoses, and
women with breast cancer receive multimodal therapies including surgery, radiation therapy, and
endocrine therapies targeting estrogens and ER signaling. We have shown that combination
treatment of endocrine therapies with RT results in an increase in radiosensitivity in AR-negative
(AR-)/ER+ breast cancer models. This radiosensitization is due to a decrease in non-homologous
end joining efficiency resulting in a delay in dSDNA break repair with endocrine therapy
treatment.

Co-expression of ER and AR has been observed in 70-90% of all ER+ breast cancers, and
we sought to understand whether AR and ER had independent roles when co-expressed together
in AR+/ER+ breast cancers. Abrogation of AR alone in AR+/ER+ breast cancer models, using
pharmacologic or genetic approaches, had no effect on radiosensitivity, while targeting the ER
had a limited effect on radiosensitization in some models. To understand whether there may be a
compensation mechanism between AR and ER signaling, we assessed radiosensitization in
AR+/ER+ models, seeing no added benefit from combined abrogation of AR and ER compared
to monotherapy alone, suggesting that the role of AR in response to RT may be dependent on co-
expression of other proteins, most notably, the estrogen receptor.

Collectively, our data begin to uncover the nuances of nuclear hormone receptor
signaling in response to ionizing radiation in breast cancer models, suggesting that AR and ER
may play independent roles when expressed alone or in tandem. Together these findings will
inform clinical trial design for patients with breast cancer, increasing the translational relevance

of our work.
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Chapter 1 : ARe We There Yet? Understanding Androgen Receptor Signaling in

Breast Cancer!

1.1 Abstract

The role of androgen receptor (AR) activation and expression is well understood in
prostate cancer. In breast cancer, expression and activation of AR is increasingly recognized for
its role in cancer development and its importance in promoting cell growth in the presence or
absence of estrogen. As both prostate and breast cancers often share a reliance on nuclear
hormone signaling, there is increasing appreciation of the overlap between activated cellular
pathways in these cancers in response to androgen signaling. Targeting of the androgen receptor
as a monotherapy or in combination with other conventional therapies has proven to be an
effective clinical strategy for the treatment of patients with prostate cancer, and these therapeutic
strategies are increasingly being investigated in breast cancer. This overlap suggests that
targeting androgens and AR signaling in other cancer types may also be effective. This
manuscript will review the role of AR in various cellular processes that promote tumorigenesis
and metastasis, first in prostate cancer and then in breast cancer, as well as discuss ongoing
efforts to target AR for the more effective treatment and prevention of cancer, especially breast

cancer.

! This chapter was published in NP.J Breast Cancer and completed in collaboration with the following authors:
Daniel E. Spratt, Lori J. Pierce, Corey W. Speers.



1.2 Introduction

Androgens are expressed at different levels in men and women, and while they are
important for proper development, they can also drive tumor growth. Most notably, the role of
the androgen receptor (AR) in prostate cancer has been extensively studied. Recent data suggest
that AR signaling may also be important in breast cancer, glioblastoma, and additional tumor
types with AR expression!. In order to develop effective treatment strategies for patients with
each of these cancer types, it is important to understand how AR is functioning similarly and
differently to drive tumor growth.

AR belongs to the Type I class of nuclear hormone transcription factors along with the
estrogen receptor (ER), progesterone receptor (PR), and glucocorticoid receptor (GR)?. As is
characteristic to this type of receptor, inactive forms of AR are located in the cytoplasm, bound
to heat shock proteins (HSPs)?. The HSPs are responsible for proper protein folding, prevention
of misfolding and maintaining the 3D protein structure during events of cellular stress*>. AR,
like other receptors in this family, is activated by the binding of androgen molecules to its ligand
binding domain (LBD). Androgen binding results in AR homodimerization and translocation
into the nucleus, where AR binds to androgen response elements (AREs) resulting in activation
and transcription of a variety of downstream genes. Binding of AR results in the activation of
diverse signaling pathways, including multiple signaling pathways that have been implicated in
cancer, including the PI3K/AKT pathway®. AR also contributes to cell growth and proliferation
differently in the context or absence of ER, and AR has an influence on cell cycle and DNA
damage repair. Further, AR has non-genomic functions that can influence cell growth, migration,

metastasis, and apoptosis. Due to its many downstream effects, anti-androgen therapies have



long been of therapeutic interest along with combining AR antagonism with conventional

chemotherapy or radiation therapy.

1.3 Gene Expression and Hormone Receptor Function

The AR has been well characterized as a key driver for the growth of prostate cancer in
men. In this context, castration or androgen deprivation therapy (ADT) is a first line of therapy
for men with metastatic prostate cancer. Despite the efficacy of ADT, resistance is near-
universal. In some men, resistance can be mediated by AR amplification’, and others develop
mutations in the LBD of AR in response to anti-androgen treatment®. These mutations can render
cells refractory to androgen deprivation as there is constitutive AR activation, even in the
absence of androgens. This results in activation of AR including AR binding to AREs and
constitutive AR-regulated gene expression. More recently, a role for the androgen receptor in the
progression of breast cancer has been described. While AR’s function has not been fully
characterized in breast cancer, work done in prostate cancer informs the potential function of AR
in breast cancer.

Similar to the role that AR plays in prostate cancer development and progression, the
estrogen receptor (ER) has been recognized for the integral role that it plays in driving the
development of the majority of breast cancers’. Breast cancers that express the estrogen receptor
(ER+) grow in response to the presence of estrogen and are more responsive to endocrine
ablation!®!!, This understanding led to some of the first “molecularly targeted therapies” that
established the use of aromatase inhibitors (Als) or selective estrogen receptor modulators
(SERMs), which block the production and signaling of estrogen'?. Als and SERMs have been
used as effective therapies for women with tumors that express ER!>!4, Despite having identified

the presence of AR expression in breast cancer many years ago'?, little is known about the role of



androgen signaling in breast cancer, though its importance as a potentially effective therapeutic
target is increasingly appreciated and will be discussed herein. We begin with a review of the
various processes known to be mediated by AR signaling, as recent studies have shed light on

the role of AR with other pathways known to be abrogated in cancer.

1.4 Transcription Factor and Protein Interactions

1.4.1 AR and FOXAl

Prostate Cancer

FOXALI is a transcription factor which plays an important role in aiding the binding of
hormone receptors to their target DNA!®. More recently, three distinct classes of alterations in
FOXAT1 have been described in prostate cancer, each with unique structural and phenotypic
consequences!’. The Class-1 activating mutations originate in early prostate cancer without
alterations in ETS or SPOP and are found in the wing-2 region of the DNA-binding forkhead
domain. Functionally these mutations allow for enhanced chromatin mobility and binding
frequency and strongly transactivate a luminal AR program. The second class of activating
mutations are found in metastatic prostate cancer and are characterized by a truncated C-terminal
domain. These mutations increase FOXA1 DNA affinity and promote metastasis by activating
the Wnt pathway through TLE3 inactivation. The final class of FOXA1 genomic rearrangements
are characterized by duplications and translocations within the FOXA1 locus that reconfigure
regulatory elements (FOXA1 mastermind elements) to drive overexpression of FOXAT1. This
third class of alterations is found primarily in metastatic prostate cancer and further underscores
the interaction and significance of AR and FOXA1 protein interactions!’. Similar classes of

alterations also been observed in breast cancer!. In prostate cancer, FOXAI1 also influences the



ability of AR to bind DNA and control cell cycle progression. FOXAT1 binds to genes necessary
for growth of castration-resistant prostate cancer (CRPC), suggesting that FOXA1 is responsible
for driving cell cycle progression in CRPC both from G1 to S and G2 to M8, FOXA also
facilitates cell cycle progression from G2 to M by acting as a cofactor for AR'®, Unsurprisingly,
there is also significant overlap between genomic binding sites occupied by AR and FOXA1%.
While AR binds to many DNA regions independent of FOXA1, DNA binding sites often require
the presence of FOXA1 for AR recruitment!®. Therefore, loss of FOXA1 results in the inability
of AR to bind many DNA loci!®. Using H3K4me2 ChIP analyses, Sahu ef al. found that there
were H3K4me2 marks at approximately 70% of sites shared by AR and FOXA1'. Furthermore,
staining of FOXA1 has been shown to correlate with disease outcomes in prostate cancer
patients, where even with high AR staining, low FOXA1 is associated with good prognoses, and
strong FOXA staining correlates with poor prognoses!®, indicating that FOXA1 may have an
important effect on AR signaling and tumor progression. Levels of FOXAT1 are also elevated in
prostate tumors and metastases, and overexpression of FOXAT in prostate cancer cell lines
results in increased AR binding at novel sites that have high chromatin accessibility?°. These
results suggest that increased levels of FOXA1 enhance AR binding to novel sites in order to
facilitate cancer cell growth?® and implicate the importance of FOXA1 on AR function and

tumor progression.

Breast Cancer

FOXAL is also essential for the growth of ER+ breast cancer cell lines?!. Similar to
prostate cancer, ChIP-seq studies have shown that there is extensive overlap between locations of
AR and FOXA1 binding in breast cancer cells?2. The function of AR in breast cancer is also

dependent upon FOXAL1, as silencing of FOXAT1 inhibits AR binding of target DNA as well as



cell growth??. In addition, FOXA1 functions as a transcription factor, playing an important role
in aiding binding of hormone receptors, including ER and AR, to their target DNA!623, When
expressed with AR, FOXA1 may direct AR binding at sites of ER binding in luminal tumors®*,
Notably, coexpression of AR and FOXAT1 was observed by IHC in ~15% of triple negative
breast cancer (TNBC) patients?*, and AR-positive (AR+), FOXA1-positive (FOXA 1+) patients
had a significant decrease in recurrence-free survival and overall survival compared to TNBC
patients?®. These findings suggest that when co-expressed in TNBC, AR and FOXA1 may be
mediating an estrogen-like gene signature similar to those expressed in luminal breast cancers.
FOXATI has been studied extensively in the context of ER chromatin binding, and ER binding is
dependent on FOXA1 in the presence or absence of ligand?*. Further, similar to findings in
prostate cancer, 1.8% of breast cancers harbor mutations in FOXA1, and amplifications of the
FOXAI1 gene locus have been observed in breast and prostate cancers®®. Notably most identified
mutations are in the forkhead domain of FOXA1, and tumors in this study were exclusively ER+.
The implications of these mutation, however, is still under investigation in breast cancer.
Interestingly, differences exist between the function of FOXAT in directing AR binding in breast
versus prostate cancers, and future studies may investigate the varied roles of FOXA1 in
directing AR binding in TNBC and prostate cancer, in addition to investigating the role of AR
when co-expressed with ER. Current literature suggests, however, that regardless of tumor type,

FOXALI is an important cofactor for directing the transcriptional activity of AR.

1.4.2 AR and PTEN

Prostate Cancer

Expression of AR with PTEN has also been investigated in prostate cancer. In prostate

cancer patients, high AR expression with low PTEN expression is associated with poor clinical



outcomes?’. In prostate tumors, with loss of PTEN, there are decreased levels of AR signaling?®.
Inhibition of PI3K in these tumors results in increased levels of AR signaling through loss of
HER2 mediated feedback inhibition of AR?®, A direct physical interaction between AR and
PTEN in low passage LNCaP cells has been shown to inhibit nuclear translocation of AR
resulting in an increase in degradation of AR protein®. A pilot study suggested that high
expression of both AR and PTEN in patients with advanced prostate cancer was associated with
a higher risk of relapse at 30 months after surgery (85.7% of high PTEN and AR expressing
patients verses 16.6% in patients with low AR and PTEN expression)*°. Further, combination
therapy with both anti-androgen (bicalutamide) and PTEN induction was shown to reduce PSA
promoter activity compared to PTEN alone®!. Sequencing of metastatic-CRPC (mCRPC)
patients revealed that AR and PTEN are among the most commonly aberrant genes, along with
the ETS family and TP532. Therefore, these data suggest that both AR and PTEN may influence

prostate tumor growth and progression.

Breast Cancer

There are opposing findings when comparing AR and PTEN transcript expression in
prostate verses breast cancer. In breast cancer, there is an AR-binding motif located in the PTEN
promoter, and there is a positive correlation between AR and PTEN transcript levels?’. In
addition, high expression of AR and PTEN is correlated with better clinical outcomes for breast
cancer patients?’. Interestingly, in AR+ TNBC, AR interacts at an ARE located in the promoter
of ERB*3, and ERP also plays a role in regulation of PTEN expression to control tumor growth34,
The interaction between AR and PTEN may be context specific and important for predicting
outcomes for patients with AR+ disease: where AR expression is associated with disease

progression in prostate cancer’, PTEN loss is also correlated with poor outcomes®>3¢27, In breast



cancer, however, loss of PTEN is also correlated with negative estrogen and progesterone
receptor status, and PTEN loss is associated with breast tumor progression®’. Therefore, these
results suggest that the function of PTEN may be context specific and understanding the nuances

in situational signaling of AR may help elucidate the role for PTEN in AR+ disease progression.

1.4.3 Non-Genomic AR Functions

Prostate Cancer

Prostate cancer cells exhibit rapid proliferation responses in response to androgen
stimulation, suggesting non-genomic AR signaling. Upon activation with androgens or
estrogens, cytoplasmic AR can activate MAPK/ERK signaling through an association with Src3®,
The activation of the Src/ERK pathway is dependent on androgen concentration (0.1-10 nM) and
is inhibited at high concentrations (100 nM)*. Treatment with DHT also induces rapid ERK1/2
phosphorylation; however, MAPK activation can be blocked pharmacologically using a MEK
inhibitor, suggesting AR is activating the Raf1-MEK pathway resulting in MAPK activation®.
Further, AR can also activate the phosphatidyl-inositol 3-kinase (PI3K)/Akt pathway leading to
activation of mammalian target of rapamycin (mTOR)*!. In addition, androgens can interact at
the plasma membrane which is associated with the modulation of intracellular calcium and
cAMP levels*>#!. Many membrane-bound G-protein coupled receptors (GPCRs) are also
responsive to androgen treatment, leading to an increase in apoptosis*’, phosphorylation of
ERK*, or reduced cell migration and metastasis*’. Together, these findings suggest that AR may

also function within the cytoplasm or at the membrane to activate non-genomic functions.



Breast Cancer

Similar to non-genomic AR functions in prostate cancer, the cytoplasmic roles of AR
have also been investigated in breast cancer. Chia ef al. demonstrated that AR is necessary and
sufficient for ERK phosphorylation following DHT stimulation in MDA-MB-453 and HCC-
1954 cells*. Further, inhibition of AR resulted in decreased levels of phospho-Elk1, phospho-
RSK, and ¢-FOS in xenograft tumors and in patient tumors, corresponding to a decrease in ERK
target proteins*. In TNBC, AR inhibition has also been shown to modulate the activity of the
Ca”"-activated K* channel, Kcal.1, which is associated with breast cancer invasion and
metastasis*’*¥. Multiple groups have also studied the role of cytoplasmic AR
phosphorylation**-%; however, additional work is required to understand how AR modifications
influence cellular function and localization. At the membrane, many receptors mediate rapid

responses to androgen signaling, representing novel membrane-ARs>!->2

. These signals, however,
are complex as agonistic verses antagonistic effects are dependent on receptor stoichiometry®?.
Furthermore, AR is expressed in fibrosarcoma cells; however, a significant portion of AR is
transcriptionally incompetent and does not bind to AREs upon activation. Rather, there is
crosstalk between EGFR and AR, and treatment with bicalutamide decreases xenograft tumor
growth>?, Together these data from multiple cancer models suggest that AR has non-genomic

functions affecting tumor growth both in prostate and breast cancer which warrant further

investigation.

1.5 Cell Growth and Proliferation

1.5.1 Androgens and AR Splice Variants



Prostate Cancer

A number of AR splice variants have been identified, and they play an important role in
the development of CRPC. The gene encoding AR is located on the X chromosome, encoding
nine exons that produce the full length AR transcript>*. Aberrant splicing of AR pre-mRNA,
however, can result in the production of AR isoforms that are constitutively active. These
isoforms can drive an AR transcriptional program even in the absence of androgen signaling,
resulting in androgen independent tumor growth>>-*%, AR variants (ARVs) are present both in
prostate cancer and breast cancer, and these variants commonly are truncated or have mutations
in the AR LBD’. In addition, AR transcripts can have aberrant splicing, resulting in skipped
exons>®, ChIP studies have demonstrated that splice variants, including AR-V7, are able to bind
ARE DNA sequences as well as unique regions of additional genes®. AR splice variants have
been shown to require expression of full-length AR (AR-FL) suggesting that a balance between
ARV and AR-FL expression is required for resistance in prostate cancer models™.

The most common splice variant, AR-V7, lacks a ligand binding domain®. Clinically, in
a cohort of prostate cancer patients treated with enzalutamide or abiraterone acetate, 39 patients
(19%) had detectable levels of AR-V7 in circulating tumor cells (CTC)%!. Patients who had AR-
V7 expression had lower PSA response rates and worse survival compared to AR-V7 negative
patients®!. In addition to reliance on AR-splice variants, resistance to ADT is also mediated
through signaling of additional hormone receptors. The glucocorticoid receptor (GR) has been
shown to be increasingly present in androgen-deprived prostate cancer patients (78% vs. 38% of
untreated patients)®?, and expression of GR is increased in xenografts that are resistant to ARN-
509 (apalutamide)®®. In addition, there is overlap between AR and GR binding at classic response

elements as well as regulation by both DHT and dexamethasone, a GR agonist®. In prostate
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cancer cells, stimulation with dexamethasone in the presence of enzalutamide resulted in
expression of AR target genes®, providing further evidence that GR signaling could compensate

for AR in the presence of AR-antagonists.

Breast Cancer

There are significantly fewer AR mutations observed in TNBC compared to CRPC;
however, AR splice variants are still common. In breast cancer, AR-V7 is most highly expressed
splice variant in basal tumors compared to other tumor types, with the lowest expression in
luminal tumors®. Little is known about how AR-V7 may be contributing to anti-androgen
resistance in AR+ TNBC or if it is functioning similarly to its observed role in CRPC®. In
HER?2-enriched patients, however, high AR-V7 expression is associated with significantly higher
metastasis free survival and disease-specific survival®. Therefore, the ability of a tumor to
produce its own androgens, as well as its reliance on splice variants may also play an important
role in understanding how AR is functioning to drive tumor growth in the context of ADT or
anti-androgen therapies.

Importantly, differences also exist in preclinical cell lines used to study AR+ breast
cancers. While common cell lines, including MDA-MB-453, MDA-MB-231, ZR-75-1, MFM-
223, MCF-7 and T47D, have varying levels of AR-FL expression, ARV expression also varies
widely among cell lines — both in total ARV expression and expression of specific AR variants®.
Notably, MDA-MB-453 cells contain the AR-Q865H variant which harbors a mutation in the
AR LBD®, demonstrating the importance of considering the influence of ARV expression in

laboratory studies. Furthermore, understanding the similarities and differences of how ARVs

may be influencing AR expression and contributing to breast tumorigenesis will be important.

1.5.2 Estrogen Influence on Androgen Signaling in Breast Cancer

11



AR+, ER+ Cancers

Breast tumors that are ER+ are more likely to be AR+ compared to tumors that are ER-57,
and AR status is related to ER and PR status but independent of the status of human epidermal
growth factor receptor 2 (HER2)%. Interestingly, patients with AR:ER ratios > 2 have worse
disease free survival compared to patients with lower AR:ER ratios in the presence of anti-
estrogen therapies or chemotherapy treatment®. Defining expression of AR and ER, however, is
challenging, and results vary widely depending on the assays (including immunohistochemistry
[ITHC], radioimmunoassay, and reverse-phase protein array®’) and cut-offs used to define
positivity. Clinically, ER expression is measured by IHC, and ER+ tumors are defined as those
with >1% of tumor cells with positive nuclei’”’. AR positivity, however, has been defined with
varying cut-off levels from 1% to 75%57-"!. The prognostic role of AR in breast cancer remains
unclear. A recent study has demonstrated that >78% AR positivity is required to accurately
assess the prognostic role of AR in ER+ cancers, with ER+ patients that have >78% AR-
positivity having the best survival outcomes’?. In other studies, however, breast cancer patients
with AR+ tumors have better overall survival at both three and five years compared to patients
with AR- tumors, regardless of ER expression®’. These data suggest that the role of AR in
driving breast cancer growth may differ in the presence or absence of ER and that antagonizing
AR may have different effects depending on the level of AR expression.

Androgen receptor expression in ER+ breast cancers antagonizes the signaling of
mitogenic ERa, and AR expression leads to the upregulation of ERB?*3. In ER+ breast cancer,
AR binds at an ARE located in the promoter of the ER gene, resulting in increased ERf3
expression®. Interestingly, the presence of ERPB has been shown to inhibit transcriptional activity

of ERa?, therefore, suggesting that AR-regulated increased activity of ERB may indirectly

12



influence ERa activity. Similarly, in prostate tissue, ERP is thought to play an antagonistic role
to AR, resulting in the suppression of cellular proliferation and the promotion of apoptosis’.
ERB is also important for the control of cell cycle progression and arrest’>®, indicating that
increasing ER expression may be a therapeutic strategy in prostate cancer’’.

In contrast to early studies suggesting high AR expression is associated with improved
outcomes, recent data suggest high AR expression may be associated with therapy resistance,
including endocrine therapy resistance. Indeed, De Amicis et al. first reported the positive
correlation between high AR expression and tamoxifen resistance, suggesting that tumors with a
high AR:ER ratio are more likely to be resistant to anti-estrogen therapies, which are common
first line of therapy for ER+ tumors’®. Patients resistant to tamoxifen with AR:ERa ratios > 2
have worse disease free survival, and disease specific survival”. Interestingly, in tamoxifen-
resistant MCF-7 cells, loss of AR signaling by AR knockdown, but not treatment with
enzalutamide, restored sensitivity to tamoxifen®°. These results suggest that AR expression may
be a mechanism of hormone therapy resistance, and therefore a therapeutic target in resistant
hormone receptor positive breast cancers.

Anti-AR therapy is of increasing clinical interest. AR inhibition may be an effective
strategy for growth inhibition of AR+, ER+ breast tumors. AR inhibition with enzalutamide has
been shown to be synergistic with tamoxifen- or fulvestrant-mediated ER inhibition, in addition
to controlling growth of tamoxifen-resistant MCF-7 cells in vitro and in vivo in an AR+, ER+
patient derived xenograft (PDX) model®'. Enzalutamide has been shown to be effective in AR+
breast tumors, including ER+ (MCF-7) cells and ER- (MDA-MB-453) cells®. ChIP analyses
demonstrate that there is extensive overlap between AR and ER binding sites after E2

stimulation in MCF-7 cells®!. Interestingly, however, AR binding was different based on
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stimulation with DHT or E2 in MCF-7 cells suggesting that AR may regulate a unique
transcriptional program in the absence of estrogen signaling, providing additional evidence for
synergism between anti-estrogen and anti-androgen therapies®!. These results indicate that
targeting AR in combination with anti-ER therapies may be an effective therapeutic strategy for
patients with AR+, ER+ breast cancers.

Functionally, AR and ER share many similarities in their signaling pathways, including
the mechanism of receptor activation, as both receptors are activated through ligand binding®3.
ER and AR recognize similar sequences of DNA: where ER binds to 5’-AGGTCA-3’, AR
recognizes the 5’-AGAACA-3’ sequence®> 4, Further, in breast cancer, both AR and ER require
similar cofactors for the activation of common signaling pathways®?. Binding of AR or ER can
activate MAPK signaling, among other pathways®, and due to their similar structure and
signaling function, both hormone receptors are in competition within the cell for the binding of
scaffold proteins and cofactors®’. While AR and ER share many similarities, there may be

important differences determining their role in driving tumor growth.

AR+, ER- Cancer

The function of AR in breast cancer appears to be dependent upon its co-expression with
ER, as there is evidence for varying effects of AR on the growth of breast cancer cells in the
presence or absence of ER. Indeed, while AR is co-expressed with ER in 70-90% of breast
tumors, AR is only expressed in 15-30% of ER-negative breast tumors®>. Breast cancers that do
not express ER, PR, and HER2 have been traditionally described as triple negative breast cancers
(TNBC). Recently, however, a subtype of TNBC has been established which is characterized by
luminal AR expression®®%7, In studies with AR+ human breast cancer cell lines, androgens had

both proliferative and anti-proliferative effects depending on the cell line of interest®®. More
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recently, however, multiple groups have demonstrated that targeting AR in AR+ TNBC is an
effective treatment strategy both in vitro and in vivo®>%%%°, Interestingly, in AR+ TNBC,
approximately 30% of patients have expression of ERB®!, and ERP expression has been shown to
increase the efficacy of anti-androgens in AR+ TNBC cells®. Together these data demonstrate
the importance of AR in driving growth of AR+ TNBCs.

While AR expression has been increasingly recognized in AR+, ER- breast cancers, the
specific role of AR signaling is not well understood. Some studies suggest an important role for
AR in signaling in the absence of ER®. In an analysis of AR+, ER- MDA-MB-453 cells, the AR
cistrome was found to be more similar to that of ER in MCF-7 (AR-/ER+) cells compared to the
AR cistrome in LNCaP prostate cancer cells??. Therefore, AR may function in place of ER in
AR+, ER- breast cancer??, having a distinct role in AR+ TNBC compared to prostate cancer. AR
may also be important for promoting the cancer stem cell-like (CSC-like) population in TNBC,
in addition to reducing the levels of detachment-induced apoptosis in cells grown in forced
suspension compared to attachment conditions®. These results suggest that AR blockade may be
effective in combination with paclitaxel to target CSC-like cells and reduce tumor recurrence
compared to paclitaxel treatment alone®*. In addition, AR is commonly enriched in breast
cancers overexpressing HER2, indicating a role for AR in activation of HER2 and Wnt
signaling®-?>. Therefore, AR expression may be an important target for directing treatments for

patients with ER- breast cancer.
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1.6 DNA Damage Repair

Prostate Cancer

While the mechanism of the AR in response to DNA damage is just beginning to be
uncovered in breast cancer, the mechanistic role of AR in DNA damage repair has been more
extensively characterized in prostate cancer. Goodwin et al. found that AR is activated in
response to reactive oxygen species (ROS) and DNA damage®®. Additionally, in response to
ionizing radiation, CRPC cells have enhanced DNA repair and decreased DNA damage®’. AR
activation results in the expression of DNA damage repair genes including PRKDC, encoding
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), an essential protein necessary for
non-homologous end joining (NHEJ) repair of double-stranded DNA (dsDNA) breaks®®. In
addition, treatment with radiation and androgens results in the upregulation of XRCC2 and
XRCC3, two genes important for homologous recombination (HR)*°. Conversely, anti-androgen
treatment results in decreased DNA repair in cells and increased levels of dSDNA breaks®’. The
same group also showed that treatment with AR inhibitors results in increased radiosensitivity
and decreased NHEJ-mediated recombination suggesting that AR is involved in NHEJ-mediated
repair of dsDNA breaks®’’. DNA-PKcs has been shown to function in complex with Ku70 and
Ku80 to respond to DNA damage. Interestingly, DNA-PKcs physically interacts with AR;
however, this interaction does not require the presence of DNA®, This suggests that AR
regulation of the DNA damage response may not be completely dependent on AR-mediated
transcriptional regulation of DNA damage response genes. Following androgen stimulation in
prostate cancer cells, AR is recruited to enhancer elements, along with DNA-PKcs, coregulator
p300, and RNA Pol II suggesting that the interaction of AR and DNA-PKcs may be important

for the regulation of specific transcriptional programming®8. Therefore, an interaction between
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AR and DNA-PKcs may also be important for AR’s role in the repair of DNA damage. In patient
tissue, castration resulted in the downregulation of Ku70 protein levels, impairing NHEJ”. AR
regulates Ku70 levels in prostate tissue, and due to the critical role of Ku70 in effective NHEJ,
downregulation of this protein abrogates NHEJ-mediated repair®. Collectively these data
suggest that AR signaling plays an important role in the repair of dsDNA breaks, at least in part

through interactions with Ku70/Ku80 and DNA-PKcs, members of the NHEJ repair pathway.

Breast Cancer

Recent data in breast cancer suggests that loss of AR signaling through knockdown or
pharmacologic inhibition with enzalutamide or seviteronel results in increased sensitivity to
ionizing radiation!?*!°!, In addition, AR mRNA levels correlate with survival following radiation
treatment, and AR is important for regulating the DNA damage response in AR+ breast cancer

cell lines!??

. Pharmacologic AR inhibition results in delayed repair of dsDNA breaks following
ionizing radiation, suggesting that AR is influencing dsSDNA damage repair. Additionally AR
inhibition with enzalutamide decreases levels of phosphorylated DNA-PKcs following radiation,
indicating that NHEJ may be important for the repair of radiation-induced dsDNA breaks in
breast cancer'?. Although some similarities exist between the DNA damage repair interaction

with AR in prostate and breast cancers, a full characterization of the similarities and differences

is still ongoing.

1.7 Cell Cycle Regulation

Prostate Cancer

Cell cycle progression is driven by the rising and falling of cyclins and cyclin dependent

103

kinase (CDKs) protein levels, in addition to their activation'?". In prostate cancer, AR is
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regulated in a cell-cycle dependent manner!®. Nuclear transactivation of AR is highest in G1 and
decreases in S-phase, while the same changes occur in AR phosphorylation and cellular
localization!®, Further, CDK 1 has been shown to phosphorylate AR on S308 in response to
ligand binding!%*. The phosphorylation results in changes in AR chromatin localization'*. AR
signaling is responsible for the activation of genes controlling the G1-S transition!%.
Specifically, AR is responsible for G1 CDK activation and the phosphorylation of
retinoblastoma (pRb), which is necessary for the activation of CDKs that will drive the G1-S
phase progression'?®. In the absence of androgen signaling, prostate cancer cells will arrest in
early G1 phase as they do not have expression of the necessary CDK and cyclin proteins!%%197,
AR and pRb have also been shown to interact, and an overexpression of pRb increases the
transcriptional activity of AR!08:109,

AR signaling is also important for the regulation of other cell cycle related genes,
including the regulation of CCND1 expression'!?, Importantly, CCNDI encodes cyclin D1 which
has an interaction with pRb that is necessary for cell cycle progression. AR binds to androgen
responsive elements (ARE) that are located ~570-556 base pairs upstream of the transcription
start site of the proximal promoter of CCND1, suggesting that AR plays a regulatory role to
influence CCND1 expression!!”. In prostate cancer cells, following treatment with androgens,
there is induction of expression of CDK inhibitors p21 and p27'!!. Expression of p21 is
controlled at the transcriptional level through the presence of an ARE in the promoter region,
~200 base pairs upstream of the proximal promoter!!?, AR signaling has been shown to be
important for control of cell-cycle related gene expression, resulting in growth implications in

tumor cells.
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Additionally, in prostate cancer cells, the synthetic androgen mibolerone inhibited
proliferation and reduced levels of c-MYC transcripts, suggesting that AR is important for

regulating c-MYC levels!!?

. AR expression is also regulated by AREs as well as MYC binding at
the consensus site!'%. Thus, in addition to its role cell growth and the DNA damage response, AR
expression and activation is itself regulated in a cell cycle-dependent manner which then

influences expression of CDK and transcription factors to regulate progression through the cell

cycle.

Breast Cancer

In addition to interactions with cyclins and CDKs, AR also interacts with many other
important proteins, including well characterized oncogenes and tumor suppressers. In AR+
TNBC, DHT has been shown to increase levels of cyclin D1, while decreasing p73 and p21
expression'!®, Conversely, treatment with bicalutamide resulted in a decrease in cyclin D1
expression, while increasing p73 and p21 levels, implicating a role for AR in the control of cell
cycle progression in AR+ TNBC models!!>. The expression of AR and pRb in breast cancer is
also significantly correlated , and AR has been shown to interact with other transcription factors,
including MYC, which are important for cell cycle control!!®. In breast tumors, high AR
expression is negatively correlated with MY C overexpression!!® . MYC expression has been
linked to cell proliferation, and inactivation of MYC impairs cell cycle progression as MYC
targets cell cycle regulators like cyclins, CDKs, and E2F transcription factors'!’. Additionally, in
breast cancer models, the presence of an ARE -383 to -377 base pairs upstream of the ER[3
promoter region results in enhanced control of ERB expression as a result of AR signaling??.
ERJ has been shown to negatively regulate transcription of c-MYC, cyclin D1, and cyclin A,

while also increasing transcription of CDK inhibitors like p21 and p27°3. In ER+ breast cancer
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models, DHT-mediated activation of AR has been shown to inhibit ERa signaling and cell cycle
progression through a reduction in cyclin D1 transcription!!®. Further, AR and ER both require
the steroid receptor coactivator AIB1!'® which is commonly expressed in breast cancers'!*-120,
and high AIB1 expression is correlated with poor mortality!'?!. Therefore, through direct or

indirect mechanisms, AR signaling likely also plays an important role in controlling cell cycle

progression in breast cancer.

1.8 Metastasis

Prostate Cancer

AR has been shown to contribute to the formation of metastases. The AR pathway and

122 Gene

AR splice variants have been implicated in metastatic phenotypes in prostate cancer
array and IHC data of both primary and metastatic tumors demonstrate that AR mRNA and
protein expression are significantly higher in metastases compared to primary prostate lesions!?3.
In vitro, increased AR expression in prostate tumors also led to the formation of metastases and
induction of the epithelial to mesenchymal transition (EMT)!?3, the process by which cells lose
their polarity and gain the ability to migrate and become invasive. In addition, during prostate
cancer development, the presence of fibroblasts provides important structural and functional
changes that regulate the extracellular matrix'?*. Expression of nuclear receptors has been shown
to be important in squamous cell carcinoma cancer-associated fibroblasts (CAFs) compared to
normal-associated fibroblasts, with nuclear receptors influencing many cellular functions
including invasiveness'?®>. Additionally, AR expression in prostate CAFs has been shown to

promote growth and invasion'?. AR activation in the stroma has been shown to be essential for

prostate cancer progression and metastasis!?’. Interestingly, the AR cistrome in prostate CAFs is
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distinct from the AR cistrome in epithelial cells suggesting a novel role for AR in the
microenvironment!?®, Notably, AR relies on AP-1 in the stroma, rather than FOXA1 as observed
in epithelial cells!?®,

Furthermore, the regulatory role of AR in gene expression has been shown to be
important for the regulation of prostate cancer metastases. In this context, AR negatively
regulates expression of ZBTB46, a tumor promoter through miR-1'?°, Therefore, disruption of
AR signaling can result in overexpression of ZBTB46 resulting in an increase in transcriptional
regulation of SNAII, a driver of EMT, resulting in metastasis formation'?’. Further, AR
inhibition with enzalutamide has been shown to increase metastases by decreasing EPHB6
suppression leading to JNK signaling resulting in cell invasion'3?. These findings suggest that

AR plays an important role in controlling metastatic progression of prostate tumors,

demonstrating the importance of future work in this area.

Breast Cancer

In patients with breast cancer, metastases are likely to have multiple drivers of disease
progression. In preclinical models, AR has also been shown to contribute to invasiveness and
migration of TNBC cells through activation of the Src complex!3!. When MCF-7 cells were
treated with DHT, there was also an increase in invasion and migration, as well as a decrease in
epithelial markers and an increase in mesenchymal markers'?2, DHT treatment also induced
other markers of EMT suggesting that AR activation may promote EMT in MCF-7 cells!2.

As with prostate cancer, previous data from breast cancer patients demonstrates that AR
expression is conserved from the primary tumor into metastases'>*13, One study suggests that

there is 78.6% agreement in AR status in primary tumor and lymph node metastases'®>. In the

discordant cases, 60/72 had AR- primary tumors, and AR+ lymph node metastases'?®. Further,
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IHC analyses in tumors and metastases showed greater than 60% agreement between the

expression of AR in primary tumor and metastases'®.

1.9 Treatments targeting androgens and the androgen receptor for prostate and breast

cancer

Pharmacological agents have been developed to inhibit AR binding to androgens and AR
activation due to its role in driving cancer development and progression (Figure 1). Many of
these agents have been effective in the treatment of prostate cancer, and the clinical applications
have been expanded to women with AR+ breast cancers. Here we explore these various agents,
their mechanisms of action, and the data that exist in the treatment with women with breast
cancer, including the ongoing clinical trials assessing these agents in women with AR-positive

breast cancer and the emerging results from these trials (Tables 1 & 2).

1.9.1 Androgen Deprivation Therapy

The use of androgen deprivation therapy (ADT) is universally accepted as a first line
therapy for metastatic prostate cancer'®’. This treatment attempts to lower levels of serum
testosterone in men with prostate cancer to prevent tumor growth!3®, This is done chemically
with the use of luteinizing hormone-releasing hormone (LHRH) or gonadotrophin-releasing
hormone (GnRH) antagonists, like Degarelix, Goserelin, and Leuprolide, which are used to

137 Many clinical trials also are assessing the efficacy of

suppress the production of androgens
ADT in combination with other treatment strategies in an attempt to improve ADT efficacy,

especially in cases where AR mutations cause castration to be ineffective at controlling disease

progression.

1.9.2 5a-Reductase Inhibitors
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Sa-dihydrotestosterone (DHT) is produced from testosterone in specific tissues,
including the prostate, through the enzymatic activity of Sa-reductase. Compared to testosterone,
DHT has a slower dissociation rate from AR, suggesting that AR-DHT is a more stable complex,
making DHT the preferred AR ligand'**-!%°, Competitive inhibitors of Sa-reductase, like
finasteride or dutasteride, can be used to lower levels of serum and prostate DHT!41:142.143,144 The
effects of these Sa-reductase inhibitors, however, are complex as they may not exclusively target
the enzymatic activity of Sa-reductase and likely have additional off-target AR inhibitory effects

as well'®.

1.9.3 CYP17-Lyase Inhibitors

Abiraterone acetate is a selective inhibitor of cytochrome P450 17alpha-
hydroxylase/17,20-lyase (CYP17), which, through its function, decreases the adrenal and tumor
synthesis of androgens'*. CYP17 lyase inhibitors lower androgen availability to reduce the
activation of androgen signaling. Trials in men with chemotherapy-naive CRPC concluded that
treatment with abiraterone acetate and prednisone prolongs overall survival compared to
treatment with prednisone alone (NCT00887198)!47. In a phase II trial for women with triple
negative, AR+ locally advanced or metastatic breast cancer (NCT01842321), treatment with
abiraterone acetate and prednisone also provided benefit for some patients!4, Of 138 patients
assessed for the trial, 53 (37.6%) had AR+ TNBC: 34 of these patients were included. This trial
assessed the clinical benefit rate (CBR) for 30 of the patients at 6 months with a CBR of 20.0%
(95% CI: 7.7-38.6%) including one patient who had a complete response (CR) and 5 patients
with stable disease (SD) at > 6 months!*®. Secondary outcomes included objective response rate

(6.7%, 95% CI: 0.8-22.1%), and progression free survival (median time: 2.8 months, 95% CI
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1.7-5.4)'43_ These studies suggest that treatment with abiraterone acetate may be a beneficial

treatment strategy for both men with CRPC and women with molecular apocrine breast cancer.
Other CYP17-lyase inhibitors include galeterone (TOK-001) and orteronel (TAK-700)!4°.

Galeterone has been shown to be effective in reduction of prostate specific antigen (PSA) levels

150 Orteronel treatment is effective at

and was well tolerated in patients in early clinical trials
suppressing testosterone levels and shrinking the androgen-dependent organs including the
prostate gland'!. Phase III clinical trials found that orteronel and prednisone treatment verses
placebo and prednisone gave patients longer progression free survival (PFS); however, men with
orteronel and prednisone treatment did not have extended overall survival'>2, In breast cancer,
there are currently phase I and II clinical trials assessing the use of orteronel in patients with
metastatic breast cancer expressing the androgen receptor (NCT01808040, NCT01990209).
NCT01808040 assesses the safety of orteronel use for the treatment of postmenopausal women
with hormone receptor positive metastatic breast cancer in addition to measuring the estradiol
levels in these patients following treatment!>. NCT01990209 is a phase II trial for male or
female patients with metastatic AR+ BC (TNBC or ER+ and/or PR+ BC) with primary outcome
measures of response and disease control rates. This trial will also assess safety, PFS, OS, and
serum hormone levels in addition to screening tumors for PTEN expression and PIK3CA

mutations. Due to failure in phase III clinical trials in men with prostate cancer, orteronel was

taken out of development in 201434,

1.9.4 Anti-Androgens

Anti-androgens are a class of agents which act as nonsteroidal competitive inhibitors of
the androgen receptor!*. Flutamide and bicalutamide are two such agents that have been used to

block androgen binding and abrogate nuclear AR signaling. Although AR targeting has been a
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strategy for over 30 years, original phase II clinical trials with flutamide suggested it did not
have anti-tumor activity which delayed the initiation of further trials with the drug!'*°. Recent
studies, however, have shown that flutamide treatment is effective and well-tolerated for treating
PSA recurrence following prostatectomy, radiation therapy, or cryotherapy for patients with

157 1n addition, in breast cancer, bicalutamide has been shown to have a clinical

prostate cancer
benefit rate of 19% in patients with AR+, ER-, PR- metastatic breast cancer where 12% of
tumors were AR+!5%, These results suggest that anti-androgen therapies are effective for the
treatment of patients with traditionally hormone receptor-negative breast cancers. Unfortunately,
in prostate cancer, it has been shown that exposure to anti-androgens can augment frequency of

AR mutations and variants'>’

, and metabolites of anti-androgens can result in stimulation of
prostate cancer cell growth as flutamide metabolites function as an AR agonist!®’. There are
additional ongoing clinical trials that are assessing the use of flutamide as a second line treatment
of patients with CRPC who have relapsed after ADT and bicalutamide treatment
(NCTO02918968) or using flutamide treatment to prevent prostate cancer in patients with

neoplasia of the prostate (NCT00006214). In addition, NCT02910050 is investigating the use of

bicalutamide with aromatase inhibitors in AR+, ER+ breast cancers'®'.

1.9.5 Second Generation Anti-Androgens

Four FDA-approved second-generation anti-androgens, abiraterone acetate, apalutamide,
darolutamide, and enzalutamide, improve upon the first-generation anti-androgens. Enzalutamide
is able to inhibit the growth of both ER+ and ER- breast tumors by inhibiting AR nuclear
translocation'#S. In addition to growth inhibition, enzalutamide also can inhibit tumor cell
migration and invasion'®?, In mCRPC patients who had previously received chemotherapy

treatment, treatment with enzalutamide also contributed to prolonged survival
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(NCT00974311)'63, In breast cancer, a Phase II trial (NCT01889238) for women with advanced,
AR+ TNBC tested the use of enzalutamide for improving outcomes and clinical benefit rate for
patients at 16 weeks (CBR16) as well as assessing clinical benefit at 24 weeks (CBR24), PFS,
response rates, and safety of enzalutamide treatment'®*. This study also found that 47% of the
118 enrolled patients had an AR related gene signature, and clinical outcomes were better for
patients with AR+ disease!®*. No new side effects were reported from enzalutamide treatment in
this trial, indicating its potential use as a therapeutic for women with TNBC!64,

Apalutamide (ARN-509) is a second generation AR antagonist similar to enzalutamide
that binds to the LBD of AR to inhibit nuclear translocation and ARE binding'%°. Apalutamide
has a seven- to ten-fold increased binding affinity to AR compared to bicalutamide!®. In
preclinical studies, apalutamide had anti-tumor activity in a castration-sensitive model of prostate
cancer'%, There were also lower levels of apalutamide in mouse steady-state plasma and brain
levels compared to enzalutamide treatment, which could indicate lower frequency of seizures
with apalutamide!®. In preclinical studies, apalutamide also had antitumor and growth inhibitory
effects in AR+ TNBC cells!%®. Results from the SPARTAN trial, a Phase III clinical trial
(NCT01946204) for men with non-metastatic castration-resistant prostate cancer (nmCRPC),
demonstrated improved metastasis free survival in patients treated with apalutamide compared to
placebo!®’. Following this trial, apalutamide was approved by the FDA for treatment of
nmCRPC!, To date, there have been no trials with apalutamide in patients with AR+ breast
cancer.

Darolutamide (ODM-201) is an AR inhibitor that binds wild-type AR with a higher
affinity than enzalutamide to block AR nuclear translocation'#’, In addition, darolutamide can be

effective against mutant AR variants which can develop with resistance to enzalutamide and
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168

apalutamide therapy'°®. In prostate models, darolutamide has low brain-penetrance and treatment

168 Recently, results from the

does not produce an increase in mouse serum testosterone levels
ARAMIS trial (NCT02200614), a phase III trial for nmCRPC patients, demonstrate that
darolutamide provides better metastasis-free survival compared to placebo!®®. The START trial
is a phase II trial for women with AR+ TNBC comparing darolutamide treatment with
capecitabine, an anti-metabolite chemotherapeutic (NCT03383679). This trial investigates

CBRI16 as a primary objective, and CBR24, response rates, overall survival, PFS, and safety as

secondary objectives for women with locally recurrent or metastatic AR+ TNBC.

1.9.6 Novel Compounds

A number of novel compounds have also been developed to block or abrogate androgen
signaling. Seviteronel (VT-464) is a nonsteroidal selective CYP17 lyase inhibitor and AR
antagonist that both blocks testosterone and estrogen production and inhibits AR activation'””,
rendering it a potentially effective alternative to agents which either inhibit androgen production
or AR activation. Clinical trials for patients with ER+ or TNBC indicated that seviteronel was
well-tolerated in women, with the majority of adverse events (AEs) being Grade 1/2, in addition
to four Grade 3/4 AEs that may be related to seviteronel treatment!”!. Phase I trials in CRPC
patients suggest that seviteronel may be an effective treatment alternative for men who are not
responsive on other therapies with most reported AEs being Grade 1/2!'72. Preclinical work in
AR+ TNBC demonstrates that seviteronel inhibits cell proliferation and growth on soft agar!”>.
ChIP-seq and RNA-seq analyses demonstrate that AR regulated genes are increased with DHT
stimulation and decreased in mice treated with seviteronel'”®. Trials with seviteronel continue to
be ongoing for patients with CRPC, AR+ TNBC, or men with ER+ breast cancer, who had

previously been treated with enzalutamide (NCT02130700, NCT02012920, NCT02580448,
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NCT03600467). The CLARITY-01 trial (NCT02580448) is assessing the CBR at 16 or 24 weeks
for women with ER+ or TNBC or men with locally advanced or metastatic breast cancer who are
receiving seviteronel treatment!’*. Of the patients enrolled for stage 1, CBR16 for TNBC patients
was 2 of 6, and CBR24 for ER+ patients was 2 of 1174, Of patients with CTCs, 7 of 10 had a
CTC decline at C2D1'74. Patients receiving seviteronel also had a decline from baseline in
concentrations of estradiol and testosterone!”. The most common adverse events were tremor,
pain, fatigue and dyspnea, nausea, AST increase, ALT increase and abdominal pain, suggesting
that seviteronel was well tolerated!”. These results indicate that seviteronel may be a potential
therapeutic option for the treatment of AR+ disease.

CR1447 (4-hydroxytestosterone [4-OHT]) is a novel AR inhibitor that acts both as a
steroidal aromatase inhibitor (AI) as well as an AR-antagonist by binding to AR!’6, When
injected, 4-OHT is converted to 4-hydroxyandrostenedione (4-OHA), a previously used form of
Al that was injected for the treatment of breast cancer!’®. Both 4-OHT and 4-OHA are unable to
be made into estrogens in vivo!’¢, Preclinically, CR1447 has been shown to inhibit growth of
AR+ BC cell lines, but not AR knockout cell lines, or those with siRNA mediated AR
knockdown!”¢, Results from a Phase I clinical trial NCT02067741) indicate that, when topically
administered, CR1447 was well-tolerated with grade 1/2 AEs and no dose-limiting toxicities
(DLTs) in 12 patients with ER+/HER2- breast cancer!’®. Two patients (17%) had stable disease
after 12 weeks of treatment!’®, Therefore, CR1447 may also be viable treatment option.

Enobosarm is a selective androgen receptor modulator (SARM) that was originally tested
in Phase I, II, and III clinical trials for its use in improving lean body mass and treating
cachexia!”’. Enobosarm has tissue specific activity, with anabolic activity in muscles and bone

without affecting growth of hair in women and prostate in men!’®. It has been well-tolerated by
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both men and women; additionally, in patients with advanced cancer, treatment with enobosarm
leads to an increase in lean body mass'”. Enobosarm has also been well-tolerated as an androgen
agonist in women with AR+ metastatic breast cancer!®’. Androgen-based AR agonists have
previously been shown to be effective for the treatment of breast cancer!®!, and enobosarm
similarly stimulates AR, but unlike androgens, does not have masculinizing side-effects!5?. A
phase II trial (NCT01616758) assesses CBR, and PSA is evaluated as a biomarker of AR
activity. In addition, NCT02971761 is investigating the use of pembrolizumab with enobosarm
for AR+ TNBC patients'®3. Enobosarm may soon join the treatment armamentarium.

Antisense oligonucleotides (ASOs) have also been used to inhibit AR-driven gene
expression, especially in contexts where AR is activated independent of hormone binding. ASOs
bind to mRNA, causing the mRNA to be degraded, therefore reducing levels available for
protein synthesis. Prostate cancer models have shown that ASOs are able to reduce AR
expression, resulting in decreased cell growth!84!85 In addition, ASOs used against AR mRNA
were able to shut down the downstream activation of AR-mediated genes in hormone-
independent conditions'®. ASO administration in mouse models did not have any observed side
effects and, compared to castration, did not result in shrinking of mouse prostates!®3. Use of
ASOs may also be a method for targeting AR splice variants as two ASOs have been used to
effectively silence AR-V7, but not full-length AR signaling in CRPC cell lines'®’. Therefore,
these findings suggest that the use of ASOs may be a useful strategy for overcoming the
resistance that often develops to anti-androgens in prostate cancer. In addition, ASOs may also
be an effective treatment strategy for targeting mutant AR variants.

Targeted degradation of proteins with the use of Proteolysis Targeting Chimeras

(PROTAC:S) is a novel method for the inhibition of AR signaling in prostate cancer cell models.

29



PROTAC-mediated degradation takes advantage of E3 ubiquitin ligase activity by linking a

ligand for the target protein to a ligand for the E3 ubiquitin ligase!8®

. Upon ligand binding to the
protein of interest, the protein is ubiquitinated by the E3 ubiquitin ligase resulting in degradation
by the 26S proteasome. Multiple AR degraders have been developed using PROTAC for use in

prostate cancer!'$-1%0

, and they have been shown to be more effective than enzalutamide in vitro
and in vivo in models of enzalutamide-sensitive and resistant prostate cancer!'*!-'°2, Enhanced
efficacy of AR degraders in prostate cancer models may demonstrate the importance of
removing AR protein as opposed to pharmacologically inhibiting AR activity for the treatment of
resistant prostate cancers. In the future, pharmacologic AR degraders may be introduced
clinically for the treatment of aggressive AR-driven cancers.

There are also additional compounds that have limited use in treating AR driven disease.
Ketoconazole is an anti-fungal agent that is also able to competitively bind to the androgen
receptor'?3, Ketoconazole has also been shown to inhibit enzymes important for testosterone
synthesis!** and is under investigation in combination with docetaxel (NCT00212095)'%3. In
addition, TRC253, a novel competitive inhibitor of AR has been shown to be an antagonist to

196

wild type AR as well as all tested AR mutants'°, including AR F876L, a mutation occurring in

the LBD of AR,

1.10 Combination Therapies

1.10.1 AR + Radiation Therapy

Prostate Cancer

Radiotherapy has been shown to induce AR expression in prostate cancer cells, and ADT

198

sensitizes cancer cells to radiotherapy'”°. Treatment with enzalutamide was also shown to
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radiosensitize prostate cancer cells more effectively than ADT!?. Combination treatment with
enzalutamide and radiation therapy resulted in a significant increase in apoptosis and senescence
compared to treatment with enzalutamide or radiation alone!®. In prostate cancer,
radiosensitization was also observed with ARN-509%7. In addition, treatment with anti-androgen
therapies resulted in the downregulation of DNA repair genes, thereby promoting radiosensitivity

through a decrease in NHEJ activity®’.

Breast Cancer

The androgen receptor has been shown to be a potential mediator of radioresistance and a
target for the radiosensitization of AR+ TNBC!00:101.102200 Tnhibition of AR with enzalutamide
results in increased radiosensitization of AR+ breast cancer cells through the inhibition of AR-
activated DNA-PKcs-mediated repair!®. Similar results were observed with seviteronel, the dual
CYP17 inhibitor and AR antagonist!®!, however the differences in the mechanisms of

radiosensitization with these agents need to be further assessed.

1.10.2 AR + PARP inhibitors

Prostate Cancer

Poly ADP-ribose polymerase (PARP) is a nuclear enzyme that modifies substrates
through the addition of PAR moieties?*’!. Cancers with mutations to BRCA1 or BRCA2 have HR
deficiencies, rendering them increasingly susceptible to treatment with PARP inhibitors.
Inhibition of PARP in tumors with BRCA mutations results in synthetic lethality and forces cells
to rely on NHEJ for repair of DNA breaks. PARP has been shown to be recruited to sites of AR
binding and promotes AR function®’!. When AR is inhibited, HR deficiency and BRCAness is

induced?*?. Therefore, AR activity is important for the maintenance of HR gene expression.
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Following ADT, PARP levels are elevated leading to prostate cancer cell survival®®®,
Combination therapy of PARP inhibition with ADT may be important for the impairment of HR
before the tumors become castration resistant®%3,

PARP also plays an important role in the AR signaling cascade. Combination treatment
with the PARP inhibitor talazoparib with enzalutamide or abiraterone acetate has significant
synergy?%. Anti-androgen therapies induce PARP cleavage, resulting in an increase in dsDNA
breaks?%*, This synergy is a therapeutic target for CRPC patients with mutations in DNA damage
repair. Therefore, cancer cells with DNA damage repair mutations are more sensitive to PARP

inhibitors due to the role of the AR in the transcriptional regulation of DDR genes®%.

Breast Cancer

PARPi has been established to be an effective treatment strategy for patients with breast
cancers harboring mutant BRCA1 and BRCA2%%, To date, the combination therapy of PARPi
with anti-AR therapy has not been tested in breast cancer; however, this combination may be an
effective treatment strategy for AR+ BC patients, especially those with BRCA mutated tumors.
Because many PARPi can induce PARP trapping, resulting in the formation of dsSDNA

lesions2’

, and anti-AR therapies have been demonstrated to result in a delay in dsDNA break
repair in the presence of DNA damage, combining these therapies may be effective in creating

deleterious lesions for tumor cells. Future work may assess PARPi in combination with anti-AR

therapies for the treatment of AR+ breast cancers.

1.10.3 AR + CDK4/6 inhibitors

32



Prostate Cancer

AR regulates cell cycle progression through the G1-S phase transition, therefore
promoting CDK activity and inducing phosphorylation for the inactivation of pRb!%. Due to
crosstalk of AR with CDK/pRb in promoting cell cycle progression, combined AR and CDK4/6

inhibition has also been shown to be a therapeutic strategy in prostate cancer®®,

Breast Cancer

Palbociclib, ribociclib, and abemaciclib are selective inhibitors of CDK4/6 and are
widely used for the treatment for ER+ breast cancer. A Phase I/II clinical trial is currently
assessing the use of palbociclib with bicalutamide for treatment of AR+ metastatic TNBC
(NCT02605486). This trial will establish recommended doses for the combination therapy in
addition to measuring PFS, and secondary outcomes including response rates, CBR, and

safety??,

1.10.4 AR + PI3K inhibitors

Prostate and Breast Cancer

Phosphatindylinositol 3-kinase (PI3K) is an enzyme involved in cellular functions
including cell growth, proliferation, and differentiation; however, PI3K is also highly mutated in
cancer. Qi et al. found that inhibition of both AR and PI3K can be synergistic as AR and PI3K
signaling work through reciprocal feedback loops?!?. Combined inhibition of AR with the PI3K
or mTOR pathway suppressed cell proliferation and resulted in an increase in apoptosis and cell
cycle arrest in CRPC cells?!?. An ongoing trial is investigating the treatment of taselisib, a PI3K

inhibitor, and enzalutamide in patients with AR+ metastatic TNBC (NCT02457910). This trial
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will assess dose limiting toxicities to determine the maximum tolerated dose in addition to

measuring patient response and CBR?!!.

1.11 Phase III Development of Anti-Androgen Treatments

Many anti-androgen treatment strategies have been effectively translated from preclinical
studies into clinical use through the use of clinical trials. For women with metastatic, AR+
TNBC, there is a phase III clinical trial (NCT03055312) underway comparing conventional
chemotherapy to bicalutamide treatment. This trial will assess the CBR at 16 weeks as well as
progression free survival at 24 months. The ENDEAR trial (NCT02929576) is a phase III trial
comparing PFS for patients treated with paclitaxel chemotherapy +/- enzalutamide or
enzalutamide followed by paclitaxel treatment; however, this trial was withdrawn. Finally, there
is an ongoing feasibility trial (NCT02750358) of enzalutamide in women with AR+ TNBC that
should report preliminary DFS and OS data in the coming year?'>?!*, Data recently presented
from this trial reported that enzalutamide treatment is feasible and well-tolerated in this patient
population. Finally, phase I/II clinical trials continue to inform drug development and clinical
practice, including trials of newer generation anti-androgen agents in women with AR+ breast
cancer. Additional studies are needed to better understand use of anti-androgen therapies for the

treatment of women with AR+ breast cancers.

1.12 Conclusion

While the role of AR in prostate cancer is more completely understood, the importance of
AR signaling in breast cancer is an area of increasing investigation. In order to understand the
mechanism of AR signaling and to design proper therapies against AR in breast cancer,

additional work needs to be done to elucidate the mechanism by which AR is activating its target
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genes and contributing to tumor growth and metastasis, as well as systemic and radiation therapy
resistance. Advancements in this mechanistic understanding will shed light on potential
combination therapies and will allow for more effective treatment for patients with AR+ breast
cancers. Further, discerning the intricacies and crosstalk between AR and ER signaling may also
provide advancements for treatment of AR+, ER+ breast cancers. These outcomes would be
impactful not only for the advanced understanding of the role of AR, but also for new ways in

which AR signaling can be inhibited to improve outcomes for women with AR+ breast cancer.
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Figure 1-1: Therapeutic strategies used to inhibit AR signaling

Androgens like testosterone (T) are produced from cholesterol. CYP17 lyase inhibitors and
aromatase inhibitors (1), including abiraterone acetate, seviteronel, CR1447, orteronel,
galeterone, block the conversion of cholesterol into testosterone. Additionally, luteinizing
hormone-releasing hormone (LHRH) or gonadotrophin-releasing hormone (GnRH) antagonists
function to reduce levels of circulating androgens, and ketoconazole inhibits production of
testosterone. When androgens enter the cell, they can be converted to DHT, a more potent AR
agonist. This reaction requires Sa-reductase, an enzyme that can be inhibited by finasteride and
dutasteride (5). Anti-androgens (2), including flutamide, bicalutamide, enzalutamide,
apalutamide, darolutamide, CR1447, seviteronel, and TRC253, block androgen binding to AR or
inhibit AR function. Many anti-androgens, including enzalutamide, apalutamide and
darolutamide, inhibit nuclear translation of AR, preventing DNA binding and downstream gene
transcription. Anti-sense oligonucleotides bind to mRNA encoding AR, preventing protein
translation (4). AR degraders (6) promote protein ubiquitination and proteasomal-mediated
degradation to lower AR protein levels intracellularly.
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Table 1-1: Current clinical trials in women with breast cancer assessing the safety and/or efficacy of androgen receptor inhibition
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Table 1-2: Results from completed and ongoing clinical trials investigating the use of androgen receptor inhibition in women
with breast cancer
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With Advanced Breast e?(emes tane Exemestane: PFS | (7.4-NAY); Time to Progression: 7.4 Hot Flush (232/)
Cancer (ITT): 3.6 mo (1.9- |mo (3.5-13.5); PFS at 6 mo: 50% (37- °

5.5); PFS (DX+): 6.0
mo (2.3-26.7)
HT + Enzalutamide:
PFS (ITT): 3.9 mo
(2.6-5.4); PES (DX+):
5.3 mo (1.8-6.7)

62%)

HT + Enzalutamide + Exemestane:
CBR 24 weeks: 20% (11-32%); Best
Objective Response Rate: 10% (3-
23%); Duration of Objective
Response: 18.3 mo (3.3-23.1); Time to
Response: NA (3.9-NAY); Time to
Progression: 3.6 mo (1.9-5.6); PFS at

mo: 32% (20-44%)
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HT + Enzalutamide: CBR 24 weeks:
32% (20-45%); Best Objective
Response Rate: 5% (0.6-16%);

Duration of Objective Response: 4.6

mo (1.9-7.4); Time to Response: NA

(NA-NAY); Time to Progression: 3.9

mo (2.6-5.4); PFS at 6 mo: 33% (22-

46%)

CBR (16 weeks,

CBR (24 weeks, evaluable
population): 28% (95% CI: 21-36%)
CBR (24 weeks, ITT): 20% (95% CI:

S tsuilfet(})]f?r(llzlslfi;?r?ée evaluable population); 15-26%)
iIfPatients With Phase IT 33% (95% CI: 26- | Best Objective Response (evaluable Fatigue (42%)
NCT01889238 Advanced. Andro ihole | Enzal . 42%) population): 8.5% (95% CI: 3-12%) Nausea (34%)
, gen | single nzalutamide | 118 pts . e .
Receptor-Positive arm Best Objective Response (ITT): 6% | Decreased Appetite
Triole II\)Ie ive Bre;s . CBR (16 weeks, ITT): (95% CI: 3-9%) (19%)
p cfncer 25% (95% CI: 19- | PFS (evaluable population): 14.3
31%) weeks (95% CI: 8.3-16.1)
PFS (ITT): 12.6 weeks (95% CI: 8.1-
15.1)
Feasibility Study of Fatigue (48%)
Adjuvant Enzalutamide ltzg‘;?/zgﬁﬁl’ef:dplt s Hot Flashes (22%)
0 0
NCT02750358 for the Treatment of | Phase Enzalutamide | 50 pts year of treatment, Headache (18 4))
Early Stage AR (+) 111 and 15 pts (30%) Hyperglycemia
Triple Negative Breast were o fflirea tme(l)l t (18%)
Cancer ) Nausea (18%)
Presurgical Molecular|
A Study to Evaluate Assessment: .
. Early Fatigue (22%)
Changes in Human AR up (7 pts, 20.6%) . o S o
NCT03004534| Breast Cancer Tissue Phase ! Darolutamide | 36 pts | AR unchanged (12 26 pts ‘.Vlth TEAE (72 A:,) Coqst1pat1on f,g )
. single A 10 pts with no TEAE (28%) Diarrhea (8%)
Following Short-Term arm pts, 35.3%) Nausea (8%)
Use of Darolutamide AR down (15 pts, k
44.1%)
f%f;geﬁfesseﬁgr CBR (16 weeks, Fatigue (50%)
NCT02580448| Inhibitor Treatment Phase Seviteronel 175 pts TNBC): 2 pts (33%)*| Change in CTC at C2DI: -94.3% Nausea (43%)
With Seviteronel Trial /11 CBR (24 weeks, ER+ (range: -27.5,-100)* Decreased Appetite
BQ): 2 pts (18%)* (33%)

(CLARITY-01)
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CBR (6 mo): 20.0%
(95% CI: 8-39%).
CR (6 mo): 1 pt (3%)
PR (6 mo): 0 pt (0%)
Abiraterone Acetate in [Phase II| Abiraterone SD (6 mo): 5 pts ORR: 6.7% (95% CI 0.8-22%) Fatigue (18%)
NCT01842321| Molecular Apocrine | single Acetate + 31 pts (17%) DoR: CR: 23.4 mo; PR: 5.6 mo  |Hypertension (12%)
Breast Cancer arm Prednisone Progression at 6 mo: PFS: 2.8 mo (95% CI: 1.7-5.4) Hypokalaemia (9%)
(23 pts (77%)
Treatment stopped for|
toxicity before 6 mo
evaluation: 1 pt (3%)
Cycles of Docetaxel:
4 (Ketoconazole); 6 AUC (mg/1*h): ketaconazole-
(Conventional) modulated docetaxel: 3.93 + 2.77;
Ketoconazole-dosed | conventional-dosed docetaxel: 3.77 +
Docetaxel: 52% of pts 2.70 [p-value = 0.794]
had reduction in Clearance (1/h): ketaconazole-
tumor dimension; CR: modulated docetaxel: 22.05 + 8.29;
Do%etaxel Combilned | 9.7%; PR: 54.8%; conventional—dosec} docetaxel: 36.52 + Fatigue (81%)
With Ketoconazole in Ketaconazole + ORR: 64.5; SD: 13.39 [p-value < 0.001] .
NCT00212095 Treatment of Breast Phase IT Docetaxel 30 pts 4.1%; PD: 77.6% | Half-life (h): ketaconazole-modulated D1arr1h§:a (58:,%)
Cancer Conventional-dosed |docetaxel: 13.46 + 5.05; conventional- Myalgia (36%)
Docetaxel based docetaxel: 12.25 + 3.47 [p-value
(Doxirubicin): 55% of =0.206
pts had reduction in | Cuax (mg/1): ketaconazole-modulated
tumor dimension; CR:| docetaxel: 2.53 + 1.14; conventional-
4.1%; PR: 776%; | based docetaxel: 2.68 £ 1.09 [p-value
ORR: 81.7%; SD: =0.568]
16.3%; PD: 2.0%
A Phase 1b Study of MTD not yet Hot Flashes (28%)
TAK-700 in reported. Nausea (28%)
Postmenopausal Dose level 1: 300 mg . . Hypokalemia (28%)
NCT01808040/Women With Hormone-|Phase Ib|  Orteronel 8 pts (4 pts, 1 not L papent “.mh S Giite Elevated AST (28%)
. 1 patient with SD for 3 mo
receptor Positive evaluated)
Metastatic Breast Dose level 2: 400 mg
Cancer (3 pts)
Pembrolizumab and PR: 2 pts (13%) .
Enobosarm in Treating Enobosarm + SD at 18 & 19 weeks: Elevated Liver
NCT02971761| .. . Phase I1 ) 29 pts ’ Function (19%)
Patients With Androgen Pembrolizumab 2 pts (13%) Diarrhea (13%)
Receptor Positive PD: 11 pts (69%)
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Metastatic Triple 6% of the following:
Negative Breast Cancer adrenal

insufficiency, dry
skin, headache, hot
flashes,
hyperhidrosis,
hyperthyroidism, or
palpitation
AE: adverse events; CBR: clinical benefit rate; CI: confidence interval; CR: complete response; CTC: circulating tumor cells; DC:
disease control; DLT: dose limiting toxicities; DoR: Duration of Overall Response; DX+: diagnostic positive; HT: prior hormone
therapy treatment; ITT: intent to treat; MTD: maximum tolerated dose; ORR: objective response rate; PD: progressive disease; PFS:
progression free survival; PR: partial response; SAE: serious adverse events; SD: stable disease; TEAE: treatment-related adverse
events; TTP: time to progression; *Upper limit of TTP range was not determined/reached; "The median and upper limit of the range
for OS were not reached / not determined. The upper limit exceeded 63 months; “Could not be estimated due to low number of events;
YUpper limit of 95% confidence interval or median was not reached due to insufficient number of events at the time of data cutoff;
fOnly Phase 2 Stage 1 results have been reported
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Chapter 2 : Seviteronel a Novel CYP17 Lyase Inhibitor and Androgen Receptor

Antagonist, Radiosensitizes AR-Positive Triple Negative Breast Cancer Cells?

2.1 Abstract

Increased rates of locoregional recurrence (LR) have been observed in triple negative breast
cancer (TNBC) despite multimodality therapy, including radiation (RT). Recent data suggest
inhibiting the androgen receptor (AR) may be an effective radiosensitizing strategy, and AR is
expressed in 15-35% of TNBC tumors. The aim of this study was to determine whether
seviteronel (INO-464), a novel CYP17 lyase inhibitor and AR antagonist, is able to
radiosensitize AR-positive (AR+) TNBC models. In cell viability assays, seviteronel and
enzalutamide exhibited limited effect as a single agent (IC50 > 10 pM). Using clonogenic
survival assays, however, AR knockdown and AR inhibition with seviteronel were effective at
radiosensitizing cells with radiation enhancement ratios of 1.20-1.89 in models of TNBC with
high AR expression. AR-negative (AR-) models, regardless of their estrogen receptor expression,
were not radiosensitized with seviteronel treatment at concentrations up to 5 uM.
Radiosensitization of AR+ TNBC models was at least partially dependent on impaired dsDNA
break repair with significant delays in repair at 6, 16, and 24 h as measured by

immunofluorescent staining of YH2AX foci. Similar effects were observed in an in vivo AR+

2 This chapter was published in Frontiers in Endocrinology and completed in collaboration with the following
authors: Benjamin C. Chandler, Eric Olsen, Kari Wilder-Romans, Leah Moubadder, Meilan Liu, Andrea M. Pesch,
Amanda Zhang, Cassandra Ritter, S. Tanner Ward, Alyssa Santola, Shyam Nyati, James M. Rae, Daniel Hayes,
Felix Y. Feng, Daniel Spratt, Daniel Wahl, Joel Eisner, Lori J. Pierce, and Corey W. Speers.
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TNBC xenograft model where there was a significant reduction in tumor volume and a delay to
tumor doubling and tripling times in mice treated with seviteronel and radiation. Following
combination treatment with seviteronel and radiation, increased binding of AR occurred at DNA
damage response genes, including genes involved both in homologous recombination and non-
homologous end joining. This trend was not observed with combination treatment of
enzalutamide and RT, suggesting that seviteronel may have a different mechanism of
radiosensitization compared to other AR inhibitors. Enzalutamide and seviteronel treatment also
had different effects on AR and AR target genes as measured by immunoblot and gPCR. These
results implicate AR as a mediator of radioresistance in AR+ TNBC models and support the use

of seviteronel as a radiosensitizing agent in AR+ TNBC.

2.2 Introduction

Each year, it is estimated that over 250,000 women will be diagnosed with invasive
breast cancer', 15-30% of whom will be diagnosed with triple negative breast cancer (TNBC).
This subtype of breast cancer is defined by the lack of estrogen receptor (ER), progesterone
receptor, or HER2/neu expression and is unresponsive to anti-ER or human epidermal growth
factor receptor 2 (HER2) targeting agents. Most patients with TNBC receive multimodal therapy,
including surgery, chemotherapy, and radiation therapy (RT), yet TNBC patients still experience
the highest rates of locoregional recurrence of any breast cancer subtype. Due to the lack of
molecular targeted therapies available for these patients, as well as their intrinsic insensitivity to
radiation therapy?, there is a clinical need for the development of new radiosensitization

strategies.
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The heterogeneity of TNBC tumors adds to the difficulty of treating this cancer
subtype®*. In order to improve response to treatment, it is important to understand the molecular
drivers underlying the growth of TNBCs>. Current molecular therapies for breast cancer patients
target the estrogen receptor or HER2; however, these therapies are ineffective against TNBC due
to the lack of ER and HER2 expression®°. Previous studies have established a subgroup of
TNBCs which express the androgen receptor (AR)®, and studies have shown that AR is
expressed in 15-35% of all TNBCs’, rendering AR signaling as a potential target for treatment.
Previous work has also suggested an oncogenic role for AR in driving growth of AR-positive
(AR+) TNBC?%10 as well as contributing to invasiveness and migration of TNBC cells!!. Indeed,
AR may play multiple roles in breast cancer, both in ER-positive (ER+) and ER-negative tumors,
and these results have demonstrated that AR may be an effective target for the clinical treatment
of patients with AR+ TNBC!2. Ongoing and completed clinical trials continue to assess the
efficacy of AR blockade as a monotherapy for patients with AR+ breast cancers (NCT01889238,
NCTO01842321, NCT00755885, NCT01808040, NCT01990209, NCT02580448, NCT03383679,
NCT02348281, NCT02130700, NCT02067741).

Efforts to target androgen receptor signaling have largely focused on decreasing
circulating androgens (CYP17 inhibition) or blocking the binding of androgens to their cognate
receptor (AR inhibition)!>1415:1617 Production of androgens is dependent upon the activity of
cytochrome P450 17o-hydroxylase/17,20-lyase (CYP17 lyase)'®. Inhibitors of CYP17 lyase have
been developed as a strategy for blocking the production of androgens!®. These inhibitors,
including the most commonly used CYP17 lyase inhibitor, abiraterone acetate, are used to lower
levels of intra-prostatic androgens to treat prostate cancer patients?-!?2, Enzalutamide

(MDV3100) is a well-characterized second generation anti-androgen which competitively
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inhibits androgen binding to AR and prevents AR nuclear translocation to block AR binding to
DNAZ2% In this way, enzalutamide inhibits AR-mediated transcriptional regulation?. In
contrast, seviteronel (INO-464) is a novel inhibitor of both CYP17 lyase and AR. Seviteronel has
been shown to be more effective than abiraterone acetate at inhibiting CYP17 lyase?®, and
seviteronel also possesses some antagonistic effects against AR, potentially rendering it a dual-
AR inhibitor. In phase I studies, seviteronel has been well-tolerated both in men with castration-
resistant prostate cancer (CRPC)?® and in women with ER+ breast cancer or TNBC?’. There is
hope that these novel agents, including seviteronel, will be effective in patients with AR+
cancers, including TNBC.

Beyond the role of the androgen receptor in driving cancer cell proliferation, previous
work in prostate cancer and breast cancer has demonstrated the role of AR in mediating DNA
repair and in the DNA damage response following radiation therapy?*2°-3%3!, These studies
suggest that pharmacologic abrogation of AR both in prostate cancer (darolutamide and
enzalutamide) and in AR+ TNBC (enzalutamide) may be a viable treatment strategy for the
radiosensitization of aggressive tumors, as AR inhibition may inhibit DNA repair. In addition,
following radiation, AR activity increases the expression and phosphorylation of DNAPK cs?®3.
Therefore, AR inhibition may render cells more sensitive to radiation treatment by reducing
activity of DNAPKcs and inhibiting non-homologous end joining (NHEJ), but not homologous
recombination (HR)?. To date, newer generation agents including seviteronel have not been
tested as radiosensitizing agents.

Previous work by our group has shown that AR is a mediator of radioresistance in TNBC
and that enzalutamide-mediated AR inhibition is sufficient to sensitize AR+ TNBC cells to RT?8,

Here we report that seviteronel is able to selectively radiosensitize AR+ TNBC models in vitro
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and in vivo and that radiosensitization is mediated, at least in part, through the delayed repair of
dsDNA breaks. The mechanism of radiosensitization, however, appears to be different with
seviteronel treatment compared to enzalutamide due to differences in AR binding to DNA

damage response genes following treatment with seviteronel and radiation

2.3 Materials and Methods

2.3.1 Cell Culture

Cell lines were obtained from American Type Culture Collection (ATCC) and grown
from frozen samples, including MDA-MB-453 and ACC-422 (AR+ TNBC), MCF-7 (AR-,
ER+), and MDA-MB-231 (AR- TNBC). SUM-159 and SUM-185PE (AR+ TNBC) cells were
obtained from the University of Michigan stocks generously provided by Dr. Stephen Ethier who
isolated the cells while at the University of Michigan. MDA-MB-453 and MDA-MB-231 cells
were grown in DMEM (Invitrogen) with 10% fetal bovine serum (FBS, Atlanta Biologicals
S11550H). ACC-422 cells were grown in MEM (Gibco) supplemented with 15% FBS
(Invitrogen) and 1X Insulin-Transferrin-Selenium-Ethanolamine (ITS-X, Gibco 51500-056).
SUM-185 cells were grown in Ham's F-12 media (Gibco) with 5% FBS (Invitrogen), with 0.01M
HEPES (Gibco #H3375), 1 ng/mL Hydrocortisone (Sigma #H4001), and 1X ITS-X (Gibco).
SUM-159 cells were grown in Ham's F-12 media (Gibco) with 5% FBS (Invitrogen), 0.01M
HEPES, 1 pg/mL Hydrocortisone, 1x antibiotic-antimycotic (anti-anti, Thermo Fisher
15240062), and 6 pg/mL insulin (Sigma #19278). MCF-7 cells were grown in DMEM (Gibco)
with 5% FBS (Invitrogen). MDA-MB-453, ACC-422, MCF-7, and MDA-MB-231 cells were
supplemented with 1% penicillin/streptomycin (Thermo #15070063). All cell lines were grown
in a 5% CO: incubator at 37°C. All cell lines were also authenticated using DNA fingerprinting

by short tandem repeat (STR) profiling and routinely tested for mycoplasma (monthly).
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2.3.2 Immunoblotting

Cells were plated in 6-well plates in media containing FBS (MDA-MB-453: 3.5 x
10° cells/well, ACC-422 2.5 x 10° cells/well). The following day, cells were pretreated with
charcoal stripped serum (Atlanta Biologics S11650H) for 24 h. Cells were stimulated with 10
nM dihydrotestosterone (DHT, Sigma D-073) and 5 uM enzalutamide (MedChemExpress HY -
70002) or seviteronel (Innocrin) and harvested at indicated time points following treatment.
Lysis was performed using RIPA buffer (Thermo Fisher 89901) containing protease and
phosphatase inhibitors (Sigma-Aldrich PHOSS-RO, CO-RO; Santa Cruz Biotechnology sc-3540,
sc-24988A; Cayman Chemical 14333, 14405). Proteins were detected using antibodies for
phospho-DNAPKcs (Abcam ab124918, 1:1,000), total DNAPKcs (CST 12311, 1:1,000),
androgen receptor (Millipore 06-680, 1:1,000), GAPDH (CST 2118, 1:1,000), and B-Actin
(8H10D10, Cell Signaling 122628, 1:50,000). Secondary antibodies were obtained from Cell

Signaling (HRP anti-rabbit CST 7074S, HRP anti-mouse 7076S).

2.3.3 Viability Assays

Cells were plated in 96 well-plates in media containing FBS and allowed to adhere
overnight. The following day the cells were treated with seviteronel or enzalutamide at
concentrations ranging from 1 nM to 10 pM. MCF-7 (2,000 cells/well) cells were grown for five
days and stained with 0.5% crystal violet. SUM-159 (750 cells/well), MDA-MB-231 (3,500
cells/well), MDA-MB-453 (5,000 cells/well), SUM-185 (4,000 cells/well), and ACC-422 (4,000
cells/well) cells were grown for three days, and cell viability was assessed using Alamar Blue
(Thermo Fisher DAL1100). Plates were read on a microplate reader (Cytation 3), and growth
was calculated relative to the vehicle control (DMSO). IC50 values for were calculated with

GraphPad Prism, and results are reported as the mean + SEM of three independent experiments.
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To model hormone deplete conditions, media contained charcoal stripped serum (CSS), without
phenol-red were used for MDA-MB-453 and MDA-MB-231 (Gibco 21063-029) and ACC-422
(Gibco 51200-038) cells. Phenol-red free media for ACC-422 cells was supplemented with 2
mM L-glutamine (Sigma G7513). Cells were plated in media containing FBS and were
pretreated overnight with CSS before treatment with enzalutamide or seviteronel in

concentrations from 1 nM to 10 uM.

2.3.4 Clonogenic Survival Assays

Cells were plated at single cell density in 6 well-plates and allowed to adhere overnight.
Cells were then treated with seviteronel at various doses for 1 h before radiation (2-8 Gy)
treatment. Cells were grown for one to four weeks before fixing with methanol/acetic acid and
staining with crystal violet. Colonies of 50+ cells were counted and analyzed with the linear

quadratic model. Plating densities are outlined in Table 2-1.

2.3.5 yH2AX Immunofluorescence

Cells were plated at a density of 2.5 x 10° cells/well on coverslips in 12 well-plates and
allowed to adhere overnight. The following day plates were pretreated with seviteronel (1 and 5
uM) for 1 h before radiation treatment. Cells were fixed at designated time points after radiation
using 4% paraformaldehyde. Foci were stained with an anti-phospho-histone H2AX (ser139)
antibody (Millipore 05-636), and a fluorescent goat anti-mouse secondary antibody (Invitrogen
A11005). Pictures were taken of >100 cells per condition, and YH2AX foci were scored visually
by a blinded observer. MDA-MB-453 cells containing > 15 YH2AX foci were scored as positive,
and ACC-422 cells with > 10 yYH2AX foci were scored as positive. Results were pooled for

statistical analysis.
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2.3.6 Xenograft Study

MDA-MB-453 cells were subcutaneously injected bilaterally into the flanks of female
CB17-SCID mice. 4.0 x 10° cells were resuspended in 50% Matrigel (BD Biosciences) with
PBS. In addition, one 12.5 mg 60 day release DHT pellet (Innovative Research of America) was
implanted at the nape of the neck at the time of cell injections. When tumors reached ~80 mm?,
mice were treated with one of the following treatment conditions: vehicle control (1% CMC,
0.1% Tween-80), seviteronel (75 mg/kg), 2 Gy of RT given once a day for 6 days, or
combination of seviteronel with RT with 8 mice in each treatment group. Vehicle control and
seviteronel (75 mg/kg) were both administered orally, once daily during treatment. Mice treated
with both seviteronel and RT were given seviteronel for 24 h before RT. Tumor growth was
measured with digital calipers using the equation: V = L*W2*n/6. Body weight was measured
weekly to assess weight loss and toxicity of therapy. All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Michigan and

comply with regulatory standards.

2.3.7 Drug Information

DHT was obtained from Sigma (D-073). Enzalutamide was obtained from
MedChemExpress (HY-70002). Seviteronel was obtained directly from Innocrin
Pharmaceuticals and solubilized in DMSO. Tamoxifen was obtained from MedChemExpress
(HY-13757A) and solubilized in DMSO. For cellular assays including clonogenic survival and
YH2AX immunofluorescence assays, seviteronel was administered 1 hour before radiation

treatment.

2.3.8 ChIP-¢PCR
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Cells were plated in 10 cm dishes with 4.0 x 10° cells/dish and allowed to adhere
overnight before treatment with enzalutamide (1 pM), seviteronel (1 pM), or DMSO control for
18 hours before 4 Gy radiation. Cells were harvested 6 hours after radiation and crosslinked
using formaldehyde (Sigma, F8775). ChIP was performed following the protocol from the
HighCell# ChIP kit (Diagenode C01010062) using the anti-androgen receptor antibody
(Millipore 06-680). Following immunoprecipitation, DNA was purified using the iPure kit v2
(Diagenode C03010015) and diluted 1:5 for gPCR. qPCR was performed using Fast SYBR
Green Master Mix (Thermo Fisher 4385612). Percent of input is reported as the mean = SEM of

two independent experiments. Primers for qPCR are listed in Table 2-23°,

2.3.9 Reverse Transcription and gPCR

RNA was harvested from cells using QIAzol and extracted using the miRNeasy mini kit
(Qiagen 217004). Reverse transcription was performed using SuperScript III Reverse
Transcriptase (ThermoFisher 18080085) with random primers (Thermo Fisher 48190011), and
cDNA was diluted 1:5. Comparative qPCR was performed using Fast Sybr Green Master Mix
(Thermo Fisher 4385612). Plates were read using a QuantStudio6 Flex Real Time qPCR system
and analyzed using a comparative method to no treatment control. Relative expression was
calculated as compared to gene expression of an untreated control and reported as the mean +

SEM of three independent experiments. Primers for qPCR are listed in Table 2-22%,

2.3.10 siRNA and Transfections

siRNAs targeting AR were Dharmacon ON-TARGETplus siRNA individual oligos (J-
003400-05-0002, J-003400-07-0002). siAR #1: GGAACUCGAUCGUAUCAUU, siAR #2:

UCAAGGAACUCGAUCGUAU. Cells were transfected with siRNA using Opti-MEM

67



(Invitrogen 31985-062) and Lipofectamine RNAIMAX (Invitrogen 13778-150). For clonogenic
survival assays, cells were transfected with siRNA and irradiated, then plated at cell densities as

outlined in Table 2-1.

2.3.11 Radiation

Irradiation of cells and mice was performed at the University of Michigan Experimental
Irradiation Core using a Philips RT250 (Kimtron Medical). In keeping with previous studies, the

dose rate was approximately 2 Gy/min as previously described?>.

2.3.12 Statistical Analyses

Statistical tests were performed in GraphPad Prism 7.0. Statistics for in vitro experiments
were performed using a two-sided Student’s #-test to compare gene expression between cells
treated with DMSO and enzalutamide. For immunoblot comparisons, a one-way ANOVA with
Dunnett’s multiple comparisons test was used. For in vivo studies, a one-way ANOVA was used
to compare tumor volume, and a log-rank test was used to compare survival curves. Synergy
between seviteronel with radiation was assessed using the fractional tumor volume (FTV)

method for in vivo experiments as previously described*3>.

2.4 Results

2.4.1 AR Inhibition Alone Does Not Affect Viability of AR+ TNBC Cells

Anti-androgen therapies have been effective at inhibiting the growth of AR+ prostate
cancer cells due to their reliance on AR signaling. Similarly, one strategy for inhibiting the
36,37

growth of AR+ TNBC cell line models has been the use of AR inhibitors as monotherapy

Here we compared two AR-antagonists, seviteronel and enzalutamide, in their ability to inhibit
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viability of TNBC cells in vitro. Levels of AR protein were initially assessed in five TNBC cell
lines and one ER+ cell line (Figure 2-1A). Triple-negative breast cancer cell lines with the
highest AR expression were selected for subsequent study, including MDA-MB-453, ACC-422,
and SUM-18528, In AR+ TNBC cells lines, MDA-MB-453, ACC-422, SUM-185, and SUM-159,
treatment with enzalutamide or seviteronel did not cause a significant decrease in viability at
concentrations up to 10 uM (Figure 2-1B-E). Similar results were observed when MDA-MB-
453 and ACC-422 cells were treated with enzalutamide or seviteronel in media containing CSS
and lacking phenol red (Figure 2-2A, B). In an AR- TNBC model, MDA-MB-231 cells,
treatment with seviteronel or enzalutamide did not decrease cell viability at concentrations up to
10 uM when grown in FBS (Figure 2-1F) or CSS (Figure 2-2C).

Seviteronel has also been reported to have some anti-estrogen activity, so similar
experiments were performed in an ER+ cell line with low AR expression (MCF-7 cells). While
the selective estrogen receptor modulator tamoxifen is able to inhibit viability of ER+ MCF-7
cells in a dose-dependent manner (IC50 = 1.1 uM, Figure 2-2D), treatment with enzalutamide
did not significantly inhibit viability (IC50 > 10 uM, Figure 2-1G). Seviteronel, however, also
had some antagonistic effects on MCF-7 cells with an IC50 ~7 uM. This may be due to the anti-
estrogenic effects of seviteronel in reducing CYP17 lyase activity, which has been previously
reported?’. These results suggest that AR inhibition does not affect cell viability at concentrations
up to 10 uM in AR+ TNBC cell lines, and inhibition of AR alone at these concentrations may

not be sufficient to inhibit viability of AR+ TNBC cells in vitro.

2.4.2 AR knockdown and seviteronel treatment radiosensitizes AR+ TNBC cells in vitro

Initially, to determine whether AR knockdown is sufficient to confer radiosensitivity in

AR+ TNBC cells, clonogenic survival assays were performed with siRNA-mediated knockdown
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of AR in multiple AR+ TNBC cell lines. Knockdown of AR with multiple siRNAs was
performed in MDA-MB-453 cells, resulting in increased radiosensitivity with radiation
enhancement ratios (rER) of 1.28-1.47. There was also a significant decrease in surviving
fraction of cells at 2 Gy (Figure 2-3A). Comparatively, cisplatin, a well characterized
radiosensitizer, provides enhancement ratios of 1.23%3. Similar to results observed in MDA-MB-
453 cells, a significant decrease in the surviving fraction at 2 Gy was observed in ACC-422 cells
with siRNA-mediated AR knockdown (Figure 2-3B) with enhancement ratios of 1.58-1.89.
siRNA knockdown of AR was verified by western blot in MDA-MB-453 and ACC-422 cells
(Figure 2-3C).

To further address how AR is involved in the radiation response, radiosensitization was
assessed via clonogenic survival assays with seviteronel-mediated AR inhibition in multiple
AR+ models of TNBC. Doses of seviteronel were selected to be 10-100 fold lower than the IC50
of the drug to evaluate radiosensitizing effects independent of cytostatic or cytotoxic effects of
seviteronel as a single agent. In AR+ TNBC cell lines, treatment with seviteronel provided a
dose-dependent increase in radiosensitivity. In MDA-MB-453 cells, treatment with seviteronel
led to significant radiosensitization with radiation enhancement ratios from 1.21-1.50 and a
significant decrease in the surviving fraction of cells at 2 Gy (Figure 2-3D). Similarly, in SUM-
185 and SUM-159 cells, the radiation enhancement ratios with seviteronel were 1.20-1.35 and
1.05-1.15, respectively (Figure 2-3E, F). SUM-185 cells also had a significant decrease in the
surviving fraction of cells after 2 Gy radiation suggesting that seviteronel-mediated AR
inhibition is effective at sensitizing TNBC cells that have high AR expression, even with low

doses of RT#.
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In contrast, in MDA-MB-231 cells, a TNBC model with low AR expression, seviteronel
treatment did not result in significant radiosensitization (rER = 0.97-1.10) or a significant
decrease in the surviving fraction of cells at 2 Gy (Figure 2-3G). Similar results were seen in
MCEF-7 cells (Figure 2-3H) which have high ER expression, but low AR expression (rER =
0.81-0.98). Together, these results suggest that seviteronel-mediated AR inhibition is able to
radiosensitize AR+ TNBC models in vitro. In breast cancer cell lines that lack AR, however,
treatment with seviteronel does not lead to radiosensitization (Figure 2-3G), suggesting the

effect is mediated through the androgen receptor.

2.4.3 Differential effects on AR targets with enzalutamide- or seviteronel-mediated inhibition

The role of the androgen receptor to signal as a transcription factor has been well-
characterized in prostate cancer and is increasingly being recognized and studied in breast
cancer. AR nuclear translocation results in the activation of downstream target genes including
AQP3 and SECI4L2*'. Activation of target genes was studied in two TNBC cell lines with high
AR expression: MDA-MB-453 and ACC-422 cells. Following stimulation with DHT, there is a
decrease in AR transcript expression in MDA-MB-453 cells (Figure 2-4A). Treatment with
enzalutamide and DHT, however, results in increased levels of AR mRNA in comparison to
control cells also stimulated with DHT. Following DHT stimulation, AR inhibition with
enzalutamide also decreases mRNA levels of target genes (AQP3, SEC14L2) in AR+ TNBC
(Figure 2-4B, C). Seviteronel-mediated inhibition, however, results in no significant change in
expression of AR target genes. Similar results were also seen in ACC-422 cells following DHT
stimulation and treatment with enzalutamide or seviteronel (Figure 2-5A-C). In addition, AR
activation has been shown to increase levels of phosphorylation of the catalytic subunit of DNA

protein kinase (p-DNAPKcs) following radiation?®*°, Treatment with only enzalutamide or
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seviteronel following DHT stimulation in the absence of radiation does not result in changes in
p-DNAPKGcs levels, total levels of DNAPKcs, or AR protein in MDA-MB-453 (Figure 2-4D,
Figure 2-6A, B) or ACC-422 cells (Figure 2-6D-G). Together these results indicate differences
between enzalutamide- and seviteronel-mediated AR inhibition and the effects on downstream

AR target genes.

2.4.4 AR inhibition results in persistence of dsDNA breaks after radiation

Ionizing radiation induces single and double strand breaks in DNA that are acted upon by
distinct DNA repair pathways. If unrepaired, single strand DNA breaks can be converted into
dsDNA breaks at stalled replication forks; dSDNA breaks then require repair through NHEJ or
HR repair pathways. Therefore, to further understand how seviteronel mediates
radiosensitization in vitro, cells were stained for YH2AX foci to assess levels of dSDNA breaks
following RT in multiple models of AR+ TNBC. When AR+ TNBC cells (MDA-MB-453 and
ACC-422) were treated with seviteronel alone, there was no change in levels of YH2AX positive
cells at 2, 6, 16 or 24 hours in MDA-MB-453 cells (Figure 2-7A) or at 30 minutes, 6, 16, or 24
hours in ACC-422 cells (Figure 2-7B), suggesting that seviteronel alone does not induce
widespread dsDNA breaks. As expected, RT alone (2-4 Gy) rapidly induces dsDNA breaks that
were slowly resolved over ~16-24 hours, depending on the cell line used. Differences in the p53
status of MDA-MB-453 (wild type) and ACC-422 (mutant)® cells, however, do not appear to
affect dsDNA break repair*?. Combination treatment with radiation and seviteronel at 1 uM or 5
uM led to significant delays in dsDNA break repair in both cell lines as indicated by
significantly higher levels of YH2AX positive cells compared to cells treated with radiation alone
at the same time points. Representative images of cells at 16 hours after RT are shown for both

cell lines (Figure 2-7C, D). These results suggest that seviteronel-mediated AR inhibition results
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in accumulation of dSDNA breaks following radiation in AR+ TNBC models, including MDA -

MB-453 and ACC-422 cell lines.

2.4.5 Seviteronel treatment in combination with radiation delays growth of xenograft tumors

To further validate the in vitro radiosensitization findings and determine whether these
occurred in intact tumors, an in vivo xenograft model with MDA-MB-453 cells was used. MDA-
MB-453 cells were injected subcutaneously into bilateral flanks of CB17-SCID mice. When
tumors reached ~80 mm?, seviteronel was administered orally each day. In order to assess true
radiosensitization, seviteronel treatment was started one day prior to the beginning of radiation to
achieve plasma concentrations in the 5 uM range at time of first radiation treatment (Figure
2-8A). In contrast to the in vitro viability assays, xenograft tumor growth was significantly
inhibited by seviteronel alone and, as expected, was also inhibited by RT alone. The combination
treatment with seviteronel and RT, however, led to a much more significant decrease in tumor
volume compared to either treatment alone (Figure 2-8B). In addition, there was a significant
delay in time to tumor doubling (7.5 days vs. 36 days) and tripling (13.5 days vs. undefined) in
the mice treated with seviteronel and radiation compared to control mice (Figure 2-8C, D). The
combination treatment seemed to be well tolerated, as there were no differences in weights or
activity levels of the mice (Figure 2-8E). Using the fractional tumor volume (FTV) method for
assessing synergy, the combination of seviteronel with radiation was found to have a synergistic
effect (not just additive) with ratios greater than 1 (Figure 2-8F). Together these results suggest
that seviteronel treatment in combination with radiation is effective at slowing tumor growth in

vivo and that the combination treatment was more effective than either therapy alone.

2.4.6 AR binding at DNA damage response genes is enhanced with RT and seviteronel-

mediated AR inhibition
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Having demonstrated that seviteronel-mediated AR inhibition is sufficient to confer
radiosensitization in AR+ models of TNBC and that dsSDNA breaks persist longer with
combination treatment than with RT alone, we sought to better understand the mechanism by
which seviteronel mediates radiosensitization. We hypothesized that AR transcriptional activity
was regulating DNA damage gene expression to influence repair of DNA damage. Therefore,
inhibition of AR with seviteronel or enzalutamide would decrease target gene expression and AR
binding to AR-transcription factor binding sites located near or within DNA repair genes. Using
ChIP-qPCR, we evaluated AR recruitment at DNA damage response genes containing AR
binding regions in an effort to understand how seviteronel was influencing the DNA damage
response following radiation compared to AR inhibition with enzalutamide. Previous work from
our lab suggests that that AR may be important in AR+ TNBC for the repair of dsSDNA breaks
by activating DNAPKcs?®, an important protein involved in NHEJ*. A number of DNA damage
response genes have previously been reported to be controlled by AR expression in prostate
cancer models, including XRCC2, XRCC3, and PRKDC*®. XRCC2 and XRCC3 contain AR
regulatory regions, and these genes are part of the Rad51 family, playing an important role in the
repair of dsDNA breaks through HR*. PRKDC is the gene encoding DNAPKcs. At all three loci,
AR binding is thought to influence gene expression.

To begin to understand how enzalutamide and seviteronel may be differentially affecting
expression of AR-controlled genes following radiation, ChIP-qPCR experiments were
performed. AR recruitment to AR-occupied regions was compared between the following
treatment conditions: control (no treatment), enzalutamide only, seviteronel only, radiation alone,
or the combination of enzalutamide and radiation, or seviteronel and radiation. When cells were

treated with seviteronel or enzalutamide alone, AR was recruited to regulatory regions of
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XRCC2, XRCC(C3, and PRKDC (Figure 2-9). When compared to cells treated with radiation
alone, cells receiving both radiation and seviteronel had significantly increased AR recruitment.
Similar AR binding was not observed when cells were treated with combination of enzalutamide

and radiation, suggesting that this is a seviteronel-specific effect.

2.5 Discussion

Here we show that although seviteronel and enzalutamide exhibited limited effect as a
single agent (IC50 > 10 uM), AR knockdown and AR inhibition with seviteronel were effective
at radiosensitizing AR+ TNBC models with radiation enhancement ratios of 1.20-1.89.
Radiosensitization of AR+ TNBC models was at least partially dependent on impaired dsDNA
break repair. Similar effects were observed in vivo where there was a significant reduction in
tumor volume and a delay to tumor doubling and tripling times in mice with AR+ TNBC
xenograft tumors treated with seviteronel and radiation. Mechanistically, we report differential
binding of AR to target genes in the presence of enzalutamide and seviteronel, suggesting
different mechanisms of action between the two drugs.

These findings should be taken in the broader context of anti-androgens as a therapeutic
strategy in breast cancer. Other groups have investigated how AR inhibition may be a therapeutic
strategy for aggressive TNBC tumors. Clinical trials with enzalutamide as monotherapy have
demonstrated that AR inhibition is safe and efficacious®, and patients with AR-activated tumors
who receive enzalutamide have improved metastatic progression-free survival*®. Additional
studies are investigating the use of CYP17 lyase inhibitors, like abiraterone acetate, which may
be effective for patients with molecular apocrine tumors*’. Similarly, a trial investigating
treatment with seviteronel for patients with breast cancer (NCT02580448) was recently

completed, and stage 1 results from the Phase II trial suggest that seviteronel provides clinical
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benefit and decreased levels of circulating tumor cells when administered alone?”#8, This work
demonstrates additional clinical applications for AR targeting agents in the treatment of breast
cancer.

There are also a number of limitations of the current study. While this study suggests that
AR inhibition is an effective strategy for the radiosensitization of AR+ TNBC cells, additional
studies are needed to understand the exact mechanism of radiosensitization in these models, and
confirmation using additional AR+ TNBC models, including patient derived xenograft (PDX)
models are still needed. Future work will also seek to understand the differences in how
enzalutamide and seviteronel affect the ability of AR to bind DNA and activate the transcription
of downstream target genes. Our results suggest that seviteronel has a unique mechanism of
radiosensitization compared to the second-generation anti-androgen enzalutamide. Indeed, these
results suggest that AR is increasingly recruited to binding sites of DNA damage response genes
involved both in HR and NHEJ following treatment with seviteronel and radiation. This may
suggest that AR remains bound to these regions but may not be activating transcription of these
genes. This may be due to co-repressor recruitment at these sites (instead of co-activator) or
stalling of the transcriptional machinery. Thus, although seviteronel is found more frequently
bound to promoter regions of NHEJ and HR genes, there does not seem to be a functional
improvement of DNA repair efficacy or efficiency, suggesting that the mechanism of
radiosensitization with seviteronel is different than that previously reported for enzalutamide.
Although the details of these mechanistic differences remain unresolved, additional studies are
underway to investigate the mechanism of AR-mediated radiosensitization both with
enzalutamide and seviteronel to understand how these AR inhibitors are differentially affecting

the radiation response. Another limitation is the disparate findings on the effect of seviteronel in
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vitro and in vivo. Indeed, this study demonstrates that although AR inhibition with seviteronel
alone is not sufficient to inhibit the viability of AR+ TNBC cells in vitro, seviteronel does inhibit
proliferation in vivo and sensitizes cells to radiation treatment both in vitro and in vivo (Figure
2-1, Figure 2-3, Figure 2-8). This difference may be attributed to a difference in intratumoral
androgens, which would be inhibited in vivo but not affected in tissue culture, ex vivo studies.
Furthermore, cytostatic effects of a drug tend to have a more significant impact in vivo compared
to the in vitro cell proliferation studies performed, as these are compared to vehicle controls.
Finally, seviteronel may have cancer cell extrinsic effects, including altering the tumor
microenvironment and endocrine signaling within the mice that would not be observed to the
same extent in vitro.

In summary, TNBC continues to be a clinically challenging disease entity with limited/no
effective molecularly targeted therapies. With the identification of AR+ TNBC subtype, interest
in targeting AR in these patients continues. The data reported herein provide the preclinical
rationale for continued clinical investigation of anti-androgens as a general class of molecularly
targeted therapies for the targeted treatment of AR+ TNBC and specifically for the further

investigation of seviteronel as a radiosensitizing agent in women with radioresistant AR+ TNBC.
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2.7 Figures
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Figure 2-1: Cell viability is not affected by AR inhibition with enzalutamide or seviteronel

(A) AR expression was measured via immunoblot in TNBC and ER+ cell lines. Cells were
treated with seviteronel or enzalutamide, and viability was assessed via metabolic activity for
AR+ TNBC cells: (B) MDA-MB-453 (C) ACC-422, (D) SUM-185, (E) SUM-159, and (F) AR-
TNBC MDA-MB-231 cells. Viability of AR-, ER+ MCF-7 cells was assessed with (G)

enzalutamide and seviteronel treatment at concentrations up to 10 uM. Graphs represent mean *
SEM for three independent experiments.
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Figure 2-2: Cell viability with treatment of AR inhibitors

AR+ TNBC cell lines were pretreated with CSS and phenol free media overnight before
treatment with enzalutamide or seviteronel. Cell viability was assessed via metabolic activity in
(A) MDA-MB-453 and (B) ACC-422 cells. (C) Viability of MDA-MB-231 cells, a AR- TNBC
cell line, was used as a control. (D) Viability of MCF-7 cells was inhibited with treatment of
tamoxifen with an IC50 of 1.1 uM. Graphs represent mean + SEM for triplicate experiments.
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Figure 2-3 AR inhibition via genetic knockdown or seviteronel treatment in combination
with radiation decreases clonogenic survival in AR+ TNBC cell lines

Clonogenic survival assays with siRNA targeting AR were performed in (A) MDA-MB-453 and
(B) ACC-422 cells. (C) Knockdown was confirmed by immunoblot. Clonogenic survival assays
with seviteronel were performed in TNBC cell lines with high AR expression including (D)
MDA-MB-453, and (E) SUM-185 cells, and a moderate AR-expressing cell line (F) SUM-159.
Assays were also performed in AR- TNBC (G) MDA-MB-231 cells or AR-, ER+ (H) MCF-7
cells. Representative clonogenic survival assays for each cell line are shown, while the surviving
fractions of cells at 2 Gy (SF 2 Gy) are shown as the mean = SEM of three independent

experiments (NS = p is not significant, ** =p <0.01).
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Figure 2-4: Differential effects on AR and AR targets with enzalutamide and seviteronel
treatment

AR+ TNBC cells were treated with 5 uM enzalutamide or seviteronel + 10 nM DHT. RT-qPCR
was used to assess mRNA expression of (A) AR, (B) AQP3, and (C) SEC14L2 in MDA-MB-
453 cells. (D) Protein levels of p-DNAPKcs, total DNAPKcs, and AR were measured by
immunoblot in MDA-MB-453 cells. Gene expression data represent mean + SEM for three
independent experiments, and immunoblots are representative of triplicate experiments. (NS = p
is not significant, * = p <0.05, ** =p <0.01).
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Figure 2-5: Differential effects on AR and AR targets with enzalutamide and seviteronel in

ACC-422 cells

ACC-422, AR+ TNBC cells, were treated with 5 uM enzalutamide or seviteronel £ 10 nM DHT.
mRNA expression was assessed via qPCR for (A) AR, (B) AQP3, (C) SEC14L2. Expression of
p-DNAPKCcs, total DNAPKcs, and AR protein levels were measured by immunoblot (D) and
quantified (E-G). Gene expression data represent three independent experiments and are shown
as mean = SEM. Immunoblots are representative of triplicate experiments. (NS = p is not

significant, * = p < 0.05).
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Figure 2-6: Quantification of DNAPKcs and AR Protein Expression in MDA-MB-453 cells

Quantification of immunoblots for (A) DNAPKcs and (B) AR expression in MDA-MB-453
cells. (NS = p is not significant, ** = p < 0.01).
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Figure 2-7: Combination treatment results in increased levels of YH2AX foci and delayed
resolution of dsDNA breaks

YH2AX foci in (A) MDA-MB-453 (p53 wild type) and (B) ACC-422 (p53 mutant) cells were
observed using a fluorescent microscope. MDA-MB-453 cells containing >15 foci were counted
as positive, and ACC-422 cells containing >15 foci were counted as positive. Representative
images of YH2AX foci are shown for (C) MDA-MB-453 and (D) ACC-422 cells for each
treatment group. Graphs represent the mean + SD for three independent experiments (** = p <
0.01).
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Figure 2-8: Seviteronel and radiation is more effective than seviteronel or radiation alone in
MDA-MB-453 xenograft model in vivo

(A) MDA-MB-453 cells were injected into CB17-SCID mice, and treatment began when tumors
reached approximately 80 mm? in size. Treatment with seviteronel began one day prior to
initiation of radiation treatment and continued after the completion of 6 fractions of radiation.
(B) Tumor volume was measured, and (C) time to tumor doubling and (D) time to tumor tripling
was assessed. (E) Toxicities were evaluated by animal weights throughout the duration of
treatment and monitoring. (F) The FTV method was used to assess synergy of use of seviteronel
with radiation (** = p <0.01, *** =p < 0.001, **** =p <0.0001).
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Figure 2-9: Seviteronel with radiation increases AR recruitment compared to monotherapy
treatment of enzalutamide with radiation

AR recruitment to DNA damage response genes was measured by ChIP-qPCR experiments at
AR binding to regions surrounding (A, B) XRCC2, (C) XRCC3, and (D, E) PRKDC. Graphs
represent the mean = SEM for two independent experiments.
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2.8 Tables

Table 2-1: Plating Densities for Clonogenic Survival Assays

MDA-MB-453 | ACC-422 | SUM-185 | SUM-159 | MDA-MB-231 | MCF-7

250 500

0 Gy 300 150 250 500
500 1000
1000 1000

2Gy 600 300 500 1000
2000 2000
2000 10,000

4 Gy 1200 300 1000 5000
4000 20,000
2500 20,000

6 Gy 4500 450 2500 10,000
5000 50,000
5000

8 Gy 5000 12,500
8000
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Table 2-2: qPCR primers

XRCC2 ARORI Fl

GCCTGAACAATGGAGATAAAAGAG

XRCC2 ARORI RI1

TGCCTCAGGGAACAAATAAGAC

XRCC2 AROR2 Fl

AGCCAAAACACTCCCTCAAG

XRCC2 AROR2 R1

CTCAAGTCATCTTCCCACCTC

XRCC3 ARORI Fl

GCCAGCGTTTTGTTAACCTG

XRCC3 ARORI Rl

GGATTTGGATCTACTGGACCTG

PKRDC_ARORI F1

GCATCGCTAGGGAACAAGG

PKRDC_ARORI Rl

CTGCGATAAACATCTTGACAGAG

PKRDC_AROR2 F1

AAGGTGTCACTTCCTGTTCAC

PKRDC_AROR2 Rl

TGAGCTATGCTGATTTTACCTAGG

AR Forward

CAGTGGATGGGCTGAAAAAT

AR Reverse

GGAGCTTGGTGAGCTGGTAG

AQP3 Forward

CCGTGACCTTTGCCATGTGCTT

AQP3 Reverse

TTGTCGGCGAAGTGCCAGATTG

SEC14L2 Forward

CCTGAAGACCAAGATGGGAGAG

SEC14L2 Reverse

GCTGTAGGTGTTGTCAAACCGC

88




2.9 References

10.

11.

12.

13.

14.

15.

16.

. American Cancer Society. Breast Cancer Facts & Figures 2017-2018. 44.

Kyndi, M. et al. Estrogen Receptor, Progesterone Receptor, HER-2, and Response to
Postmastectomy Radiotherapy in High-Risk Breast Cancer: The Danish Breast Cancer
Cooperative Group. JCO 26, 14191426 (2008).

Abramson, V. G. & Mayer, I. A. Molecular Heterogeneity of Triple Negative Breast
Cancer. Curr Breast Cancer Rep 6, 154—-158 (2014).

Garrido-Castro, A. C., Lin, N. U. & Polyak, K. Insights into Molecular Classifications of
Triple-Negative Breast Cancer: Improving Patient Selection for Treatment. Cancer
Discov 9, 176-198 (2019).

Bareche, Y. et al. Unravelling triple-negative breast cancer molecular heterogeneity using
an integrative multiomic analysis. 4nn. Oncol. 29, 895-902 (2018).

Lehmann, B. D. et al. Identification of human triple-negative breast cancer subtypes and
preclinical models for selection of targeted therapies. J Clin Invest 121, 2750-2767
(2011).

Proverbs-Singh, T., Feldman, J. L., Morris, M. J., Autio, K. A. & Traina, T. A. Targeting
the androgen receptor in prostate and breast cancer: several new agents in development.
Endocr. Relat. Cancer 22, R§7-R106 (2015).

Ni, M. et al. Targeting Androgen Receptor in Estrogen Receptor-Negative Breast Cancer.
Cancer Cell 20, 119-131 (2011).

Cochrane, D. R. et al. Role of the androgen receptor in breast cancer and preclinical
analysis of enzalutamide. Breast Cancer Research 16, R7 (2014).

Barton, V. N. et al. Multiple Molecular Subtypes of Triple-Negative Breast Cancer
Critically Rely on Androgen Receptor and Respond to Enzalutamide In Vivo. Mol
Cancer Ther 14, 769-778 (2015).

Giovannelli, P., Donato, M. D., Auricchio, F., Castoria, G. & Migliaccio, A. Androgens
Induce Invasiveness of Triple Negative Breast Cancer Cells Through AR/Src/PI3-K
Complex Assembly. Sci Rep 9, 1-14 (2019).

Giovannelli, P. et al. The Androgen Receptor in Breast Cancer. Front Endocrinol
(Lausanne) 9, (2018).

Mina, A., Yoder, R. & Sharma, P. Targeting the androgen receptor in triple-negative
breast cancer: current perspectives. Onco Targets Ther 10, 4675-4685 (2017).

Kono, M. ef al. Androgen Receptor Function and Androgen Receptor—Targeted
Therapies in Breast Cancer: A Review. JAMA Oncol 3, 1266-1273 (2017).

Crawford, E. D. ef al. Androgen Receptor Targeted Treatments of Prostate Cancer: 35
Years of Progress with Antiandrogens. J. Urol. 200, 956-966 (2018).

Tesei, A. et al. Effect of small molecules modulating androgen receptor (SARMs) in
human prostate cancer models. PLoS ONE 8, €62657 (2013).

89



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Varchi, G. et al. Nonsteroidal androgen receptor ligands: versatile syntheses and
biological data. ACS Med Chem Lett 3, 454—458 (2012).

Miller, W. L. Androgen biosynthesis from cholesterol to DHEA. Mol. Cell. Endocrinol.
198, 7-14 (2002).

Vasaitis, T. S., Bruno, R. D. & Njar, V. C. O. CYP17 inhibitors for prostate cancer
therapy. J Steroid Biochem Mol Biol 125, 23-31 (2011).

Alex, A. B., Pal, S. K. & Agarwal, N. CYP17 inhibitors in prostate cancer: latest
evidence and clinical potential. Ther Adv Med Oncol 8, 267-275 (2016).

Vasaitis, T. S., Bruno, R. D. & Njar, V. C. O. CYP17 inhibitors for prostate cancer
therapy. J. Steroid Biochem. Mol. Biol. 125, 23-31 (2011).

Moreira, V. M., Salvador, J. a. R, Vasaitis, T. S. & Njar, V. C. O. CYP17 inhibitors for
prostate cancer treatment--an update. Curr. Med. Chem. 15, 868—899 (2008).

Tran, C. et al. Development of a Second-Generation Antiandrogen for Treatment of
Advanced Prostate Cancer. Science 324, 787-790 (2009).

Cochrane, D. R. et al. Role of the androgen receptor in breast cancer and preclinical
analysis of enzalutamide. Breast Cancer Research 16, R7 (2014).

Toren, P. J. et al. Anticancer Activity of a Novel Selective CYP17A1 Inhibitor in
Preclinical Models of Castrate-Resistant Prostate Cancer. Mol Cancer Ther 14, 59—-69
(2015).

Gupta, S. et al. Phase 1 Study of Seviteronel, a Selective CYP17 Lyase and Androgen
Receptor Inhibitor, in Men with Castration-Resistant Prostate Cancer. Clin Cancer Res
clincanres.0564.2018 (2018) doi:10.1158/1078-0432.CCR-18-0564.

Bardia, A. et al. Phase 1 study of seviteronel, a selective CYP17 lyase and androgen
receptor inhibitor, in women with estrogen receptor-positive or triple-negative breast
cancer. Breast Cancer Res Treat 171, 111-120 (2018).

Speers, C. et al. Androgen receptor as a mediator and biomarker of radioresistance in
triple-negative breast cancer. npj Breast Cancer 3,29 (2017).

Polkinghorn, W. R. ef al. Androgen receptor signaling regulates DNA repair in prostate
cancers. Cancer Discov 3, 1245-1253 (2013).

Goodwin, J. F. et al. A hormone-DNA repair circuit governs the response to genotoxic
insult. Cancer Discov 3, 1254-1271 (2013).

Yard, B. D. et al. A genetic basis for the variation in the vulnerability of cancer to DNA
damage. Nature Communications 7, 11428 (2016).

Speers, C. et al. Maternal Embryonic Leucine Zipper Kinase (MELK) as a Novel
Mediator and Biomarker of Radioresistance in Human Breast Cancer. Clin Cancer Res
22, 58645875 (2016).

Feng, F. Y. et al. Targeted radiosensitization with PARP1 inhibition: optimization of
therapy and identification of biomarkers of response in breast cancer. Breast Cancer Res
Treat 147, 81-94 (2014).

90



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yokoyama, Y., Dhanabal, M., Griffioen, A. W., Sukhatme, V. P. & Ramakrishnan, S.
Synergy between Angiostatin and Endostatin: Inhibition of Ovarian Cancer Growth.
Cancer Res 60, 2190-2196 (2000).

Matar, P. et al. Combined Epidermal Growth Factor Receptor Targeting with the
Tyrosine Kinase Inhibitor Gefitinib (ZD1839) and the Monoclonal Antibody Cetuximab
(IMC-C225): Superiority Over Single-Agent Receptor Targeting. Clin Cancer Res 10,
6487—-6501 (2004).

Caiazza, F. et al. Preclinical evaluation of the AR inhibitor enzalutamide in triple-
negative breast cancer cells. Endocr. Relat. Cancer 23, 323-334 (2016).

Gucalp, A. & Traina, T. A. Targeting the androgen receptor in triple-negative breast
cancer. Current Problems in Cancer 40, 141-150 (2016).

Skov, K. & Macphail, S. Interaction of platinum drugs with clinically relevant X-ray
doses in mammalian cells: A comparison of cisplatin, carboplatin, iproplatin, and
tetraplatin. International Journal of Radiation Oncology*Biology*Physics 20, 221-225
(1991).

Zhang, X. et al. In vitro and in vivo study of a nanoliposomal cisplatin as a
radiosensitizer. International Journal of Nanomedicine https://www.dovepress.com/in-
vitro-and-in-vivo-study-of-a-nanoliposomal-cisplatin-as-a-radiosens-peer-reviewed-
article-IJN (2011) doi:10.2147/1JN.S15997.

Cuenca-Lopez, M. D. et al. Phospho-kinase profile of triple negative breast cancer and
androgen receptor signaling. BMC Cancer 14, 302 (2014).

Bolton, E. C. et al. Cell- and gene-specific regulation of primary target genes by the
androgen receptor. Genes Dev 21, 2005-2017 (2007).

Moon, S.-H. et al. Wild-type p53-induced Phosphatase 1 Dephosphorylates Histone
Variant y-H2AX and Suppresses DNA Double Strand Break Repair. J. Biol. Chem. 285,
12935-12947 (2010).

Davis, A. J. & Chen, D. J. DNA double strand break repair via non-homologous end-
joining. Transl Cancer Res 2, 130—-143 (2013).

Liu, N. et al. XRCC2 and XRCC3, New Human Rad51-Family Members, Promote
Chromosome Stability and Protect against DNA Cross-Links and Other Damages.
Molecular Cell 1, 783-793 (1998).

Traina, T. A. et al. Enzalutamide for the Treatment of Androgen Receptor—Expressing
Triple-Negative Breast Cancer. JCO 36, 884—-890 (2018).

Traina, T. A. et al. Results from a phase 2 study of enzalutamide (ENZA), an androgen
receptor (AR) inhibitor, in advanced AR+ triple-negative breast cancer (TNBC). JCO 33,
1003-1003 (2015).

Bonnefoi, H. et al. A phase II trial of abiraterone acetate plus prednisone in patients with
triple-negative androgen receptor positive locally advanced or metastatic breast cancer
(UCBG 12-1). Ann Oncol 27, 812-818 (2016).

91



48. Gucalp, A. et al. Phase (Ph) 2 stage 1 clinical activity of seviteronel, a selective CYP17-
lyase and androgen receptor (AR) inhibitor, in women with advanced AR+ triple-
negative breast cancer (TNBC) or estrogen receptor (ER)+ BC: CLARITY-01. JCO 35,
1102-1102 (2017).

92



Chapter 3 : Multiomics Analysis to Uncover the Mechanism of Radiosensitization
of Androgen Receptor-Positive Triple Negative Breast Cancers With AR

Inhibition3
3.1 Abstract

Expression of the androgen receptor (AR) has been identified as a driver of tumor growth in
triple negative breast cancers (TNBC), and previous work has nominated AR inhibition as a
strategy for radiosensitization in AR+ TNBC. Despite its role in radioresistance in AR+ TNBC,
the mechanistic role of AR and specifically its role in mediating DNA damage repair in response
to radiation therapy (RT) remains unknown. While stimulation with R1881 is sufficient to induce
nuclear translocation of AR in AR+ TNBC cells, AR inhibition with enzalutamide, apalutamide,
or darolutamide blocked AR nuclear translocation under CSS or FBS growth conditions. When
cells are treated with R1881+RT, AR nuclear translocation was induced at similar or greater
levels compared to R1881 alone in AR+ TNBC cells. Combination treatment of RT with
enzalutamide in the presence of hormones reduced AR nuclear localization (32-39% reduction)
compared to RT alone. These results suggest that decreased promoter region binding, and gene
expression upregulation may be a mechanism of radiosensitization with AR inhibition. Pathway
analyses and proteomic changes in these models demonstrated changes in the MAPK/ERK

signaling pathway, suggesting that MAPK signaling may be responsible for AR-mediated

3This chapter was completed in collaboration with the following authors: Benjamin C. Chandler, Andrea M. Pesch,
Lynn M. Lerner, Leah Moubadder, Stephanie The, Breanna McBean, Lori J. Pierce, Corey W. Speers
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radioresistance phenotype. Together our findings suggest that AR-mediated radioresistance is

due, at least in part, to downstream MAPK/ERK signaling.

3.2 Introduction

Therapies targeting the androgen receptor (AR) have been of increasing interest for the
treatment of AR-positive (AR+) breast tumors, including AR+ triple negative breast cancers
(TNBC). Due to the ineffectiveness of molecular targeted therapies, patients with TNBC, which
lack expression of the estrogen receptor (ER), progesterone receptor (PR), and the human
epidermal growth factor receptor 2 (HER?2), generally receive multimodal treatments including
surgery, chemotherapy, and radiation therapy (RT). Recent work has demonstrated that therapies
targeting the AR may be effective for the treatment of AR+ TNBC as monotherapy!->.
Additional work indicates that AR inhibitors, when combined with RT, result in significant
radiosensitization in AR+ TNBC models*>S, but may have different effects in tumors expressing
both AR and ER together” .

While many anti-androgen therapies have been investigated for the treatment of AR+
cancers, including AR+ breast cancer!?, here we focus on the use enzalutamide (MDV3100), a
second generation anti-androgen and competitive inhibitor of AR which also prevents AR
nuclear translocation®!!. While AR inhibition and knockdown has previously been demonstrated

12714 "olioblastoma'>, and breast cancer*®, to

to sensitize AR+ models, including prostate cancer
RT both in vitro and in vivo, the mechanism of radiosensitization and a role for AR in driving
resistance to radiotherapy in AR+ TNBC remains understudied and of clinical importance.
Notably, as AR is increasingly being investigated as a target for therapy, there remains a critical

need for the development of accurate biomarkers of response to AR inhibitors to correctly

identify the patient populations that will most reliably respond to AR targeted therapies.
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Here we use multiomics approaches to investigate the transcriptional and proteomic
effects mediated by AR in the response to ionizing radiation. Canonically, AR has been
characterized as a transcription factor, and we have identified a transcriptional program driven by
AR following RT. Additionally, we demonstrate that AR also plays distinct, non-canonical, roles
that may warrant further investigation. To this end, we have used reverse phase protein array
(RPPA) as a high-throughput, quantitative method for assessing proteomic changes occurring
within cells. RPPA is also very sensitive, allowing for the detection of a range of low-abundance
signaling proteins'®. Antibodies used for RPPA analysis are highly validated and specific
resulting in a limited number of antibodies available for use; however, proteins and
phosphoproteins can be further classified into pathways, and pathway changes can be assessed.

Furthermore, we report that AR inhibition with enzalutamide is sufficient to block
nuclear translocation of AR in response to hormones and in combination with radiation therapy
(RT). In addition, transcriptomic and proteomic analyses have been performed to characterize the
role of AR in response to radiation, and better understand how AR is mediating radioresistance
in multiple AR+ breast cancer cell lines with diverse genetic backgrounds. Changes occurring at
the protein or phosphoprotein level were also assessed following treatment with radiotherapy and
with the combination of AR inhibition with RT. Together these results nominate the MAPK
signaling pathway as being downstream of AR signaling in AR+ TNBC models suggesting that
MAPK, and specifically phosphorylation of ERK1/2, is mediating the radioresistance observed
in AR+ TNBC. These findings suggest that AR may be regulating the MEK/ERK signaling

pathway in AR+ TNBC to promote DNA repair.
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3.3 Methods

3.3.1 Cell Culture

Cells were grown in incubator at 37°C with 5% CO,. MDA-MB-453 cells were obtained
from ATCC and grown in DMEM media (ThermoFisher 11965092) containing 1%
penicillin/streptomycin (pen/strep; ThermoFisher 15070063) and 10% Fetal Bovine Serum (FBS;
Atlanta Biologicals S11550H). ACC-422 cells were grown in MEM media (ThermoFisher
11095080) containing 1X Insulin-Transferrin-Selenium-Ethanolamine (ITS-X; Gibco
51500056), 1% pen/strep, and 15% FBS. Cell lines were authenticated by DNA fingerprinting
using short tandem repeat (STR) profiling. Cells were routinely tested for mycoplasma using the

MycoAlert Mycoplasma Detection kit (Lonza LTO07).

3.3.2 Proteomic Analysis

Cells were seeded in 6 well plates before treatment with 1 pM enzalutamide (MDV3100;
MedChem Express HY-70002), 1 uM seviteronel (Innocrin Pharmaceuticals) or vehicle control
(DMSO). Drug treatment was administered 24 hours prior to radiation treatment (4 Gy).
Following radiation, cells were harvested at indicated time points using cell scrapers. Cells were
lysed with RIPA buffer supplemented with cOmplete Mini protease (PHOSS-RO) and
phosSTOP (COEDTAF-RO). Bond-Breaker TCEP solution (Pierce Biotechnology) was added at
1/10" volume and samples were boiled at 95°C and stored at -80°C prior to analysis. A
schematic of treatment is outlined in Figure 3-6A.

Prepared protein lysates were then serially diluted (1:2, 1:4, 1:8, 1:16), and a spot array
was created for all samples with each individual antibody using the Aushon 2470 arrayer

(Quanterix) on Oncyte Avid nitrocellulose-coated slides (Grace Bio-Labs) according to
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manufacturer’s instructions. Prepared slides were stored at -80°C until an automated slide stainer
(Dako Link 48) was used for immunostaining. All antibodies (approximately 100 in total) were
validated at the Royal College of Surgeons, Dublin, Ireland. MicroVigene software V.5.1
(VigeneTech) was used to analyze the scanned slides. The MIcroVigene software was used to
generate spot intensities where a four-parameter logistic-log model, ‘SuperCurve’ algorithm, was
used to fit a curve to each sample!”. All samples for a single antibody were normalized using
global sample median normalization. Differential protein expression was measured by

comparing treated samples at each timepoint to the untreated samples within a single cell line.

3.3.3 Western Blotting

Cells were seeded in 10 cm dishes and allowed to adhere overnight before cells were
stripped of hormones using phenol-red free media. For ACC-422 cells, MEM media (#51200-
028) was supplemented with 15% charcoal stripped serum (CSS, Atlanta Biologicals
#S11650H), 1% pen/strep, 2 mM L-glutamine (Sigma G7313) and 1X ITS-X. For MDA-MB-
453 cells, DMEM media (#21063-029) was supplemented with 10% CSS, 1% pen/strep. Cells
were cultured in hormone deplete conditions for 48 hours before stimulation with 1 nM R1881
and harvested after 1 hour of stimulation. For experiments with cells cultured in FBS, drug
treatments were administered 1 hour before harvesting cells. For experiments with radiation
treatment, cells were treated with pharmacologic agent, where denoted, 1 hour before 4 Gy RT,
and harvested 1 hour after radiation. To harvest cells, they were washed twice with cold PBS and
harvested by scraping. Nuclear and cytoplasmic cellular fractionations were subsequently
separated using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific
78835). Lysates were standardized using the Pierce BCA Protein Assay Kit (Thermo Scientific

23227) and RIPA buffer (Thermo Scientific §9901) containing phosphatase and protease
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inhibitors (Sigma #PHOSS-RO, #CO-RO). Following standardization, samples were sonicated,
reduced with 4x NU-PAGE buffer (Life Technologies NP0007) and 2% B-mercaptoethanol. For
nuclear fractionation experiments, reduced lysates were run on gels and probed for AR (1:1000;
Millipore PG-21), LaminB1 (1:1000; CST 12586), and GAPDH (1:1000; CST 2118L). An anti-
rabbit secondary was used (1:10,000; CST 7074S). Antibodies for p-ERK1/2 (1:1000, CST
4370), total ERK1/2 (1:1000, CST 4695) were also used. Quantification of western blots was

performed using ImageJ software.

3.3.4 RNA-sequencing

MDA-MB-453 and ACC-422 cells were plated in media containing FBS and left to
adhere overnight. The following day, cells were pretreated in media without phenol red
containing CSS instead of FBS for 48 hours. After this pretreatment, cells were stimulated with 1
nM R1881, 2 uM enzalutamide, or 4 Gy RT for 24 hours. Cells treated with a combination of
R1881 with RT or enzalutamide with RT first received a 24-hour pretreatment with R1881,
following by 4 Gy RT, and RNA was collected 24 hours post-RT (Figure 3-3A). For each
sample, RNA was collected using TRIzol and isolated using the miRNeasy mini kit (Qiagen
217004). Poly(A) mRNA library preparation and RNA sequencing was performed by the
Advanced Genomics Core at the University of Michigan using Illumina sequencing on the
NovaSeq flow cell platform. Three replicates of samples were submitted for each condition.
Schematic of treatment outline is shown in Figure 3-3A. DeSeq2 was used for normalization and
comparing treatment groups. Lists of differentially expressed genes were assessed using
iPathway Analysis by Advaita Bioinformatics using a log2(fold change) cutoff of 0.58 and an

adjusted p-value cutoff of 0.05.
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3.3.5 Drugs

Androgen receptor inhibitors were purchased from MedChemExpress (Apalutamide: HY -
16060, Darolutamide: HY-16985, Enzalutamide: HY-70002). Trametinib was purchased from
Selleckchem (S2673). R1881 was provided by the lab of Arul Chinnaiyan at the University of

Michigan.

3.3.6 Irradiation

X-ray irradiation was performed at the University of Michigan Experimental Irradiation
Core using a Kimtron IC-225. The dose rate of 2 Gy/min was used in keeping with previous
studies*>!8, For in vitro experiments, a 0.1mm Cu filter was used, and for in vivo experiments,

the filter was 0.4mm Sn + 0.25mm Cu.

3.4 Results

3.4.1 Nuclear localization of AR is blocked with pharmacologic AR inhibitors

Having previously observed radiosensitization with AR knockdown or pharmacologic
inhibition*®, we sought to understand the mechanism of AR-inhibitor mediated
radiosensitization in AR+ TNBC models. First, to determine whether pharmacologic AR
inhibitors were effectively blocking AR nuclear translocation in AR+ TNBC models, western
blots were performed to look at the cellular localization of AR either in the nuclear and cytosolic
cellular fractions. To do this, MDA-MB-453 and ACC-422 cells were cultured in hormone
deplete conditions for 48 hours and stimulated with a synthetic androgen (R1881) for one hour
before cells were harvested. When stimulated for one hour with 1 nM R1881, AR translocates to
the nucleus, and this is at least partially blocked with the addition of 2 uM enzalutamide (1 hour

pretreatment before R1881 stimulation) in MDA-MB-453 (16% reduction, Figure 3-1A) and
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ACC-422 (24% reduction, Figure 3-1B) cells. In cells treated with FBS, which contains
hormones, AR is located in the nuclear fraction. Treatment for two hours with the second-
generation anti-androgens apalutamide, darolutamide, or enzalutamide blocks AR nuclear
translocation in both cell lines (24-66%, Figure 3-1A,B). Interestingly, apalutamide and
enzalutamide more efficiently blocked AR nuclear translocation in MDA-MB-453 cells
compared to darolutamide, suggesting that the structural differences in these inhibitors'® may
affect their ability to block AR in some contexts. These findings suggest that pharmacologic
inhibitors of AR are effective at blocking AR nuclear translocation resulting in some increased

accumulation of AR in the cytoplasm in AR+ TNBC models in vitro.

3.4.2 AR localizes to the nucleus following radiation treatment

Next, to determine how radiation was affecting cellular localization of AR in the presence
or absence of AR inhibition, cellular fractionation experiments were performed on AR+ TNBC
cell lines treated with radiation in the context of AR stimulation or inhibition. First, cells were
cultured in hormone deplete conditions for 48 hours, then stimulated with R1881 for one hour
before 4 Gy RT and harvested one hour after radiation. Again, treatment with R1881 induced AR
nuclear translocation, and this was sustained with radiation treatment in both MDA-MB-453 and
ACC-422 cells (Figure 3-2A, C). In cells treated with media containing FBS, AR was again
observed in the nucleus under these baseline conditions; however, AR inhibition with
enzalutamide was sufficient to block AR nuclear translocation (50-58% reduction, Figure 3-2B,
D). Notably, AR remained in the nucleus following RT, but AR accumulated in the cytoplasm
when enzalutamide was given one hour prior to RT in MDA-MB-453 and ACC-422 cells (10-
60% increase in cytoplasmic AR relative to NT, Figure 3-2B, D). These findings suggest that

AR is indeed present in the nucleus immediately following radiation treatment; however,
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treatment with enzalutamide is sufficient to block AR nuclear translocation and may inhibit AR’s
activity in its canonical role of a transcription factor. Therefore, as it has been previously
reported that treatment with enzalutamide before radiation provides increased
radiosensitization*®, we sought to understand how AR may be promoting DNA repair and

resistance to RT in AR+ TNBC models.

3.4.3 Transcriptomic Analyses in AR+ TNBC cell lines

A canonical role for AR is to function as a transcription factor and regulate expression of
target genes in response to hormone signaling. To understand how AR may be controlling
transcriptional regulation in response to ionizing radiation, we performed bulk RNA-sequencing
on AR+ MDA-MB-453 and ACC-422 cells. These cells were first cultured in hormone deplete
conditions, treated with 1 nM R1881 or 4 Gy RT, and harvested 24 hours after treatment (Figure
3-3A). Sequencing was also performed on cells treated with the combination of R1881 with RT
where R1881 treatment was administered 24 hours prior to RT, and cells were harvested 24
hours after RT (Figure 3-3A). Treatment with R1881 resulted in a large number of differentially
expressed genes in both ACC-422 (669 genes, Figure 3-3B) and MDA-MB-453 (938 genes,
Figure 3-3C) cells compared to control. When pathway analysis was performed on the
differentially expressed gene lists, multiple pathways were found to be enriched in each cell line,
including Pathways in Cancer in both MDA-MB-453 and ACC-422 cells treated with R1881
(Figure 3-3D, E), and Transcriptional Misregulation in Cancer in MDA-MB-453 cells.
Complete pathway analyses results can be found in Table 3-1 (ACC-422) and Table 3-2 (MDA-
MB-453).

Next, we compared cells treated with RT alone or RT in combination with R1881. In

cells treated with RT alone, there were far fewer differentially expressed genes compared to

101



untreated (NT) control cells (ACC-422: 46 genes, MDA-MB-453: 114 genes). When untreated
cells were compared to cells receiving both R1881 and RT, there were 979 differentially
expressed genes in ACC-422 cells (Figure 3-4A), and 1119 differentially expressed genes in
MDA-MB-453 cells (Figure 3-4B). Pathway analysis was again performed on these gene lists to
identify pathways that are overrepresented with combination treatment (Figure 3-4C, D). Many
of the pathways that were found to be overrepresented with treatment of R1881+RT were
identified to be the same as those seen with treatment of R1881 alone. Notably, 16 of the 17
identified pathways with R1881 treatment were also overrepresented with combination treatment
of R1881+RT in ACC-422 cells. Similarly, 7 of the 10 identified pathways following R1881
treatment were also overrepresented with combination treatment in MDA-MB-453 cells. All
pathway changes can be found in Table 3-3 (ACC-422) and Table 3-4 (MDA-MB-453).

To identify changes that are due to R1881 treatment in the context of RT, we compared
cells treated with RT alone to cells treated with R1881+RT. In this comparison, there were 1012
differentially expressed genes in ACC-422 cells (Figure 3-5A) and 1194 differentially expressed
genes in MDA-MB-453 cells (Figure 3-5B). Pathway analysis was performed in both cell lines
(Figure 3-5C, D), and complete lists of significant pathways are recorded in Table 3-5 (ACC-
422) and Table 3-6 (MDA-MB-453). Many similar pathways were identified to be
overrepresented in ACC-422 cells with R1881 treatment (NT vs R1881) compared to R1881 in
the context of RT (RT vs R1881+RT). These pathways include the Estrogen Signaling Pathway,
Pathways in Cancer, and the TGF-f Signaling Pathway, among others. To identify changes that
are due to ionizing radiation in the context of R1881 treatment, we compared cells treated with
R1881 against combination treated cells (R1881+RT). Interestingly, there were 174 differentially

expressed genes in MDA-MB-453 cells. Despite identifying 846 differentially expressed genes
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in ACC-422 cells (Figure 3-5E), pathway analysis did not identify any pathways that were
overrepresented in this comparison (R1881 vs R1881+RT). While there were many changed
pathways across the different treatment groups and comparisons based on our transcriptomic
data, we identified multiple recurring pathways including the PI3K-Akt Signaling Pathway,
MAPK Signaling Pathway, and the TGF-p Signaling Pathway. These pathways play important
roles within the cell, specifically in the regulation of cell growth and proliferation, and therefore
may be important in contributing to cellular growth following treatment with R1881 alone or in

combination with RT.

3.4.4 Proteomic Analyses in AR+ TNBC cell lines

In addition to its canonical roles in regulating transcription, AR has also been shown to
have non-canonical activities that can contribute to endocrine resistance in breast cancer?’, and in
prostate cancer, AR signaling has many non-nuclear functions?! which include influencing Src?2,
PI3K/Akt?, immune cells?>*?°, and the Ras/Rafl/MEK/ERK signaling cascade?®. To obtain a
more complete picture of the role for AR signaling in AR+ TNBC, in addition to our
transcriptional studies, we used reverse phase protein arrays (RPPA) to assess changes in
approximately 100 proteins and phosphoproteins in response to treatment with enzalutamide, RT
alone, or enzalutamide with RT. MDA-MB-453 or ACC-422 were pretreated with enzalutamide
for 24 hours prior to RT, and cells were harvested at 1-, 12-, or 24-hours post-RT (Figure 3-6A).
Expression of proteins or phosphoproteins for treatment conditions was assessed for untreated
cells, cells treated with enzalutamide alone, RT alone, or enzalutamide with RT within each cell
line.

Within each cell line, we compared the proteomic changes at each timepoint (1-, 12-, 24-

hours after RT). While we observed changes in protein expression in cells treated with each
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condition, we expected to see treatment specific trends in proteins or phosphoproteins where
expression is decreased with enzalutamide, increased with radiation, and blunted with
combination treatment. In cells that were harvested one hour after RT, we can note this trend in
MDA-MB-453 cells (p-Src [Y416], p-ATM, total ATM, p53, p-Akt [S473, T308], total Akt, p-
AMPK [T172], p-Chk1 [S345], total Chk1; Figure 3-6B) and in ACC-422 cells (HER2 [Y 1248],
p-Chk2 [T68], p-MEK1 [S217, S221], ERK1, ERK1/2 [S217], IGFIR; Figure 3-7A). Overall,
these targets represent key proteins in the DNA damage repair pathways as well as the
MAPK/ERK signaling pathway, suggesting that AR may be mediating signals important for
DNA repair and the MAPK pathway, thus contributing to radioresistance in this context.
Additional proteomic changes were observed in MDA-MB-453 and ACC-422 cells with
enzalutamide, RT, or combination treatment at 12-hours post-RT (Figure 3-6C, Figure 3-7B) or
24-hours post-RT (Figure 3-6D, Figure 3-7C).

To look more directly at the proteins and phosphoproteins involved in these pathways, we
analyzed the specific proteins and phosphoproteins related to DNA Damage and Repair or the
MAPK signaling based on the specific genes identified to be part of these pathways using gene
ontology biological processes. Using these lists of proteins and phosphoproteins included in the
(1) DNA Damage and Repair and (2) MAPK Pathway, we assessed pathway specific changes
with enzalutamide, RT, or combination treatment. First, we queried changes in the 15 proteins
and phosphoproteins in our dataset related to DNA damage and repair. Based on the proteomic
changes across treatment conditions, we observe that there are distinct groups of proteins and
phosphoproteins that are up or downregulated under these conditions. Notably, with RT, there is
an increase in important DNA repair proteins, including p53, p-ATM, total ATM, p-Chk1

(S345), total Chkl, p-Chk?2 (T68), and XRCC1 (Figure 3-8A). Most of these proteins, in
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addition to others, were decreased relative to cells treated with radiation following treatment of
enzalutamide alone or in combination with RT. Similar results were observed in ACC-422 cells
at one-hour post-RT with increases in 53bpl, p-ATM, total ATM, Chkl, p-Chk2 (S345), p-
EGFR (Y 1068), EGFR, p53 (Figure 3-8D). In addition, most proteins and phosphoproteins were
decreased with enzalutamide treatment, and similar decreases were observed for most proteins
and phosphoproteins with combination treatment (Figure 3-8D). Across multiple timepoints,
combination treatment had a varied effect, with more nuanced changes in proteins following RT
in cells pretreated with enzalutamide compared to cells treated with RT alone (Figure 3-8B, C,
E, F). Overall, early responding changes in response to RT (e.g. p-ATM, total ATM) are seen
after 12-24 hours post-RT when cells are pretreated with enzalutamide (Figure 3-8). This is
concordant with phenotypes seen in breast and prostate cancer models where AR inhibition
results in delays in DNA damage repair!>!4?7,

Next, we assessed changes in proteins and phosphoproteins relate to the MAPK pathway
under the same treatment conditions. Similar to results observed in DNA damage and repair
proteins, there are subsets of proteomic changes that are opposite between cells treated with
enzalutamide compared to RT alone. In these instances, enzalutamide decreases expression of
proteins that are increased in response to RT, further suggesting that AR may be regulating
proteomic changes of proteins and phosphoproteins that are activated following treatment with
ionizing radiation. Specifically, in MDA-MB-453 cells at 1-hour post-RT, there are increases in
total ERK1, p-PKCa (S657), AR, p-Src (Y416), p-Akt (T308), and total Akt after RT, with
decreases in the same proteins after treatment with enzalutamide alone or in combination with
RT (Figure 3-9A). While there are differences in the specific proteomic changes observed under

the same treatment conditions in ACC-422 cells, p-ERK1/2 (S217), p-ERK1 (T202), total ERK1,
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and p-MEKI1 (S217, S221) have some of largest decreases in expression with enzalutamide and
relative increases in expression with RT (Figure 3-9B). Similar trends were observed at 12- and
24-hours post-RT in ACC-422 and MDA-MB-453 (Figure 3-9C-F); however, distinct subsets of
proteins and phosphoproteins are activated at later timepoints after treatment with enzalutamide

and RT.

3.4.5 Validation of transcriptomic and proteomic findings in AR+ TNBC cells

Large scale transcriptomic and proteomic analyses (Figure 3-9) in AR+ TNBC cell lines
indicate that the MAPK signaling pathway may be an important part of AR-mediated
radioresistance. Therefore, to validate the role of the MAPK pathway, and specifically MEK and
ERK signaling in response to AR activation or inhibition in vitro, additional western blots were
performed assessing p-ERK1/2 and total ERK1/2 protein levels. MDA-MB-453 and ACC-422
cells were pretreated for 48 hours in media without phenol red and containing CSS. Next, cells
are stimulated with R1881, and western blots were performed to assess changes in p-ERK1/2 and
total ERK1/2 levels as a readout of activation of the MAPK signaling pathway after AR
stimulation. Stimulation with R1881 was sufficient to induce an increase in p-ERK1/2 in both
cell lines (Figure 3-10A, B). Changes in the MAPK signaling pathway were assessed in AR+
TNBC cells treated with enzalutamide. Western blots were performed after treatment with 1 uM
enzalutamide in ACC-422 (Figure 3-10C) and MDA-MB-453 (Figure 3-10D) cells. In both cell
lines, following treatment with enzalutamide, there was an increase in p-ERK1/2, suggesting an
increase of the MAPK signaling pathway with AR inhibitor treatment. Because enzalutamide
primarily functions to suppress AR’s transcriptional activity, enzalutamide treatment still allows
for accumulation of nuclear AR, allowing for modulation of p-ERK despite treatment with

pharmacologic AR inhibitors.
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3.5 Discussion

Previous work has demonstrated that AR is a mediator of radioresistance both in AR+
TNBC %27 and prostate cancer models'>~'%. Our work has demonstrated that AR inhibition or
knockdown radiosensitizes AR+ TNBC cells*°. Here we demonstrate that under baseline
conditions, AR is located both in the cytoplasm and in the nucleus, and AR is responsive to
stimulation with R1881, a synthetic androgen, or AR inhibition with the second-generation anti-
androgens, apalutamide, darolutamide, and enzalutamide (Figure 3-1, Figure 3-2). While this
previously has been explored in prostate cancer models, these findings confirm a canonical role
for AR as a nuclear hormone transcription factor, that is responsive to both stimulation and
inhibition in our AR+ TNBC cell lines. In addition, our data suggest that AR is driving a
transcriptional program in response to stimulation and RT (Figure 3-3, Figure 3-4). Further, our
proteomic data suggests a novel, non-canonical role for AR in the regulation of MAPK/ERK
signaling following RT (Figure 3-6, Figure 3-7, Figure 3-8, Figure 3-9), suggesting that AR
may be regulating changes at both the transcriptional and proteomic levels resulting in the
observed AR-mediated radioresistance. This is in line with previous findings in prostate cancer,
where inhibition of MEK is sufficient to modulate the radiation response in AR+ prostate
models?.
Previous work by our group and others has demonstrated that inhibiting AR results in decreased
phosphorylation of DNAPKcs!#2"-? resulting in a delay in dSDNA break repair with AR
inhibitors following RT in breast and prostate models. Our work highlights the role for the
MAPK cascade in response to ionizing radiation (Figure 3-9, Figure 3-10) which has previously
been noted in other cancers including glioma and non-small cell lung cancer’®-33. This parallels

with work done in prostate cancer where activation of AR has been shown to activate the Ras-
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Raf-1 signaling cascade and ERK phosphorylation?!?°. In addition, with radiation, targeting of
MAPK signaling and specifically inhibition of MEK/ERK results in decreased ERK
phosphorylation and increased radiosensitivity?®. These changes in radiosensitivity are due, at
least in part to a delay in dsDNA repair as a result of impaired efficiency of NHEJ and HR?3!2,
Therefore, taken with our findings, our working model indicates that use of AR inhibitors
including enzalutamide may reduce MAPK signaling resulting in aberrations to DNA repair
pathways including changes in ATM, DNAPKcs, PARPI1 (Figure 3-11).

There are limitations of our study that should also be considered. First, here we use cell
line models that can be cultured in the presence or absence of media containing hormones. In our
study, we have used multiple culture conditions to try to provide a more complete picture of
what may be happening when AR inhibitors are used in combination with RT. Our studies,
however, were performed using cell culture models and they have not been expanded into 3D
culture systems using organoids or in vivo animal models. Future studies will continue to
validate this work in diverse model systems. In addition, our proposed model for AR-inhibitor
mediated radiosensitization may lack intermediary steps that could be involved in this
phenotype. One example could include the minor spliceosome. While we demonstrate that AR
regulates p-ERK signaling, transcripts in the MAPK signaling pathway are highly regulated by
minor spliceosome activity**, and knockdown of the minor spliceosome results in the inhibition
of DNA repair®. Therefore, AR inhibition may also be directly or indirectly influencing the
minor spliceosome to promote radiosensitization. Our studies were also performed in vitro using
models that do not account for the role of the immune system or tumor microenvironment*®. In

prostate cancer models, AR has been demonstrated to repress IFNy expression resulting in
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immunotherapy resistance®’. Future and ongoing studies will investigate these limitations by
using immunocompetent in vivo models.

Our findings contribute to a larger body of literature demonstrating that use of AR
inhibitors alone or in combination with radiotherapy may be an important addition to the
treatment armamentarium for AR+ TNBC. Results from clinical trials demonstrate that AR
inhibitors, specifically enzalutamide, are well tolerated*® and have response rates of ~30%.
Ongoing work is needed to understand the mechanisms by which AR is contributing to
tumorigenesis in AR+ breast cancer models. Most notably, there is a critical need for biomarkers
of response that can be used to effectively identify patient populations that will benefit from
treatment with AR inhibitors. While AR has been identified as a biomarker of radioresistance
when expressed in AR+ TNBC, additional work has demonstrated that it may play a different
role in the context of AR+/ER+ breast cancers”’. Therefore, future studies are needed to identify
other biomarkers that can impact radiosensitivity in a variety of contexts in order to inform

appropriate clinical strategies for women with AR+ breast tumors.
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3.7 Figures
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Figure 3-1: Pharmacologic AR inhibitors block AR nuclear translocation in AR+ TNBC cell
lines

Nuclear fractionation experiments were performed in MDA-MB-453 (A) and ACC-422 (B) cells
treated with 1 nM R1881, 2 uM enzalutamide, 2 uM apalutamide, and/or 2 uM darolutamide
cultured in media containing charcoal stripped serum (CSS) or fetal bovine serum (FBS).
Experiments were performed in triplicate, and quantifications represent relative AR protein
expression.
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Figure 3-2: AR localizes to the nucleus following ionizing radiation

Nuclear fractionation experiments were performed in MDA-MB-453 (A) and ACC-422 (C) cells
initially cultured in CSS, then treated with R1881, RT, or R1881+RT. R1881 was given one hour
prior to RT, and cells were harvested one hour after RT Experiments were also performed in

MDA-MB-453 (B) and ACC-422 (D) cells cultured in FBS, treated with enzalutamide, RT, or
enzalutamide + RT. Enzalutamide was given one hour prior to RT, and cells were harvested one

hour after RT. Experiments were performed in triplicate, and quantifications represent relative
AR protein expression.
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Figure 3-3: Analysis of differentially expressed genes and pathway changes in ACC-422 and
MDA-MB-453 cells with R1881 treatment

(A) Schematic of treatment for RNA-seq samples. ACC-422 and MDA-MB-453 cells were
pretreated in charcoal stripped serum (CSS) for 48 hours prior to stimulation with R1881 (24
hours), treatment with 4 Gy RT, or combination treatment (24-hour pretreatment with R1881
before RT). All cells were harvested 24 hours post-treatment. Volcano plots identified
differentially expressed genes in (B) ACC-422 and (C) MDA-MB-453 cells treated with 1 nM
R1881. Pathway analysis of the differentially expressed genes identified biological pathways that
are overrepresented in (D) ACC-422 and (E) MDA-MB-453 cells.
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Figure 3-4: Analysis of differentially expressed genes and pathway changes in ACC-422 and
MDA-MB-453 cells following treatment with ionizing radiation

Differentially expressed genes in (A) ACC-422 or (B) MDA-MB-453 cells treated with
R1881+RT compared to untreated cells. Pathway analysis identifies pathways that are
overexpressed with treatment of R1881+RT compared to untreated cells in (C) ACC-422 and

(D) MDA-MB-453 cells.
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Figure 3-5: Differentially expressed genes and pathway analysis in ACC-422 and MDA-MB-
453 cells relative to RT or R1881 treatment

Differentially expressed genes are displayed in volcano plots in (A) ACC-422 and (B) MDA-
MB-453 cells with R1881+RT treatment relative to RT alone. Pathway changes were also
assessed in (C) ACC-422 and (D) MDA-MB-453 cells. (E) Differentially expressed genes were
also assessed for ACC-422 cells treated with R1881 compared to R1881+RT.
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Figure 3-6: Reverse Phase Protein Array (RPPA) Analysis of global proteomic changes in
MDA-MB-453 cells
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(A) Schematic of treatment for RPPA samples. Global protein and phosphoprotein changes in
cells treated with DMSO (No treatment [NT]), 1 uM enzalutamide alone, 4 Gy RT alone,
enzalutamide and RT in MDA-MB-453 cells at (B) 1 hour-post RT, (C) 12-hours post-RT, or
(D) 24-hours post-RT in cells that are pretreated for 24 hours with enzalutamide prior to RT.
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Figure 3-7: RPPA Analysis of global proteomic changes in ACC-422 cells

Protein and phosphoprotein changes in ACC-422 cells treated with DMSO (No treatment [NT]),
1 uM enzalutamide alone, 4 Gy RT alone, enzalutamide and RT at (A) 1 hour-post RT, (B) 12-
hours post-RT, or (C) 24-hours post-RT in cells that are pretreated for 24 hours with
enzalutamide prior to RT.
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Figure 3-8: Proteomic Changes in DNA Damage and Repair in AR+ TNBC cell lines

Changes in proteins and phosphoproteins related to DNA Damage and DNA Repair were
identified and assessed in MDA-MB-453 and ACC-422 cells at 1-hour (A, D), 12-hours (B, E),
and 24-hours (C, F) post-RT.
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Figure 3-9: Proteomic Changes related to the MAPK signaling pathway in AR+ TNBC cell

lines
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Changes in proteins and phosphoproteins related to the MAPK signaling pathway were identified
and assessed in MDA-MB-453 and ACC-422 cells at 1-hour (A, B), 12-hours (C, D), and 24-
hours (E, F) post-RT.
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Figure 3-10: Validation of a role for AR in regulating MAPK signaling in AR+ TNBC

Western blots were performed to assess activation of p-ERK1/2 following stimulation with
R1881 in cells pretreated with CSS in (A) ACC-422 or (B) MDA-MB-453 cells. Western blots
were also performed in cells treated with 1 uM enzalutamide in (C) ACC-422 and (D) MDA-

MB-453 cells.
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Figure 3-11: Mechanistic overview of AR and MAPK signaling in response to ionizihg
radiation

AR and MAPK signaling pathways are activated following RT, and interplay between pathways
may be promoting radioresistance in AR+ TNBC models.
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3.8 Tables

Table 3-1: Pathway Analysis in ACC-422 cells (NT vs R1881)

Number of
Pathway differentially Total genes p-value
(FDR)
expressed genes

Cytokine-cytokine receptor interaction 15 92 0.00118827
cAMP signaling pathway 19 130 0.00118827

Protein digestion and absorption 10 48 0.004945
Osteoclast differentiation 15 87 0.00513793
Salivary secretion 10 48 0.01056113
TGF-beta signaling pathway 12 72 0.01056113
Estrogen signaling pathway 15 101 0.01109902
Hippo signaling pathway 17 125 0.01253916
Pancreatic secretion 10 55 0.01253916
Staphylococcus aureus infection 6 18 0.01762969
Cell adhesion molecules (CAMs) 10 65 0.01762969
Pathways in cancer 33 376 0.01762969
Gastric cancer 13 109 0.02487231
Axon guidance 18 151 0.02487231
Calcium signaling pathway 12 102 0.02487231
Neuroactive ligand-receptor interaction 11 89 0.02607779
AGE-RAGE signaling pathway in diabetic complications 11 77 0.02607779

Table 3-2: Pathway Analysis in MDA-MB-453 cells (NT vs R1881)
Number of
Pathway differentially Total genes p-value
(FDR)
expressed genes

MicroRNAs in cancer 20 119 0.0014982
Cell adhesion molecules (CAMs) 14 67 0.00150588
ABC transporters 8 26 0.00428113
ECM-receptor interaction 10 41 0.00476728
Transcriptional misregulation in cancer 17 107 0.00627322
PI3K-Akt signaling pathway 25 206 0.04258276
Neuroactive ligand-receptor interaction 12 70 0.04258276
cAMP signaling pathway 17 115 0.04258276
Hypertrophic cardiomyopathy (HCM) 8 41 0.04258276
Pathways in cancer 34 346 0.04883725

124




Table 3-3: Pathway Analysis in ACC-422 cells (NT vs R1881+RT)

Number of Total p-value
Pathway differentially
genes (FDR)
expressed genes

Aldosterone-regulated sodium reabsorption 9 30 0.00039535
Pancreatic secretion 17 60 0.00039535
Cytokine-cytokine receptor interaction 19 104 0.00047739
Protein digestion and absorption 16 54 0.00047739
Arachidonic acid metabolism 11 30 0.00047739
Salivary secretion 14 55 0.00086227
ECM-receptor interaction 14 54 0.00201528

Retinol metabolism 10 32 0.00392811

Calcium signaling pathway 19 126 0.00423765
Neuroactive ligand-receptor interaction 16 102 0.00423765
Viral protein interaction with cytokine and cytokine receptor 5 22 0.00504354
Axon guidance 23 154 0.00629361
Dilated cardiomyopathy 12 56 0.00643494
Hypertrophic cardiomyopathy 12 53 0.01013271
PI3K-Akt signaling pathway 29 239 0.0110732

Focal adhesion 22 153 0.01224755
Gastric cancer 19 114 0.01537782
Breast cancer 16 115 0.01639264

Aldosterone synthesis and secretion 12 69 0.01768495
Pathways in cancer 44 401 0.01768495

Hippo signaling pathway 19 133 0.01768495
Basal cell carcinoma 11 49 0.02130519
Bile secretion 10 50 0.02130519
MAPK signaling pathway 26 235 0.02208858
Glioma 10 66 0.02208858
Ascorbate and aldarate metabolism 6 17 0.02218718
Osteoclast differentiation 14 88 0.02795163

FoxO signaling pathway 17 114 0.02861963
Ovarian steroidogenesis 5 31 0.02886668
Inflammatory mediator regulation of TRP channels 13 74 0.02886668
Inflammatory bowel disease 8 34 0.0295734

Thyroid hormone synthesis 9 51 0.0295734
Vascular smooth muscle contraction 14 88 0.03140008
Cell adhesion molecules 13 77 0.03593259

Gastric acid secretion 10 57 0.03656625
Arrhythmogenic right ventricular cardiomyopathy 9 48 0.03656625
cAMP signaling pathway 18 139 0.03929434
Colorectal cancer 14 83 0.03929434
Intestinal immune network for IgA production 5 18 0.03929434
Small cell lung cancer 12 82 0.03929434
Oxytocin signaling pathway 14 115 0.03999697
AGE-RAGE signaling pathway in diabetic complications 13 81 0.04114041
Staphylococcus aureus infection 8 33 0.04114041
Ras signaling pathway 22 170 0.04251244
alpha-Linolenic acid metabolism 5 15 0.04521641
Prostate cancer 12 88 0.04758495
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Table 3-4: Pathway Analysis in MDA-MB-453 cells (NT vs R881+RT)

Pathway Number of differentially Total p-value

expressed genes genes (FDR)
cAMP signaling pathway 25 121 0.01623944
MicroRNAs in cancer 25 133 0.01623944
ECM-receptor interaction 11 43 0.01623944
PI3K-Akt signaling pathway 34 213 0.01623944
Steroid hormone biosynthesis 9 25 0.01623944
Peroxisome 16 70 0.01623944
Gastric cancer 19 108 0.01623944
Neuroactive ligand-receptor interaction 17 80 0.01623944
ABC transporters 9 26 0.01623944
PPAR signaling pathway 10 38 0.01743053
Adipocytokine signaling pathway 12 48 0.01743053
Staphylococcus aureus infection 8 26 0.02179902
Pathways in cancer 45 364 0.02179902
Metabolic pathways 117 1106 0.02179902
Bile secretion 9 35 0.03111319
MAPK signaling pathway 31 206 0.03485228
Prostate cancer 16 84 0.04453442
Salivary secretion 10 48 0.04858374
Calcium signaling pathway 18 106 0.04858374

p53 signaling pathway 14 67 0.0486301
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Table 3-5: Pathway Analysis in ACC-422 cells (RT vs R1881+RT)

Number of
Pathway differentially Total genes p-value
(FDR)
expressed genes
Aldosterone-regulated sodium reabsorption 11 30 0.00023578
Cytokine-cytokine receptor interaction 22 108 0.00023578
Pancreatic secretion 17 60 0.00028949
Protein digestion and absorption 17 54 0.00056025
Bile secretion 13 50 0.00155422
Neuroactive ligand-receptor interaction 17 110 0.00155422
Salivary secretion 14 56 0.00155422
Osteoclast differentiation 19 89 0.001605

cAMP signaling pathway 22 142 0.00168049
Retinol metabolism 10 31 0.00310702
TGF-beta signaling pathway 16 76 0.00314425
Staphylococcus aureus infection 10 34 0.00442699
Pathways in cancer 48 405 0.00455356

Axon guidance 23 154 0.01206851

Cell adhesion molecules 15 77 0.01206851
Calcium signaling pathway 17 130 0.01510218
Hematopoietic cell lineage 10 40 0.01650866
Estrogen signaling pathway 17 106 0.01937239
Insulin secretion 11 56 0.01937239
MAPK signaling pathway 27 236 0.01937239

AGE-RAGE signaling pathway in diabetic complications 14 81 0.0234905

PI3K-Akt signaling pathway 31 241 0.0234905
Gastric cancer 18 115 0.02370846
Viral protein interaction with cytokine and cytokine receptor 4 23 0.02370846
Ascorbate and aldarate metabolism 6 17 0.02537829
Proximal tubule bicarbonate reclamation 6 17 0.02537829
Arachidonic acid metabolism 8 30 0.02537829
Systemic lupus erythematosus 13 67 0.02537829
Thyroid hormone synthesis 10 51 0.02544994
Inflammatory bowel disease 8 34 0.02585136
Carbohydrate digestion and absorption 7 29 0.02745822
cGMP-PKG signaling pathway 16 119 0.03208475
Oxytocin signaling pathway 15 117 0.03391241
Mineral absorption 8 37 0.03404564
Gastric acid secretion 11 57 0.04290282
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Table 3-6: Pathway Analysis in MDA-MB-453 cells (RT vs R1881+RT)

Pathway Number of differentially Total p-value

expressed genes genes (FDR)
PPAR signaling pathway 13 39 0.00427509
Cell adhesion molecules 18 74 0.01730401
Fatty acid metabolism 14 49 0.01730401
ECM-receptor interaction 11 44 0.01890809
cAMP signaling pathway 24 123 0.03120092
Adipocytokine signaling pathway 12 48 0.03120092
ABC transporters 9 26 0.03120092
Retinol metabolism 8 21 0.03120092
Gastric cancer 19 107 0.03120092
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Chapter 4 : Estrogen Receptor Inhibition Mediates Radiosensitization of ER-

Positive Breast Cancer Models*

4.1 Abstract

Endocrine therapy (ET) is an effective first-line therapy for women with estrogen receptor-
positive (ER +) breast cancers. While both ionizing radiation (RT) and ET are used for the
treatment of women with ER+ breast cancer, the most effective sequencing of therapy and the
effect of ET on tumor radiosensitization remains unclear. Here we sought to understand the
effects of inhibiting estrogen receptor (ER) signaling in combination with RT in multiple
preclinical ER+ breast cancer models. Clonogenic survival assays were performed using variable
pre- and post-treatment conditions to assess radiosensitization with estradiol, estrogen
deprivation, tamoxifen, fulvestrant, or AZD9496 in ER+ breast cancer cell lines. Estrogen
stimulation was radioprotective (radiation enhancement ratios [rER]: 0.51-0.82). Conversely,
when given one hour prior to RT, ER inhibition or estrogen depletion radiosensitized ER+ MCF-
7 and T47D cells (tamoxifen rER: 1.50—1.60, fulvestrant rER: 1.76-2.81, AZD9496 rER: 1.33—
1.48, estrogen depletion rER: 1.47—1.51). Combination treatment resulted in an increase in
double-strand DNA (dsDNA) breaks as a result of inhibition of non-homologous end joining-

mediated dsDNA break repair with no effect on homologous recombination. Treatment with

4 This chapter was published in NP.J Breast Cancer and completed in collaboration with the following authors: Lynn
M. Lerner, Andrea M. Pesch, Connor Ward, Rachel Schwartz, Kari Wilder-Romans, Meilan Liu, Charles Nino,
Kassidy Jungles, Ruth Azaria, Alexa Jelley, Nicole Zambrana Garcia, Alexis Harold, Amanda Zhang, Bryan
Wharram, Daniel F. Hayes, James M. Rae, Lori J. Pierce, and Corey W. Speers.
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tamoxifen or fulvestrant in combination with RT also increased the number of senescent cells but
did not affect apoptosis or cell cycle distribution. Using an MCF-7 xenograft model, concurrent
treatment with tamoxifen and RT was synergistic and resulted in a significant decrease in tumor
volume and a delay in time to tumor doubling without significant toxicity. These findings
provide preclinical evidence that concurrent treatment with ET and RT may be an effective

radiosensitization strategy.

4.2 Introduction

Invasive breast cancer is the leading cause of cancer deaths in women globally, accounting
for 15% of all cancer-related deaths'. Breast cancer, however, is a heterogeneous disease, and
treatment strategies for breast cancer patients are largely determined based on the presence of
molecular drivers, including expression of the estrogen receptor (ER). ER expression is present in
70-80% of breast tumors and has been shown to be a significant driver of breast cancer
pathogenesis®. Based on multiple randomized studies demonstrating its benefit for treatment and
prevention, endocrine therapy (ET), which targets ER and downstream ER signaling, is the first
line treatment for women with ER-positive (ER+) breast cancer’. These therapies include selective
estrogen receptor modulators (SERMs), such as tamoxifen, raloxifene, and toremifene, which can
act as an ERo partial agonist or antagonist depending on the target tissue*>. Selective estrogen
receptor degraders (SERDs), such as fulvestrant, and investigational SERDS including AZD9496,
AZD9833, LY3484356, GDC-0810, GDC-0927, GDC-9545, and SAR439859, inhibit ER-
mediated cellular proliferation through degradation of ERa®. In contrast, aromatase inhibitors
(Als), such as anastrozole, letrozole, and exemestane, are used to block the production of estrogens

through inhibition of CYP19 aromatase thereby blocking downstream ER signaling’.

133



Ionizing radiation has also been shown to significantly increase overall survival and
decrease rates of locoregional recurrence in ER+ breast cancer patients following breast
conserving surgery and mastectomy?®. Despite tumor heterogeneity and potential differences in the
intrinsic radiation sensitivities of each tumor, all breast cancer patients receive similar scheduling
and dosing of radiation without personalization based on molecular characteristics. While ER+
patients receive targeted therapies, including SERMs, SERDs, and Als, the effects of these
therapies on tumor radiosensitization remains unclear. Previous retrospective clinical studies
suggest that concurrent administration of tamoxifen with RT may not be detrimental to rates of
local control in patients!© despite tamoxifen-mediated cell cycle arrest in G1, a more
radioresistant phase of the cell cycle!'!. Although there is a lack of conclusive evidence available
to support concurrent versus adjuvant administration of tamoxifen with RT, multiple studies have
demonstrated an increase in local control with administration of tamoxifen and radiation therapy
(RT) compared to RT alone'?!3, Ongoing clinical trials, including REaCT-RETT (NCT03948568),
CONSET (NCT00896155), and STARS (NCT00887380), are assessing the use of anti-estrogen
therapies in combination with radiation to assess the toxicity and efficacy of sequential versus
concurrent administration of treatment clinically in women with breast cancer.

In addition, the ongoing global COVID-19 pandemic has in many cases necessitated
changes to the standard treatment for women with early-stage ER+ breast cancer, with neoadjuvant
ET used much more frequently as a bridge to surgery!#'6. These women, who initiated ET while
breast surgeries were delayed, often continued their ET treatment while receiving adjuvant
radiation therapy. Whether this change in practice will impact clinical outcomes for women with
early-stage breast cancer remains unclear, and whether concurrent ET with RT is helpful or

harmful is again of significant clinical interest. We sought to determine whether endocrine therapy
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administered concurrently with radiotherapy had a radiosensitizing or radioprotective effect and
evaluated whether SERMs, SERDs, estrogen-depleted, or estradiol-stimulated conditions had
differential effects on radiosensitization using multiple ER+ breast cancer cell lines and an in vivo
xenograft model. Having observed radiosensitization with ER inhibition, we also sought to

understand the mechanism of estrogen-mediated DNA damage repair in response to RT.

4.3 Results

4.3.1 Short term ER inhibition or degradation radiosensitizes ER+ breast cancer cells

Anti-estrogen therapies, including SERMs, SERDs, and Als, are effective single agent
therapies that inhibit growth of ER+ breast cancer cells reliant on estrogen signaling. The
efficacy of combination therapy with ionizing radiation, however, remains unclear. To assess
radiosensitization in vitro, clonogenic survival assays were first performed with the SERM,
tamoxifen, in breast cancer cell lines. The ER+ breast cancer cell lines, MCF-7 or T47D, or the
ER-negative cell line, SUM-159, were treated with sub-IC50 concentrations of tamoxifen for one
hour prior to radiation treatment. Radiosensitization was observed with a 1-hour pretreatment of
tamoxifen in MCF-7 cells with radiation enhancement ratios (rER) of 1.14-1.50 with 10-250 nM
tamoxifen (Figure 4-1A) and rER of 1.33-1.60 with 500 nM-2.0 mM tamoxifen in T47D cells
(Figure 4-1C). Interestingly, little radiosensitization was observed in MCF-7 cells when
tamoxifen was given six hours before radiation treatment (rER: 0.99-1.10, Figure 4-2A) or when
tamoxifen was given 24 hours before radiation (rER: 0.98-1.09, Figure 4-2B). In contrast to
results in ER+ cell lines, RT-induced cell death of ER-negative SUM-159 cells was not
potentiated with the addition of tamoxifen (Figure 4-1E). Pretreatment for one hour with

tamoxifen did not sensitize SUM-159 cells to RT as there was no observed increase in
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radiosensitization (rER: 0.99-1.02) or decrease in the surviving fraction of cells at 2 Gy (SF-
2Gy) with tamoxifen treatment.

Radiosensitization was also assessed after treatment with the SERD, fulvestrant, given one
hour prior to RT. ER+ MCF-7 cells treated with 1-25 nM fulvestrant had rER of 1.33-1.76
(Figure 4-1B). Similar levels of radiosensitization were observed in T47D cells with 0.5-5 nM
fulvestrant (rER: 0.97-2.81, Figure 4-1D), with a statistically significant decrease in the SF-2Gy
in both cell lines. In contrast to results with tamoxifen, extended pretreatment with fulvestrant for
6 or 24 hours in MCF-7 cells resulted in comparable levels of radiosensitization as observed with
1-hour pretreatment (6-hour rER: 1.42-1.49, Figure 4-2C; 24-hour rER: 1.51-1.89, Figure
4-2D). These data suggest that the delayed administration of radiation following treatment with
tamoxifen, but not fulvestrant, may be less effective than the shorter timeline of treatment in
vitro. These observed differences may be explained by the kinetics of degradation of ERa
protein in MCF-7 and T47D cells in which maximal degradation occurs 4-6 hours post-
fulvestrant treatment (Figure 4-2E, F). Treatment with fulvestrant also did not radiosensitize
ER-negative SUM-159 cells (rER: 1.0-1.03, Figure 4-1F).

Next, we used the investigational oral SERD, AZD9496, to assess radiosensitization in ER+
breast cancer cell lines in vitro. ER+ MCF-7 cells were treated with 100-500 nM AZD9496 for 1-
hour prior to RT, and radiosensitization was observed (rER: 1.36-1.56, Figure 4-3C). T47D cells
were more sensitive to AZD9496 treatment, and radiosensitization was achieved with 100 pM-1.0
nM (rER: 1.00-1.33, Figure 4-3). SUM-159 cells, a triple negative breast cancer (TNBC) cell line
lacking ER expression, had no change in sensitivity to radiation with AZD9496 treatment (rER:

1.06-1.07, Figure 4-3E). Together, these results suggest that pharmacologic inhibition (tamoxifen)
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or degradation (fulvestrant, AZD9496) of ER is sufficient to radiosensitize ER+ breast cancer cells
but not ER-negative breast cancer cells.

We also wanted to explore whether sequencing of treatment mattered as recent data has
suggested that this may be important for activity of immune agents for breast cancer cell deaths!”.
Clonogenic survival assays were performed in which fulvestrant treatment was administered 6 or
24 hours after RT to see if there were effects on radiosensitization or cellular survival. Treatment
of MCF-7 cells first with RT, followed six hours later with fulvestrant, resulted in similar levels
of radiosensitization as observed when fulvestrant was given prior to radiotherapy (rER: 1.23-1.49,
Figure 4-2G). Treatment of MCF-7 cells with fulvestrant 24 hours after RT resulted in only a
slight radiosensitization (rER: 1.03-1.25, Figure 4-2H), suggesting that delayed administration of
fulvestrant after RT (24 hours) is not sufficient to promote the radiosensitization phenotype.
Together these findings indicate that fulvestrant treatment, given prior to or shortly after
radiotherapy (6 hours), is sufficient to promote radiosensitization of ER+ MCF-7 cells in vitro.

To further investigate the role of estrogen in promoting radioresistance, we performed
clonogenic survival assays with cells treated with growth medium containing fetal bovine serum
(FBS) compared to cells that were pretreated with charcoal-stripped bovine serum (CSS) to remove
hormones and growth factors. These conditions mimic the use of aromatase inhibitors which are
used to lower levels of estrogens. When MCEF-7 cells were pretreated with CSS for one hour prior
to RT, radiosensitization was observed relative to FBS-treated MCF-7 cells (rER: 1.47 £+ 0.13,
Figure 4-1G). Similarly, T47D cells pretreated with CSS for one hour prior to RT were
radiosensitized relative to FBS treated T47D cells (rER: 1.51 + 0.10, Figure 4-3A). Simulation
with estradiol for 1-hour prior to RT was also sufficient to provide a radioprotective effect in

hormone-stripped MCF-7 cells (rER: 0.75-0.82, Figure 4-1H) and hormone-stripped T47D cells
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(rER: 0.51-0.57, Figure 4-3B). Therefore, restriction of estrogens in these experiments was
sufficient to promote radioresistance, where stimulation with estradiol re-established the
radioresistant phenotype in ER+ MCF-7 and T47D cells pretreated with CSS in vitro. Schematics
outlining the various treatment conditions for clonogenic survival assays are shown (Figure 4-11,
Figure 4-21, Figure 4-3F). Together these results suggest a role for estrogens in promoting

radioresistance in ER+ breast cancer models.

4.3.2 ER-targeting therapies inhibit dsDNA break repair through NHEJ

Ionizing radiation induces both single and double-strand DNA (dsDNA) breaks, though
double strand breaks are more difficult to repair and are more likely to be lethal'®. One mechanism
of radiosensitization is through altered DNA damage repair in which decreased efficiency of
dsDNA break repair results in increased cell death. To assess the repair of potentially lethal dsDNA
breaks and distinguish dsDNA breaks from the more readily repaired single-strand DNA breaks,
the neutral comet assay was performed in MCF-7 cells. Cells were treated with vehicle control
(DMSO), 500 nM tamoxifen, or 25 nM fulvestrant for one hour prior to RT, then harvested six
hours after treatment with 4 Gy RT and residual unrepaired dsSDNA breaks were measured. The
average tail moment was recorded with longer tail moments corresponding to a higher number of
unresolved dsDNA breaks. As expected, treatment with radiation was sufficient to induce dsDNA
breaks compared to control, with significantly longer tail moments in the RT group. Combination
treatment of tamoxifen with RT or fulvestrant with RT resulted in an increase in dsSDNA breaks
compared to RT alone (average tail moment in control: 27.1, tamoxifen: 35.1, fulvestrant: 39.0,

RT: 37.1, RT+tamoxifen: 48.2, RT+fulvestrant: 47.2, Figure 4-4A). Representative images of
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comet tails are shown (Figure 4-4A). These results suggest that endocrine therapy treatment leads
to increased dsDNA breaks at this timepoint when ET is given concurrently with RT.

DNA double strand breaks are primarily repaired through the NHEJ pathway or through
homologous recombination (HR). To determine whether these dsDNA break repair mechanisms
were altered with ER-targeting therapies, efficiency of NHEJ and HR was assessed using multiple,
non-overlapping assays for NHEJ and HR. A pEYFP reporter system was first used to measure
NHE]J efficiency. Cells were treated with tamoxifen or fulvestrant as well as controls including
NU7441, an inhibitor of DNA-dependent protein kinase (DNAPK), an important part of the NHEJ
pathway, or AZD7762, a pharmacologic inhibitor of Chk1/2, which are essential proteins for an
efficient HR response. In MCF-7 cells, treatment with 1.0 uM tamoxifen decreased NHEJ
efficiency 30% compared to control (Figure 4-4B). Treatment with 10-25 nM fulvestrant also had
a relative decrease in NHEJ efficiency (10 nM: 24%, 25 nM: 20%, Figure 4-4C). Taken together
with the results from the comet assay, where RT with tamoxifen or fulvestrant led to an increase
in unresolved dsDNA breaks, these findings suggest that the unresolved DNA breaks are a result,
at least in part, of inhibited NHEJ activity after treatment with tamoxifen or fulvestrant.

HR was assessed by observing Rad51 foci as a marker for active repair. In MCF-7 cells,
treatment with tamoxifen and radiation induced an increase in Rad51-positive cells at six hours
post-RT (Figure 4-5A). There was no statistically significant difference in the percentage of
Rad51-positive cells when comparing those treated with RT alone compared to the combination
of tamoxifen with RT at six hours. This effect persisted with no change in Rad51-positive cells in
RT versus combination treated cells even as dSDNA breaks were repaired at 16 hours post-RT.

Similar results were observed in T47D cells (Figure 4-5B), and representative images are shown
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(Figure 4-5D, Figure 4-6). In addition, no changes were observed in total Rad51 protein
expression as observed by western blot at 6- or 16-hours post-RT (Figure 4-5E).

To further confirm these findings, a stable HR-reporter system was used to assess HR
efficiency in MCF-7 cells. Cells treated with the positive control, AZD7762, had, as expected, a
statistically significant decrease (46%) in HR efficiency. Cells treated with tamoxifen or the
negative control, NU7441, had no change in HR efficiency or a slight increase in HR efficiency,
respectively (250 nM tamoxifen: 37% increase, 500 nM tamoxifen: 20% increase, NU7441: 28%
increase, Figure 4-5C), suggesting that HR efficiency is not altered by ER inhibition with
tamoxifen in MCF-7 cells. Taken together, these data indicate that efficiency of NHEJ, but not of
HR, is negatively affected by anti-estrogen therapy in ER+ models of breast cancer and may be
contributing to the radiosensitization phenotype observed with concurrent administration of anti-

estrogen therapy and RT.

4.3.3 Cell-cycle arrest is induced with radiation or short-term endocrine therapy treatment

Endocrine therapies used for ER+ breast cancer treatment are known to cause G1 cell cycle
arrest in vitro'®, but the effect of concurrent endocrine therapy and radiation on the cell cycle has
not been established. To determine whether cell cycle arrest was contributing to the observed
radiosensitization with tamoxifen or fulvestrant treatment, cell cycle progression was assessed in
MCEF-7 and T47D cells following treatment. Cells were treated with tamoxifen or fulvestrant for
one hour before RT, and cell cycle was assessed at 6-, 16-, and 24-hours post-RT. Changes in cell
cycle distributions were not observed until 16 hours post-RT, when RT-induced G1 arrest was
observed in p53 wildtype MCF-7 cells (control: 40.6% G1, RT: 70.9% G1; Figure 4-7A) and

radiation-induced G2 arrest was observed in pS53-mutant T47D cells (control: 74.5% G1, RT:
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36.5% G1; Figure 4-7B). Treatment with tamoxifen alone or in combination with radiotherapy
did not result in changes to cell cycle distribution compared to control cells or cells treated with
RT alone, respectively (MCF-7: tamoxifen: 42.5% G1, RT+tamoxifen: 71.0% G1; T47D:
tamoxifen: 79.7% G1, RT+tamoxifen: 40.1% G1). Similar results were observed at 16 hours post-
RT with fulvestrant treatment in MCF-7 (control: 29.9% G1, fulvestrant: 36.9% G1, RT: 62.1%
G1 RT+fulvestrant: 63.2%; Figure 4-7C) or T47D cells (control: 53.7% G1, fulvestrant: 60.1%
GI1, RT: 20.6% G1, RT+fulvestrant: 23.2% G1; Figure 4-7D). At 24 hours, there was an increase
in G1 arrest in T47D cells that were treated with tamoxifen or fulvestrant alone; however, cells
treated with the combination of RT with tamoxifen or RT with fulvestrant remained arrested in G1
(MCF-7) or G2 (T47D). Corroborating data were observed by western blot in which minimal
changes were observed in the expression of cyclins A, B, and E in T47D cells at 6 hours post-RT,
but by 16 hours post-RT there was a substantial increase in expression of cyclins A and B,
suggesting arrest in G2/M (Figure 4-7F). Expression of cyclin A and B is increased at 24 hours
but resolved by 48 hours post-RT. Increased expression of cyclins A and B was not observed in
MCEF-7 cells, but rather an increase in cyclin E expression, corresponding to arrest in G1 (Figure
4-7E), was also observed by western blot. Taken together, these data indicate that treatment with
tamoxifen or fulvestrant causes arrest in Gl in both MCF-7 and T47D cells after prolonged
treatment. G1 arrest, however, is achieved only after 24 hours, and not on a timeline that is relevant
to explain the observed radiosensitization. Treatment with RT alone or in combination with
tamoxifen or fulvestrant also results in Gl or G2 arrest in p53 wildtype or mutant cells,
respectively, further suggesting that when given in combination with RT, ER-targeting therapies

do not promote radiosensitization through a cell-cycle mediated mechanism.
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4.3.4 Apoptosis is not induced with endocrine therapies in combination with radiation

Induction of apoptosis is also a potential mechanism for the radiosensitization that was
observed with endocrine therapies®®22. Treatment with tamoxifen has been shown to induce
apoptosis?® while estrogens have been shown to induce or inhibit apoptosis in different contexts?!.
Clinically, treatment with tamoxifen or anastrozole does not result in a change in apoptotic index
over time?2. To understand whether the combination of tamoxifen or fulvestrant with RT was
increasing the percentage of cells undergoing apoptosis, and therefore increasing radiosensitivity,
apoptosis was assessed by multiple non-overlapping assays including Annexin V/PI-based flow
cytometry and cleaved PARP formation by western blotting at 48 hours post-RT. In MCF-7 cells,
treatment with tamoxifen alone (500 nM), radiation alone (4 Gy), or the combination treatment
did not increase the percentage of cells undergoing apoptosis as observed by flow cytometry
(control: 10.2% tamoxifen: 11.2%, RT: 10.8%, RT+tamoxifen: 10.2%; Figure 4-8A). Similarly,
in T47D cells, no statistically significant changes in the percentage of cells undergoing apoptosis
were observed with treatment of tamoxifen alone (2.0 uM), or RT alone, although there was a
slight increase in apoptosis with combination treatment compared to control (control: 4.2%,
tamoxifen: 4.9%, RT: 6.7%, RT+tamoxifen: 10.4%; Figure 4-8B). In addition, there were no
changes in cleaved PARP, suggesting that the increase in radiosensitization with tamoxifen is not
due to an increase in apoptosis in MCF-7 and T47D cells (Figure 4-8C, D). Using the flow-based
approach, cells treated with fulvestrant or fulvestrant in combination with RT did not induce
apoptosis compared to RT alone in MCF-7 (control: 9.4%, fulvestrant: 9.4%, RT: 10.7%,
RT+fulvestrant: 15.6%; Figure 4-8E) or T47D (control: 6.8%, fulvestrant: 11.1%, RT: 15.3%,

RT+fulvestrant: 21.2%; Figure 4-8F) cells. Taken together these experiments indicate that
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radiosensitization was not due to apoptosis in response to the combination treatment of endocrine

therapy with RT.

4.3.5 Endocrine therapies induce senescence alone and in combination with radiation therapy

Estrogens and ERa signaling have also been recognized for their contributions toward
inhibiting cellular senescence and promoting cellular growth?*?4. Furthermore, induction of
cellular senescence is a well-described phenomenon of several classes of radiosensitizing drugs?>-
27, Treatment with RT alone has also been shown to induce senescence?®3°; however, the impact
of RT on breast cancer cells specifically is not well characterized. In our models, -galactosidase
staining was used to determine whether treatment with tamoxifen or fulvestrant alone or in
combination with RT may induce an increase in senescence in vitro in breast cancer cell lines.
MCEF-7 cells treated with tamoxifen or fulvestrant alone had a marked increase in cells positive for
B-galactosidase staining (Figure 4-9A). In cells treated with the combination of tamoxifen or
fulvestrant with RT, however, there was a substantial increase in -galactosidase-positive cells
suggesting that the combination of RT with tamoxifen or RT with fulvestrant resulted in an overall
increase in senescence (control: 5.3%, tamoxifen: 8.2%, fulvestrant: 30.6%, RT: 3.6%,
RT+tamoxifen: 25.9%, RT+fulvestrant: 30.6%, Figure 4-9A). This was confirmed visually with
representative images of each treatment shown (Figure 4-9B). Similar results were observed in
T47D cells treated with tamoxifen in combination with RT or fulvestrant in combination with RT
in which there was an induction of senescence with tamoxifen or fulvestrant treatment alone, but
this increase was magnified in cells treated with ET in combination with RT (control: 1.9%,
tamoxifen: 13.7%, fulvestrant: 27.1%, RT: 3.9%, RT+tamoxifen: 19.0%, RT-+fulvestrant: 46.7%,

Figure 4-9C, D). These findings suggest that an induction of senescence is responsible, at least in
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part, for the observed radiosensitization with combination ET and RT in preclinical ER+ breast

cancer models.

4.3.6 Tamoxifen is synergistic with radiation in an in vivo xenograft model

Next, to further assess radiosensitization in an in vivo xenograft model, MCF-7 cells were
injected subcutaneously into the mammary fat pads of CB17-SCID mice. The resultant tumors
were treated with tamoxifen alone (10 mg/kg), RT alone (5 x 2 Gy fractions), or tamoxifen and
RT with variable timing of the RT in the combination groups (Figure 4-10A). To strictly assess
radiosensitization, all tamoxifen treatments were stopped after the first 11 days of treatment.
Tamoxifen was given concurrently with the fractions of administered radiation and discontinued
so as to eliminate confounding effects as a result of single agent tamoxifen treatment. When
assessing tumor volume, compared to control, there was a significant reduction in the tumor
volume for mice treated with tamoxifen alone or RT alone (Figure 4-10B). Notably, the mice
receiving both tamoxifen and RT had a statistically significant reduction in tumor volume
compared to tamoxifen or radiation treatment alone, and the combination treatment resulted in a
delay in time to tumor doubling (17 days for control, 40 days for tamoxifen only, 32 days for RT
only, undefined for tamoxifen + RT, Figure 4-10C). In addition, there were no notable changes in
the weights of the mice, suggesting that treatments were well-tolerated (Figure 4-10D). Synergy
was assessed with the fractional tumor volume (FTV) method?!, which demonstrated that
compared to treatment with RT or tamoxifen alone, the combination of tamoxifen with RT with
either a 1-day pretreatment (Figure 4-10E) or 6-day pretreatment (Figure 4-10F) of tamoxifen
was synergistic and not just additive. Together, these in vivo data suggest that combining

tamoxifen with RT is more effective than either monotherapy alone. In addition, there may not be
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a significant difference in radiosensitization when comparing the 1-day versus 6-day pretreatment
of the MCF-7 xenografts as there was no statistically significant change in tumor volume between

mice with different pretreatments of tamoxifen.

4.4 Discussion

Here we demonstrate that abrogation of ER signaling with tamoxifen, fulvestrant, or
AZD9496 results in radiosensitization of ER+ breast cancer cell lines (Figure 4-1, Figure 4-2,
Figure 4-3) through the inhibition of DNA damage repair via NHEJ (Figure 4-4) and an induction
of cellular senescence with combination treatment of ET and RT (Figure 4-9). Changes in HR-
mediated repair, apoptosis, and cell cycle were not observed in cells treated with ET and RT
compared to cells treated with RT alone (Figure 4-5, Figure 4-6, Figure 4-7, Figure 4-8).
Estradiol stimulation resulted in radioprotection in ER+ models, and estrogen depletion was
radiosensitizing in these same models (Figure 4-1, Figure 4-3). Radiosensitization was also
observed in vivo with concurrent tamoxifen treatment using an MCF-7 xenograft model (Figure
4-10). Together, these results propose that treatment with the combination of ER inhibition and
RT may be more effective than ER inhibition or RT alone. These data also suggest an expanded
role for ER-targeting therapies as radiosensitization agents for patients with ER+ breast tumors
and support the continued use of ET during RT when ET is started as a bridging strategy to surgery.

Our work demonstrates that treatment with tamoxifen, fulvestrant, or AZD9496 may
radiosensitize ER+ breast cancer models through induction of senescence and inhibition of NHEJ-
mediated repair. These findings are consistent with previous work which has demonstrated a
decrease in NHEJ efficiency in human fibroblasts undergoing senescence compared to young or

presenescent cells*2. Because cell cycle redistribution was not observed at early time points
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following tamoxifen or fulvestrant treatment, these results suggest that changes to cell cycle
assortment are not driving the radiosensitization phenotype observed with short, one hour
pretreatment times in MCF-7 and T47D cells. Cell cycle arrest does occur on timescales that are
relevant for the longer fulvestrant pretreatment times prior to radiation, however, similar levels of
radiosensitization still occur despite cell cycle redistribution, further suggesting that the observed
radiosensitization is not solely based on cell cycle changes. Together our findings do not support
the clinical concern of sequential use of radiation with endocrine therapy due to radioresistance
resulting from cell cycle redistribution. Rather, our work suggests that concurrent administration
of RT with tamoxifen or fulvestrant results in radiosensitization despite cell cycle arrest with
longer drug pretreatment times. Previous work from our lab and others demonstrated that
antagonism of hormone receptors, notably the androgen receptor, results in radiosensitization of
AR+ TNBC?**% and prostate cancer’®3°. The observed radiosensitization is due, at least in part,
to an inhibition of NHEJ through downregulation of p-DNAPK. These findings, along with our
work outlined here, suggest a broader role for hormone receptors in regulation of NHEJ efficiency
in hormone receptor-positive cancers following ionizing radiation treatment.

Previous studies have also demonstrated the utility of using ER-targeted therapies in
combination with RT in ER+ breast cancer models. This work, performed in both in vitro and in
vivo models, has been inconclusive in determining the optimal timing of administration of ET and
RT for patients. In one study, rats with mammary tumors induced by 1-methyl-1-nitrosourea
(MNU) benefited from treatment of tamoxifen or RT alone, while receiving similar levels of
benefit from the combination treatment with no significant radiosensitization noted*’. Other
studies using MCF-7 cells grown in spheroids with estrogen supplementation had little change in

radiosensitization compared to cells grown in monolayers; however, cells grown in estrogen-free
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media had a significant decrease in radiosensitivity compared to cells treated with 17B-estradiol*!.
Treatment with the aromatase inhibitor, letrozole, also had a radiosensitizing effects on MCF-7
cells in vitro*. In a contrasting study, a decrease in radiosensitivity was observed by Wazer et al.
when treating MCF-7 cells with tamoxifen in combination with RT compared to treatment with
RT alone when tamoxifen was given 48 hours prior to RT*. These findings are consistent with
our results suggesting that prolonged tamoxifen pretreatment may be insufficient to radiosensitize
MCEF-7 cells in vitro. Treatment of MCF-7 cells with fulvestrant also resulted in significant
radiosensitization through a decrease in Rad51 and DNAPKcs protein levels with sustained
fulvestrant treatment**. While our results suggest that tamoxifen or fulvestrant treatment decreases
efficiency of NHEJ, no changes in Rad51 protein levels were observed (Figure 4-5E). Differences
in fulvestrant pretreatment times (4 days versus 1 hour), however, could explain differences in
these results. Together our findings suggest that both SERMs and SERDs can function as
radiosensitization agents in p53 wildtype and p53 mutant models of ER+ breast cancer and add to
a body of literature suggesting this may be an effective clinical strategy, especially in women at
high risk for locoregional disease recurrence.

Our current study uses multiple ER+ breast cancer models and suggests that treatment with
tamoxifen may sensitize cell and xenograft models to RT in vitro through the inhibition of dsSDNA
repair in an NHEJ-dependent manner as well as an increase in the induction of senescence with
RT in combination with ET. However, there remain limitations to these studies. There are a limited
number of model systems used in this work due to the finite number of ER+ breast cancer models
that grow ex vivo in culture. In addition, this work uses in vitro or immunocompromised models
and therefore cannot address a potential role for the immune system in modulating the radiation

response. Extensions of future work could include a more robust investigation of the impact of the
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immune system using immunocompetent models. Future work will also expand this study using
xenograft models with additional ER-targeting agents including additional oral SERDs, an
ERa PROTAC degrader, and aromatase inhibitors that require estrogen depleted media and/or
exogenous stable expression of aromatase in the cultured cells. These models will assess
radiosensitization in an increasingly diverse set of breast cancer model systems using multiple ER-
targeting therapies. This work will also investigate the transcriptional role of ER in the response
to radiation to understand how ER may be promoting the transcriptional regulation of genes
important for the DNA damage response through canonical ER transcription factor activity.

Importantly, previous clinical studies also raise concerns about concurrent administration
of tamoxifen with RT in regard to the toxicity of treatment. While none of our experiments address
this question directly, in our in vivo studies, we saw no evidence of increased toxicity in animals
treated with tamoxifen and RT together compared to those treated with RT alone (weight loss, hair
loss, dermatitis). Additionally, although previous work has demonstrated that tamoxifen is more
toxic to the skin when administered in combination with RT*, other groups have shown in long
term follow-up studies there are no differences in cosmesis with tamoxifen and RT#¢. Concurrent
treatment of tamoxifen with RT has also been shown to result in increased levels of lung fibrosis
compared to RT alone*’. Results from the CO-HO-RT trial (NCT00208273), however,
demonstrated that concurrent administration of the aromatase inhibitor, letrozole, with RT
provides radiosensitization without an increase in skin toxicity*’. Future clinical studies can
address to what extent, if any, concurrent anti-estrogen therapies contribute to added normal tissue
toxicity during and after radiation.

Together our data suggest that the administration of tamoxifen or fulvestrant or depletion

of estrogens concurrently with RT may increase effectiveness of radiotherapy, demonstrating that
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this could be an effective treatment intensification strategy for patients with locally advanced ER+
breast cancer at high risk for locoregional recurrence. This intensification of therapy could be
considered in appropriately selected patients but should be balanced against the ongoing efforts
for treatment de-escalation for women with early stage ER+ breast cancer who may appropriately
choose to omit radiation therapy given their low risk of local recurrence*®. Previous studies have
demonstrated that concurrent treatment of tamoxifen with RT does not appear to have an adverse
effect on local/systemic control compared to sequential treatment!?. In addition, the REaCT-RETT
trial underway is comparing sequential to concurrent administration of RT with ET and will
provide further insight into this clinical question. Future studies will continue to investigate these
hypotheses through clinical trials seeking to improve local control and outcomes for patients with
ER+ breast cancers. This work remains of clinical importance for the treatment of breast cancer
patients especially in light of the COVID-19 pandemic where patients have received endocrine

therapy prior to the administration of radiotherapy.

4.5 Methods

4.5.1 Cell Lines

Cells were grown in an incubator at 37°C with 5% CO,. SUM-159 cells received from Dr.
Steven P. Ethier (University of Michigan, Ann Arbor, MI) were grown in HAMS F-12 media
(ThermoFisher 11765054), supplemented with 6 pg/mL insulin (Sigma 19278), 0.01M HEPES
(Sigma H3375), 1 ug/mL hydrocortisone (Sigma H4001), 1X antibiotic-antimycotic (anti-anti;
ThermoFisher 15240062), and 5% FBS (Atlanta Biologicals S11550H). MCF-7 and T47D cells
were received from ATCC and grown in DMEM media (ThermoFisher 11965092) containing 1%

penicillin/streptomycin (ThermoFisher 15070063) and 10% FBS. Media containing charcoal-
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stripped bovine serum (Atlanta Biologicals S11650H) was used for indicated assays. For
experiments with [-estradiol stimulation, cells were stripped of hormones with media containing
CSS for three days prior to stimulation. All cell lines were authenticated by DNA fingerprinting
using short tandem repeat (STR) profiling. Cells were routinely tested for mycoplasma using the

MycoAlert Mycoplasma Detection kit (Lonza LTO07).

4.5.2 Clonogenic Survival Assay

Cells were suspended in single cell suspension before plating in 6 well plates. Cells were
allowed to adhere overnight before treatment with drug containing media. Drug treatment was
given 1-24 hours prior to or following radiation (0-6 Gy). Colony growth was allowed for 1-2
weeks, then cells were fixed with methanol/acetic acid and stained with crystal violet. Colonies
containing >50 cells were counted and analyzed using the linear-quadratic method. Experiments

were repeated in triplicate, and SF-2Gy values are represented as the mean = SEM.

4.5.3 Neutral Comet Assay

Cells were plated in 6 well plates and allowed to adhere overnight. The following morning,
cells were treated with drug media one hour before radiation treatment (4 Gy). At six hours after
radiation, cells were harvested with trypsin, suspended in low melting point agarose (Thermo
Fisher 15-455-200), and pipetted onto a CometSlide (Trevigen 4250-050-03). When agarose had
adhered to the slide, the slides were lysed overnight at 4°C using CometAssay Lysis Solution
(Trevigen 4250-050-01). Following lysis, slides were immersed in TBE buffer containing 90 mM

tris buffer, 90 mM boric acid, and 2 mM Na;EDTA (pH 8.0). Cells were separated using
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electrophoresis, then washed, and neutralized in distilled water. Once dry, cells were stained using
propidium iodide to stain for DNA. Images were then taken of at least 50 comets per treatment
condition using a Nikon Fluorescent Microscope and analyzed using Comet Assay IV (software
version 4.3). Results were pooled for statistical analyses, and data are shown as the mean + SEM

for triplicate experiments.

4.5.4 NHEJ Reporter Assay

A pEYFP plasmid (gift from Canman lab at the University of Michigan, Ann Arbor, MI)
was linearized and purified as previously described*. MCF-7 cells were plated in 6 well plates,
and the following morning treated with tamoxifen, NU7441, or AZD7762 for one hour before
transfection. Following pretreatment, cells in each well were transfected with 1 pg of linearized
pEYFP plasmid using Lipofectamine 2000 (Invitrogen 11668) and OptiMEM media (Invitrogen
31985-062). Cells were harvested with trypsin six hours after transfection, and plasmid DNA was
isolated using the QIAprep Spin Miniprep Kit (Qiagen 27106). Sybr Green (Thermo Fisher
4385612) was used to perform real-time quantitative PCR (AACt) on a QuantStudio6 Flex Real
Time 384-well qPCR system. NHEJ efficiency was assessed with primers to detect GFP
expression  (Rejoined DNA: F: 5-GCTGGTTTAGTGAACCGTCAG-3’, R: 5’-
GCTGAACTTGTGGCCGTTTA-3’) relative to a plasmid internal control (Uncut DNA: F: 5°-
TACATCAATGGGCGTGGATA-3’, R: 5-AAGTCCCGTTGATTTTGGTG-3"). Relative
efficiency was calculated by normalizing to the Ct value of the internal control relative to a no

treatment control sample.
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4.5.5 Immunofluorescence

Coverslips were sterilized in ethanol, and cells were plated on coverslips in 12-well plates.
Cells were allowed to adhere overnight before treatment with drug containing media for one hour
prior to RT (4 Gy). Following RT, cells were grown until designated time points and fixed using
4% paraformaldehyde (Thermo Scientific J19943K2). Cells were blocked in a solution containing
goat serum (Thermo Fisher 16210064) and stained using an anti-Rad51 antibody (GeneTex
GTX70230, 1:300) and a fluorescent goat anti-mouse secondary antibody (Invitrogen A11005,
1:2000). Nuclei were stained with ProLong Gold antifade reagent with DAPI (Invitrogen P36931).
Pictures of >100 cells were taken using a Nikon Fluorescent Microscope. Cells with >10 Rad51
foci/cell were counted as positive. Results were pooled for statistical analyses, and data are shown

as the mean = SD for three or four replicate experiments.

4.5.6 HR Reporter Assay

As previously described*’, an HR reporter DR-GFP plasmid was transfected into MCF-7
cells using Lipofectamine 2000 (Invitrogen 11668) according to manufacturer’s instructions. Cells
containing the plasmid were selected with Geneticin (Thermo Fisher 10131035) and validated by
flow-cytometry for GFP expression. Validated clones were plated in 6-well plates and treated with
tamoxifen, NU7441, or AZD7762 for one hour before the addition of Scel adenovirus to induce
dsDNA breaks®®. After 48 hours, cells were harvested and fixed before analysis by flow cytometry
for GFP* cells at the University of Michigan Flow Cytometry Core. Relative expression was

calculated in comparison to untreated control cells for each experiment.
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4.5.7 Western Blotting

Cells were plated, allowed to adhere overnight, and pretreated with tamoxifen or
fulvestrant one hour prior to irradiation. Cells were harvested at indicated time points and lysed
using RIPA buffer (Thermo Fisher 89901) containing protease and phosphatase inhibitors (Sigma-
Aldrich PHOSS-RO, CO-RO; Santa Cruz Biotechnology sc-3540, sc-24988A; Cayman Chemical
14333, 14405). Samples were separated on precast NuPAGE Bis-Tris protein gels (Thermo
Fisher), transferred to PDVF membranes (Millipore IPVH00010), and blocked with blotting grade
blocker (BioRad 1706404, 5% milk). Antibodies used for protein detection include ERa (Cell
Signaling 8644S; 1:1000), Rad51 (Millipore PC130; 1:500), B-actin (Cell Signaling 12262S;
1:50,000), total PARP1 (Abcam ab6079; 1:1000), cleaved PARP (Cell Signaling 5625S; 1:1000),
cyclin E1 (Santa Cruz sc-247; 1:1000), cyclin B (Santa Cruz sc-245; 1:1000), and cyclin A (Santa
Cruz sc-271682; 1:1000). Secondary antibodies used include anti-mouse (Cell Signaling 7076S;
1:10,000) and anti-rabbit (Cell Signaling 7074S; 1:10,000). All blots are derived from single
experiments and are processed in parallel. Quantification of western blots was performed with

Imagel software.

4.5.8 Flow Cytometry

Cells were plated and treated with drug for one hour before radiation treatment. Following
radiation, cells were harvested at predetermined time points. For cell cycle experiments, cells were
fixed in 70% ethanol at 6-, 16-, and 24-hours post-RT. Before analysis, fixed cells were
resuspended in 1X PBS and stained with propidium iodide and RNase (Qiagen 19101). For
analysis of apoptosis, cells were harvested by trypsinization 48 hours after radiation and stained

with annexin V and propidium iodide (Roche 11858777001) immediately preceding analysis. Both
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apoptosis and cell cycle samples were analyzed at the University of Michigan Flow Cytometry
Core using the Bio-Rad ZES5 Cell Analyzer (Figure 4-11, Figure 4-12). Data are shown as mean

+ SD for triplicate experiments.

4.5.9 Drug Information

Tamoxifen was obtained from MedChemExpress (HY-13757A). Fulvestrant was obtained
from MedChemExpress (HY-13636). AZD9496 was obtained from MedChemExpress (HY-
12870). NU7441, an inhibitor of DNA protein kinase catalytic subunit (DNAPKcs), was obtained
from Selleckchem (Ku-57788). AZD7762, an inhibitor of Chk1/2, was purchased from Sigma
(SMLO0350). B—Estradiol was obtained from MedChemExpress (HY-B0141). All compounds were

solubilized in DMSO.

4.5.10 Animal Experiments

MCEF-7 cells suspended in 50% Matrigel (Thermo Fisher CB-40234) were injected into
bilateral mammary fat pads of CB17-SCID mice (6 x 10° cells/injection). Simultaneously on the
day of injection, estrogen pellets (Innovative Research of America SE-121) were subcutaneously
implanted at the nape of the neck. Pellets were removed when tumors were palpable. Mice were
randomized into five groups when tumors had reached 80-100 mm? with 9-12 tumors/group. Mice
were then treated with one of the following treatment options (Figure 4-10A): vehicle (corn oil:
Sigma C8267), tamoxifen only for 11 days, radiation only, or combination of tamoxifen with
radiation. Treatment of tamoxifen was administered by oral gavage for 11 days at a dose of 10

mg/kg. Radiation treatment was administered in 5 fractions of 2 Gy. Mice in the first combination
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group received tamoxifen one day before starting radiation therapy, then received concurrent
tamoxifen with radiation for five days, followed by five days of tamoxifen therapy following the
completion of radiation. Mice in the second combination group received six days of tamoxifen
prior to beginning radiation therapy and received five doses of radiation with concurrent tamoxifen
(Figure 4-10A). Tumor growth was measured 2-3 times/week, and tumor volume was calculated
using the equation V = L*W?*7/6. Animal protocols and procedures are approved by the

Institutional Animal Care and Use Committee at the University of Michigan (Ann Arbor, MI).

4.5.11 Irradiation

X-ray irradiation was performed at the University of Michigan Experimental Irradiation
Core using a Kimtron IC-225. The dose rate of 2 Gy/min was used in keeping with previous

49,51,52

studies . For in vitro experiments, a 0.1mm Cu filter was used, and for in vivo experiments,

the filter was 0.4mm Sn + 0.25mm Cu.

4.5.12 Statistical Analyses

Statistical analyses were performed in GraphPad Prism 8. For in vitro experiments, a one-
way ANOVA was with Dunnett’s test for multiple comparisons was used to compare SF-2Gy
values, data from the NHEJ reporter, cell cycle analysis for each time point, and apoptosis with
annexin V/PIL. A two-sided Student’s #-test was used to compare tail moments for the comet assay,
HR reporter, Rad51 foci, and senescence data. For animal experiments, a log-rank (Mantel-Cox)

test was performed to compare survival curves. P-values equal to or less than 0.05 were considered
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significant. Synergy calculations were performed using fractional tumor volume (FTV) in keeping

with previous studies**-!,
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Figure 4-1: Radiosensitization of ER+ breast cancer cell lines with anti-estrogen therapies

Clonogenic survival assays indicate concentration-dependent radiosensitization of ER+ MCF-7
cells with tamoxifen (a) or fulvestrant (b). Radiosensitization was also observed in T47D cells
with tamoxifen (¢) or fulvestrant (d) treatment, but not in the ER-negative SUM-159 cells treated
with tamoxifen (e) or fulvestrant (f). Clonogenic survival assays were performed in MCF-7 cells
pretreated with CSS for one hour compared to FBS-treated cells (g), or MCF-7 cells pretreated
for 3 days with CSS before stimulation with B-estradiol (h). Clonogenic treatment times are
displayed in a schematic (i). Data from three or four replicate experiments are graphed as

mean + SEM. (*p <0.05; **p <0.01; ***p <0.001; NS = not significant).
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Figure 4-2: Radiosensitization of MCF-7 cells with variable treatment times

Clonogenic survival assays were performed with a 6- (a) or 24-hour (b) pretreatment with
tamoxifen in MCF-7 cells. Similarly, clonogenic survival assays were performed with a 6- (¢) or
24-hour (d) pretreatment with fulvestrant in MCF-7 cells. Western blots assessed the time course
of ERa degradation with 25 nM fulvestrant in MCF-7 cells (e) or with 5 nM fulvestrant in T47D
cells (f). Clonogenic survival assays were performed in MCF-7 cells with fulvestrant treatment
administered 6 hours (g) or 24 hours post-RT (h). A schematic of pretreatment times for
clonogenic survival assays is shown (i). Quantification of western blots is representative of two
replicates; quantification is ERa expression relative to no treatment (DMSO) control.
Clonogenic data is from triplicate experiments and is graphed as mean £ SEM. (* p <0.05; ** p
<0.01; *** p <0.001; NS = not significant)
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Figure 4-3: Radiosensitization with anti-estrogen therapies

Clonogenic survival assays were performed in T47D cells pretreated with CSS for 1-hour
compared to FBS-treated cells (a), or T47D cells pretreated for 3 days with CSS before
stimulation with B-estradiol (b). Clonogenic survival assays were performed with a 1-hour
pretreatment of AZD9496 in ER+ MCF-7 (¢) or T47D (d), and ER-negative SUM-159 cells (e).
A schematic of pretreatment times for clonogenic survival assays is shown (f). Clonogenic data
is from triplicate experiments (a, c-e) or duplicate experiments (b) and is graphed as mean +
SEM. (* p <0.05; ** p <0.01; NS = not significant)
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Figure 4-4: Tamoxifen inhibits double strand DNA break repair and NHEJ efficiency in
MCEF-7 cells

The neutral comet assay was used to assess dSDNA break repair in MCF-7 cells treated with +
500 nM tamoxifen + 25 nM fulvestrant + 4 Gy RT (a). Representative images of comets are
shown. NHEJ efficiency in MCF-7 cells was assessed using a transient pEYFP reporter
construct. Cells were treated with tamoxifen (b) or fulvestrant (¢) with AZD7762, a Chk1/2
inhibitor, used as a negative control and NU7441, a DNAPK inhibitor, used as a positive control.
Data from triplicate experiments are graphed as mean + SEM. (* p <0.05; ** p <0.01; *** p <
0.001)

160



a Rad51 Foci (MCF-7) b Rad51 Foci (T47D) C HR Reporter (MCF-7)
£ 1007 2 1007 < -
3@ B @ o l*—|
83 NS 833 8 150 ——
28 28 NS 3
82 g2 — w0
5L %07 s 8L 2
o — S5 NS ©
c S =
g g% £
oL o o2 o 8
(o 6 hours 16 hours o 6 hours 16 hours 8
mm DMSO (Control) H DMSO (Control) mm DMSO (Control)
B 500 nM Tamoxifen m 2.0uM Te.am.oxﬁen "'pp<<06(.)051 B 250 nM Tamoxifen
I 4 Gy Radiation I 4 Gy Radiation . B 500 nM Tamoxifen
B Radiation + Tamoxifen Bl Radiation + Tamoxifen = NU7441 (NHEJ inhibitor)
AZD7762 (HR inhibitor)
d 6 hour Rad51 images (MCF-7)
DAPI Rad51 Merge
- e 6 hours 16 hours
8 g Tamoxifen (500 nM)  — + - + — + — +
=5 Radiaton (4Gy) — — 4+ 4+ —  — + +
8¢
Rad51 | Gumme i quuid @D SID QD *— o |~ 0"
55
=3 -acti S S ST e
-g = [-actin | e—— a— c— — 50408
£ S MCF-7
T 6 hours 16 hours
c Tamoxifen (2.0 uM) — + - + - + — +
23 Radiaion 4Gy) — — + + — — 4+ +
S0
E%S, Rad5| | s e Gy e w— G - |~ 39 D
+ B-actin | 0 e — —— — —
c g —39 kDa
o% T47D
53
5 E
g

Figure 4-5: Tamoxifen does not inhibit homologous recombination efficiency

Immunofluorescence was used to stain Rad51 foci in MCF-7 cells treated with + 500 nM
tamoxifen = 4 Gy RT (a) and in T47D cells treated + 2.0 mM tamoxifen = 4 Gy RT (b). A stable
homologous recombination reporter construct was used to assess HR efficiency in MCF-7 cells
treated with tamoxifen (¢). AZD7762, a Chk1/2 inhibitor, was used as a positive control,
NU7441, a DNAPK inhibitor, was used as a negative control. Representative images of MCF-7
Rad51 foci at the 6-hour timepoint are shown in (d). Total Rad51 protein levels were assessed by
western blot in MCF-7 and T47D cells treated & tamoxifen + RT at 6- and 16-hours post-RT (e).
Data from three or four replicate experiments are graphed as mean + SD. (* p <0.05; ** p <

0.01; NS = not significant).
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Figure 4-6: Representatives images of RadS1 foci from immunofluorescence

Images of T47D cells + tamoxifen + 4 Gy RT at 6 hours post-RT are shown (a). Images for
MCEF-7 (b) or T47D (c) cells at 16 hours post-RT are shown for all treatment groups.
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Figure 4-7: Radiation treatment promotes cell cycle arrest in ER+ MCF-7 and T47D cells

Cells were pretreated for one hour with tamoxifen or fulvestrant prior to radiotherapy, fixed at
the indicated timepoints (6-, 16-, 24-hours after radiation), and stained with propidium iodide
before flow cytometry analysis. MCF-7 cells were treated with radiation + tamoxifen (a). T47D
cells were treated with radiation + tamoxifen (b). Similarly, MCF-7 (¢) or T47D (d) cells were
treated with radiation * fulvestrant. Expression of cyclins A, B, and E were assessed by western
blot in MCF-7 (e) and T47D (f) cells treated with tamoxifen + radiation. Data from triplicate

experiments are graphed as mean + SD. Western blots are representative of triplicate
experiments. (* p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001)
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Figure 4-8: Endocrine therapy treatment with radiation does not induce apoptosis in ER+
cells

Annexin V/PI staining was measured via flow cytometry to assess apoptotic cells (total cells
undergoing early and late apoptosis); staurosporine (500 nM) was used as a positive control.
MCF-7 cells were treated with tamoxifen (500 nM), 4 Gy RT, or combination treatment (a).
T47D cells were treated with tamoxifen (2 pM), 4 Gy RT, or combination treatment (b). Levels
of cleaved or total PARP1 were assessed by western blot in MCF-7 (¢) and T47D (d) cells 48-
hours after RT. Treatment with fulvestrant was also assessed by flow cytometry in MCF-7 (25
nM fulvestrant, e) and T47D (5 nM fulvestrant, f) cells. Data from triplicate experiments are
graphed as mean + SD. (* p <0.01; *** p <0.001; **** p <(0.0001)
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Figure 4-9: Endocrine therapies in combination with radiation induce senescence

MCF-7 cells were treated with 500 nM tamoxifen or 25 nM fulvestrant for one hour prior to 4
Gy radiation and stained for B-galactosidase at 14 days post-RT. Quantification of cells positive
for B-galactosidase was performed for MCF-7 (a) and T47D (c) cells. Representative images of

B-galactosidase staining are shown for each cell line (b, d). Data from three or four replicate
experiments are graphed as mean £ SD. (* p <0.05; ** p < 0.01; **** p <(0.0001)
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Figure 4-10: Tamoxifen in combination with radiation is more effective than radiation alone
in an MCF-7 xenograft model

MCEF-7 cells were injected into the mammary fat pads of CB17-SCID mice, and treatment was
initiated when tumors were 80-100 mm?. Mice treated with the combination of tamoxifen and
radiation received tamoxifen for one or six days prior to the start of radiotherapy (a). The
average change in tumor volume was recorded for each treatment condition (b). Time to tumor
doubling was assessed for each treatment (¢). The combination treatment did not have significant
toxicity as there were no changes in mouse weights (d). Tamoxifen with radiation was found to
be synergistic using the fractional tumor volume method in which ratios>1 indicate synergy (e,
f). Data are graphed as mean + SEM. (** p <0.01, *** p <0.001, **** p <0.0001)
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Figure 4-11: Representative gating for PI staining of cell cycle by flow cytometry

Gating of MCF-7 cells stained for PI after 6-hour treatment with (a) DMSO (Control), (b)
fulvestrant, (c) radiation, or (d) fulvestrant + RT. Gates were used to select for live cells, and

analysis software was used to determine the distribution of cells in each phase of the cell cycle.
The percentage of cells in G1 phase is indicated over time (6-24 hours) in Figure 4-7.
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Figure 4-12: Representative gating for AnnexinV/PI staining of apoptosis by flow cytometry

Gating of (a) unstained T47D cells or T47D cells stained for AnnexinV/PI after 48-hour
treatment with (b) DMSO (Control), (¢) tamoxifen, (d) radiation, (e) tamoxifen + RT, or (f)
staurosporine as a positive control, are shown. Gates were used to select for intact cells, and cells
positive for Annexin V undergoing early apoptosis (quadrant R11) or late apoptosis (quadrant
R9) were combined to indicate the total percentage of cells undergoing apoptosis as indicated in
Figure 4-8.
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Chapter 5 : Androgen and Estrogen Receptor Co-Expression Determines Efficacy

of Hormone Receptor-Mediated Radiosensitization in Breast Cancer®

5.1 Abstract

Purpose: Radiation therapy (RT) and hormone receptor (HR) inhibition are used for treatment of
HR-positive breast cancers; however, little is known about the interaction of the androgen
receptor (AR) and estrogen receptor (ER) in response to RT in AR-positive, ER-positive
(AR+/ER+) breast cancers. Here we assessed radiosensitization of AR+/ER+ cell lines using
pharmacologic or genetic inhibition/degradation of AR and/or ER.

Methods: Radiosensitization was assessed with AR antagonists (enzalutamide, apalutamide,
darolutamide, seviteronel, ARD-61), ER antagonists (tamoxifen, fulvestrant), or using knockout
of AR.

Results: Treatment with AR antagonists or ER antagonists in combination with RT did not result
in radiosensitization changes (radiation enhancement ratios [rER]: 0.76-1.21). Fulvestrant
treatment provided significant radiosensitization of CAMA-1 and BT-474 cells (rER: 1.06-2.0)
but not ZR-75-1 cells (rER: 0.9-1.11). Combining tamoxifen with enzalutamide did not alter
radiosensitivity using a 1-hour or 1-week pretreatment (rER: 0.95-1.14). Radiosensitivity was
unchanged in AR knockout compared to Cas9 cells (rER: 1.07 + 0.11), and no additional
radiosensitization was achieved with tamoxifen or fulvestrant compared to Cas9 cells (rER: 0.84-
1.19).

Conclusion: While radiosensitizing in AR+ TNBC, AR inhibition does not modulate radiation
sensitivity in AR+/ER+ breast cancer. Efficacy of ER antagonists in combination with RT may

also be dependent on AR expression.

5 This chapter was published in the British Journal of Cancer and completed in collaboration with the following
authors: Lynn M. Lerner, Connor Ward, Andrea M. Pesch, Amanda Zhang, Rachel Schwartz, Kari Wilder-Romans,
Joel R. Eisner, James M. Rae, Lori J. Pierce, and Corey W. Speers.
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5.2 Introduction

Breast cancer is a heterogeneous disease, classified largely by the expression of the
estrogen receptor (ER), progesterone receptor (PR), and by amplification of the human epidermal
growth factor receptor 2 (HER2) (1). Over 80% of breast cancer patients have ER-positive (ER+)
tumors that express ER (2), and the androgen receptor (AR) is co-expressed with the estrogen
receptor in 70-95% of all ER+ breast cancers (3,4). AR expression is also found in 30-60% of
non-ER expressing (ER-negative) tumors (5,6) where the role for AR in radiosensitization has
previously been described (7,8). Functionally, both AR and ER have very similar roles as both
are activated by hormone binding and act as transcription factors, binding to response elements
in the nucleus (9). AR has been shown to compete with ER for binding to estrogen response
elements (EREs) therefore acting as an antagonist to ER signaling in AR+/ER+ breast cancers
(10). AR-targeting therapies have been investigated for their potential therapeutic use for the
treatment of AR+ cancers. Multiple anti-androgen therapies have been developed first for use in
patients with prostate cancer (11). The potential therapeutic use of these agents, including
second-generation anti-androgens apalutamide (ARN-509) (12), darolutamide (ODM-201) (13),
and enzalutamide (MDV3100) (14), has been explored in other AR+ cancers, including AR+
breast cancers. Enzalutamide is the most widely used AR-inhibitor and is currently being
explored in multiple clinical trials in breast cancers (NCT04142060, NCT03207529,
NCT02689427) (15). Similarly, darolutamide (NCT03383679) and seviteronel (NCT04947189)
are also currently being explored in AR+ breast cancers. Previous work by our group and others
has demonstrated that AR inhibition is an effective strategy for radiosensitization of triple
negative breast cancers (TNBCs) (7,8,16). More recently, the role of the androgen receptor as a

tumor suppressor in AR+/ER+ breast tumors in vitro and in vivo has been described, suggesting
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that AR activation, not inhibition, may provide a therapeutic benefit (17), and this is currently
being tested in ongoing clinical trials using AR agonists with encouraging findings
(NCT01616758, NCT02463032). Thus, seemingly conflicting data support both AR antagonism
and agonism as treatment strategies in AR+ breast cancer suggesting a context-dependent effect
that is currently poorly understood. While ongoing work seeks to understand how these receptors
may be influencing tumorigenesis, there is still a clinical need for the development of better
biomarkers of response for AR-targeted therapies, including the use of both agonists and
antagonists. In addition, although AR and ER belong to the same class of steroid hormone
nuclear transcription factors (9), the overlapping functions of these hormone receptors (HR) in
treatment response have not been well characterized.

Further, the roles of both AR and ER in the radiation response are not well understood.
Previous studies indicate that TNBC patients with low AR expression have decreased rates of
local recurrence following radiation therapy and that AR protein expression is a biomarker of
response in AR+ TNBC models (8). Additional work has demonstrated that AR inhibition with
the second-generation anti-androgen, enzalutamide, AR knockdown by siRNA, or treatment with
the experimental dual AR and CYP17 lyase inhibitor, seviteronel, sensitizes AR+ TNBC cells to
radiation therapy (7,8). Further, our group and others have shown that inhibition or degradation
of ER with tamoxifen or fulvestrant, respectively, is sufficient to radiosensitize ER+ breast
cancer models (18-22). Together these findings suggest a role for nuclear hormone receptors in
the radiation response and warrant further investigation of AR and ER inhibition in AR+/ER+
breast cancer models.

Androgen receptor expression has also been investigated as a contributor to the radiation

response in multiple types of cancer, including prostate cancer, breast cancer, and glioblastoma
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(8-12). AR has been shown to be a mediator of radioresistance in prostate cancer (23), and
inhibition of AR with apalutamide results in an increased radiosensitivity through a decrease in
non-homologous end-joining (NHEJ) efficiency (24,25). Additionally, in AR+ glioblastoma cell
lines and xenograft models, inhibition of AR with enzalutamide or seviteronel has been shown to
provide sensitization to radiation therapy (26,27). These findings suggest that AR inhibition may
be a generalizable strategy for the radiosensitization of cancers with high AR expression.
Previous studies, however, do not address the role of AR when expressed in combination with
other hormone receptors, including the estrogen receptor, and context-dependent biological
effects have yet to be described.

Having previously demonstrated that ER-inhibition is an effective radiosensitization
strategy in ER+, AR-low breast cancers (22), and AR inhibition is a potentially effective
radiosensitization strategy in AR+/ER- breast cancer (8), the purpose of this study was to assess
the effectiveness of AR inhibition as a radiosensitization strategy in AR+/ER+ breast cancer
models. In contrast to findings in other AR+ diseases, including AR+ TNBC, here we
demonstrate that AR inhibition with enzalutamide, apalutamide, darolutamide, and seviteronel,
degradation of AR with the AR PROTAC degrader, ARD-61, or knockout of AR using CRISPR-
Cas9, does not radiosensitize AR+/ER+ breast cancer cells in vitro. Additionally, dual inhibition
or degradation of AR and ER is not sufficient, in most models, to radiosensitize AR+/ER+ breast
cancer cells in vitro suggesting that these receptors may not be compensating for each other
when co-expressed. Further, combination treatment of AR inhibition or knockout with ER
inhibition or degradation does not have a synergistic effect on radiosensitization, suggesting that
AR and ER are not directly and exclusively compensating for their role in the radiation response.

While our previous data suggest that inhibition or degradation of ER results in radiosensitization
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(22), here we demonstrate that ER inhibition is not uniformly sufficient to radiosensitize
AR+/ER+ breast cancer models. Therefore, the prior observed radiosensitization was associated
with AR-low/ER+ cell lines, further promoting the notion of an interaction between AR and ER
in response to RT. Altogether these findings indicate a novel role for AR and ER signaling in
AR+/ER+ breast cancer compared to the role of AR in TNBC or ER in AR-low/ER+ breast
cancer models in response to radiation treatment with important clinical implications for this

subset of patients.

5.3 Materials and Methods

5.3.1 Cell Culture

Except where noted, all cells were grown at 37°C in a 5% CO; incubator. MCF-7 cells
were grown in DMEM media (ThermoFisher 11965092) containing 1% penicillin/streptomycin
(ThermoFisher 15070063) and 10% fetal bovine serum (FBS; Atlanta Biologicals S11550H).
BT-474 and ZR-75-1 cells were grown in RPMI 1640 media (ThermoFisher 11875093)
containing 1% penicillin/streptomycin and 10% FBS. CAMA-1 cells were grown in EMEM
media (ThermoFisher 15070063) containing 1% penicillin/streptomycin and 10% FBS. ACC-
422 cells were grown in MEM media (ThermoFisher 11095080) containing 1X Insulin-
Transferrin-Selenium-Ethanolamine (ITS-X; Gibco 51500056), 1% penicillin/streptomycin, and
15% FBS. Charcoal stripped serum (CSS, Atlanta Biologicals S11650H) was used in multiple
experiments in place of FBS to remove hormones and growth factors. When CSS was used, the
base media was also free of phenol-red. DNA fingerprinting was performed using short tandem
repeat (STR) profiling at the University of Michigan Advanced Genomics Core. The MycoAlert

Mycoplasma Detection kit (Lonza LT07) was used to test cells routinely for mycoplasma.
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5.3.2 Gene Expression Knockout

CRISPR cell lines were generated using the lentiCRISPRv2 plasmid (Addgene #98291)
and the AR guide sequence (5 CACCTCCAGCTTGATGCGAGCGTG 3°). As previously
described (28), the lentiCRISPRv2 plasmid was digested with BsmB1 for 15 minutes at 55
degrees and gel-purified using the QIAquick Gel Extraction Kit (Qiagen #28706X4).
Oligonucleotides were obtained from Integrated DNA Technologies and annealed at 95 degrees
then cooled at 5 degrees/minute. The guide sequences were ligated into the CRISPR plasmid and
transformed into Stbl3 bacteria. Lentivirus was prepared using HEK-293T cells transfected with
1.5ug PAX2 (Addgene #12260), 0.3ug MD2g (Addgene #12259), and 1.5ug plasmid in Opti-
MEM media. DMEM media containing 30% FBS was used to produce virus and media
containing virus was collected at 24- and 48-hours post-transfection. Virus-containing media was
spun down and cleared through a 0.45-micron filter before adding to cells with 0.8pug/mL
polybrene. Selection was performed with hygromycin (CAMA-1 or ZR-75-1: 500 pg/mL).
CRISPR pools were used for all assays. Cas9 CRISPR control cells were made with a control

guide targeting AAVSI (5° CACCGGGGGCCACTAGGGACAGGAT 3’).

5.3.3 Proliferation Assays

Cells were plated in a 96-well plate and allowed to fix overnight. Cells were treated with
media containing 1.0 nM to 10 uM ARD-61. After growing for 72 hours cell viability was
assessed with AlamarBlue (ThermoFisher DAL1100) at a concentration of 10% of the well
volume. Viability was calculated using a plate reader by measuring the absorbance of each well
with an excitation wavelength of 540 nm and an emission wavelength of 590 nm. GraphPad

Prism 8.0 was used to calculate a dose-response curve and half-maximal inhibitor concentration
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(IC50). Six technical replicates were used for each experiment, and the experiment was repeated

three times (n=3).

5.3.4 Clonogenic Survival Assays

Cells were plated and allowed to fix overnight. Pretreatment (1-24 hours) with drug
containing media was followed by radiation (0-6 Gy). After growth for 1-4 weeks, colonies were
fixed with methanol/acetic acid and stained with crystal violet. Colonies with >50 cells were
counted, and data was analyzed using the linear-quadratic model. All combination groups were
normalized to the drug-only control (treated with 0 Gy RT). GraphPad Prism 8.0 was used to
visualize the data. All experiments used three technical replicates and were repeated in triplicate

(n=3).

5.3.5 Western Blotting

Cells were harvested at indicated time points. RIPA buffer (Thermo Fisher 89901)
containing protease and phosphatase inhibitors (Sigma-Aldrich PHOSS-RO, CO-RO) was used
to lyse cells. For nuclear fractionation experiments, the NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific 78835) were used to separate the nuclear and
cytoplasmic cellular fractions. All samples were sonicated then standardized using a BCA assay.
Samples were run in a 4-12% NUPAGE Bis-Tris protein gel at 120V then transferred to a PVDF
membrane, blocked in 5% milk in TBST, and primary antibody (AR: 1:1000, Millipore PG-21;
ERa:: 1:1000, Cell Signaling 8644; B-actin: 1:50,000, Cell Signaling 12262S; LaminB1: 1:1000,
Cell Signaling 12586; GAPDH: 1:1000, Cell Signaling 2118L) was added overnight. Anti-rabbit

secondary antibody (1:10,000, Cell Signaling 7074S) was then added and blots were visualized
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using ECL Prime on a ChemiDoc Imaging System. ImageJ was used for quantification of

western blots.

5.3.6 Reverse Transcription and gPCR

To assess changes in mRNA levels, cells were first plated in complete media containing
FBS. The next day, cells were pretreated with media without phenol red, containing CSS for 48
hours. Stimulation was then performed with B-estradiol or metribolone (R1881). After 24 hours
of stimulation, RNA was extracted with TRIzol using the miRNeasy kit for RNA isolation
(Qiagen 217004). Reverse transcription was performed using random primers (Thermo Fisher
48190011), dNTPs (Thermo Fisher 18427013), and the Superscript I1I enzyme (ThermoFisher
18080085). cDNA was then diluted 1:5 after completion of reverse transcription. Fast SYBR
Green Master Mix (Thermo Fisher 4385612) reagents were used to perform a AACt comparison
of expression of gene specific primers following hormone stripping with CSS, stimulation with
E2, or stimulation with R1881 using the QuantStudio 6 Flex Real Time qPCR System. Primers
for AQP3 (F: 5 CCGTGACCTTTGCCATGTGCTT 3’,R: 5’
TTGTCGGCGAAGTGCCAGATTG 3°), SECI4L2 (F: 5’
CCTGAAGACCAAGATGGGAGAG 3’, R: 5> GCTGTAGGTGTTGTCAAACCGC 3°), PGR
(F: 5> AGGTCTACCCGCCCTATCTC 3°, R: 5 AGTAGTTGTGCTGCCCTTCC 3°), AR (F: 5°
CAGTGGATGGGCTGAAAAAT 3’, R: 5 GGAGCTTGGTGAGCTGGTAG 3’), GREBI (F: 5°
CAAAGAATAACCTGTTGGCCCTGC 3’, R: 5> GACATGCCTGCGCTCTCATACTTA 3°),
and GAPDH (F: 5> TGCACCACCAACTGCTTAGC 3’,R: 5’
GGCATGGACTGTGGTCATGAG 3’) were obtained from Integrated DNA Technologies. The
AACt comparison was calculated by comparing the genes of interested with GAPDH as an

internal control, then comparing each condition to cells cultured in FBS as a control. The relative
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expression of each gene was then assessed. All experiments used three technical replicates, and

data is represented as relative expression = SEM from three independent experiments (n=3).

5.3.7 Drug Information

Enzalutamide (MDV3100; HY-70002), apalutamide (ARN-509; HY-16060),
darolutamide (ODM-201; HY-16985), tamoxifen (HY-13757A), fulvestrant (HY-13636), and -
estradiol (E2, HY-B0141) were obtained from MedChemExpress. Seviteronel (VT-464) was
obtained from Innocrin Pharmaceuticals. ARD-61 was provided by the labs of Shaomeng Wang
and Arul Chinnaiyan at the University of Michigan. R1881 was provided by the lab of Arul

Chinnaiyan at the University of Michigan.

5.3.8 Irradiation

A Kimtron IC-225 orthovoltage machine was used to provide X-ray radiation at the
University of Michigan Experimental Irradiation Core. In keeping with previous work, a dose

rate of 2 Gy/min was used (22,29-31).

5.3.9 Statistical Analyses

GraphPad Prism 8.0 was used to perform all statistical analyses. For determination of
IC50s, a dose-response curve was calculated. For all in vitro experiments, a one-way ANOVA
with Dunnett’s multiple comparisons or a one-way Student’s 7-test was used to compare
treatment groups. All data meets the assumptions for the statistical tests that were used, and

variance between comparison groups are similar.

5.4 Results

5.4.1 Validation of AR+/ER+ breast cancer cell lines in vitro
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First, functional AR and ER activity was validated by western blot and through qPCR
experiments in AR+/ER+ breast cancer cell lines (CAMA-1, ZR-75-1, BT-474; Figure 1-1A).
To do this, nuclear fractionation experiments were performed to assess the cellular localization
of AR and ER under hormone deplete (CSS) or stimulated conditions (E2 or R1881). While [3-
estradiol or R1881 stimulation was sufficient to induce nuclear translocation of ERa or AR
respectively, there was little cross reactivity between the hormone receptors, further suggesting
that estrogen or androgen stimulation is specific for the activation of each receptor (Figure 1-1-
E), and R1881 does not cross stimulate ERa nuclear translocation or vice versa.

To functionally evaluate AR and ER activity in vitro, we performed RT-qPCR
experiments to assess transcription of ERa (GREBI, PGR) and AR (SECI4L2, AQP3, AR) target
genes in CAMA-1, ZR-75-1, and BT-474 cells after stimulation of B-estradiol or R1881. First,
AR transcript levels were assessed following CSS conditions or under stimulated conditions.
While growth in CSS media was sufficient to induce an increase in levels of AR transcripts,
stimulation with B-estradiol or R1881 resulted in a decrease in relative expression in CAMA-1
and BT-474 cells (Figure 5-2A,K). Treatment with B-estradiol in ZR-75-1 cells, however,
increased the levels of AR transcript (Figure 5-2F). While R1881 stimulation was sufficient to
significantly induce expression of AQP3 in all three AR+/ER+ models (Figure 5-2B,G,L),
expression of the AR target, SECI4L2, was induced in response to R1881 stimulation only in
CAMA-1 and BT-474 Figure 5-2C,M) but not ZR-75-1 cells (Figure 5-2H). Stimulation with
B-estradiol was sufficient to induce transcription of ERa target genes (GREBI, PGR) in CAMA-
1, BT-474, and ZR-75-1 cells (Figure 5-2D,E,LJ,N,O). Together, these findings suggest that,

while functional in each AR+/ER+ in vitro model, AR may be playing a distinct role in ZR-75-1
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cells compared to BT-474 and CAMA-1 due to the differences in SEC/4L2 and AR expression in

response to androgen or estrogen stimulation.

5.4.2 AR inhibition with second generation anti-androgens does not radiosensitize AR+/ER+

breast cancer cell lines in vitro

To determine whether AR is acting independently from ER signaling in ER+ breast
cancers to promote radioresistance, clonogenic survival assays were performed with the second-
generation AR antagonist, enzalutamide. To do this, AR+/ER+ cells were treated with DMSO or
500 nM to 2.5 uM enzalutamide for one hour prior to radiation treatment. Enzalutamide
treatment in combination with radiation therapy (RT) in AR+/ER+ CAMA-1 cells resulted in a
significant increase in the surviving fraction of cells at 2Gy (SF-2Gy; Figure 5-3A). CAMA-1
cells treated with enzalutamide and RT had radiation enhancement ratios (rER) of 0.76-0.83
(Figure 5-3A). In comparison, well-characterized radiosensitization agents, like cisplatin,
provide rER of 1.2 (32,33), while drugs used for radioprotection, like amifostine, have rER of
0.8 (34). In additional models, compared to treatment with DMSO, 0.5-2.5 uM enzalutamide had
little effect on radiosensitivity of ZR-75-1 cells (rER: 0.94-1.00, Figure 5-3B) or BT-474 cells
(rER: 0.92-1.01, Figure 5-3C) with no change in SF-2Gy in either cell line. MCF-7 cells with
high ER expression but low AR expression (AR-/ER+) were also treated with 0.5-2.0 uM
enzalutamide as a control. Enzalutamide had no effect on radiosensitivity of MCF-7 cells (rER:
0.95-1.05) with no change in SF-2Gy with treatment (Figure 5-3D). Therefore, enzalutamide
treatment, at best, appears to have little effect on radiosensitivity of AR+/ER+ breast cancer
cells, and at worst, enzalutamide may protect AR+/ER+ cells from RT-induced cell death.

To assess the effect of variable drug pretreatment time on cell survival, AR+/ER+

CAMA-1 cells were treated with enzalutamide (0.5-2.0 uM) at 6 and 24 hours prior to RT, in
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contrast to the one-hour pretreatment used in Figure 5-3A-D. Increased pretreatment time had no
effect on the observed radiosensitization with rER of 0.92-0.95 for 6-hour enzalutamide
pretreatment (Figure 5-3E) and rER of 1.05-1.10 when cells were pretreated for 24-hours prior
to RT (Figure 5-3F). These data suggest that the longer pretreatment times are similarly
insufficient at inducing radiosensitization in AR+/ER+ breast cancer cells, and prolonged AR
inhibition does not affect radiosensitivity despite its known role in inducing G1 cell cycle arrest
(35,36).

Next to further assess radiosensitivity using additional pharmacologic AR inhibitors,
clonogenic survival assays were performed with apalutamide, darolutamide, or seviteronel.
While apalutamide and darolutamide are both second-generation AR antagonists, apalutamide is
structurally similar to enzalutamide. In contrast, darolutamide is structurally unique compared to
enzalutamide and apalutamide and has less blood-brain barrier penetration, offering a unique
clinical application as serum testosterone levels are not altered in CRPC patients with
darolutamide treatment (13,37). Seviteronel, a dual CYP17 lyase and AR inhibitor with some
antagonist activity against ER (38), has been shown to be effective in AR+ TNBC models (39).
Similarly, use of apalutamide is effective as a radiosensitization strategy in AR+/ER- ACC-422
cells (rER: 1.08-1.33, Figure 5-1B). Using a one-hour pretreatment with apalutamide,
darolutamide, or seviteronel, we further assessed radiosensitization in AR+/ER+ breast cancer
cells. CAMA-1 cells had no change in radiosensitivity with 0.5-2.0 uM apalutamide (rER: 0.95-
1.01, Figure 5-4A), or 0.5-2.0 uM darolutamide (rER: 0.92-0.93, Figure 5-4E). Similarly, ZR-
75-1 cells treated with 0.5-2.0 uM apalutamide (rER: 0.93-1.04, Figure 5-4B), 0.5-2.0 uM
darolutamide (rER: 0.92-1.1, Figure 5-4F), or 0.5-2.5 uM seviteronel (rfER: 0.97-1.08, Figure

5-41) had no change in radiosensitization or SF 2Gy. BT-474 cells also had no change in
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radiosensitization with 0.5-2.0 uM apalutamide (rER: 0.96-0.98, Figure 5-4C), 0.5-2.0 uM
darolutamide (rER: 0.94-0.97, Figure 5-4G), or 0.5-2.5 uM seviteronel (rER: 0.90-0.98, Figure
5-4J), further suggesting that though these inhibitors have structural and potential functional
differences, each is insufficient under these conditions to induce radiosensitization of AR+/ER+
breast cancer cell lines in vitro.

As a control, clonogenic survival assays were also performed in AR-/ER+ MCF-7 cells,
where treatment with 0.5-2.0 uM apalutamide (rER: 0.85-0.98, Figure 5-4D), or 0.5-2.0 uM
darolutamide (rER: 1.02-1.10, Figure 5-4H) did not alter radiosensitization. In contrast to
findings in AR+ TNBC (8), together these results suggest that one-hour pretreatment of
apalutamide, or darolutamide, like enzalutamide, does not result in radiosensitization of
AR+/ER+ breast cancer cells in vitro. Further, our results suggest that methods of targeting AR
signaling using pharmacologic AR antagonists and/or blocking androgen production with CYP17
inhibitors are insufficient to alter the radiation response in vitro in AR+/ER+ breast cancer

models.

5.4.3 PROTAC-mediated AR degradation in AR+/ER+ breast cancer cells

Multiple studies have demonstrated that pharmacologic inhibition has different effects
compared to protein depletion through genetic knockdown or use of pharmacologic degraders
(40,41). Having observed no change in radiosensitization with pharmacologic inhibition of AR,
we used a novel proteolysis targeting chimera (PROTAC) AR degrader, ARD-61, to assess
radiosensitization (42,43). ARD-61 was effective at inhibiting cell viability in CAMA-1 cells
with an IC50 of 575 nM (Figure 5-5A). The kinetics of AR degradation in CAMA-1 cells was
assessed by western blot and optimal degradation was found to occur from 12-36 hours post-

ARD-61 treatment where > 90% of AR protein is degraded with 250 nM treatment of ARD-61
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(Figure 5-5B). Next, clonogenic survival assays were performed with 25-250 nM ARD-61 in
AR+/ER+ breast cancer cells. 24-hour pretreatment with ARD-61 was used to achieve maximal
AR degradation prior to RT. ARD-61-mediated AR degradation did not change
radiosensitization of CAMA-1 cells with rER of 0.98-1.08 and no change in SF-2Gy (Figure
5-5C), suggesting that pharmacologic degradation of AR has a similar lack of effect on

radiosensitization compared to pharmacologic inhibition in AR+/ER+ CAMA-1 cells.

5.4.4 Dual inhibition of AR and ER together does not radiosensitize AR+/ER+ cell lines

Next, to understand whether there were overlapping roles for AR and ER in AR+/ER+
breast cancer models, clonogenic survival assays were performed with the selective estrogen
receptor modulator (SERM), tamoxifen, or the selective estrogen receptor degrader (SERD),
fulvestrant. While previous work has demonstrated a role for tamoxifen or fulvestrant in the
radiosensitization of ER+ breast cancer models in vitro and in vivo (22), the role of AR and ER
together and the impact on radiosensitization has not been assessed. ER inhibition with 0.5-2.0
uM tamoxifen treatment alone in CAMA-1 cells resulted in only slight increases in
radiosensitization with rER of 1.04-1.12 (Figure 5-6A). In ZR-75-1 cells, 0.5-2.0 uM tamoxifen
treatment resulted in slight radioprotection with rER of 0.79-0.91 (Figure 5-6B). These results
suggest that inhibition of ER with tamoxifen was insufficient to alter radiosensitivity in
AR+/ER+ breast cancer models in vitro. CAMA-1 cells were also pretreated with 1-10 nM
fulvestrant for one hour before RT. Fulvestrant, unlike tamoxifen, did radiosensitize CAMA-1
(rER: 1.6-2.0, Figure 5-6C) and BT-474 (1-100 nM, rER: 1.06-1.50, Figure 5-6D) cells but not
AR+/ER+ ZR-75-1 cells (1-10 nM, rER: 0.99-1.11, Figure 5-6E) or AR+/ER- ACC-422 cells

(1-25 nM, rER: 1.03-1.17, Figure 5-6F). These data indicate that ER degradation with short-
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term fulvestrant may be sufficient to sensitize select AR+/ER+ cell lines to ionizing radiation but
is not sufficient to radiosensitize all AR+ breast cancer cell lines.

We next wanted to understand whether AR and ER may have an overlapping function
allowing the hormone receptors to compensate in response to radiation treatment. To investigate
this, clonogenic survival assays were performed in CAMA-1, ZR-75-1, and BT-474 cells
pretreated for one-hour with 2.0 uM tamoxifen and/or 2.0 uM enzalutamide prior to RT. There
was no significant change in radiosensitization in cells treated with tamoxifen alone (rER: 0.90-
1.21), enzalutamide alone (rER: 0.89-1.00), or the combination of tamoxifen and enzalutamide
(rER: 0.95-1.14, Figure 5-6G-I). These data suggest that short-term pretreatment with both ER
and AR inhibitors is not sufficient to block a potential compensatory mechanism between AR
and ER in response to ionizing radiation.

To determine whether extended pretreatment of AR+/ER+ cells with tamoxifen and/or
enzalutamide treatment resulted in changes in radiosensitivity, cells were treated with drug once
daily for seven days prior to RT. While ZR-75-1 cells had little change in radiosensitization with
this extended pretreatment (rER with tamoxifen: 1.00 £+ 0.24, rER with enzalutamide: 1.16 & 0.3,
rER with tamoxifen and enzalutamide: 1.10 + 0.07, Figure 5-7A), CAMA-1 cells showed slight
radiosensitization with tamoxifen alone (rER: 1.26 + 0.11) as well as with the combination
treatment (rER: 1.18 £ 0.03, Figure 5-7B). There was also a decrease in the SF-2Gy of CAMA-1
cells with this extended duration of treatment prior to RT. This effect could be due to epigenetic
changes that take place over the prolonged exposure to tamoxifen (44). Together these results
suggest that antagonizing both AR and ER together is insufficient to radiosensitize AR+/ER+

breast cancer cells in vitro further suggesting that while AR and ER may have overlapping
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functions, the receptors may not be working together to mediate radioresistance in models of

breast cancer where they are co-expressed.

5.4.5 AR knockout in combination with ER antagonists does not radiosensitize AR+/ER+ cells

Having observed no radiosensitization when AR and ER were pharmacologically
inhibited, we next tested whether genomic deletion of AR using CRISPR-Cas9 conferred
radiosensitization. These experiments were used to further investigate the overlapping roles of
AR and ER in these models. Isogenic cell line models with AR knockout (AR KO) or Cas9
control cells containing the Cas9 protein and a control guide (44VSI) were generated in CAMA-
1 or ZR-75-1 (Figure 5-8A) cells which endogenously express both AR and ER. Clonogenic
survival assays were then performed using CAMA-1 and ZR-75-1 AR KO or Cas9 cells. To
investigate whether ER antagonism was sufficient to radiosensitize CAMA-1 cells with genetic
AR KO, CAMA-1 AR KO and Cas9 control cells were treated with tamoxifen or fulvestrant. In
support of results observed with pharmacologic inhibition of AR in these cell lines, there was no
change in radiosensitization in CAMA-1 Cas9 control cells compared to AR KO cells (Figure
5-8B). Treatment of Cas9 control cells with 2.0 uM tamoxifen, however, provided slight
radiosensitization (rER: 1.21 £ 0.24). As observed in CAMA-1 parental cells, treatment of Cas9
control cells with 10 nM fulvestrant increased radiosensitivity (rER: 2.1 £ 0.5). In CAMA-1 AR
KO cells, however, there were similar levels of radiosensitization with tamoxifen (rER: 1.00 +
0.2) and fulvestrant (rER: 1.8 £ 0.3, Figure 5-8B) when compared to Cas9 control cells under
similar treatment conditions. These results suggest that the presence or absence of AR in
combination with treatment of tamoxifen or fulvestrant does not alter the observed
radiosensitization. Radiosensitization of AR KO cells with ER antagonists was similar to

observed radiosensitization in Cas9 cells further suggesting that genetic knockout of AR in
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combination with ER inhibition was not sufficient to sensitize AR+/ER+ cells to ionizing
radiation. There is no radiosensitization synergy observed between tamoxifen or fulvestrant
treatment in CAMA-1 AR KO cells compared to Cas9 control.

Similar results were observed in ZR-75-1 AR KO or Cas9 control cells treated with
tamoxifen or fulvestrant. In ZR-75-1 Cas9 control cells, no significant effects were observed as a
result of treatment with 0.5-2.0 uM tamoxifen (rER: 0.84-0.98, Figure 5-8C). This result was
mirrored in ZR-75-1 AR KO cells with tamoxifen treatment (rER: 0.92-0.97, Figure 5-8D).
Similar to results seen in ZR-75-1 parental cells, treating ZR-75-1 Cas9 control cells with
fulvestrant did not result in significant radiosensitization with enhancement ratios of 1.02-1.10
(Figure 5-8E). In the same way, ZR-75-1 AR KO cells had enhancement ratios of 1.09-1.19
with 1-10 nM fulvestrant (Figure 5-8F). Together these results suggest that genetic knockout of
AR protein in combination with ER inhibition or degradation is insufficient to radiosensitize
AR+/ER+ CAMA-1 or ZR-75-1 cells, although there are cell specific differences in
radiosensitization with tamoxifen or fulvestrant, respectively. Although AR inhibition in TNBC
is radiosensitizing (7,8), as is ER inhibition in ER+ breast cancers with low AR expression (22),
these findings further suggest that AR and ER signaling are not converging on a single pathway
affecting the radiation response when AR and ER are co-expressed in models of breast cancer, or
that there may be additional factors involved in the radiation response in AR+/ER+ breast cancer

models.

5.5 Discussion

While previous studies have demonstrated that AR inhibitors can radiosensitize AR+
models of TNBC, prostate cancer, and glioblastoma (7,8,16,25,27,45,46), in this study we

demonstrate that pharmacologic inhibition, degradation, or genetic knockout of AR using
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CRISPR-Cas9, is not sufficient to radiosensitize AR+/ER+ breast cancer cell lines in vitro
(Figure 5-3, Figure 5-4, Figure 5-5, Figure 5-8). While effective in ER+ MCF-7 and T47D
cells (22), one-hour pretreatment with the ER inhibitors tamoxifen or fulvestrant results in
minimal radiosensitization of AR+/ER+ cell lines (Figure 5-6). Further, the combination
treatment of AR and ER inhibition via tamoxifen with enzalutamide is not sufficient to
radiosensitize AR+/ER+ cells in vitro (Figure 5-6, Figure 5-7). Knockout of AR using CRISPR-
Cas9 does not affect cell radiosensitivity relative to Cas9 control cells, and the addition of
tamoxifen did not provide synergistic radiosensitization effects in CAMA-1 or ZR-75-1 cells
(Figure 5-8). Conversely, treatment with fulvestrant, a selective estrogen receptor degrader
(SERD) with some ability to degrade AR protein (47), was sufficient to radiosensitize CAMA-1
parental or Cas9 control cells; however, similar levels of radiosensitization were observed in
CAMA-1 AR KO cells with fulvestrant treatment suggesting there is no additional synergistic
effect of AR KO in combination with ER inhibition or degradation (Figure 5-8). Together these
findings suggest that AR inhibition alone is not sufficient to radiosensitize AR+/ER+ breast
cancer models. In addition, combined abrogation of AR and ER pharmacologically or through
gene editing does not provide radiosensitization suggesting that AR and ER are not directly
compensating in the radiation response.

Our findings here suggest an independent role for AR in AR+/ER+ breast cancer models
in response to radiation compared to the previously established role for AR in the radiation
response in AR+/ER- (TNBC) models and other AR+ cancers (15). In AR+/ER- breast cancer,
AR is a biomarker of radioresistance and inhibition or knockout of AR results in
radiosensitization, partially through the inhibition of a non-homologous end joining (NHEJ)

repair-mediated response (7,8). Here, we demonstrate that in the presence of ER, AR may not be
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functioning as a mediator of radioresistance, suggesting that AR inhibition is not an effective
radiosensitization strategy in women with tumors expressing high levels of AR and ER. This is
in contrast with previous work suggesting that AR inhibition, independent of ER status, results in
radiosensitization in AR+ breast cancer models (16). This conflict may also be due to differences
in treatment conditions and timing of treatment. For example, it should be noted that other
studies used proliferation assays instead of clonogenic survival assays to assess radiation
response, and much higher doses of enzalutamide (10-fold higher) and radiation (10 Gy) were
used in these studies which may explain these differences in findings.

Further, our data indicate that anti-androgen or anti-estrogen therapies may be effective
radiosensitization strategies in some, but not all AR+/ER+ breast tumors, suggesting a need for
additional biomarkers of response for AR and/or ER antagonists. While an AR:ER positivity
ratio of 78% has been demonstrated to have prognostic capacity in AR+/ER+ tumors (48), a
more complete understanding of how signaling of androgen and estrogen receptors, along with
signaling of other receptors and growth factors, is influencing the radiation response is needed to
effectively identify reliable biomarkers of response. Our work also suggests that the use of anti-
estrogen therapies may be an effective radiosensitization strategy in some, but not all, ER+ breast
cancer models (22). Notably, while our study employs multiple AR+/ER+ cell lines, these cell
lines have different molecular characteristics, including levels of AR and ER protein expression
and functional downstream signaling as assessed by RT-qPCR (Figure 5-1, Figure 5-2). These
molecular differences may also contribute to the differences observed in response to
pharmacologic AR and ER inhibitors in combination with RT. While in this study we
demonstrate that AR expression may be influencing the efficacy of ER inhibitors in modulating

radiosensitization in AR+/ER+ breast cancer cells, future studies are necessary to understand
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why ER-targeting therapies may be effective for the radiosensitization in some preclinical ER+
breast cancer models but not others. This may be due to expression of additional biomarkers that
can impact on radiosensitivity including HER2 and EGFR (49-52), PI3K/mTOR (53,54), and
PARP (55-57), among others. While preclinical studies are useful to start interrogating these
questions using models that have been studied extensively, translation of these findings into the
clinic brings additional variabilities including, but not limited to, individual patient
characteristics, adherence to treatment, as well as other concurrent therapies. Therefore,
biomarkers of response are also needed to understand how AR agonists and antagonists might be
used in different patient populations in diverse biological contexts to increase tumor control.
Despite these findings, there are also a few limitations to the current study that are worth
noting. These studies use tamoxifen instead of 4-hydroxytamoxifen (4-OHT), which is an active
metabolite of tamoxifen, and 100x more potent than tamoxifen (58). As tamoxifen is a weaker
anti-estrogen than 4-OHT and partial agonist of ER (59,60), the concentrations used may not be
sufficient to induce radiosensitization in media containing FBS with supersaturated E2 levels.
Future experiments will seek to expand these findings and investigate whether a more potent
inhibitor like 4-OHT may be a more effective radiosensitization strategy in these tumors.
Additionally, because all cell lines used in this study were cultured in media containing both
phenol red and FBS, we cannot control for exogenous androgens and estrogens that exist within
the media (61). While seviteronel is both a CYP17 and AR inhibitor, CYP17 is not commonly
expressed in breast cancer cell lines, and the culture media used has supplemented cholesterol
and steroid hormones, thus preventing cells from relying on CYP17 for androgen production.
Together these limitations could also suggest that use of anti-androgens may be more effective

when assessed in models containing more physiologically relevant levels of circulating
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hormones. Future studies performed in xenograft models or using patient data from completed
clinical trials should be performed to understand whether changes in estradiol and/or testosterone
levels affect radiosensitivity with anti-androgen or anti-estrogen therapies. Finally, non-
canonical ER functions including RNA binding (62) or non-genomic signaling (63) that may
contribute to radiation response in the context of AR signaling cannot be excluded based on the
data presented here and are also worth further exploration. Here we have investigated the role of
AR and ER signaling using in vitro and immunocompromised models that eliminate any
potential effects of the tumor microenvironment or immune infiltrates (64,65). Future studies
may investigate these limitations by using immunocompetent in vivo models.

While AR-targeting therapies have become a mainstay for the treatment of prostate
cancers, ongoing preclinical and clinical studies in AR+ tumors have demonstrated therapeutic
potential for treatment of AR+ breast cancers using AR antagonists. In a phase II trial
(NCTO01889238), enzalutamide has been shown to provide clinical benefit to approximately 30%
of AR+ TNBC patients (6). Additionally, a phase I trial is underway using darolutamide in breast
cancer patients, including TNBC, HR+/HER2-, and HER2+ patients (NCT03004534). Recent
data has also suggested that AR functions as a tumor suppressor in AR+/ER+ breast cancers
(17), and ongoing trials are investigating the use of AR agonists (NCT01616758,
NCT02463032). In addition, there are many ongoing clinical trials are investigating the
concurrent use of anti-androgen and anti-estrogen therapies (including NCT02953860,
NCT02955394, NCT02676986). The results from these trials will continue to shed light on the
use of antagonists and agonists for the treatment of AR+ and/or ER+ breast tumors. Further, our
work highlights the importance of understanding how AR and ER interact to influence

tumorigenesis to appropriately direct clinical trial design and stratify patient populations most
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effectively, as well as to inform the timing of radiation treatment in relation to AR inhibition as

these studies suggest co-treatment may be tumor protective and thus undesirable.

5.6 Acknowledgements

The authors thank Dr. Arul Chinnaiyan, Dr. Shaomeng Wang, and Dr. Steve Kregel for
providing ARD-61. This work was supported a Breast Cancer Research Foundation (BCRF)
Grant to L.J.P. (BCRF-21-128) and by a generous donation to C.W.S. by Susan and Richard
Bayer. A.R.M. and A.M.P. are supported by National Institute of General Medical Sciences
(NIGMYS) training grants: T-32 GM113900 (A.R.M.), T32-GM007315 (A.R.M.), and T32-
GMO007767 (A.M.P.). A.R.M. is supported by the Rackham Predoctoral Fellowship Program and
Rackham Graduate School Research Grants. A.M.P. is supported by a Ruth L. Kirschstein

NRSA F31 award (F31CA254138).

194



5.7 Figures

v
A S A S A - ACC-422 (AR+/ER-)
C()< $ &'v Q:\ C_)O 0.4 l+|
N O Q N < ] < g —=—
AR| e WD J E < 03
el Lo W £ o
= g — DMSO 2
ot | S—— | 7 0% = SR R0 £
0.0001 2.0 i aglalutamide (rEREI1:28 +0.08) . @ oo
0 2 4 6 RIS
Dose (Gy) RN
CAMA-1 (AR+/ER+)
C ¢css - + + + - + + +
E2 - - + - - -+ -
R1881 - - - + - - - +
EROL| —“-- - —-—|
AR| - - — |
LaminB 1 | S e e e |
GAPDH| — e — |
nuclear cytosolic
D ZR-75-1 (AR+/ER+)
CSS - + + + - + + +
E2 - - + - - - + -
R1881 - - - + - - -
ER()L| — - G e~ —— — _|
AR| : -
LaminG 1 | ———— |
GAPDH| —_——
nuclear cytosolic
E BT-474 (AR+/ER+)
CSs - + + + - + + +
E2 - - + - - - + -
R1881 - - - + - - - +
EROL| - eaneQlp — ~ —— —— |

LaminB1 |——_— 1

GAPDH| - - M

nuclear cytosolic

Figure 5-1: Validation of AR function in AR+ breast cancer models

Expression of AR and ERa was assessed by western blot (A) in a panel of breast cancer cell
lines. Clonogenic survival assays were performed in (B) AR+/ER- ACC-422 cells treated with
apalutamide for one hour prior to RT to assess radiosensitization. Western blots were performed
in AR+/ER+ (C) CAMA-1, (D) ZR-75-1, and (E) BT-474 cells to assess cellular localization
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(nucleus or cytosol) for AR or ERa following hormone depletion (CSS) or stimulation with 1
nM B-estradiol (E2) or R1881. A representative clonogenic survival assay is shown for the ACC-
422 cells, and the SF-2Gy values are representative of three independent experiments (mean =+
SEM). Nuclear fractionation experiments were performed in duplicate or triplicate, and a
representative blot is shown. ** p < 0.01
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Figure 5-2: Expression of AR and ER target genes was assessed in AR+/ER+ breast cancer

cell lines

gPCR experiments were performed to assess expression of AR target genes (AR, AQP3,
SECI4L2) and ER target genes (GREBI, PGR) in AR+/ER+ (A-E) CAMA-1, (F-J) ZR-75-1, or
(K-O) BT-474 cells grown in FBS or CSS, stimulated + 1 nM B-estradiol or R1881. Data is
shown as mean + SEM for three independent experiments. * p < 0.05; ** p <0.01; *** p <
0.001; **** p <0.0001; NS = not significant
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Figure 5-3: AR inhibition with enzalutamide does not affect radiosensitivity of AR+/ER+
breast cancer cell lines in vitro

Clonogenic survival assays were performed in AR+/ER+ (A) CAMA-1, (B) ZR-75-1, and (C)
BT-474 cells to assess radiosensitization with a one-hour pretreatment of enzalutamide prior to
radiation treatment. Assays were also performed in (D) MCF-7 cells which are ER+ with low AR
expression. To assess the effects of a longer pretreatment with enzalutamide, clonogenic survival
assays were performed in CAMA-1 cells with a (E) 6-hour or (F) 24-hour pretreatment with
enzalutamide prior to radiation treatment. Representative clonogenic survival assays are shown
for each cell line, and the surviving fraction of cells at 2 Gy (SF-2Gy) are representative of three
independent experiments (mean = SEM). * p < 0.05; NS = not significant
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Figure 5-4: Inhibition with apalutamide, darolutamide, or seviteronel does not affect

radiosensitivity of AR+/ER+ breast cancer cell lines in vitro

Clonogenic survival assays were performed in AR+/ER+ (A) CAMA-1, (B) ZR-75-1, and (C)
BT-474 cells to assess radiosensitization with a one-hour pretreatment of apalutamide prior to
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radiation treatment. Assays were also performed in ER+ (D) MCF-7 cells with low AR
expression. Similarly, clonogenic survival assays were performed in AR+/ER+ (E) CAMA-1,
(F) ZR-75-1, and (G) BT-474 cells to assess radiosensitization with a one-hour pretreatment of
darolutamide prior to radiation treatment. Assays were also performed in (H) MCF-7 cells. Next,
clonogenic survival assays were performed in (I) ZR-75-1 and (J) BT-474 cells treated with
seviteronel for one-hour prior to RT. Representative clonogenic survival assays are shown for
each cell line, and the SF-2Gy are representative of three independent experiments (mean +
SEM). * p <0.05; NS = not significant
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Figure 5-5: AR degradation with ARD-61 decreases cell viability but does not sensitize
CAMA-1 cells to ionizing radiation

(A) Cellular viability of AR+/ER+ CAMA-1 cells was assessed at 72 hours with an IC50 of 575
nM. (B) Degradation of AR protein levels was assessed by western blot after 1-48 hours
treatment of ARD-61 with maximal degradation of AR occurring between 12-36 hours. (C)
Radiosensitization of CAMA-1 cells with ARD-61 was assessed by clonogenic survival assay.
Viability assays are the shown as the mean + SEM for three independent experiments. A
representative western blot is shown with quantification of average AR protein from three
independent experiments. A representative clonogenic survival assay is shown with the SF-2Gy
from three independent experiments (mean + SEM). NS = not significant
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Figure 5-6: ER inhibition = AR inhibition with enzalutamide is not sufficient to radiosensitize
AR+/ER+ breast cancer cells in vitro

Clonogenic survival assays were performed in (A) CAMA-1 or (B) ZR-75-1 cells with a one-
hour pretreatment of tamoxifen prior to radiation treatment. Radiosensitization was assessed by
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clonogenic survival assays in (C) CAMA-1, (D) BT-474, and (E) ZR-75-1 cells with treatment
of fulvestrant, a known degrader of both ER and AR protein. Clonogenic survival assays were
also performed in ACC-422 cells (AR+/ER-) with fulvestrant (F). Additional clonogenic survival
assays were performed in (G) CAMA-1, (H) ZR-75-1, or (I) BT-474 cells with a one-hour
pretreatment of enzalutamide, tamoxifen, or enzalutamide and tamoxifen. Representative
clonogenic survival assays are shown for each cell line, and the SF-2Gy are representative of
three independent experiments (mean = SEM). * p <0.05; ** p <0.01; *** p <0.001; NS = not
significant
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Figure 5-7: Combined treatment of tamoxifen with enzalutamide does not radiosensitize
AR+/ER+ breast cancer cell lines

(A) Extended, one-week treatment with enzalutamide, tamoxifen, or enzalutamide and tamoxifen
was delivered every 24 hours for 7 days prior to assessment of radiosensitization by clonogenic
survival assays in (A) ZR-75-1 or (B) CAMA-1 cells. Representative clonogenic survival assays
are shown for each cell line, and the SF-2Gy are representative of three independent experiments
(mean £ SEM). * p <0.05; ** p <0.01; NS = not significant
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Figure 5-8: Knockout of AR by CRISPR/Cas9 is not sufficient to provide radiosensitization
to AR+/ER+ cells alone or in combination with ER inhibitors

CRISPR/Cas9 mediated knockout of AR was confirmed by western blot (A) in CAMA-1 and
ZR-75-1 cells. (B) Radiosensitization of CAMA-1 AR KO or Cas9 control cells was assessed by
clonogenic survival assay alone or in combination with tamoxifen or fulvestrant treatment.
Radiosensitization of ZR-75-1 (C) Cas9 control cells or (D) AR KO cells with tamoxifen was
assessed by clonogenic survival assay. Similarly, radiosensitization with fulvestrant was assessed
in ZR-75-1 (E) Cas9 control or (F) AR KO cells. Representative clonogenic survival assays are
shown for each cell line, and the SF-2Gy are representative of three independent experiments

(mean = SEM). * p <0.05, ** p <0.

01; NS = not significant
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Chapter 6 : Summary and Perspectives

6.1 Summary

Standard of care therapies for patients with breast cancer are determined based on the
presence and expression of molecular targets, including expression of the estrogen receptor (ER)
and more recently, the androgen receptor (AR). While co-expressed in 70-90% of all ER+ breast
cancers'™, AR is expression has been found to be a driver of disease progression in ER-negative
breast tumors and therefore a target of treatment* (Figure 6-1A). Patients with breast cancer also
receive radiotherapy (RT), which is effectively used in many patients to control local disease.
Because previous studies have demonstrated that AR can be a mediator of radioresistance in AR-

8-10 and glioblastoma'!), our studies sought to

positive tumors (including breast>’, prostate
understand how AR and ER may be influencing the radiation response by further investigating

the mechanism of radioresistance due to expression of AR and/or ER in multiple hormone-

receptor positive (HR+) breast cancer models (Figure 6-1B).
6.2 Future Directions

6.2.1 AR+/ER- Breast Cancer

Initially we demonstrate that, though both enzalutamide, a second-generation anti-
androgen, and seviteronel, a novel CYP17-lyase and AR inhibitor have limited effects on the
viability of AR+ TNBC cells in vitro (Figure 2-1, Figure 2-2), both are sufficient to increase
radiosensitivity when administered prior to RT. Treatment with seviteronel or knockdown of AR

is sufficient to induce radiosensitization in AR+ TNBC (Figure 2-3). Similar to results seen with
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enzalutamide®, this radiosensitization is due to a delay in the repair of dsDNA breaks following
seviteronel treatment (Figure 2-7). We demonstrate, however, that seviteronel has differing
effects in vitro compared to enzalutamide based on changes in gene expression (Figure 2-4,
Figure 2-5, Figure 2-6) and chromatin immunoprecipitation (ChIP)-qPCR experiments
assessing AR binding to dsDNA repair genes including (XRCC2, XRCC3, PRKDC, Figure 2-9).
Our in vitro results suggest that AR inhibition is mediating radiosensitization by inhibiting
dsDNA break repair, and previous work in breast and prostate cancer models indicate that AR
inhibition also blocks non-homologous end joining (NHEJ) efficiency by inhibiting
phosphorylation of DNAPKcs>’. Radiosensitization with seviteronel was validated in vivo using
the MDA-MB-453 cell line-based xenograft model where monotherapy with seviteronel or
radiation alone was sufficient to delay tumor growth, but combination treatment with seviteronel
and RT was found to be more effective and synergistic (Figure 2-8).

Having observed radiosensitization in AR+ TNBC cell lines with AR abrogation®
(Figure 2-3, Figure 5-1), we next sought to characterize the canonical and noncanonical roles
for AR in the radiation response in vitro. First, we validated that treatment with apalutamide,
darolutamide, and enzalutamide was sufficient to block AR nuclear translocation by western
blotting (Figure 3-1). Next, we demonstrated that AR is present in the nucleus following RT,
further supporting a transcriptional role for AR in mediating the DNA damage response (Figure
3-2). We used transcriptomic and proteomic data to nominate the MAPK signaling pathway, and
specifically p-ERK as a critical partner in AR-mediated radioresistance (Figure 3-3, Figure 3-4,
Figure 3-5, Figure 3-6, Figure 3-7, Figure 3-9). We validated this model to demonstrate that
stimulation with androgens results in an increase in p-ERK/total ERK levels (Figure 3-10).

Together, our findings suggest that AR inhibition radiosensitizes AR+/ER- breast cancer models,
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and this radiosensitization may be dependent upon a MAPK/ERK mediated mechanism to inhibit
dsDNA break repair in vitro (Figure 3-11).

While AR has been identified as a mediator of radioresistance, and we have proposed a
mechanism of radiosensitization using second generation anti-androgens including enzalutamide,
additional studies are needed to identify biomarkers of response for treatment with AR inhibition
alone or in combination with RT. As reviewed in chapter 1 (Table 1-1, Table 1-2), clinical trials
for patients with AR+ TNBC or AR+/ER+ breast tumors are underway to assess the use of
multiple AR inhibitors in different contexts'?. Importantly, clinical studies demonstrate that
enzalutamide is effective for the treatment of women who have AR+ TNBC, with a response rate
of approximately 30%!'3. While effective in a subset of AR+ TNBC patients, there is a critical
need for biomarkers of response for the use of AR inhibitors to understand which patients will
benefit from treatment. When RT is added to the treatment paradigm, additional questions arise,
including the optimal timing and sequence of therapies that provides the most benefit.

As we uncover the mechanistic underpinnings of AR-mediated radioresistance and
radiosensitization mediated through AR-inhibition, additional opportunities have become
available to investigate canonical and non-canonical roles for AR in response to ionizing RT. In
particular, our studies have demonstrated a role for AR transcriptomically and proteomically in a
MAPK-mediated response to RT. Additional experiments, however, are needed to understand
how MAPK signaling may be affecting DNA repair, or how AR may be binding throughout the
genome to promote direct expression of target genes, including those involved in DNA repair
pathways. ChIP-qPCR or sequencing experiments could be used to assess AR’s role in DNA
binding in breast cancer models, and specifically in the context of ionizing radiation. Data from

multiomics analyses including ChIP-seq, RNA-seq, and large-scale proteomics like Reverse
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Phase Protein Arrays (RPPA), together could be used to profile the importance of AR expression
following RT. This large-scale data would allow us to understand more completely the
downstream signaling mediated by AR to promote radioresistance, thus exposing potential
therapeutic targets or molecular vulnerabilities that may help determine biomarkers of response.
In addition to its canonical role as a transcription factor, AR also has non-canonical, non-
genomic roles in prostate cancer'#!> and breast cancer!®!8, While our studies have investigated
potential roles for AR in the transcriptional regulation of the DNA damage response, future
studies are necessary to understand how AR may be functioning independent of its genomic role
in the radiation response. Previous work has demonstrated that steroid receptors can interact with
proteins in the cellular or plasma membranes resulting in nongenomic or extranuclear actions
through associations with other proteins including growth factor receptors'®. Therefore, future
work could use multiple variations of AR constructs, including AR constructs that lack a nuclear
localization signal or a DNA binding domain, which may be of interest to address extranuclear
roles for AR. While AR-inhibitor mediated radiosensitization is likely a result of multiple
intercellular changes, these proposed studies could begin to elucidate the non-genomic roles for

AR in breast cancer, and specifically in response to RT in vitro.

6.2.2 AR-/ER+ Breast Cancer

While endocrine therapies and RT are used for the treatment of women with ER+ breast
cancers, the optimal timing and sequence of therapy is still debated. This is most notably due to
the role of ER in regulating cell cycle progression and causing cell cycle arrest in G1 phase, the
most radioresistant phase of the cell cycle. Our work, however, demonstrates that pretreatment
with tamoxifen, fulvestrant, or the novel oral SERD, AZD-9496, is sufficient to radiosensitize

AR-/ER+ breast cancer cell lines (MCF-7 and T47D, Figure 4-1, Figure 4-2, Figure 4-3).
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Depletion of hormones results in radiosensitization that can be rescued with re-addition of -
estradiol (Figure 4-1, Figure 4-3). We demonstrated that this radiosensitization phenotype is due
to a delay in dsDNA break repair as a result of impaired NHEJ efficiency with tamoxifen or
fulvestrant treatment (Figure 4-4). In addition, there is an increase in cells becoming senescent
following treatment with tamoxifen or fulvestrant and RT compared to treatment with RT alone
(Figure 4-9). While cell cycle arrest was induced with endocrine therapies (Figure 4-7), G1
arrest was not found to be a major contributor to the observed radiosensitization, and there were
no changes in apoptosis in cells treated with tamoxifen or fulvestrant with RT (Figure 4-8).
These findings were validated in an in vivo xenograft model where tamoxifen was sufficient to
radiosensitize and provide a synergistic effect when administered in combination with RT
(Figure 4-10). Together our findings demonstrate that when administered concurrently,
endocrine therapies can be effective radiosensitization strategies in ER+ breast cancer models.
Here we observed that treatment with tamoxifen or fulvestrant decreases NHEJ efficiency
in ER+ breast cancer models using a transient NHEJ-reporter system; however, little is known
about the specific ways in which ER may be regulating NHEJ protein machinery. While the role
of estrogens and ER expression has been debated in the context of DNA damage and repair,
some studies suggest that estrogens cause DNA damage®®. Abrogation of ER has also been
shown to inhibit dSDNA break repair through both the homologous recombination and NHEJ
pathways?!. The direct interactions between estrogens or ER with HR or NHEJ proteins,
however, remain in question. Androgens and estrogens have been shown to induce NHEJ and
DNAPK activity in prostate cancer and breast cancer, respectively?2. In breast cancer
specifically, DNAPK has also been shown to complex with ER, resulting in ER phosphorylation

on Serl18 leading to increased stabilization and downstream transcriptional activity?}. Therefore,
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interactions between ER and DNAPK may be responsible, at least in part, for inhibition of NHEJ
efficiency following treatment with ER inhibitors; however, these hypotheses require further
experimental validation.

Additional studies are needed to fully understand the combined effects of endocrine
therapies and RT both in vitro and in vivo. Previous work with aromatase inhibitors
demonstrated combined treatment with letrozole and RT was radiosensitizing?*. Novel orally
bioavailable SERDs are of increasingly clinical interest?® and are being investigated in clinical
trials (including NCT03455270, NCT04711252, NCT04214288). Future work with aromatase
inhibitors and novel oral SERDs will require additional studies to understand how these
inhibitors, with unique structures, affect radiosensitivity of ER+ breast cancer models in vitro
and in vivo. Further, if radiosensitization is observed with these novel compounds, mechanistic
studies will be needed to determine whether radiosensitization is being mediated through the
inhibition of NHEJ efficiency resulting in a delay in dsDNA break repair and an increase in
senescence as was seen with tamoxifen or fulvestrant treatment (Figure 4-4, Figure 4-9).
Phenotypic differences in radiosensitization and mechanistic differences could have implications
for stratifying patient populations that would benefit most from combined treatment with ER-
inhibitors in combination with radiotherapy.

While our work demonstrates a role for the estrogen receptor after RT in DNA repair and
senescence, additional studies are needed to understand how ER interacts with DNA damage
repair proteins or mediates a transcriptional program in response to ionizing radiation. To this
end, future transcriptomic, proteomic, and ChIP studies are needed to identify the transcriptional
cofactors, transcripts, and the estrogen response elements that are involved in an ER-mediated

response to RT. While many preclinical studies have been performed to try to understand
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whether ER inhibition will provide radiosensitization?®2°, few studies offer a complete and
robust explanation for the observed change or lack of change in radiosensitivity. One study has
demonstrated a decrease in ERa. mRNA and protein expression 72-96 hours after RT3?; however,
we observe radiosensitization with much shorter pretreatment times, most notably, administering
drug one hour prior to RT. Therefore, future studies may benefit from querying earlier changes
in ERa expression at the protein and transcript level that occur more acutely following treatment.
Additional work has demonstrated a downregulation of estradiol synthesis in ER+ MCF-7 and
T47D cells following RT3!. Therefore, an important area of future study would include
understanding how ER synthesis and aromatase activity may also be influenced by RT and in
turn may influence the radiation response.

In addition, many groups have observed that ER, like AR, has noncanonical functions in
cells that may be impacting the radiation response. Notably alternate receptors have been shown
to activate alternate pathways including MAPK or GPCR resulting in cell growth independent
from estrogen signaling®?. Other studies have indicated an autophagy-related gene signature as a
result of ER-mediated signaling®*34. These findings, along with the ongoing investigation
between similarities between AR signaling in AR+ TNBC and ER signaling in ER+ breast
cancers®>, suggest that ER may be contributing to the radiation response, at least in part, through

a noncanonical role in response to radiation-induced DNA damage.

6.2.3 AR+/ER+ Breast Cancer

To further understand how AR may be contributing to radioresistance in AR+/ER+ breast
cancer models, we assessed radiosensitivity of AR+/ER+ models in vitro with treatment of AR
or ER inhibitors alone or in combination. When AR+/ER+ cells were treated with enzalutamide,

apalutamide, darolutamide, an AR degrader (ARD-61), or genetic knockout using CRISPR-Cas9
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there was no change in radiosensitivity (Figure 5-3, Figure 5-4, Figure 5-5). AR+/ER+ cells
treated with tamoxifen or fulvestrant had limited radiosensitization with minor effects observed
with tamoxifen treatment, but more pronounced radiosensitization with fulvestrant treatment in
CAMA-1 and BT-474 cells, but not in ZR-75-1 cells (Figure 5-6). Combined inhibition or
degradation of AR and ER in vitro did not induce a synergistic effect (Figure 5-7, Figure 5-8),
suggesting that AR and ER may play distinct roles from one another and have a unique function
in AR+/ER+ cells compared to AR+/ER- or AR-/ER+ breast cancer models.

Our findings need to be understood within the experimental context in which they were
generated. All in vitro experiments were performed in the context of estrogens, and androgens as
well as additional hormones and growth factors and phenol red which can act as a weak
estrogen’®. These conditions may alter our ability to assess efficacy of androgen or estrogen
inhibitors due to culture conditions. While genetic knockout of AR may begin to address this
question, additional studies and models are needed. In particular, the use of isogenic models with
knockout of 4R alone, ER alone, or combined knockout of AR and ER may be informative to
understanding the independent or related roles for AR and ER in response to RT. In addition,
future studies using cells cultured in hormone deplete conditions may investigate how removing
all hormones from culture conditions may impact radiosensitivity in multiple contexts. Further,
the use of in vivo animal models is needed to recapitulate the systemic effects of androgen and
estrogen signaling more fully. In particular, questions still remain in our understanding of
whether there are thresholds for estrogen or androgen receptor expression in AR+/ER+ tumors
that may determine response to AR and/or ER inhibitors. As our previous work has demonstrated
that when one receptor is more strongly expressed in AR+/ER- or AR-/ER+ models, AR

inhibitors or ER inhibitors, respectively, can be effective radiosensitization agents.
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Finally, the mechanistic underpinnings of radiosensitization induced with ER or AR
inhibitors alone in AR+/ER- or AR-/ER+ breast cancer models, including our proposed role for
MAPK signaling in AR-mediated radioresistance in AR+/ER- models, may be of interest in
AR+/ER+ breast tumors as well. Hormones, including androgens, estrogens, and progestins,
have been shown to activate members of the MAPK signaling pathway?’-3°. Further, a feedback
loop has been identified for AR and ERK signaling in ER- breast cancer models*. Yet
understanding of how AR, ER, and ERK or other MAPK signaling members may be interacting
is still limited, and further investigation of these dynamics may uncover additional vulnerabilities

that could be targeted to radiosensitize AR+/ER+ breast cancer models in the future.

6.3 Final Remarks

In conclusion, the work described in this dissertation outlines the role of the androgen
and estrogen receptors in response to ionizing radiation in breast cancer models. Specifically,
here we identify context-specific roles for AR and ER in mediating radioresistance and
demonstrate the importance of understanding the condition under which these receptors are
studied. These findings should be taken in the larger context of how we understand roles of
nuclear hormone receptors, including the androgen receptor, estrogen receptor, progesterone
receptor (PR), and glucocorticoid receptor (GR) and others in breast cancer and other cancers
that have been shown to be influenced by hormone expression, notably prostate cancer®® and
glioblastoma'!. While our work has begun to understand the interplay between AR and ER in
response to RT, this reflects a small subset of the interactions that may be taking place. These
studies fail to account for PR or GR and the influence that these receptors may be having on the

radiation response to promote radiosensitivity*! 3. Notably, the use of high dose estrogens**+>,
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4647 " or progestins*® has been used for the treatment of breast cancers with 20-30%

androgens
remission rates.

While our current work seeks to understand the role for hormone receptor signaling in
response to ionizing radiation, additional validation of our findings is needed using a diverse set
of in vivo animal models. In particular, the use of immunotherapies in combination with AR or
ER targeted therapies are of increasing interest and require the use of immunocompetent animal
models. This is under investigation in prostate cancer where AR has been demonstrated to
repress IFNy expression resulting in immunotherapy resistance*. Additional work has
highlighted novel strategies for radiosensitization of breast cancers including the use of PARP1
inhibitors (Appendix A)°%3!, TTK inhibition>?, MELK inhibition>?, CDK4/6 inhibition>*>, and
inhibition of anti-apoptotic proteins including Bcl-xL and Mcl-1°¢, These radiosensitization
strategies may also be investigated in the context of combinatorial therapies, with particular
interest for the role of PARP1 or CDK4/6 inhibitors in potentiating DNA damage in response to
ionizing radiation.

Therefore, additional studies are needed in breast cancer models to further investigate
how AR or ER signaling may be impacting the immune response. Importantly, our work
highlights the potential therapeutic use of AR or ER inhibitors as radiosensitization strategies in
models where AR or ER are expressed alone and not co-expressed together. Our findings
underscore the importance of deliberate clinical trial design to further address these questions in
the patient populations that are most likely to benefit from concurrent administration of AR or
ER inhibitors with radiotherapy. Biomarkers of response are also critically needed to help
identify and stratify diverse patient populations that may benefit most from therapies. Together

these studies provide preclinical data to help inform effective clinical trial design to validate our
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findings and provide radiosensitization strategies for patients with breast cancer who are at high

risk for locoregional recurrence.
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Figure 6-1: Summary of hormone receptor expression and AR and ER mediated
radiosensitization phenotypes in AR+ and ER+ breast cancers

(A) Breakdown of androgen and estrogen receptor expression in breast tumors. (B) Graphical
summary of radiosensitization phenotypes observed with AR and ER inhibitors in AR+/ER-,
AR-/ER+, and AR+/ER+ breast cancers.
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Appendix A : PARP1 Inhibition Radiosensitizes Models of Inflammatory Breast

Cancer to Ionizing Radiation®

A.1 Abstract:

Sustained locoregional control of disease is a significant issue in patients with inflammatory breast
cancer (IBC), with local control rates of 80% or less at 5 years. Given the unsatisfactory outcomes
for these patients, there is a clear need for intensification of local therapy, including radiation.
Inhibition of the DNA repair protein poly adenosine diphosphate-ribose polymerase 1 (PARPI)
has had little efficacy as a single agent in breast cancer outside of studies restricted to patients with
BRCA mutations; however, PARP1 inhibition (PARPi) may lead to the radiosensitization of
aggressive tumor types. Thus, this study investigates inhibition of PARP1 as a novel and promising
radiosensitization strategy in IBC. In all existing IBC models (SUM-149, SUM-190, MDA-IBC-
3), PARPi (AZD2281-olaparib and ABT-888-veliparib) had limited single agent efficacy (IC50 >
10 uM) in proliferation assays. Despite limited single agent efficacy, sub-micromolar
concentrations of AZD2281 in combination with RT led to significant radiosensitization (rER
1.12-1.76). This effect was partially dependent on BRCA 1 mutational status. Radiosensitization
was due, at least in part, to delayed resolution of double strand DNA breaks as measured by

multiple assays. Using a SUM-190 xenograft model in vivo, the combination of PARPi and RT

®This chapter was published in Molecular Cancer Therapeutics and completed in collaboration with the following
authors: Andrea M. Pesch*, Leah Moubadder, Benjamin C. Chandler, Kari Wilder-Romans, Meleah Cameron, Eric
Olsen, Dafydd G. Thomas, Amanda Zhang, Nicole Hirsh, Cassandra L. Ritter, Meilan Liu, Shyam Nyati, Lori J.
Pierce, Reshma Jagsi, and Corey Speers. *denotes co-first author and equal contribution
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significantly delays tumor doubling and tripling times compared to PARPi or RT alone with
limited toxicity. This study demonstrates that PARPi improves the effectiveness of radiotherapy
in IBC models and provides the preclinical rationale for the opening phase II randomized trial of

RT +/- PARPi in women with IBC (SWOG 1706, NCT03598257).

A.2 Introduction

Inflammatory breast cancer (IBC) diagnoses represent well under 5% of new breast
cancer cases but account for a disproportionate share of breast cancer mortality'. Despite
aggressive, multimodal therapy, patients have high rates of locoregional recurrence and distant
metastases'. Treatment strategies for many breast cancer subtypes are largely directed against the
protein drivers of each molecular subtype, including targeted therapies against the estrogen
receptor (ER) or the human epidermal growth factor receptor 2 (HER2). IBC, however,
represents a heterogeneous population that includes tumors across all of the molecular subtypes?.
Current treatment guidelines for IBC patients take into consideration the molecular subtype of
the tumor and include anti-HER2 or anti-estrogen therapy when appropriate, but more effective
and targeted therapeutic options for patients with IBC are extremely limited. Without more
effective alternatives, IBC patients typically receive neoadjuvant chemotherapy followed by
mastectomy and adjuvant radiation (RT) to the chest wall and regional lymphatics!. The key
molecular drivers of IBC are currently unknown, and this uncertainty manifests as ineffective
clinical therapeutic strategies. In IBC, there is a critical need to identify more effective treatment
strategies to decrease rates of locoregional recurrence.

In an attempt to understand the heterogeneity of IBC, a recent study of 53 IBC tumors

demonstrated that over 90% of tumors studied contained actionable mutations in genes such as
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PIK3CA and BRCA1/2 that could be targeted using therapies that are either FDA-approved or
currently in clinical trial®. In line with this finding, there are a number of phase I and phase IT
clinical trials seeking to repurpose other FDA-approved drugs for indication in IBC'. Targeted
therapies in these trials include agents against PD-1 (pembrolizumab), VEGF-A
(bevacizumab)*>, JAK1/2 (ruxolitinib), and the viral agent T-VEC (talimogene laherparepvec)'.
Many different chemotherapy and radiation therapy regimens have been explored in IBC, but
rates of recurrence and overall survival have not significantly improved®. However, the ability to
sensitize IBC tumors to current treatments such as radiation represents a promising treatment
strategy for patients with IBC.

Inhibition of poly adenosine diphosphate-ribose polymerase 1 (PARP1) has been
explored in clinical trials for many cancer types. PARP1 inhibition (PARP1) does not
demonstrate significant single agent efficacy in the treatment of most breast cancers’®; however,
PARPi is an effective targeted therapy in subsets of patients harboring BRCA1/2 mutations’. In
addition to the use of PARPI inhibitors as monotherapy, our group has shown previously that
PARPi can effectively radiosensitize a large range of breast cancer cell lines, including those
with functional BRCA1 and BRCA2!°, PARPI, through the addition of poly-ADP ribose (PAR)
moieties to sites of single strand DNA (ssDNA) damage, plays a critical role in recognition and
recruitment of DNA repair machinery for a variety of different DNA repair processes. If ssDNA
lesions go unrepaired, double strand DNA (dsDNA) breaks form.

For cells with intact repair pathways, non-homologous end joining (NHEJ) or
homologous recombination (HR) allows the cell to repair DNA. In the case of cancers with
BRCA1/2 mutations, where BRCA-mediated homologous recombination is already deficient, the

use of PARP1 inhibitors alone can promote the lethal accumulation of dsDNA breaks, leading to
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selective death of tumor cells — a concept referred to as synthetic lethality. In cells with wild
type BRCA, other deficiencies in DNA repair pathways — and the addition of PARPi — may
predispose tumor cells to higher levels of DNA damage caused by therapeutic radiation!’. To
that end, the present study aimed to determine the effect and efficacy of combining PARP1

inhibition and radiation in multiple preclinical models of IBC.

A.3 Methods

A.3.1 Cell Culture

Al IBC cell lines were grown in HAMS F12 media (Gibco 11765-054) in a 5% CO; incubator.
Media for SUM-149 cells was supplemented with 5% FBS (Atlanta Biologicals), 10mM HEPES
(Thermo Fisher 15630080), 1x antibiotic-antimycotic (anti-anti, Thermo Fisher 15240062),
1pug/mL hydrocortisone (Sigma H4001), and Spg/mL insulin (Sigma 19278). SUM-190 media
was supplemented with 1% FBS, 1ug/mL hydrocortisone, Spg/mL insulin (Sigma [10516), 50nM
sodium selenite (Sigma S9133), Spug/mL apo-Transferrin (Sigma T-8158), 10nM triiodo
thyronine (T3, Sigma T5516), 10mM HEPES, and 0.03% ethanolamine (Sigma 411000). MDA-
IBC-3 cells were grown with 10% FBS, 1ug/mL hydrocortisone, 1x anti-anti, and Spug/mL
insulin (Sigma [0516). SUM cell lines were obtained from Stephen Ethier at the Medical
University of South Carolina, and MDA-IBC-3 cells were obtained directly from Wendy
Woodward at the University of Texas MD Anderson Cancer Center. All cell lines were routinely
tested for mycoplasma contamination (Lonza LT07-418) and were authenticated using fragment
analysis at the University of Michigan DNA sequencing core. Olaparib (MedChem Express HY -
10162) and veliparib (MedChem Express HY-10129) were reconstituted in 100% DMSO for

cellular assays.
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A.3.2 Proliferation Assays

SUM-190 and SUM-149 cells were plated in 96 well plates overnight and treated the next
morning with either olaparib or veliparib using a dose range of 1pM to 10uM. After 72 hours,
AlamarBlue (Thermo Fisher DAL1025) was added up to 10% of the final volume and read on a
microplate reader after incubation at 37°C for 3 hours. MDA-IBC-3 cells were plated in 6-well
plates and treated with a dose range of 1nM to 10uM of either olaparib or veliparib. After 72

hours, cells were trypsinized and counted with a hemocytometer.

A.3.3 Clonogenic Survival Assays

SUM-149 and SUM-190 cells were plated at various densities from single cell suspension in 6-
well plates and radiated the following day after a one-hour pretreatment with olaparib. Cells
were grown for up to three weeks, then fixed with methanol/acetic acid and stained with 1%
crystal violet. Colonies with a minimum of 50 cells were counted for each treatment condition.
Plating efficiency was determined and used to calculate toxicity. Cell survival curves were
calculated as described previously!'®. MDA-IBC-3 cells were grown in soft agar (Thermo Fisher
214050) with a base layer of 0.5% agar solution and a top layer of 0.4% agar containing the cell
suspension. Drug treatments in supernatant media were added fresh each week. Colonies were

grown for up to four weeks before staining with 0.005% crystal violet.

A.3.4 Immunofluorescence

Cells were plated on 18 mm coverslips in 12-well plates and allowed to adhere to coverslips
overnight. The following day, cells were treated with media containing either olaparib or vehicle
one hour before radiation (2 Gy), and coverslips were fixed at predetermined time points after

radiation. yYH2AX foci were detected using anti-phospho-histone H2AX (ser139) monoclonal
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antibody (Millipore 05-636), with a goat anti-mouse fluorescent secondary antibody (Invitrogen
A11005). At least 100 cells were scored visually for YH2AX foci in three independent
experiments. Cells containing > 15 YH2AX foci were scored positive and were pooled for

statistical analysis.

A.3.5 Immunoblotting

Cells were plated overnight and pre-treated the next morning with olaparib. Plates were
irradiated one hour after pretreatment, and cells were harvested at 6 and 24 hours after radiation.
Lysates were extracted using RIPA buffer (Thermo Fisher 89901) containing protease and
phosphatase inhibitors (Sigma-Aldrich PHOSS-RO, CO-RO). Proteins were detected using the
anti-PAR antibody (LS-B12794, 1:5000), the anti-PARP1 antibody (ab6079, 1:1000), and anti-[3-

Actin (§H10D10, Cell Signaling 122628, 1:50,000).

A.3.6 Xenograft Models

Bilateral subcutaneous flank injections were performed on 4-6 week old CB17-SCID female
mice with 1 x 10® SUM-190 cells resuspended in 100uL PBS with 50% Matrigel (Thermo Fisher
CB-40234). Tumors were allowed to grow until reaching approximately 80mm?. Olaparib
treatment was given by intraperitoneal injection 24 hours prior to the first radiation treatment.
For long term studies, mice were treated with vehicle (10% 2-hydroxylpropyl-beta-cyclodextrin
in phosphate buffered saline, Thermo Fisher 10010-023), olaparib (50mg/kg) alone, radiation
alone (2 Gy x 8 fractions) or the combination of olaparib + RT, with 16-20 tumors per treatment
group. Tumor growth was measured three times a week using digital calipers, and mice were
weighed on the same days. Tumor volume was calculated using the equation V=(L*W?)*7/6. For

short term studies, mice were treated with vehicle control, olaparib, or radiation for 48 hours
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before the tumors were harvested. Mice treated with both olaparib and radiation received
olaparib treatment 24 hours before radiation treatment. The tumors were then harvested 48 hours
after radiation. Immunohistochemical staining was performed on tumors for all four conditions.
All procedures involving mice were approved by the Institutional Animal Care & Use
Committee (IACUC) at the University of Michigan and conform to their relevant regulatory

standards.

A.3.7 Irradiation

Irradiation was carried out using a Philips RT250 (Kimtron Medical) at a dose rate of
approximately 2 Gy/min in the University of Michigan Experimental Irradiation Core as

previously described!?. Trradiation of mouse tumors was carried out as described previously!!.

A.3.8 Immunohistochemistry

Immunohistochemical staining was performed on the DAKO Autostainer (Agilent, Carpinteria,
CA) using Envision+ or liquid streptavidin-biotin and diaminobenzadine (DAB) as the
chromogen. De-paraffinized sections were labeled with the antibodies listed in Table A-1 for 30
minutes at ambient temperature. Microwave epitope retrieval, as specified in Table A-1, was
used prior to staining for all antibodies. Appropriate negative (no primary antibody) and positive
controls (as listed in Table A-1) were stained in parallel with each set of slides studied. Whole-
slide digital images were generated using an Aperio AT2 scanner (Leica Biosystems Imaging,
Vista, CA, USA) at 20X magnification, with a resolution of 0.5 pm per pixel. The scanner uses a
20x / 0.75 NA objective and an LED light source. The same instrument and settings were used
throughout the study for all whole-slide images generated. The images were checked for quality

before use, and scans were repeated as necessary. Digital slides were analyzed using the
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Visopharm image analysis software suite (DK-2970 Hoersholm, Denmark, v2019.2) to count

stained and unstained nuclei.

A.3.9 Comet Assay

Cells were plated in 6 well plates and allowed to adhere overnight. Cells were pretreated with
olaparib for one hour before radiation and collected at designated time points after radiation.
Cells were mixed with low melting point agarose (Thermo Fisher 15-455-200) and spread on
CometSlides (Trevigen 4250-050-03). The cells were lysed with lysis solution (Trevigen 4250-
050-01), and DNA was separated by electrophoresis. Propidium iodide (Thermo Fisher P3566)
was used to stain DNA. A fluorescent microscope was used to take images of at least 50
cells/treatment. Images were analyzed using Comet Assay IV Software Version 4.3 to calculate

the Olive tail moment. Results were pooled for statistical analyses.

A.3.10 Statistical Analyses

GraphPad Prism 7.0 was used to perform statistical tests. In vitro statistical analyses were
performed using the two-tailed student’s t-test or a one-way ANOVA in the case of multiple
comparisons. For in vivo studies, a two-way ANOVA was used to compare tumor growth, and

the fractional tumor volume (FTV) method for assessing synergy in vivo was used as previously

described!>13.

A.4 Results

A.4.1 Single agent PARPI does not significantly affect proliferation of IBC cell lines in vitro

First, we sought to characterize the effect of two PARPI inhibitors, olaparib (AZD2281)

and veliparib (ABT-888)!4, on the proliferation of IBC cell lines. In SUM-190 and MDA-IBC-3
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cells, single agent PARPi with olaparib or veliparb does not cause a significant decrease in
proliferation at concentrations up to 10uM (Figure A-1A-D). While veliparib does not appear to
impact proliferation of SUM-149 cells (IC50 > 10uM, Figure A-1E), olaparib does have a
modest effect as a single agent in SUM-149 cells (IC50 = 2.2uM, Figure A-1F). All models
tested were isolated from patients with IBC; however, SUM-149 cells are unique as they harbor a
BRCAT1 2288delT mutation as well as allelic loss of the wild type BRCA1 gene, rendering them
BRCA1 deficient!>. Thus, SUM-149 cells may be especially sensitive to additional inhibition of

DNA repair pathways!>.

A.4.2 PARPi leads to radiosensitization of IBC cell lines in vitro

While single agent PARPi with either olaparib or veliparib did not inhibit cell
proliferation, we sought to determine the effect of PARP1 inhibition on the radiosensitivity of
IBC cell lines. Clonogenic survival assays were performed with olaparib in each of the three IBC
cell lines, as olaparib is a more potent PARP1 inhibitor compared to veliparib, with both PARP1
enzymatic inhibition efficacy and PARP trapping function. All IBC cell lines displayed
significant radiosensitization as a result of pretreatment with olaparib. In SUM-190 cells, a dose-
dependent radiosensitization was observed, with average radiation enhancement ratios (rER) of
1.45 £ 0.03 and 1.64 + 0.21 at concentrations of 1uM and 2uM olaparib, respectively (Figure
A-2A, Table A-2A). A similar trend was observed in MDA-IBC-3 cells, with enhancement
ratios of 1.12 £ 0.08 and 1.28 + 0.06 under the same treatment conditions (Figure A-2C, Table
A-2B). Because SUM-149 cells express a truncated form of the BRCA1 protein, treatment with
olaparib leads to marked radiosensitization at much lower doses. At 10nM and 20nM, the
average enhancement ratios for SUM-149 cells were approximately 1.42 +0.01 and 1.76 £ 0.11

(Figure A-2E, Table A-2C). The enhancement ratios observed here are similar to or greater than
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that of cisplatin (rER=1.2-1.3), a compound well-characterized for its ability to act as a
radiosensitizing agent!®!”. Furthermore, the surviving fraction of cells at 6 Gy (Figure A-2B, D,
F) was significantly lower across all three inflammatory cell lines with the addition of olaparib.
The radiation enhancement ratios demonstrated a marked dose-dependent increase, while

toxicity from each treatment was minimal (Table A-2).

A.4.3 PARPI inhibition and radiation leads to delayed repair of DNA double strand breaks

compared to radiation alone

In cancer cells, ionizing radiation induces both single strand and double strand DNA
breaks. In situations where DNA repair is inhibited and single strand breaks go unrepaired, the
collapse of replication forks can propagate chromosomal damage and lead to the accumulation of
lethal dsDNA breaks. Because PARP1 is involved in the recruitment of DNA repair proteins to
DNA strand breaks, we sought to understand the effect of PARP1 inhibition and radiation on the
accumulation of DNA damage in IBC cell lines. In SUM-190 and SUM-149 cells, radiation
treatment alone (2 Gy) induces YH2AX foci in greater than 75% of cells (Figure A-3A, B). In
both cell lines, dsDNA breaks are retained at significantly higher levels at 12 and 16 hours after
treatment with olaparib and radiation compared to treatment with radiation alone (Figure A-3C,
D). Furthermore, a similar difference in dsSDNA breaks was observed between RT alone and
combination treatment in SUM-190 cells at 4 hours after radiation. In short, the presence of
olaparib leads to the accumulation and persistence of dSDNA breaks in the combination
treatment compared to the radiation treatment alone in both SUM-190 and SUM-149 cells. In
order to independently confirm these findings, we performed the neutral comet assay to assess
for dsDNA breaks (Figure A-4A). In SUM-190 cells, the combination of PARPi and RT in

SUM-190 cells lead to a significantly longer tail moment, indicating increased dsDNA breaks
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compared to treatment with RT alone (p = 0.029). The tail moment was also significantly higher
compared to cells treated with vehicle or olaparib as a single agent (Figure A-4A).

Representative images for each treatment condition are shown (Figure A-4A).

A.4.4 Olaparib effectively inhibits PAR formation in IBC cell lines

In order to determine if inhibition of PARP1 enzymatic activity occurs at concentrations
of olaparib that are sufficient to induce radiosensitization, we treated cells with olaparib + 4 Gy
radiation and measured the total PAR and PARP1 levels in IBC cell lines. In SUM-190 and
MDA-IBC-3 cells, PAR formation is significantly inhibited with 1uM of olaparib (Figure A-4B,
C). Inhibition of PAR formation, however, can also be achieved at the same level in SUM-149
cells with 20nM of olaparib (Figure A-4D). Therefore, inhibition of PAR formation with
olaparib occurs at low concentrations (20nM) that are sufficient to confer radiosensitization in
SUM-149 cells. Though olaparib effectively inhibits PARylation at these concentrations, the

amount of PARPI in the cell lines remains relatively constant in all models (Figure A-4B-D).

A.4.5 PARPI inhibition significantly inhibits growth of SUM-190 xenografts in vivo

Having demonstrated that PARP1 inhibition can effectively radiosensitize IBC cell lines
in vitro, we next sought to validate these findings in an in vivo xenograft model. For in vivo
studies, subcutaneous tumors were allowed to reach ~80 mm? in CB-17 SCID mice whereupon
treatment was initiated with one of the following: vehicle, 50 mg/kg olaparib alone daily,
radiation alone (8 fractions of 2 Gy), or the combination (olaparib 50 mg/kg + 2 Gy RT daily for
8 fractions) (Figure A-5A). To truly assess the radiosensitizing effects of PARP1 inhibition,
olaparib treatment was started one day before initiation of radiation and discontinued after the

last fraction of radiation.
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Consistent with the in vitro proliferation assays, treatment with olaparib alone did not
significantly delay tumor growth or doubling time of xenograft tumors. As expected, radiation
alone did lead to a decrease in tumor size initially, but tumors continued to grow after the
completion of fractionated radiation (Figure A-5B). Mice receiving both radiation and olaparib
treatment had significantly smaller tumors after completion of the study compared to those
receiving radiation alone (p < 0.0001). There was a significant delay in the time to tumor
doubling (p < 0.0001, Figure A-5C) and tripling (p < 0.0001, Figure A-5D) in the animals
treated with combination olaparib and RT. In addition, time to tumor doubling and tripling was
not reached in the combination treated group after 35 days. Weights of the mice (Figure A-5E)
remained relatively constant throughout the experiment, indicating there was limited toxicity
observed with combination treatment. Interestingly, the effects of the combination treatment with
olaparib and radiation were found to be synergistic using the fractional tumor volume (FTV)
method as previously described (Figure A-5F)!2. Immunohistochemistry studies in tumors
harvested from the mice at the end of the experiment demonstrated that levels of Ki67, a marker
of cell proliferation, were significantly decreased in all treatment groups compared to control
mice, with the most significant decrease in the combination treated animals (p = 0.0004, Figure
A-6A, B). There was also a decrease in p16 staining levels in the mice treated with radiation
alone (p = 0.0072) and the combination treated group (p = 0.0385) in the long-term experiments
(Figure A-6C, D), suggesting a decrease in cellular senescence in these tumors'®. The on-target
effects of olaparib were confirmed in the short-term studies (48 hours of PARPi treatment alone
or 24 hours of PARP1 pretreatment before radiation). As expected, total levels of PARP1 were
unaffected by treatment with olaparib, radiation, or the combination treatment (Figure A-7A, B),

while PAR levels were significantly lower in the PARPI treated animals (Figure A-7C, D).
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A.5 Discussion

In this study, we demonstrate that PARP1 inhibition alone is insufficient in delaying IBC
cell line growth and proliferation (Figure A-1). Combination treatment with PARP1 inhibition
and ionizing radiation, however, results in significant radiosensitization of IBC models in vitro
(Figure A-2), and the combination treatment results in delayed tumor growth in vivo (Figure
A-5). Additionally, we demonstrate that PARP1 inhibition in combination with radiation
significantly delays resolution of dsSDNA breaks using in vitro models of IBC (Figure A-3,
Figure A-4). Taken together, these results suggest that PARP1 inhibition with radiation therapy
may be a promising strategy for the treatment of inflammatory breast cancer.

Although these studies suggest that PARP1 inhibition may be an effective
radiosensitization strategy for the treatment of IBC, other potential targets for treatment have
also been identified. Several groups have identified molecular alterations in IBC tumors and in
vitro models that may help to describe the aggressive phenotype associated with IBC'. Owing to
the inflammatory nature of these cancers, the use of lipid lowering agents such as statins has
been met with some success!®?. Preclinical data using statins in IBC show statin treatment can
lead to increased apoptosis and radiosensitivity, inhibition of proliferation and invasion, and
decreased metastatic dissemination of tumors?!. In a population-based cohort study in patients
with IBC, statin use was associated with improved progression-free survival in IBC patients?!.
Recent studies have sought to better define this inflammatory microenvironment, and many have
noted that macrophages may be important in mediating the radiosensitivity and metastatic
potential of IBC tumors?>>, Immune regulating agents have also been implicated in the
aggressiveness of IBC. In addition to the role that cytokines such as INFa and TNFa may play in

pathogenesis®®, many studies have reported that PD-L1 is consistently overexpressed in IBC
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tumors?”?8, Upregulation of downstream signaling proteins including mTOR and JAK2/STAT3
have also been observed?®2?°, The role of RhoC in IBC has also been reported, but recent
evidence suggests that downstream signaling may lead to unique metabolic regulation®® and
changes in lipid raft formation3!. Transcriptional reprogramming of IBC cells is also common,
including C/EBP3-mediated upregulation of VEGF-A* and upregulation of the redox-sensitive
transcription factor NFkB and the E3 ubiquitin ligase XIAP?3-3¢, These promising studies
suggest that more effective treatment strategies are on the horizon.

Although we have demonstrated the radiosensitizing effects of olaparib in our models,
these studies highlight the challenges of studying IBC. This study uses most of the available
preclinical models of IBC but also highlights that there are a limited number of available models
in which to study IBC. Thus, the need for additional model systems is critical to gaining a better
understanding of the heterogeneity and pathogenesis of inflammatory breast cancers. While our
studies were conducted in IBC cell lines, an important future direction of this work will involve
the use of patient-derived xenograft (PDX) models of IBC. In addition, this study primarily
utilized the more potent PARPi olaparib, though our previous studies also evaluated the efficacy
of radiosensitization using veliparib!®. Olaparib may be more potent given its dual functionality
as a PARP enzymatic inhibitor and PARP trapper, whereas veliparib only has functions as an
enzymatic inhibitor of PARPI at the doses used for these studies®’. Although more potent,
toxicity in clinical trials to date does not appear worse with olaparib and clinical data suggests
that olaparib is well tolerated in vivo®.

The dual functionality of some PARP inhibitors (such as olaparib) to both inhibit
enzymatic activity of the PARP1 protein as well as induce PARP trapping has been well

documented?’~#°, Recent literature also suggests that PARPi may cause an increase in replication
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fork acceleration, resulting in replicative stress that ultimately leads to cell death*!. Though the
study reported here does not directly address the relative contributions of enzymatic PARP1
inhibition verses PARP trapping on radiosensitization, studies are underway to determine how
these functions may differentially contribute to the compounds’ radiosensitizing effects. In
addition to olaparib, PARP inhibitors such as talazoparib and rucaparib are used to treat other

types of breast cancer*>*?

. These inhibitors may also be valuable in the treatment of IBC in
combination with radiation and are currently being investigated.

While we have shown that PARP1 inhibition can be used for the radiosensitization of
inflammatory breast cancer, olaparib and other PARP1 inhibitors are currently being investigated
as radiosensitization agents for the treatment of triple negative breast cancer (RadioPARP/
NCTO03109080), head and neck cancer**, pancreatic cancer®, prostate cancer*®, and ovarian
cancer*’. More recent trials are testing whether PARP1 inhibition is effective in combination
with radiation in squamous cell carcinoma*® (NCT02229656), locally advanced rectal cancer
(NCT02921256 and NCT01589419), high grade gliomas (NCT03212742), non-small cell lung
cancer (NCT01386385 and NCT02412371), and soft tissue sarcoma*® (NCT02787642). Thus,
while this study is the first to report that PARP inhibition may be an effective strategy in patients
with IBC, the concept of PARP inhibitor-mediated radiosensitization is being explored in many
other cancer contexts.

IBC is a subset of breast cancer with limited treatment options and the lowest 5-year
survival rates of any breast cancer type!. Despite the limitations of the model systems, these data
have provided the preclinical rationale for further clinical investigation. In a phase I trial, our

group previously demonstrated that PARP1 inhibition in combination with radiation may be a

safe and effective strategy for women with IBC (and in women with locoregionally recurrent
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breast cancer)®’. To that end, a randomized phase II trial (SWOG 1706, NCT03598257)
comparing the effects of olaparib and radiation therapy to radiation therapy alone in patients with
IBC is now underway. Patients in the combination arm begin treatment with olaparib one day
prior to the initiation of radiation therapy, and olaparib is administered until the final day of
radiation treatment. Invasive disease-free survival of women receiving treatment with olaparib
and radiation will be compared to that of the group receiving radiation alone. Secondary
endpoints, such as local disease control, distant relapse-free survival and overall survival will
also be assessed. In addition, correlative studies from this trial will be used to see if biomarkers
of treatment response and efficacy can be identified. These correlative studies will also define
the genomic and transcriptomic landscape of IBC in a large patient population and will assess
how circulating tumor DNA (ctDNA) levels are affected by combination and single agent
treatment.

Though it is evident from our study that PARP1 inhibition with olaparib leads to
radiosensitization of IBC cell lines, further studies are needed to determine the exact mechanism
of olaparib-induced radiosensitization in IBC. Future transcriptomic and proteomic analysis of
current model systems across multiple platforms may provide some insight as to the mechanism
of this radiosensitization, and such studies are currently underway. Finally, correlative studies
from SWOG 1706 will help inform future mechanistic studies and will provide a platform in
which to evaluate potential predictive or prognostic biomarkers that may be able to help more

effectively guide selection of IBC patients for this approach to treatment intensification.
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A.7 Figures
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Figure A-1: PARP1 inhibition does not affect proliferation of IBC cell lines

IBC cell lines were treated with either olaparib or veliparib and cell viability was measured 72
hours after treatment. In SUM-190 (A,B) and MDA-IBC-3 (C,D) cells, neither veliparib or
olaparib showed significant effects on proliferation at doses up to 10 uM. In SUM-149 cells
(E,F), olaparib, but not veliparib, can inhibit proliferation at high doses (2.2 uM). Graphs are
shown as the average of three independent experiments + SEM.
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Figure A-2: Clonogenic survival of IBC cell lines decreases with olaparib treatment

Olaparib treatment results in a dose-dependent reduction in survival fraction of SUM-190 (A),
MDA-IBC-3 (C), and SUM-149 (E) cell lines. Representative data from single experiments are
shown for each cell line. The surviving fraction of cells after 6 Gy (B, D, F) was calculated as
the mean of three independent experiments and depicted + SEM for each cell line. (p <0.05 = *,
p <0.01 = *%)
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Figure A-3: Radiation in combination with the PARP1 inhibition leads to persistence of DNA
damage in IBC cell lines

Immunofluorescence microscopy was used to measure YH2AX foci in SUM-190 (A) and SUM-
149 (B) cells. Cells were pretreated for one hour with olaparib and fixed at 0.5, 4, 12, 16, and 24
hours after radiation, then stained for DAPI and YH2AX. Cells containing > 15 foci were scored
as positive. In SUM-190 cells at 4, 12, and 16 hours, there were significantly higher levels of
cells positive for yYH2AX for those treated with the combination of 2 Gy radiation and 1pM
olaparib compared to cells treated with 2 Gy radiation alone. In SUM-149 cells, 20 nM olaparib
and 2 Gy radiation results in a higher percentage of YH2AX positive cells compared to cells
treated with radiation alone at both 12 and 16 hours. Representative images of YH2AX foci in
SUM-190 (C) and SUM-149 (D) cells at 16 hours are shown for all treatment groups. Graphs
represent the average of three independent experiments + SD. (p < 0.05 = *)
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Figure A-4: PARP1 inhibition increases dsDNA breaks and significantly decreases PAR
formation in IBC cell lines

Neutral comet assay in SUM-190 cells (A) shows higher levels of dSDNA damage at 4 hours in
cells treated with radiation and olaparib compared to untreated cells, or cells treated with RT or
olaparib alone (p < 0.05 = *). Graphs represent the average of three independent experiments +
SD and representative images for each treatment are shown. In SUM-190 (B) and MDA-IBC-3
(C) cells, radiation induced DNA damage causes an increase in PAR formation at both 6 and 24
hours after 4 Gy radiation. In the combination group that receives a one-hour pretreatment of
1uM olaparib before radiation, PAR formation is significantly lower at 6 and 24 hours after RT.
In SUM-149 (D) cells, this same trend can be observed at a much lower dose of olaparib (20nM).
Though the enzymatic activity of PARP1 is efficiently inhibited at these doses, total levels of
PARP are not significantly different across the treatment conditions.
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Figure A-5: PARP1 inhibition with radiation is more effective than radiation alone in a
SUM-190 xenograft model

SUM-190 cells were subcutaneously injected into CB17-SCID mice, and treatment was started
when tumors reached approximately 80 mm? (A). Olaparib treatment began one day before the
initiation of radiation treatment and ended on the same day as the last fraction of radiation. With
this paradigm, the combination treatment leads to delayed growth of tumors (B) and an increased
time to tumor doubling (C) and tumor tripling (D) (p < 0.0001 = ****)_The treatment did not
display significant toxicities, and animal weights were not significantly different between the
treatment groups (E). Using the FTV method, there was a synergistic effect with olaparib and RT
treatment to antagonize tumor growth (ratios >1 indicate synergism) (F). A two-way ANOVA
was performed to compare tumor volume between experimental groups.
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Figure A-6: Ki67 and p16 levels are decreased in tumors from animals treated with radiation
and combination PARP-inhibitor and radiation

SUM-190 xenograft tumors that were harvested from mice at the completion of the long-term in
vivo study. Protein expression levels were assessed by immunohistochemical staining. Levels of
Ki67, a marker of proliferation, are significantly decreased in all treatment groups (A), and p16
levels are significantly decreased in the RT-alone and combination treated groups (B).

Representative images from each group are shown (C,D). (p <0.05 =*, p <0.01 =**,p <0.001
= ***)
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Figure A-7: Total PARP1 levels do not change with treatment but PAR levels are decreased
by PARPi

Total levels of PARP1 were assessed in tumors from mice treated with olaparib. Olaparib
treatment did not affect PARP1 protein expression by IHC in olaparib alone, RT alone, or
combination treated animals (A). Representative images of PARP1 staining are shown for all
treatment conditions (B). PAR levels were, however, significantly decreased in the animals
treated with olaparib alone (C). Representative images of PAR staining are shown for all
treatment conditions (D). (NS = not significant, p < 0.05 = *)
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A.8 Tables

Table A-1: Extended methods for immunohistochemistry

Antibodies used in all of the immunohistochemistry experiments are listed with each of the
corresponding dilutions, retrieval techniques, and positive controls.

Ab Company Cat # Source Clone Dilution | Epitope retrieval | Detection| Control Tissue
Ki67 AbCam Abl16667 | Rabbit MonoAb SP-6 1:250 pH6 HIER Env+ Tonsil
pl6 (INK4a) AbCam ADb108349 | Rabbit MonoAb | EPR1473 1:2000 pH6 HIER Env+ Kidney
PARP1 AbCam Ab191217 | Rabbit MonoAb | EPR18461 | 1:1000 pH6 HIER Env+ HeLa cell pellet
PAR AbCam Ab14460 Chicken 1:500 pH6 HIER LSAB+ Pancrcas

HIER: Heat induced epitope retrieval
LSAB+: Liquid streptavidin Biotin
Env+: Envisiont+ Polymer IIRP Sccond antibody

Table A-2: Enhancement ratios and toxicity for IBC clonogenic survival assays

A. SUM-190 Clonogenic Survival Assay

Treatment Enhancement Ratio  Cytotoxicity
DMSO 1.0 1.0

0.5 yM 1.25+0.06 0.77 + 0.02
1 uM 145 +0.03 0.62 +0.13
2 uM 1.64 +0.21 0.63 +0.10

B. MDA-IBC-3 Clonogenic Survival Assay
Treatment Enhancement Ratio  Cytotoxicity
DMSO 1.0 1.0
0.5 uM 1.20+0.39 0.61+0.39
1uM 1.12£0.08 0.46 £ 0.27
2uM 1.28 £ 0.06 0.43 £ 0.31
C.

SUM-149 Clonogenic Survival Assay

Treatment Enhancement Ratio  Cytotoxicity

DMSO 1.0 1.0

2nM 1.22 £ 0.05 0.82+0.23
10 nM 1.42 +£0.01 0.49+0.24
20 nM 1.76 + 0.1 0.39 +0.23
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