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Abstract

Prostate cancer is the most frequently diagnosed cancer in males and the second most
common cause of cancer deaths. Androgen deprivation therapy, whether through surgical or
chemical castration, is the mainstay for treatment of advanced prostate cancer; however, despite
an initial response, most patients eventually develop a progressive PSA rise, and castration-
sensitive prostate cancer gives rise to castration-resistant prostate cancer. The standard of care
therapy includes the antiandrogens such as enzalutamide and abiraterone acetate as well as the
microtubule poison, docetaxel, and various immunotherapies; however, while prostate cancer
research is progressing, there continues to be a compelling need for new and more efficacious
treatment combinations to prolong survival and offset disease progression, especially for
castration-resistant disease.

While the role of antiandrogens in androgen-dependent prostate cancer is well
characterized, this is not the case for the involvement of these therapies in androgen-independent
disease. Furthermore, successful utilization of senolytics to target senescent cells in cancer
treatment has not yet been implemented or approved for clinical use.

Initially, we evaluated the standard of care anti-androgens, enzalutamide and abiraterone,
and their ability to induce growth arrest and possibly senescence in the PC3 and DU145
androgen-independent cell lines. While treatment with these antiandrogens produced a transient,
growth arrest response, even in the case of supraclinical concentrations, neither drug induced
significant senescence in either cell line. Despite these initially negative results, this did not rule
out the possibility that a potential senolytic such as the BET degrader, ARV-825, could enhance
the response to antiandrogens; therefore, we hypothesized that ARV-825 could potentially

improve androgen independent castration-resistant prostate cancer’s response to enzalutamide.
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While the ARV-825 failed to enhance the response to enzalutamide in combination in PC3 cells,
it had a significant effect as a monotherapy. Additional studies to understand the ineffectiveness
of ARV-825 in the combination proved to be challenging, with enzalutamide inducing protective
autophagy being a possible explanation. The most promising direction derived from these studies
is the possible use of ARV-825 as a monotherapy in androgen-independent disease. ARV-825 as a
monotherapy induced a significant prolonged growth arrest in the androgen-independent cells
along with decreased levels of BRD4 and c-Myc. However, the ARV-825 did not induce
significant senescence or apoptosis, despite the substantial growth arrest; therefore, the nature of
this growth arrest remains to be investigated. Nevertheless, ARV-825 could prove to be a

clinically relevant strategy in the treatment of castration-resistant prostate cancer.
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Chapter 1: General Introduction

1.1.Prostate Cancer

1.1.1. Prostate Cancer Overview

Prostate cancer (PCa) is the most frequently diagnosed cancer in males and the second
most common cause of cancer deaths [1]. In the U.S., it is estimated that about 34,000 men die
from prostate cancer each year [2]. Globally, prostate cancer is the most diagnosed malignancy
with more than 1.4 million men newly diagnosed in 2020 [3].

The diagnosis and classification of prostate cancer can be placed into context within a
series of clinical states. These states begin with localized disease, followed by the locally
advanced rising prostate-specific antigen (PSA) state and the advanced metastatic state. Finally,
there are the castration-resistant states, which for most men are lethal within a few years [4].
Androgen deprivation therapy (ADT), whether through surgical or chemical castration, is the
mainstay for treatment of advanced PCa; however, despite initial response, most patients
eventually develop a progressive PSA rise, and castration-sensitive prostate cancer gives rise to
castration-resistant prostate cancer (CRPC) [5]. The term “castration resistant” is preferred over
the previously used designations of “androgen independent” and “hormone refractory” disease
because, despite the absence of circulating testosterone, the tumor remains functionally
dependent on androgens and on the androgen receptor, though the disease can eventually
progress to being entirely “androgen independent” [6]. The development of resistance has been
attributed to several mechanisms, spanning from those associated with androgen receptor

signaling to novel pathways acting independently of the androgen axis, such as those involving
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RAS/MAP kinase, transforming growth factor-beta/SMAD pathway, fibroblast growth factor

signaling, JAK/STAT pathway, Wnt-Beta catenin, and hedgehog signaling [7]-[9].

1.1.2. Standard of care treatments for CRPC and their mechanisms of action

While localized disease can be treated with a combination of surgery, radiation, and ADT,
once the disease progresses to CRPC, the treatment regimen changes significantly [10]. When it
comes to CRPC, the disease can be nonmetastatic (nmCRPC) or metastatic (mCRPC).
Nonmetastatic CRPC tends to be less fatal than metastatic CRPC and there are only three drugs
used in its treatment in conjunction with castration. These are the anti-androgens apalutamide,
darolutamide and enzalutamide with apalutamide being the first medication approved to
specifically treat nmCRPC [11]. All three of these drugs are second generation nonsteroidal
antiandrogens (NSAAs) that act as selective competitive silent antagonists of the androgen
receptor (AR), via the ligand-binding domain with varying levels of activity and distribution
[12].

Metastatic CRPC, on the other hand, has a variety of 1% line and 2" line treatments
including the antiandrogen, enzalutamide. Docetaxel, a microtubule inhibitor and the first
systemic therapy to demonstrate survival benefit in mCRPC, was studied in two prospective
phase III trials [13], [14]. In both studies, docetaxel administered every three weeks
demonstrated a survival benefit, with a median overall survival (OS) gain of (a relatively
modest) 1.9 to 2.4 months, establishing docetaxel as the new standard of care for mCRPC in
2004. Docetaxel is believed to have a twofold mechanism of antineoplastic activity: (1)
inhibition of microtubular depolymerization, and (2) attenuation of the effects of Bcl-2 and Bcl-

xL anti-apoptotic gene expression that ultimately leads to apoptotic cell death [15]. Cabazitaxel
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is a tubulin-binding drug with demonstrated activity in docetaxel-resistant cancers, and is thus a
2" Jine treatment [16]. Abiraterone acetate is a selective inhibitor of cytochrome P (CYP) 17, a
key enzyme in androgen synthesis [17]. Early in the development of abiraterone acetate, research
showed that inhibition of CYP17 could increase adrenocorticotropic hormone (ACTH) levels up
to sixfold. Elevated ACTH can result in mineralocorticoid excess, which can be countered with
corticosteroids [18]. Compared to prednisone alone, the combination of abiraterone acetate and
prednisone in both the pre- and post-docetaxel settings demonstrated superior gains in all clinical
measures, including time to initiation of cytotoxic chemotherapy, opiate use for cancer-related
pain, PSA progression, decline in performance status, and overall survival [19], [20].
Enzalutamide, mentioned previously, binds competitively to the ligand-binding domain of the
androgen receptor and inhibits androgen receptor translocation to the cell nucleus and androgen
receptor binding to DNA [21]. Patients who received enzalutamide had higher median OS (18.4
versus 13.6 months), with a 37% decrease in risk of death [22].

Other treatments include radioisotopes such as samarium-153 and strontium-89, which
have long been a therapeutic option, either as monotherapy or in combination with
chemotherapy, in the management of advanced prostate cancer; however, these isotopes are beta
emitters with potential to cause bone marrow toxicity [23], [24]. Radium-223, on the other hand,
is an alpha-emitting calcium mimetic that binds to the microenvironment of metastases with a
considerably narrower range of irradiation compared with beta emitters and, therefore, lower risk
of hematologic complications [25]. There has also been success with the autologous cellular
immunotherapy, Sipuleucel-T, which is approved for treatment of asymptomatic or minimally
symptomatic mCRPC. It is composed of autologous antigen-presenting cells cultured with a

fusion protein, PA2024, which consists of prostatic acid phosphatase linked to granulocyte-
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macrophage colony-stimulating factor [26]. Furthermore, poly(ADP-ribose) polymerase (PARP)
inhibition has long been explored as a therapeutic strategy for breast and ovarian cancers,
especially in cases with underlying BRCA1/2 or other germline DNA damage repair defects.
Large-scale multicenter efforts recently demonstrated germline defects in DNA damage repair
genes in up to 11.8% of men with advanced prostate cancer [27]. As a result of recent successful
trials, the FDA granted breakthrough designation for olaparib in mCRPC to accelerate its
development [28]. Finally, research into the immune checkpoint inhibitors, despite their practice-
changing clinical outcomes in other solid tumors, have yet to demonstrate efficacy in prostate
cancer. More recently, pembrolizumab showed a high response rate in tumors with mismatch
repair deficiency, regardless of primary site, leading to a tissue-agnostic FDA approval [29].
With some studies suggesting that 2—12% of prostate cancers harbor microsatellite instability and
a hypermutated state, pembrolizumab represents a new therapeutic option for a subset of mCRPC
[30], [31]. Given the variety of treatment options becoming available for men with mCRPC,
prostate cancer research is progressing in the right direction; however, particularly with respect
to the development of castration resistant disease, there continues to be a compelling need for

new efficacious treatment combinations to prolong survival and offset disease progression.

1.2. Senescence

1.2.1 Senescence Overview

Our understanding of cellular senescence, a specialized form of stable growth arrest
initially described by Leonard Hayflick in the 1960s, has evolved dramatically through the
decades [32]. Irreversibility was long considered a critical characteristic that distinguished

senescence from other forms of growth arrest such as quiescence, a transient form of growth
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arrest; however, over the past few decades, hallmarks of senescence have been identified that
collectively characterize a more complex, unique phenotype [33], [34]. Several biological
contributions of cellular senescence in homeostatic and pathological processes have also been
identified [35]. The induction of senescence in response to telomere shortening occurring
because of successive cell duplication is not only an indicator of cellular mortality and aging but
represents a fundamental tumor-suppressor mechanism [36], [37]. That is, the stability of
senescent growth arrest is a barrier against the progression of genetically unstable cells that carry
a dangerous malignant potential, which accounts for the accumulation of senescent cells in
premalignant lesions [38]. This tumor-suppressive trait of senescence is also related to its role as
a stress response to noxious stimuli such as oxidative stress, which partially explains the
increased burden of senescent cells in aging organisms [39]. Cancer cells, therefore, can undergo
senescence in response to severe stress induced by the exposure to a wide variety of cancer
therapeutics, often termed, Therapy-Induced Senescence (TIS) [40].

In addition to the stable form of growth arrest that is a primary characteristic of
senescence, senescent cells display a variety of qualities that together represent this senescent
phenotype [41] (Figure 1.1). Fundamentally, senescent cells are characterized by flattened and
enlarged morphology. They exhibit several molecular markers, including telomere-dysfunction-
induced foci, senescence-associated heterochromatin foci (SAHF), lipofuscin granules, DNA
scars, and altered gene expression [42], [43]. Another essential feature defining senescent cells is
the production of a diverse range of cytokines, chemokines, extracellular matrix proteases,
growth factors, and other signaling molecules, collectively termed the senescence-associated
secretory phenotype (SASP), which largely mediates the extrinsic effects of senescence [44].

Furthermore, these cells can exhibit special biochemical characteristics, including the absence of
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proliferative Ki-67 protein, enhanced activity of senescence-associated B-galactosidase (SA-f3-
gal), and expression of tumor suppressors and cell cycle inhibitors [43], [45]. Given that some of
these features are not uniquely specific to senescence, senescent cells are usually identified by

the examination of a profile of multiple senescence-associated biomarkers [46].

Senescent cell features
HO OH
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Figure 1.1 The features of senescent cells. Several markers were identified to

characterize the senescent state in relation to morphology and proteostasis
[160].

1.2.2. Senescence-targeted therapies

Studies building upon the phenomenon of replicative senescence in normal cells

approaching the limit of their reproductive potential have identified a comparable senescence-
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like arrest as a component of the traditional tumor cell response to chemotherapeutic drugs and
radiation, which has been termed “premature senescence” or “accelerated senescence” [47].
While senescence has been seen as an ideal tumor cell response in the past, recovery from
senescence could contribute to disease recurrence, and is often associated with the development
of more aggressive and drug-resistant phenotypes [48]. Nevertheless, recent data has shown that
the selective removal of senescent cells can delay or eliminate the recurrence of cancer;
senolytics, senostatics and senomorphics are novel, small molecules that can target these
senescent cells [49]-[51].

Senolytics are drugs that selectively eliminate senescent cells by targeting proteins
involved in pro-survival and anti-apoptotic mechanisms such as the Bcl-2 family proteins [52].
In contrast to senolytics, senostatics do not kill senescent cells but inhibit paracrine signaling and
thus block the ‘proliferation’ of senescence due to the bystander effect; studies have shown
antioxidants or inhibitors of NF-kB can be efficient senostatics, with many others showing
evidence as well [53]. Meanwhile, senomorphics suppress the detrimental effects of SASP
components secreted by senescent cells without causing cell death. The first senomorphics were
mainly discovered by serendipity including rapamycin, metformin, resveratrol and aspirin [54].
Our lab has demonstrated success using the senolytic ABT-263 for the clearance of TIS cells by
interfering with the BCL-XL and BAX interaction in various cancer models [49], [55], [56].
ABT-263, or navitoclax, is a known BH3 mimetic drug and potently binds to the BH3 domain of
BCL-2 anti-apoptotic members [57]. Upon administration, navitoclax binds to the BH3 binding
groove of BCL-2 proteins which are located in the cytoplasm, causing the displacement of pro-
apoptotic BH3-only protein, BIM, from BCL-2 [58]. BIM is then set free to trigger the release of

small heme proteins, the cytochrome c, from mitochondria causing cell apoptosis [58].
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1.3. Autophagy

1.3.1. Autophagy and its mechanism

Autophagy is a highly conserved eukaryotic cellular recycling process. Through the
degradation of cytoplasmic organelles, proteins, and macromolecules, and the recycling of the
breakdown products, autophagy plays important roles in cell survival and maintenance [59]. In
mammalian cells, there are three primary types of autophagy: microautophagy, macroautophagy,
and chaperone-mediated autophagy (CMA). While each is morphologically distinct, all three
culminate in the delivery of cargo to the lysosome for degradation and recycling [60]. During
microautophagy, invaginations or protrusions of the lysosomal membrane are used to capture
cargo [61]. Uptake occurs directly at the limiting membrane of the lysosome, and can include
intact organelles. CMA differs from microautophagy in that it does not use membranous
structures to sequester cargo, but instead uses chaperones to identify cargo proteins that contain a
particular pentapeptide motif; these substrates are then unfolded and translocated individually
directly across the lysosomal membrane [62]. In contrast to microautophagy and CMA,
macroautophagy involves sequestration of the cargo away from the lysosome. In this case, de
novo synthesis of double-membrane vesicles—autophagosomes—is used to sequester cargo and
subsequently transport it to the lysosome [63]. Macroautophagy is the autophagic pathway that is
most frequently implicated in cancer cell resistance to therapy, including hormonal therapy
resistance [64].

Activation of autophagy is regulated by several stress factors, including hypoxia, nutrient
starvation, ATP/AMP levels, ROS and microbial infection [65]. During the macroautophagic
process, a double-membrane vacuolar compartment is formed, the vacuoles fuse with lysosome

and the degraded contents are released into the cytosol (Figure 1.2). Under normal conditions,
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mammalian target of rapamycin (mTOR) complex 1 negatively regulates autophagy by
phosphorylating and binding to Unc-51 like autophagy activating kinase 1 (ULK-1), thus
inactivating ULK-1 [66]. Under conditions of cellular stress, ULK-1 becomes dephosphorylated
and dissociates from mTOR [66]. Initiation of autophagy occurs through the activation of the
ULK-1 complex, which triggers the nucleation of the phagophore through phosphorylation of
PI3KC3, VPS34 and Beclin-1 [67]. This preautophagosomal structure is hypothesized to come
from multiple sources, such as the endoplasmic reticulum, mitochondria, Golgi apparatus, and
recycling endosomes [68]—[71]. Following this initiation step, the phagophore is further
elongated by the recruitment of autophagy regulatory proteins (ATG), such as ATG5 and ATG7
[72]. Microtubule-associated protein light chain 2 (MAP1-LC3) is lipidated by ATG3-mediated
conjugation and incorporated into the growing phagophore, and is necessary for the closure,
fusion and maturation of the autophagosome [73], [74]. Cargo is sequestered into the
autophagosome by SQSTM1/p62, a sequestosome that binds ubiquitinated proteins and anchors
itself to LC3 located on the inner membrane of the autophagosome [73]. The growing
phagophore extends until the two ends join and fuse together to form a double-membrane
vesicle, or the autophagosome [72]. In the final step, the mature autophagosome fuses with the
lysosome to form the autolysosome. The acidic hydrolases of the lysosome then degrade the
cargo within the autophagosome, which is then released into the cytoplasm for cellular
repurposing [75]. At the same time, LC3-II in autolysosomal lumen is degraded. Thus, lysosomal

turnover of the autophagosomal marker LC3-II reflects starvation-induced autophagic activity,
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and detecting LC3 by immunoblotting or immunofluorescence has become a reliable method for

monitoring autophagy and autophagy-related processes, including autophagic cell death [76].
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Figure 1.2 Primary mechanism of autophagy. Nucleation of the phagophore
occurs following induction by the ULK1/2 complex. Elongation of the
phagophore is aided by the ATG proteins. Eventually, the expanding membrane
closes around its cargo to form an autophagosome and LC3-II is cleaved from
the outer membrane of this structure. The outer membrane of the
autophagosome will then fuse with the lysosomal membrane to form an
autolysosome. The contents of the autolysosome are then degraded and
exported back into the cytoplasm for reuse by the cell [161].
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1.3.2. Functional forms of Autophagy

In response to stress induced by chemotherapy or radiation, four functional forms of
autophagy have been identified: these are cytoprotective, cytotoxic, nonprotective, and cytostatic
autophagy [77]. Cytoprotective autophagy, one of the best-known forms, is a pro-survival
function that allows cells to endure conditions such as serum starvation or hypoxia [72]. Given
that induction of cytoprotective autophagy decreases sensitivity to cancer drugs and treatment,
pharmacological and genetic inhibition of autophagy increases sensitivity to the anticancer
treatment that promotes the autophagy, which is a potential therapeutic strategy [78]. In response
to chemotherapy and radiation, cells can also undergo a cytotoxic form of autophagy, resulting in
reduced cell viability and clonogenic survival. Cytotoxic autophagy can kill tumor cells through
both apoptosis-dependent and -independent mechanisms [79], [80]. In the case of cytostatic
autophagy, therapy-induced growth inhibition and sensitivity is mediated through autophagy,
rather than apoptosis; furthermore, autophagy interference restores cellular proliferation and
ameliorates antitumor therapeutic effects and may also be associated with senescence [72], [81].
Finally, the less-known nonprotective form of autophagy is a form that may be induced by
chemotherapeutic treatment, but autophagy inhibition does not alter tumor cell sensitivity to
chemotherapy and radiation [82]-[84]. For example, studies demonstrated a low extent of
apoptosis in response to radiotherapy in H460 NSCLC cells; however, the cells exhibited an
increase in autophagy induction [84]. The precise significance of this form is yet to be

determined since its advantage to the cell under stress conditions remains unclear [85].

1.4. Apoptosis
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One of the main goals in treating castration-resistant prostate cancer and many other
malignancies is to induce cell death. Apoptosis, the most renowned form of programmed cell
death, operates as a key physiological mechanism that limits cell population expansion, either to
maintain tissue homeostasis or to remove potentially harmful cells, such as those that have
sustained DNA damage [86]. Apoptosis is fundamentally distinct from other types of cell death
based on its incidence, morphology, and biochemistry. Morphological alterations of apoptotic
cells include nuclear condensation and fragmentation, cell shrinkage, dynamic membrane
blebbing, and loss of adhesion to extracellular matrices or to neighbors [87]. Biochemical
alterations consist of chromosomal DNA cleavage into internucleosomal fragments,
phosphatidylserine externalization, and activation of a family of proteases recognized as the
caspases [88].

In mammals, there are two central apoptotic pathways: the extrinsic pathway (death
receptor mediated pathway) and the intrinsic pathway (mitochondrial mediated pathway) [89].
Apoptotic signaling through the extrinsic pathway begins with the attachment of extracellular
ligands, for example, tumor necrosis factor (TNF), Fas ligand (Fas-L), and TNF-related
apoptosis-inducing ligand (TRAIL) to the extracellular domain of death receptors with the best-
known receptors being the type 1 TNF receptor (TNFR1) and Fas (also called CD95/Apo-1)
death receptors [90], [91]. Upon binding of ligand to receptor, the death receptors bind via their
intracellular death domain with a corresponding protein motif in adapter proteins such as Fas-
associated death domain (FADD) and TNF receptor-associated death domain (TRADD) [92].
Then, a death-inducing signaling complex (DISC) is developed, leading to auto-catalytic
activation of procaspase-8 [93]. Active caspase-8 activates effector/executioner caspases, which

cause cell death by damage or destruction of the nucleus and other intracellular structures [90].
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In addition to external stimuli, apoptosis can also be regulated or activated by the mode
of internal stimuli such as DNA damage and oxidative stress [94]. There are two main groups of
the Bcl-2 proteins, namely the pro-apoptotic proteins (e.g. Bax, Bak, and Bad) and the anti-
apoptotic proteins (e.g. Bcl-2, Bcel-x1, Bel-w, and Mcl-1) present on the mitochondrial membrane,
which are the key mediators for the intrinsic apoptotic pathway[95]. Pro-apoptotic protein
activity leads to release of cyt. ¢ (cytochrome c) in the cytoplasm after mitochondrial membrane
perturbation. Released cyt. ¢ in the cytoplasm forms a complexa called an apoptosome with
apoptotic protease activating factor 1 (APAF1) and procaspase 9. This complex cleaves
procaspase-9 to caspase 9, which then cleaves and activates the caspases of the executioner

pathway such as caspase-3, -6, and -7 to induce cell death [96].
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Figure 1.3 The Extrinsic and Intrinsic Apoptotic Pathways. In the extrinsic
pathway, death ligands (TNF-a, TRAIL and FasL) recognize and bind to the
death receptors (THN-R1, FasR, and DR4) causing the recruitment of adaptor
proteins (FADD, TRADD) and form the DISC complex towards the
cytoplasmic side. The formed DISC complex induces the autocatalysis of
inactive pro-caspase-8 into active caspase-8. Subsequently, activated caspase-8
cleaves and activates caspase-3. Activated caspase-3 then induces apoptosis of
target cell. In the intrinsic pathway, different cellular stress including hypoxia,
DNA damage, and endoplasmic reticulum stress (ER) signal the pathway.
Following the signal, the mitochondria releases Cyt. ¢ into the cytoplasm which
forms the apoptosome complex. The formed apoptosome further recruits and
activates the executioner caspase-3 [162].
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1.5. BET Protein Family

Bromodomain-containing protein 4 (BRD4), along with BRD2, BRD3, and testes/oocyte-
specific BRDT, constitutes the bromodomain and extraterminal (BET) protein family in
mammals [97], [98]. At the molecular level, these proteins act as epigenetic readers to
specifically recognize acetylated lysine on histones, and biologically, the BET family is
implicated in a broad spectrum of cellular processes such as cell proliferation, differentiation,
metabolism, and DNA repair [99]-[101]. BRD4, the best-characterized member of the BET
family, is described as a general regulator for RNA polymerase II (Pol IT)—dependent
transcription through interaction with positive transcription elongation factor
(P-TEFb)[102]. Upon analyzing the genomic landscape, it has been observed that BRD4 is
consistently linked to nearly all active promoters and a substantial portion of active enhancers
across diverse normal and transformed cell types [103], [104].

In line with its overall function in regulating transcription, BRD4 has been implicated in
various pathological conditions, notably inflammation, obesity, and tumorigenesis. This includes
midline carcinoma, acute myeloid leukemia, gastric cancer, and breast cancer [101], [105]-[107].
The tumorigenic capabilities of BRD4 primarily stem from its ability to facilitate transcription
elongation of crucial genes, such as c-MYC and BCL-2, which play vital roles in regulating the
cell cycle and apoptosis [108], [109]. As such, BET proteins are being pursued as novel targets
for cancer treatment. Potent BET inhibitors with promising antitumor efficacy in several
preclinical cancer models have been developed in recent years such as JQ1, a small molecule that
occupies the bromodomain pocket of BET proteins with a high affinity in a manner that is

competitive with acetylated histones [98], [110].
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Although previous observations have shown promising results of BET inhibitors in
interfering with BRD4 function, the effect of BET inhibitors such as JQ1 and OTXO015 are
reversible which causes the re-accumulation of BRD4 protein and incomplete suppression of
MYC [111]. This has inspired the generation of novel BRD4 targeting molecules using PROTAC
technology [112]. Proteolysis-targeting chimeras (PROTACS) are hetero-bifunctional small
molecules employing E3 ligase ligands, fused via a flexible chemical linker to a ligand that
recognizes the target protein [113]. Such molecules can recruit the target protein to the E3 ligase,
elicit ubiquitination of the target protein which leads to its degradation through the ubiquitin-
proteasome system (UPS) [114]. ARV-825 is a newly developed inhibitor using PROTAC
technology, which conjugates OTX015 with an E3 ligase cereblon (CRBN). Administration of
ARV-825 renders recruitment of BRD4 to cereblon and results in a rapid, efficient, and

prolonged BRD4 degradation [112].
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Chapter 2: Materials and Methods

2.1. Antibodies and Reagents

The following primary antibodies were used: BRD4 (Cell Signaling Technology, 13440);
c-Myc (Cell Signaling Technology, 5605); cleaved-PARP (Cell Signaling Technology, 9541); B-
actin (Cell Signaling Technology, 4970); p62 (Cell Signaling Technology, 5114); LC3B (Cell
Signaling Technology, 2775); and GAPDH (Cell Signaling Technology, 2118). Secondary
antibodies: Horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling, anti-

mouse, 7076S; anti-rabbit, 7074S).

2.2. Cell Lines and Culture Conditions

LNCaP cells were purchased through ATCC, and PC3 and DU145 cells were graciously
provided by Dr. Zheng Fu at Virginia Commonwealth University (Richmond, Virginia, USA).
DU 145 cells were grown in DMEM (Thermo Fisher, Waltham, MA, USA) with 10% (v/v) fetal
bovine serum (FBS, Gemini Bio, West Sacramento, CA, USA) and 100 U/ml penicillin G
sodium/100 pg/ml streptomycin sulfate (Thermo Fisher, Waltham, MA, USA). PC3 cells were
grown in DMEM/F-12 (Thermo Fisher, Waltham, MA, USA) with 10% (v/v) fetal bovine serum
(FBS, Gemini Bio, West Sacramento, CA, USA) and 100 U/ml penicillin G sodium/100 pg/ml
streptomycin sulfate (Thermo Fisher, Waltham, MA, USA). LNCaP cells were grown in RPMI
(Thermo Fisher, Waltham, MA, USA) with 10% (v/v) FBS, 1% non-essential amino acids
(Thermo Fisher, Waltham, MA, USA), and 100 U/ml penicillin G sodium/100 pg/ml
streptomycin sulfate (Thermo Fisher, Waltham, MA, USA).

For drug treatments, Palbocilib (LC Labratories, P-7788), Enzalutamide (Enza, APExBio,

Houston TX, USA), ABT-263 (AbbVie, Chicago, IL, USA), ARV-825 (Med-chem express, HY-

Page | 26



16954), Abiraterone Acetate (Med-chem express, HY-75054), and 10058-F4 (Med-chem express,
HY-12702) were dissolved in DMSO and administered in the dark at the appropriate
concentrations and time. Docetaxel (Doc) was graciously provided by Dr. Zheng Fu and S63845
by Dr. Anthony Faber at Virginia Commonwealth University (Richmond, Virginia, USA). The
concentrations of the drugs being utilized in this study have been selected based on the literature
as well as screening studies performed in the Dr. Gewirtz laboratory. For charcoal-stripped
conditions (CS-FBS, Thermo Fisher, Waltham, MA, USA), cells were maintained in normal

medium with 10% charcoal-stripped serum as opposed to traditional FBS.

2.3. Cell Viability and MTS Assays

For viable cell counts and time course assays, cells were seeded at a known density
(2*10* cells 6-well plate) and allowed to adhere overnight or for 48 hours. For all time courses,
day 0 (D0) indicates the start of treatment. Viable cell counts were taken on a manual
hemocytometer at the indicated times for each experiment.

For MTS assays, cells were plated in 96-well plates, in suitable concentrations, treated
under the indicated conditions. The viability was assessed by UV spectrophotometer using MTS

reagent (AB197010).

2.4. Promotion of Apoptosis

The extent of apoptotic cell death was measured using Annexin V-FITC/Propidium iodide
staining. On the indicated day, cells were trypsinized, washed with 1X PBS and stained
according to manufacturer protocol (Annexin V-FITC Apoptosis Detection Kit; BD Biosciences,
556547). All flow cytometry quantification was performed on the BD FACSCantoll cytometer,
and at least 10,000 events were analyzed per sample. All experimental protocols were performed

with cells protected from light.
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2.5. SA-B-gal staining

SA-B-Gal expression was assessed by X-Gal (Thermo Fisher, Waltham, MA, USA)
histochemical staining and/or C12FDG (Thermo Fisher, Waltham, MA, USA) fluorolabeling and
flow cytometry-based quantification. Both procedures were performed as previously described
[115]. All images were taken using a 20X objective on an Olympus inverted 132 microscope
[X70, with a Q-Color3TM Camera.

To quantify -gal positive senescent cells, after treatment, cells were treated with
Bafilomycin A1 (100 nM) for 1 h to achieve lysosomal alkalinization, followed by staining with
CI12FDG (10 uM) for 1 h at 37 °C. All flow cytometry quantification was performed on the BD

FACSCantoll cytometer, and at least 10,000 events were analyzed per sample.

2.6. Western Blotting

Protein was collected in CHAPS-lysis buffer containing protease and phosphatase
inhibitors, and then quantified by the Bradford assay. Equal amounts of protein were prepared in
SDS sample buffer, boiled, and then loaded into an SDS-polyacrylamide gel. Following
electrophoresis, proteins were transferred in 10—20% methanol to a polyvinylidene difluoride
membrane. Membranes were blocked in 5% bovine serum albumin (BSA) in PBS with 0.1%
Tween-20, and then incubated overnight at 4°C with the indicated primary antibodies at a
dilution of 1:1000 in 5% BSA. Membranes were washed, and then probed with secondary
antibody at a dilution of 1:2000 in 5% BSA for 2h at room temperature. Protein was visualized
with the Pierce ECL imaging kit (Thermo Fisher, Waltham, MA, USA) on BioRad ChemiDoc

System.
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2.7. Acridine Orange Staining
On the indicated days, cells were stained with 1 ug/ml acridine orange at 37°C for 20 min
and then washed with 1X PBS. Cells were imaged using an inverted fluorescence microscope

(Olympus, Tokyo, Japan) at 20X magnification.
2.8. High speed live cell interferometry (HSLCI)

HSLCI utilizes a custom inverted microscope setup with a wide field phase detection
camera coupled to light emitting diode, as previously described [116], [117]. Motorized stages
hold a standard glass bottom plate, while a piezo actuated autofocusing system maintains focus
during scanning. The detected phase change in the light is then used to calculate the mass of
single cells and cell clusters. Cells were plated at 0.5-1*10% on a glass-bottomed six well plate
(Cellvis, Mountain View, CA, USA) and treated with the respective conditions before monitoring
for 12 hours. For measuring median growth, only cell clusters whose standard error in
exponential or linear growth was less than 0.1% were included. Cell density was measured in the
same cell clusters. After automated segmentation, the median biomass divided by the area
(density) for the first ten loops (90 min of measurement) was taken to determine the density of

each cluster at the beginning of the experiment.

2.9. Statistics

Unless otherwise indicated, all quantitative data is shown as mean + SEM from at least
three independent experiments, all of which were conducted in triplicates or duplicates.
GraphPad Prism 9.0 software was used for statistical analysis. All data was analyzed using either
one-way ANOVA with Tukey or Dunnet post hoc, or two-way ANOVA with Sidak or Dunnet

post hoc, as appropriate. For all statistics, significance threshold was set at p < 0.05.
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Chapter 3: The use of senolytics to increase the effectiveness
of standard of care treatment for castration resistant
prostate cancer

3.1. Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer in males and the second
most common cause of cancer deaths with about 34,000 men dying each year in the U.S [1], [2].
The standard of care for advanced PCa is androgen deprivation therapy (ADT); however, an
initial response followed by a progressive rise in PSA gives rise to castration-resistant prostate
cancer (CRPC). It is important to note, especially for this research, that the term “castration
resistant” is preferred over the previously used designations of “androgen independent” and
“hormone refractory” disease because, despite absence of circulating testosterone, the tumor
remains functionally dependent on androgens and on the androgen receptor, though the disease
can eventually progress to being “androgen independent” [6]. This is relevant to the standard of
care therapy currently utilized in the clinic, which includes anti-androgens enzalutamide and
abiraterone alongside docetaxel and ADT. In theory, the antiandrogens should not be effective in
cells that lack androgen receptors due to the antagonist actions of these drugs at these receptors;
however, given the clinical utilization of these agents in castration resistant prostate cancer, it is
clear that some androgen-associated signaling pathways remain functional. Unfortunately, there
are currently no appropriate cell lines available that are both castration resistant and that express
the AR, even though androgen deprivation is effective, at least temporarily, in the treatment of
the castration resistant disease [118]. The primary CRPC cell lines used in this research and in
the scientific literature relating to “castration-resistant” prostate cancer are DU145 and PC3 cells;

both cell lines lack androgen receptors and are p53 deficient while DU145 cells are also Rb
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deficient. PC3 is a cell line from grade IV adenocarcinoma with high metastatic potential while

DU145 is a cell line from prostate carcinoma, with moderated metastatic potential [119].

3.1.1. Senescence in response to enzalutamide in CRPC

The role of therapy-induced senescence using enzalutamide in androgen-independent cell
lines is not well documented. Malaquin et al. did generate extensive data in the androgen-
dependent LNCaP cells using DNA-damaging agents as well as enzalutamide in combination
with senolytics [120]. The DNA damage inducers, irradiation and Olaparib, which is a PARP
inhibitor inhibiting poly ADP ribose polymerase, an enzyme involved in DNA repair, triggered
classical therapy-induced senescence (TIS) in PCa cells in addition to the mitotic catastrophe and
cell death observed in PC3 cells. Mitotic catastrophe is a mode of cell death that results from
premature or inappropriate entry of cells into mitosis and can be caused by chemical or physical
stresses [121]. Enza also induced TIS in LNCaP cells in the absence of direct DNA damage. In
addition to the absence of DNA damage, these investigators showed that Enza-TIS cells did not
share other senescence-associated (SA) markers observed in XRA- or Olap-senescent cells;
specifically, the LNCaP cells displayed: a more gradual loss of DNA synthesis with an
accumulation of cells in G1 phase; no more than 30% SA-B-gal positive cells; a complete
absence of additional DNA damage foci or genomic instability; increased p16 but not p21
expression, and a reversible proliferation arrest. Although p16 expression is often associated with
an irreversible state of senescence [122], [123], Enza treatment for more than 30 days sustained a
senescence that was rapidly reversible upon drug removal, suggesting that Enza-TIS depends on
different underlying molecular mechanisms for both induction and maintenance when compared

to DNA damage-TIS [120].
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Furthermore, while senolytics in the Bcl-2 family of anti-apoptotic inhibitors such as
ABT-263 were lethal for PCa-TIS cells with evidence of DNA damage, they were ineffective
against enzalutamide-TIS cells. This study laid the groundwork for a deeper investigation into
enzalutamide in androgen independent cell lines as well as the effectiveness of other types of

potential senolytics.

3.1.2. BET inhibition and its potential for senolytic use

There have been recent studies looking at the potential for use of epigenetic regulators in
cancer research [124]. Epigenetic regulators change the expression of genes rather than the code
itself [125]. In cancer, many of these proteins involved in regulation of transcription are elevated
[126]. These include the bromodomain and extra terminal (BET) protein family, which includes
BRD2, BRD3, and BRD4 among others. BET proteins function by binding to acetylated lysine
residues on histone proteins important for regulating transcription [127]. BET inhibition has
demonstrated efficacy in pre-clinical studies and is being evaluated in various clinical trials for
both hematological malignancies and solid tumors [128]; these include the inhibitors JQ1 [129],
OTXO015 [130], ABBV-075 [131], and ARV-825 [132] among many others. Further studies have
shown that BET inhibitors such as JQ1 and ARV-825 have possible senolytic activity using

different experimental cancer models [133].

3.1.3. Overarching Hypotheses
Different treatment modalities including antiandrogens and chemotherapy have been
shown to induce a transient remission for those with CRPC; however, eventually, there is a

recurrence of the disease in most patients. In other experimental models, the use of senolytics to
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improve the response to cancer therapy has been successful [54], [134], [135]. Consequently, we
hypothesized that the use of these senolytics could be possible strategies to increase the
effectiveness of some of the current standards of care therapy for castration-resistant prostate

cancer, especially enzalutamide.

3.2. Results

3.2.1. Screening for concentrations from dose-response curves of anti-
androgen and senolytic drugs on DU145 and PC3 cell lines

Initially, dose-response studies were performed using an MTS assay for both DU145 and
PC3 cell lines to determine the concentrations of anti-androgens and senolytics agents to utilize
in the subsequent work. Figures 1A through 1D show the effect of anti-androgens, enzalutamide
and abiraterone acetate, as well as the putative senolytics, ARV-825 and ABT-263, respectively,
for the DU145 cell line. In Figures 1A and B, DU145 cells were plated at a 4000 cell per well
density based on previous dilutions and each drug was screened for 72 hours in a dose range of 0
to 100 uM. In Figure 1C, DU145 cells were plated at a 2000 cell per well density and screened
for 96 hours in a dose range of 0 to 500 nM for ARV-825. Figure 1D demonstrates the effects of
the senolytic, ABT-263; DU145 cells were plated at a 5000 cells per well density and screened
for 48 hours in a dose range of 0 to 10 uM. Treatment durations and ranges were decided based
on previous work in this laboratory and others [56], [120], [135]-[137].

Figures 2A-D show the same dose-response screens for the PC3 cell line as for the
DU145 cells. The IC-50 values for enzalutamide were determined to be 58.5 uM and 37.09 uM
for the PC3 and DU145 cells, respectively; for comparison, the IC-50 value for enzalutamide in

LNCaP cells is 5.6 uM [138].
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After examining the dose response curves for the anti-androgen drugs, concentrations of
50 and 100 uM were initially chosen to be utilized in further experiments for both enzalutamide
and abiraterone acetate as they had the most relevant effects based on the curves; however, this
was modified in subsequent studies, as indicated below. While ABT-263 is heavily used in our
lab even at concentrations that don’t have antiproliferative effects alone, it was not logical to
continue its use in combination with Enza treated cells in this case. As explained from Malaquin
et al., they found that inhibitors of the Bcl-2 antiapoptotic family, ABT-263 and A-115, which
targets selectively Bcl-xL, were strongly efficient to kill XRA- and Olap-TIS cells but not Enza-
TIS cells [120]. The mechanism underlying this latter phenomenon remains unclear but the

authors suggested that DNA damage is key for sensitization to Bcl-2 family senolytics [120].
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Figure 1A

DU145 cells were plated at a 4x1073 concentration in 96 well plates
and treated with enzalutamide for 72 hours after being left overnight
to adhere. The MTS assay was observed in a dose range of 0 to 100
1M and absorbances were determined using a UV plate reader. Data
represent means + standard errors for three experiments.
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Figure 1C

DU145 cells were plated at a 2x1073 concentration in 96 well
plates and treated with ARV-825 for 96 hours after being left
overnight to adhere. The MTS assay was observed in a dose range
of 0 to 500 nM and absorbances were determined using a UV plate
reader. Data represent means + standard errors for three
experiments.

Figure 1B

DU145 cells were plated at a 4x1073 concentration in 96 well plates
and treated with abiraterone acetate for 72 hours after being left
overnight to adhere. The MTS assay was observed in a dose range
of 0 to 100 uM and absorbances were determined using a UV plate
reader. Data represent means + standard errors for three
experiments.
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Figure 1D

DU145 cells were plated at a 5x1073 concentration in 96 well plates
and treated with ABT-263 for 48 hours after being left overnight to
adhere. The MTS assay was observed in a dose range of 0 to 10 uM
and absorbances were determined using a UV plate reader. Data
represent means + standard errors for three experiments.
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Figure 2A Figure 2B

PC3 cells were plated at a 4x1073 concentration in 96 well plates
and treated with enzalutamide for 72 hours after being left
overnight to adhere. The MTS assay was observed in a dose range
of 0 to 100 uM and absorbances were determined using a UV plate
reader. Data represent means * standard errors for three
experiments.

PC3 cells were plated at a 4x10”3 concentration in 96 well plates
and treated with abiraterone acetate for 72 hours after being left
overnight to adhere. The MTS assay was observed in a dose range
of 0 to 100 uM and absorbances were determined using a UV
plate reader. Data represent means * standard errors for three
experiments.
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Figure 2C
PC3 cells were plated at a 2x10”3 concentration in 96 well plates
and treated with ARV-825 for 96 hours after being left overnight to
adhere. The MTS assay was observed in a dose range of 0 to 500
nM and absorbances were determined using a UV plate reader.
Data represent means + standard errors for three experiments.
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Figure 2D

PC3 cells were plated at a 5x1073 concentration in 96 well plates
and treated with ABT-263 for 48 hours after being left overnight to
adhere. The MTS assay was observed in a dose range of 0 to 10 uM
and absorbances were determined using a UV plate reader. Data
represent means + standard errors for three experiments.
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3.2.2. Enzalutamide and abiraterone acetate produce a growth arrest response
at high, but not clinically relevant concentrations in DU145 and PC3 cells

Studying these drugs further was considered to be a useful preclinical strategy given the
extensive clinical usage of enzalutamide and abiraterone acetate for CRPC in addition to the lack
of robust data with these drugs in androgen independent cells. The present studies were
performed to determine the influence of enzalutamide and abiraterone acetate on growth and
viability in prostate tumor androgen independent cell lines, PC3 and DU145. Although 50 and
100 uM were higher than the clinically relevant dosages for both drugs, studies in LNCaP95
enzalutamide-resistant cells using 50 uM of enzalutamide provided justification for continuing
the use of these higher concentrations in cells that would likely be resistant to enzalutamide at
lower dosages [139].

Figures 3A and 3B present a determination of viable cell number using a time course
assay in DU145 cells on the indicated days after exposure to 50 and 100 uM enzalutamide and
abiraterone acetate, respectively, for 72 hours and fresh media was replenished after drug
removal on day 3.

Figures 4A and 4B present a determination of viable cell number using a time course
assay in PC3 cells on the indicated days after exposure to 50 and 100 uM enzalutamide and
abiraterone acetate, respectively, for 72 hours, where fresh media was replenished after drug
removal on day 3.

Given that enzalutamide acts an antagonist for the androgen receptor (AR), the results
were expected to be negative since both PC3 and DU145 cell lines are AR independent [140].
Interestingly, for both cell lines with enzalutamide, there appeared to be a significant growth

delay effect from the 100 uM concentration and a less significant effect from the 50 uM
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concentration with DU145 cells appearing to have less viability compared to the PC3 cells at this
dosage. Having said that, 100 uM is not a clinically relevant dosage for enzalutamide as it is
much higher than the circulating blood concentration in humans and may be showing off target,
toxic effects to the cells [141].

Similarly for abiraterone, the active metabolite of abiraterone acetate, it is a partial
antagonist for AR in addition to being an inhibitor for CYP17A1, which wouldn’t be expected to
factor into in vitro studies in these cell lines as CYP17A1 is found in prostatic tumor tissues in
vivo [142]. Nevertheless, the abiraterone acetate had significant growth delay effects to the point
that almost all the cells were decimated and did not recover at each of the concentrations for each
cell line. This is highly likely due to off target effects and toxicity and the concentration of
abiraterone acetate would need to be significantly lowered in future studies.

After examining this time course data in addition to previous data, it was determined that
the cells should be grown for 48 hours prior to treatment with any of the drugs since normally, in
the clinic, tumors are growing when treated. Furthermore, given the blood circulating
concentration of enzalutamide being in the range of 1- 35 uM, it was evident that a lower
concentration would be more clinically relevant [141]. Figure 4C shows PC3 cells being treated
with enzalutamide for 72 hours at 25 and 50 uM after having grown for 48 hours prior to
treatment using a time course assay for cell viability. Both the 25 and 50 uM concentrations had
limited effects on the growth of the cells and any growth delay was minimal in the PC3 cells
with the 50 uM dosage having a slightly greater dose dependent effect. DU145 data with the
lower concentrations of enzalutamide is not shown as PC3 cells were chosen as the main cell line
of focus for the research at this point. We had decided that emphasizing studies in the PC3 cells,

which seemed to have a slightly greater response to enzalutamide, would allow us to focus and
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sharpen the hypothesis; however, we did come back to the DU145 cells later in the ARV-825
alone studies as a comparative cell line.

The time courses with the anti-androgens in Figures 3 and 4 showed clear evidence for
growth arrest and therefore, the next logical step was determining whether this was due to
senescence, which would allow these cells to be targeted by senolytics. One of the hallmarks of
senescence is upregulation of beta-galactosidase, which can be visualized with an Xgal staining
assay under a microscope. Figures 5A and 5B demonstrate the lack of senescence by [-gal
staining with a 72 hour treatment of 50 and 100 uM enzalutamide and abiraterone acetate,
respectively, on the indicated days as well as lack of morphological changes associated with
senescence in DU145 cells. The DU145 cells showed no evidence of the blue-green stain that
indicates upregulation of beta-galactosidase for either of the concentrations for either Enza or
AA. Flow cytometry data to quantify senescence in this cell line was inconclusive and not
included due to potential growth issues with the cell line at that time.

Like Figure 5, Figures 6A and 6B were stained after being treated for 72 hours with 50
and 100 uM enzalutamide and abiraterone acetate, respectively, on the indicated days for PC3
cells. Furthermore, the CDK4/6 inhibitor, Palbociclib was used as a positive control in these cells
as shown in Figure 6C; PC3 cells were treated with 1 uM Palbociclib for 6 days alongside cells
treated with 50 uM enzalutamide for 6 days and an untreated control. The cells in Figures 6A
and 6B showed minimal blue-green staining and upregulation of beta-galactosidase in PC3 cells
for both Enza and AA though there were some flattened and enlarged morphological changes in
the cells that were stained.

To quantify the level of senescence, C12FDG flow cytometry was used to sort the

senescent cells based on fluorescence signal after staining. Figure 6D shows the percentage of
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senescent cells in PC3 cells treated for 72 hours with enzalutamide at 25 and 50 uM as compared

to untreated controls following the time course data from Figure 4C. We decided to try 25 uM

and 50 uM instead of 50 and 100 uM at this point since the 100 uM dose was too high and

cytotoxic; 25 uM was within the blood circulating concentration of enzalutamide in humans

while 50 uM was around the IC50 of enzalutamide in PC3 cells. The flow data demonstrated a

minimal induction of senescence following enzalutamide treatment in PC3 cells with a range of

7% to 13% senescent cells in the population compared to about 5% senescence in the controls,

which is normal to see in cells [56], [120].

Taken together, these senescence data suggest that senolytics would likely have only a

minimal effect on the cells treated with enzalutamide or abiraterone; however, given the

mechanism of action of ARV-825, its effects may not be limited to cells that are in senescence as

will be seen in the next section. ABT-263 only works in cells that are first induced into

senescence so there wouldn’t be any purpose in further pursuing it in combination with

enzalutamide in PC3 cells [49], [56].
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Figure 3A

DU145 cells were plated at a 2x10”4 concentration and left to adhere
overnight before adding enzalutamide at 50 and 100 uM concentration
to each well on day 0 and the drug was removed on day 3. The cells
were counted for each condition at days O, 3 and 6. Data represent
means + standard errors for three experiments.

Figure 3B

DU145 cells were plated at a 2x10”4 concentration and left to adhere
overnight before adding abiraterone acetate at 50 and 100 uM
concentration to each well on day 0 and the drug was removed on day 3.
The cells were counted for each condition at days 0, 3 and 6. Data
represent means + standard errors for three experiments.
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PC3 cells were plated at a 2x1074 concentration and left to
adhere overnight before adding enzalutamide at 50 and 100
UM concentration to each well on day 0 and the drug was
removed on day 3. The cells were counted for each condition
at days 0, 3 and 6. Data represent means + standard errors for
three experiments.

PC3 cells were plated at a 2x10”4 concentration and left to
adhere overnight before adding abiraterone acetate at 50 and 100
UM concentration to each well on day 0 and the drug was
removed on day 3. The cells were counted for each condition at
days 0, 3 and 6. Data represent means * standard errors for three
experiments.
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Figure 5A

DU145 cells were plated at a 2x10”4 concentration and left to adhere overnight
before adding enzalutamide for 72 hours at 50 and 100 UM concentration to each
plate on day 0. Cells were fixed on each of the indicated days, stained with x-gal
staining solution and imaged using brightfield microscope. All images were taken
at the same magnification.

Figure 4C

PC3 cells were plated at a 2x1074 concentration and left to grow for
48 hours before adding enzalutamide at 25 and 50 uM concentration
to each well on day 0 and the drug was removed on day 3. The cells
were counted for each condition at days 0, 3, 6 and 9. Data represent
means + standard errors for three experiments.

"

Figure 5B

DU145 cells were plated at a 2x10”4 concentration and left to adhere overnight
before adding abiraterone acetate for 72 hours at 50 and 100 pM concentration to
each plate on day 0. Cells were fixed on each of the indicated days, stained with x-gal
staining solution and imaged using brightfield microscope. All images were taken at
the same magnification.




Figure 6A

PC3 cells were plated at a 2x10”4 concentration and left to adhere overnight
before adding enzalutamide for 72 hours at 50 and 100 uM concentration to
each plate on day 0. Cells were fixed on each of the indicated days, stained
with x-gal staining solution and imaged using brightfield microscope. All
images were taken at the same magnification.

Figure 6B

PC3 cells were plated at a 2x1074 concentration and left to adhere overnight before
adding abiraterone acetate for 72 hours at 50 and 100 uM concentration to each
plate on day 0. Cells were fixed on each of the indicated days, stained with x-gal
staining solution and imaged using brightfield microscope. All images were taken at

the same magnification.

Figure 6C

PC3 cells were plated at a 2x1074 concentration and left to adhere overnight before
adding either 50 uM enzalutamide for 6 days or 1 uM Palbociclib for 6 days to the
appropriate well on day 0. Each drug was replenished after 3 days. Cells were fixed
on day 6, stained with x-gal staining solution and imaged using brightfield
microscope. All images were taken at the same magnification.
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Figure 6D

PC3 cells were plated at a 2x1074 concentration and left to grow for
48 hours before adding enzalutamide for 72 hours at 25 and 50 uM
concentration to each plate on day 0. Cells were stained with
C12FDG and then sorted into senescent and non-senescent
populations using flow cytometry based on fluorescence signal.
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3.2.3. ARV-825 fails to enhance the response to enzalutamide in PC3 cells but
has a significant effect as a monotherapy

This laboratory has shown success in various models where cells induced into senescence
can be targeted by senolytics and killed [49], [56], [135], [136]. Given that the PC3 cells had a
dramatic response to ARV-825 as seen in Figure 4C, it was logical to explore this potential in
combination with an anti-androgen such as enzalutamide. In an MTS assay in Figures 7A-C, PC3
cells were treated with enzalutamide for 72 hours in a dose range from 5 to 50 uM; ARV-825
was added to half these wells in combination after enzalutamide was removed as well as in
several wells that weren’t initially treated with enzalutamide. Each of the three plates was treated
with a different concentration of ARV-825 (either 10, 25 or 50 nM).

From the data in Figures 7A-C, there are several significant observations that can be
made. The most obvious observation is that in each of the Figures, the enzalutamide doesn’t have
a significant effect on its own nor does the combination with ARV-825 have any noticeable
effect. While there was an effect of enzalutamide alone in the time course studies in the previous
section as well as in the initial dose response curves at higher doses, these plates were run after 7
days to accommodate the treatment duration of ARV-825, which would likely allow the
enzalutamide alone treated cells to recover from their arrest. In contrast, ARV-825 has a
significant growth inhibitory or cytotoxic effect as a monotherapy despite not having any effect
in the combination; this growth suppressive and/or cytotoxic effect also appears to increase in a
dose dependent manner as the concentration of ARV-825 increases. The finding that
enzalutamide may be affecting the (antitumor) mechanism of ARV-825 in these cells to the point
where it is ineffective is significant and warrants further investigation in future studies. However,
given the significance of ARV-825’s dose-dependent effect alone, it was decided that this

direction would be further pursued at this point.
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Figure 7A Figure 7B

PC3 cells were plated in 96 well plates and grown for 48 hours before enzalutamide
was added to select wells for 72 hours at day 0. Enzalutamide was removed on day
3 followed by addition of 10 nM ARV-825 to select wells for 96 hours. The doses for
enzalutamide were 5, 10, 25, and 50 M. The MTS assay absorbances were
determined using a UV plate reader. Data represent means + standard errors for
three experiments.

PC3 cells were plated in 96 well plates and grown for 48 hours before enzalutamide
was added to select wells for 72 hours at day 0. Enzalutamide was removed on day
3 followed by addition of 25 nM ARV-825 to select wells for 96 hours. The doses for
enzalutamide were 5, 10, 25, and 50 uM. The MTS assay absorbances were
determined using a UV plate reader. Data represent means + standard errors for
three experiments.
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Figure 7C

PC3 cells were plated in 96 well plates and grown for 48 hours before enzalutamide
was added to select wells for 72 hours at day 0. Enzalutamide was removed on day
3 followed by addition of 50 nM ARV-825 to select wells for 96 hours. The doses for
enzalutamide were 5, 10, 25, and 50 uM. The MTS assay absorbances were
determined using a UV plate reader. Data represent means + standard errors for
three experiments.
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3.2.4. ARV-825 fails to enhance the response to enzalutamide in AR-dependent
LNCaP cells

PC3 cells are known to be AR independent; given that enzalutamide acts on androgen
receptors, there wasn’t expected to be much of a response to enzalutamide alone [143].
Therefore, it seemed reasonable that this experiment should be repeated in an AR dependent cell
line, in this case the p53 wild type LNCaP cell line. LNCaP is a cell line from prostate carcinoma
with low metastatic potential [119]. The MTS experiment in Figures 7A-C was repeated with the
exact same parameters except with the LNCaP cell line instead of the PC3 cells, with results
shown in Figures 8A-C.

The data in the LNCaP cells yielded somewhat more predictable results. Like the PC3
cells, the ARV-825 had a significant and seemingly dose dependent effect as a monotherapy.
However, as expected for an AR dependent cell line, the LNCaP cells exhibited a fairly dose
dependent response to the enzalutamide alone and an even greater response in the combination of
enzalutamide with ARV-825; however, the response in combination was not significantly greater
than the response to ARV-825 alone, hence indicating that ARV-825 failed to enhance the
response to enzalutamide. This observation is contradictory to data with ARV-825 in breast
cancer models from our lab; the ARV-825 was able to sensitize the cells in these experiments
[136]. It’s likely that these androgen dependent cells weren’t sensitized because of the transient
form of senescence induced by enzalutamide; studies by Malaquin et al. in LNCaP cells showed
that the senescence induced by enzalutamide was different than that of a DNA damaging agent
and that this fact is key for sensitization to Bcl-2 family senolytics [120]. Taken together with
Figure 7, when comparing the PC3 and LNCaP cells, there appeared to be evidence that some

significant alteration regarding the mechanism of ARV-825 was occurring when enzalutamide
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was added first in the AR independent cell line and perhaps even in the LNCaP cell line that
would be able to explain why ARV-825 is not sensitizing these cells either.

One potential explanation for enzalutamide interfering with the effect of ARV-825 is that
the enzalutamide is inducing the cells into a state of cytoprotective autophagy, making the ARV-
825 ineffective and the cells able to survive [144]. To evaluate whether the PC3 cells are induced
into a state of autophagy as a result of enzalutamide and/or ARV-825 treatment, acridine orange
staining was utilized. The acridine orange emission color changes from yellow, to orange, to red
in acidic environments, such as the lysosomes [145]. In this study, PC3 cells were treated with
either 25 uM enzalutamide; 10, 25, or 50 nM ARV-825; or the combination of 25 uM
enzalutamide with each of the ARV-825 concentrations. After each treatment ended, the cells
were stained with acridine orange and visualized using a fluorescent microscope as seen in
Figures 8D-J. From the images, it is apparent that there was in increase in autophagy for each
condition including ARV-825 alone as compared to the control as well as significantly fewer
cells; however, the combination appears to have the highest level of autophagy as seen from the
high expression of red and morphological changes such as vacuolization and formation of the
autophagosomes. Having said that, this would need to be quantified via flow cytometry to
establish clear evidence that there was in increase in autophagy. These images serve as support
that the enzalutamide and perhaps also the ARV-825 is inducing autophagy in the PC3 cells,
especially in the combination.

Two proteins that can be examined to assess autophagy are p62 and LC3B [146]. In this
study shown in Figure 8K, three different concentrations of enzalutamide (10, 25 and 50 uM), 50
nM of ARV-825 and the combination of ARV-825 with each of the enzalutamide concentrations

were used in a western blot analysis assessing levels of p62 and LC3B. There appears to be some
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p62 degradation in the combinations as well as enzalutamide alone at 50 uM, especially
compared to the control and ARV-825 alone.

Endogenous LC3 is detected as two bands LC3-I, which is cytosolic, and the other LC3-
II, which is conjugated with phosphatidylethanolamine (PE) and is present on isolation
membranes and autophagosomes, and much less on autolysosomes [147], [148]. From the LC3
bands in Figure 8D, LC3-II accumulated for enzalutamide alone and even more in the
combination. This indicates that the treatment causes either upregulation of autophagosome
formation or blockage of autophagic degradation [149]. These two possibilities cannot be
distinguished from the results shown in this part of the panel. The increase in LC3-II simply
indicates the accumulation of autophagosomes but does not guarantee autophagic degradation. If,
however, the amount of LC3-II further accumulates in the presence of lysosomal protease
inhibitors, this would indicate enhancement of the autophagic flux (A1) [149]. However, if the
LC3-II level were to remain unchanged, it is likely that autophagosome accumulation occurred
due to inhibition of autophagic degradation; for example, blockage of autophagosome-lysosome
fusion. Overall, this western blot analysis is inconclusive on its own and future experiments in
the presence of lysosomal protease inhibitors may be useful to determine the extent of autophagy
induced by enzalutamide and/or ARV-825. Taken together with the acridine orange staining data,
there is evidence in support of autophagy induction; however, more studies would need to be
conducted to confirm whether enzalutamide or ARV-825 is responsible for autophagy and what

functional form of autophagy is present such as cytoprotective autophagy.
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Figure 8A Figure 8B

LNCaP cells were plated in 96 well plates and grown for 48 hours before
enzalutamide was added to select wells for 72 hours at day 0. Enzalutamide was
removed on day 3 followed by addition of 10 nM ARV-825 to select wells for 96
hours. The doses for enzalutamide were 5, 10, 25, and 50 uM. The MTS assay
absorbances were determined using a UV plate reader. Data represent means +

LNCaP cells were plated in 96 well plates and grown for 48 hours before
enzalutamide was added to select wells for 72 hours at day 0. Enzalutamide was
removed on day 3 followed by addition of 25 nM ARV-825 to select wells for 96
hours. The doses for enzalutamide were 5, 10, 25, and 50 uM. The MTS assay
absorbances were determined using a UV plate reader. Data represent means +
standard errors for three experiments.

standard errors for three experiments.
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Figure 8C

LNCaP cells were plated in 96 well plates and grown for 48 hours before

enzalutamide was added to select wells for 72 hours at day 0. Enzalutamide was
removed on day 3 followed by addition of 50 nM ARV-825 to select wells for 96
hours. The doses for enzalutamide were 5, 10, 25, and 50 uM. The MTS assay
absorbances were determined using a UV plate reader. Data represent means =
standard errors for three experiments.
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Figure 8D

PC3 cells were treated with 25 pM enzalutamide and stained with acridine orange Figure 8E

after 96 hours. The cells were imaged using a fluorescent microscope with all images

being taken at the same magnification. PC3 cells were treated with 10 nM ARV-825 and stained with acridine orange after 96

hours. The cells were imaged using a fluorescent microscope with all images being
taken at the same magnification.

Control ARV -25nM Control ARV - 50 nM

Figure 8F
Figure 8G
PC3 cells were treated with 25 nM ARV-825 and stained with acridine orange after 96
hours. The cells were imaged using a fluorescent microscope with all images being PC3 cells were treated with 50 nM ARV-825 and stained with acridine orange after 96
taken at the same magnification. hours. The cells were imaged using a fluorescent microscope with all images being

taken at the same magnification.
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Combo: Enza — 25 uM, Combo: Enza - 25 puM,
Control ARV -10 nM Control ARV -25nM

Figure 8H Figure 8l
PC3 cells were treated with 25 pM enzalutamide for 72 hours and then after removal,
they were treated with 25 nM ARV-825 for 96 hours and stained with acridine orange
after 7 days. The cells were imaged using a fluorescent microscope with all images
being taken at the same magnification.

PC3 cells were treated with 25 pM enzalutamide for 72 hours and then after removal,
they were treated with 10 nM ARV-825 for 96 hours and stained with acridine orange
after 7 days. The cells were imaged using a fluorescent microscope with all images
being taken at the same magnification.
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Figure 8K

PC3 cells were treated with either enzalutamide for 72 hours, ARV-
825 for 96 hours or both in combination and lysates were collected
after the treatments ended. Enzalutamide concentrations were 10,
25 and 50 uM while ARV-825 was 50nM. P62 and LC3 levels were
assessed using western blot analysis.

Figure 8J

PC3 cells were treated with 25 pM enzalutamide for 72 hours and then after removal,
they were treated with 50 nM ARV-825 for 96 hours and stained with acridine orange
after 7 days. The cells were imaged using a fluorescent microscope with all images
being taken at the same magnification.

3.2.5. ARV-825 as a monotherapy induces a significant prolonged growth
arrest at 100nM in PC3 and DU145 cells

The data in Figures 7 and 8 clearly demonstrated ARV-825 being effective as a
monotherapy in a dose dependent manner for both PC3 and LNCaP cell lines. ARV-825 is a BET
inhibitor that normally functions as a degrader of BRD4, which is elevated in cancer cells [132],
[136]. Furthermore, there are clinical studies that have linked low BRD4 expression with
prolongation of prostate cancer patient survival [150]. To interrogate whether ARV-825 is
suppressing its putative target, BRD4, as well as to determine the best concentrations to utilize
for further experiments with ARV-825 in PC3 cells, a Western Blot analysis was performed using

different concentrations of ARV-825 to assess levels of BRD4. Figure 9A shows a reduction in
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levels of BRD4 in PC3 cells as the ARV-825 concentration is increased. Similarly, in DU145
cells in Figure 9B, which we decided to bring back as a comparison study here, BRD4 levels
decreased in a dose dependent manner as the ARV-825 concentration increased, with the 100nM
dose almost fully degrading this target protein. The effects of ARV-825 on c-Myc levels, which
has a central role in almost every aspect of the oncogenic process, orchestrating proliferation,
apoptosis, differentiation, and metabolism, were also evaluated using the PC3 cells and ARV-825
concentrations in a dose dependent manner. As shown in Figure 9C, downregulation of c-Myc is
evident in the PC3 cells treated with ARV-825 as compared to the control, especially at 100nM,
which can be indicative of growth arrest and lack of cell proliferation.

The western blot analyses in Figure 9 provided evidence of ARV-825’s effectiveness in
degrading BRDA4, especially at 100nM. Therefore, selecting this 100nM dose for use in a cell
viability assay was the next logical step. Figure 10A presents a determination of viable cell
number using a time course assay on the indicated days after exposure to 100 nM ARV-825 for
96 hours, where fresh media was replenished after drug removal on day 4, for DU145 and PC3
cells. It is clear from this data that a significant prolonged growth arrest began almost
immediately with addition of the drug and was sustained for the duration of the 14 day time
course. This effect is not unexpected given the effect of 100 nM on BRD4 levels in Figure 9;
nonetheless the fact that the cells did not recover at all in this time indicates that ARV-825 is very
effective alone even at a clinically relevant and safe nanomolar dose.

Although recent studies have investigated the possible utilization of BET inhibitors such
as ARV-825 as senolytics, it was still important to eliminate whether senescence was involved
[133]. Figure 10B shows [3-gal staining for DU145 and PC3 cells with a 96 hour treatment of 100

nM of ARV-825 on day 4 as compared to untreated controls. The lack of morphological changes
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as well as lack of staining in either of the cell lines confirms that the growth arrest produced by
ARV-825 is not due to senescence.

Furthermore, as a complement to the studies presented here, HSLCI was utilized to
generate a profile for the mass and area of these cells, which allows for additional evaluation of
senescence; senescent cells tend to be larger in size, consistent with the cellular flattening that
characterizes the senescence-like phenotype. HSLCI is a label-free technique that measures the
phase shift induced in light traveling through a cell to quantify its mass with picogram sensitivity
[116], [117]. Both DU145 and PC3 cell lines were treated with 100 nM of ARV-825 for four days
and analyzed with HSLCI on day 4 alongside untreated controls that were analyzed on day 0 and
day 4 to generate distributions of median cell mass and median cell area. Figure 10C represents
the mass and area profiles for the DU145 cells. It’s evident that the mass and area decreased from
the controls to the treated cells on day 4 but overall, the data is similar and does not indicate
senescence in this cell line. On the other hand, the treated PC3 cells in Figure 10D increased in
area and mass, which is consistent with the senescence phenotype. However, this difference does
not appear to be very significant, especially when also considering the lack of beta-gal staining in
these cells in Figure 10B.

While there is strong evidence that the growth arrest produced is not attributed to
senescence, evaluation of apoptosis in the PC3 cells would allow us to narrow down further the
nature of this growth arrest. Figure 10E shows PC3 cells treated with 100 nM of ARV-825 for 96
hours alongside an untreated control; these cells were stained with Annexin V/PI and then
quantified using flow cytometry to get the percentage of apoptosis. Compared to the controls
which showed about 5% apoptosis, the ARV-825 treated cells had a minimal increase in

apoptosis induction to about 14%, which is not very significant.
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Therefore, the nature of the growth arrest effect here is still unknown. There have been

studies from this lab that have shown ARV-825 acting as a senostatic in a breast cancer model,

though the prostate cancer cells here were not induced into senescence and therefore, this effect

would not be occurring [136]. Senostatics are small molecules that suppress senescent

phenotypes without killing cells but can induce or prolong growth arrest [50], [53].
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Figure 9B

DU145 cells were treated with ARV-825 for 96 hours and lysates
were collected after the treatment ended. ARV-825 concentrations
were 50, 75 and 100 nM. BRD4 levels were assessed using western
blot analysis.

Figure 9A

PC3 cells were treated with ARV-825 for 96 hours and lysates were
collected after the treatment ended. ARV-825 concentrations were
50, 75 and 100 nM. BRD4 levels were assessed using western blot
analysis.
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Figure 9C

PC3 cells were treated with ARV-825 for 96 hours and lysates were
collected after the treatment ended. ARV-825 concentrations were
50, 75 and 100 nM. C-MYC levels were assessed using western blot
analysis.
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Figure 10A

PC3 and DU145 cells were plated at a 2x10”4 concentration and left to grow for
48 hours before adding ARV-825 at 100 nM concentration to each well on day 0
and the drug was removed on day 4. The cells were counted for each condition
every two days until day 14. Data represent means + standard errors for three
experiments.

Figure 10B

DU145 and PC3 cells were plated at a 2x1074 concentration and left to grow for 48 hours
before addition of ARV-825 for 96 hours at 100 nM concentration to each plate on day 0.
Cells were fixed on day 4, stained with x-gal staining solution and imaged using
brightfield microscope. All images were taken at the same magnification.
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Figure 10C

DU145 cells were plated at a 0.5x10”4 concentration in a 24 well plate and left to grow for 48
hours before addition of ARV-825 for 96 hours at 100 nM concentration to each plate on day 0.
Median cell mass and area distribution profiles were generated using HSLCI on the respective

days.

154

-
o
|

% Apoptosis
T

PC3 Cirt - Day 0

Overall Median Cell Mass:
7.5657e+04

o o8 1

12 28 3 a8 4 485 8
mass (pg) 0

PC3 Gl -Day 0

PCI Cirt - Day 4

g

&

Overall Median Cell Mass:
7.6832e+04

ount
o SR B o

15 2 28 3 35 4 a8
mass (pg)

PCI Cirl - Day 4

o
o a8 1t

PCI T -Day 4

Overall Median Cell Mass:
8.4671e+04

1802 28 3 a8 4 a8 8
s (991 0

PCI Tx-Day 4

Overall Median Cell Area:
228.3333

avea (m2)

o 50 1000 150

&

8

Overall Median Cell Area:
221

g

EEEEEEEEE

o 8

area (um2)

Overall Median Cell Area:
249.5000

Figure 10E

PC3 cells were treated with ARV-825
for 96 hours at 100 nM concentration
while controls were untreated.
Apoptosis was measured using
Annexin V/PI staining. Staining was
performed on day 4 and fluorescence
was measured using flow cytometry.
Data is from three independent
experiments.

Figure 10D

PC3 cells were plated at a 0.5x10”4 concentration in a 24 well plate and left to grow for 48 hours
before addition of ARV-825 for 96 hours at 100 nM concentration to each plate on day 0. Median
cell mass and area distribution profiles were generated using HSLCI on the respective days.
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3.3. Discussion

Development of castration-resistant prostate cancer and eventual resistance to androgen
deprivation therapy leading to disease recurrence is an ongoing issue contributing to the majority
of prostate cancer deaths in men. This recurrence can be attributed to a therapy-induced residual
dormant tumor cell population that can escape and often become more aggressive in nature [40],
[47]. While therapy-induced senescence has been studied for decades, successful utilization of
senolytics in cancer treatment has not yet been implemented or approved for clinical use. Despite
this, several senolytic agents have been considered and studied to modulate and eliminate
senescent tumor cells.

The current work evaluated the standard of care anti-androgen’s, enzalutamide and
abiraterone, and their ability to induce growth arrest and possibly senescence in androgen-
independent cell lines. We initially screened these drugs to determine effective concentrations in
the DU145 and PC3 cells. Treatment with enzalutamide and abiraterone at the chosen
concentrations produced a transient, growth arrest response; however, these doses are high and
are not at clinically relevant concentrations. Furthermore, neither drug induced senescence in
DU145 cells while both induced very minimal senescence in the PC3 cells.

Despite these negative results, this did not rule out the possibility that a potential
senolytic such as the BET degrader, ARV-825, would be effective in enhancing the response to
enzalutamide in PC3 cells; ABT-263 normally works only in senescent cells and so it did not
make sense to pursue it further in this case. Screening for ARV-825 in PC3 cells was very
promising as the dose-response produced a classic sigmoidal curve. ARV-825 has been used in
pre-clinical studies with different cancer types, and we hypothesized that ARV-825 could

potentially improve androgen independent CRPC’s response to enzalutamide [132], [136]. The
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results in the combination studies were somewhat surprising; while the ARV-825 failed to
enhance the response to enzalutamide in PC3 cells, it had a significant effect as a monotherapy in
these studies. For comparison, ARV-825 also failed to enhance the response to enzalutamide in
the androgen-dependent LNCaP cells, though the combination did not render ARV-825
ineffective as was the case in the PC3 cells. This opened two potential new directions: look at
ARV-825 as a monotherapy in androgen-independent cells or try to explain the phenomenon
occurring in the combination of enzalutamide with ARV-825. Studies were done to try to
understand the ineffectiveness of ARV-825 in the combination, though this proved difficult with
enzalutamide inducing autophagy being a possible explanation. Future studies such as those with
lysosomal protease inhibitors would need to be conducted to confirm whether enzalutamide
and/or ARV-825 is responsible for autophagy and whether this is due to cytoprotective autophagy
or another functional form of autophagy.

The most promising direction to come from these studies is the possible use of ARV-825
as a monotherapy in androgen-independent cells. ARV-825 as a monotherapy induced a
significant prolonged growth arrest at 100nM in PC3 and DU145 cells. The ARV-825 not only
had a clear dose-dependent response on BRD4 in both cell lines but also showed downregulation
of c-myc, especially at a 100nM concentration in PC3 cells. The ARV-825 also did not induce
senescence, despite the significant growth arrest. Moreover, the ARV-825 did not induce
significant apoptosis either. The nature of this growth arrest remains to be investigated as ARV-
825 could prove to be a clinically relevant strategy in the treatment of castration-resistant
prostate cancer.

Another possible direction to take this research is the incorporation of a myc inhibitor or

docetaxel, which is a standard DNA-damaging agent used in CRPC, in combination with
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senolytics in androgen independent cells. Preliminary studies showed the effectiveness of
docetaxel in PC3 cells alone and in combination with ABT-263 and ARV-825. The apparent
synergy of these drugs would be a significant step towards improving current castration-resistant
prostate cancer therapy.

There are also Mcl-1 inhibitors that have been proven to be effective in other cancer
models [151]. Mcl-1 is an antiapoptotic protein encoded by the gene MCL-1, and is a member of
the Bcl-2 family [152]. It has been shown that inhibition of the synthesis of Mcl-1 induces
apoptosis and that Mcl-1 is upregulated during senescence [153]. Therefore, the use of an Mcl-1
inhibitor in combination as a senolytic may be useful for treatment of prostate cancer after

induction of senescence with a DNA-damaging agent such as docetaxel.
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Chapter 4: Supplementary Data

4.1. Introduction

It is important to note that the work in this chapter was the original focus of this research.
Based on previous work in this lab as well as other studies in breast cancer, Palbociclib was
chosen as a drug to pursue for CRPC, specifically the two androgen independent cell lines,
DU145 and PC3 [56], [136], [154]. Palbociclib is a selective inhibitor of the cyclin-dependent
kinases CDK4 and CDK®6 and has been approved for use in breast cancer [155]. The chosen cell
lines are important as DU145 is Rb deficient while PC3 Rb competent, which is very relevant to
the mechanism of action of Palbociclib. In the cell cycle, CDK4 and CDK6 complex
with cyclin D to drive the phosphorylation of Rb, which allows the cell to pass “R”, the
restriction point, and commit to division [156]. If Rb is nonfunctional as is the case for DU145
cells, then the growth will be less controlled and the cancer can grow prolifically. Furthermore,
in theory, this should make it difficult to inhibit CDK4/6 in this cell line and Palbociclib will not
be effective, allowing the DU145 cells to serve as a negative control. The data below was very
promising in conjunction with the planned studies with ABT-263 and other senolytics; however,
this direction was changed due to a paper that was published in April 2022 that used this same
model of Palbociclib with ABT-263 with robust studies that would not have been possible with

the resources in our lab [157].

4.2. Results

4.2.1. Palbociclib Produces Growth Arrest in PC3 Cells but Not in DU145
Cells
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The CDK 4/6 inhibitor, Palbociclib, has been shown to induce a state of cell cycle growth

arrest in several different tumor cell lines [136], [154], [155]. The present studies were

performed to determine the influence of Palbociclib on growth and viability in p53 deficient

prostate tumor cell lines PC3 and DU145 (also lacks functional Rb). Supplementary Figures 1A

and 1B present determination of viable cell number for DU145 and PC3 cells, respectively, using

a time course assay on the indicated days after exposure to 1 uM Palbociclib for 6 days, where

fresh media was replenished after drug removal on day 6. Although there is some variability in

the data, Palbociclib completely halted the growth of the PC3 cells; however, the cells began to

recover from the treatment after a period of 8-12 days. On the other hand, the treated DU145

cells showed no evidence of a reduction in cell number when compared with the cell number of

untreated cells throughout the time course. This is consistent with the role of Rb in cell cycle

progression and previous work in this and other laboratories [136], [156], [157].
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Supplementary Figure 1A

DU145 cells were plated at a 2x10”4 concentration and left to adhere overnight
before adding Palbociclib at 1 UM concentration to each well on day O to induce

growth arrest. Palbociclib was replenished on day 3 before being removed on day 6.

The cells were counted for each condition at days 0, 3, 6, 9, and 12. Controls for
each cell line were only plated up to D6 due to a high level of confluency after that
period. Data represent means + standard errors for three experiments.
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Supplementary Figure 1B

PC3 cells were plated at a 2x1074 concentration and left to adhere overnight before
adding Palbociclib at 1 uM concentration to each well on day 0 to induce growth
arrest. Palbociclib was replenished on day 3 before being removed on day 6. The
cells were counted for each condition at days 0, 3, 6, 9, and 12. Controls for each
cell line were only plated up to D6 due to a high level of confluency after that
period. Data represent means + standard errors for three experiments.
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4.2.2. Palbociclib Induces Senescence in PC3 Cells but Not in DU145 Cells
Given that Palbociclib has been shown to promote a transient growth arrest, senescence
was examined, which is a durable therapy induced state of growth arrest. Supplementary Figures
2A and 2B demonstrate the promotion of senescence by [3-gal staining with a 6 day treatment of
1 uM Palbociclib on the indicated days for PC3 and DU145 cells, respectively, as well as
morphological changes (cell enlargement and flattening) associated with senescence. Consistent
with the time course results in Figure 1, the PC3 cells showed significant blue-green staining as
well as morphological changes for upregulation of B-galactosidase and therefore promotion of

senescence, especially at days 6 and 9, whereas the DU145 cells did not have significant staining

at any point in the 12 days.

Supplementary Figure 2A

PC3 cells were plated at a 2x1074 concentration and left to
adhere overnight before adding Palbociclib at 1 uM concentration
to each plate on day 0 to induce growth arrest. Palbociclib was
replenished on day 3 before being removed on day 6. Cells were
fixed on each of the indicated days, stained with x-gal staining
solution and imaged using brightfield microscope. All images
were taken at the same magnification.

Supplementary Figure 2B

DU145 cells were plated at a 2x1074 concentration and left
to adhere overnight before adding Palbociclib at 1 uM
concentration to each plate on day 0 to induce growth
arrest. Palbociclib was replenished on day 3 before being
removed on day 6. Cells were fixed on each of the indicated
days, stained with x-gal staining solution and imaged using
brightfield microscope. All images were taken at the same
magnification.
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4.2.3. ABT-263 Prolongs the Growth Arrest Produced by Palbociclib in PC3
Cells

This laboratory as well as others have demonstrated that the senolytic and BH3 mimetic
ABT-263 (navitoclax), is effective at the elimination of tumor cells induced into senescence by
various methods in different tumor cell lines [49], [56], [58], [135]. The present studies were
performed to determine the influence of ABT-263 alone as well as in combination with
Palbociclib on the growth and viability of PC3 prostate cancer cells. Supplementary Figure 3A
presents a determination of viable cell number using a time course assay on the indicated days
after exposure to 2 uM ABT-263 on day 6, which is the likely peak of senescence, for 48 hours,
where fresh media was replenished on day 8. Supplementary Figure 3B shows the viable cell
number after exposure to 1 uM Palbociclib for 6 days followed by removal of Palbociclib and
addition of 2 uM ABT-263 on day 6 for 48 hours followed by fresh media on day 8. This
sequential combination was compared to the 6 day treatment of 1 uM Palbociclib alone in
Supplementary Figure 3B. The data in Supplementary Figure 3A demonstrates no evidence of
growth arrest and is consistent with previous work in that ABT-263 would only be effective in
cells already induced into senescence [49], [56], [120]. In contrast, Supplementary Figure 3B
shows evidence of a continuation of the growth delay already seen in Palbociclib alone in PC3

cells when ABT-263 is added sequentially.

Page | 61



B
n
(=

&
o
=)

w
b
o

w
o
o

[
wn
o

20.0

Number of Viable Cells (10*4)

10.0

0.0

—e—PQ Control PG ABT

140

120

10.0

80

6.0

Number of Viable Cells (1074)

20

00

Day

—8—PQ3 Palbo P Palbo+ABT

Supplementary Figure 3A

PC3 cells were plated at a 0.5x1074 concentration with half the wells with
controls and half the wells with ABT only. ABT-263 was added to the ABT only
wells at 2 UM concentration at day 6 for 48 hours and removed on day 8. The

Supplementary Figure 3B

PC3 cells were plated at a 2x10”4 concentration with some wells indicating
Palbociclib only and others indicating Palbociclib plus ABT-263 and left to
adhere overnight before adding Palbociclib at 1 uM concentration to each well

cells were counted for each condition at days 0, 3, 6, 9, and 12. on day O to induce senescence. Palbociclib was replenished on day 3 before

being removed on day 6. ABT-263 was added to the wells indicating Palbociclib
plus ABT-263 at 2 uM concentration at day 6 for 48 hours and removed on day
8. The cells were counted for each condition at days 0, 3, 6, 9, and 12.

4.2.4. Potential senolytic combinations with docetaxel in androgen-
independent PC3 cells show promise for future studies

In CRPC, traditional standard of care treatment involves a combination of androgen
deprivation with enzalutamide and docetaxel [15], [21], [24], [120]. Given that CRPC can be
androgen independent like the PC3 and DU145 cell lines, androgen deprivation should not have
any effect. Similarly, enzalutamide relies on the androgen receptor and should also not have any
effect on it’s own at a normal human blood circulating concentration; in this case 10 uM falls
within that range and is regularly used in vitro [120], [141]. On the other hand, docetaxel is a
DNA damaging agent and should have an effect and induce senescence; in these experiments, 3
nM docetaxel was used as it falls within the range of human blood circulating concentration
[158]. Senolytics such as ABT-263 target cells in senescence and therefore, it is predicted that if
PC3 cells are induced into senescence by docetaxel, they can be targeted by senolytics to

produce an even greater effect than either drug alone.
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Supplementary Figure 4A shows the effects of standard of care treatment in PC3 cells and
was generated using an MTS assay. Enzalutamide, charcoal-stripped media (CS) for androgen
deprivation and docetaxel were used to treat the cells for 72 hours, or 3 days. Each of the 3
conditions were given alone as well as enzalutamide in combination with each of CS and
docetaxel. As expected, only docetaxel had a significant effect on the PC3 cells; enzalutamide in
combination with docetaxel had the same effect though enzalutamide alone did not have any
effect, which means that any effect from that combination is attributed solely to the docetaxel.

Supplementary Figures 4B and 4C represent these standard of care combinations of
enzalutamide with docetaxel or CS followed by either ABT-263 or ARV-825 in sequence,
respectively. Note that continuous CS means that ABT-263 or ARV-825 were combined with CS
media instead of regular media after the 3 days of the standard treatments. ABT-263 was added
for 48 hours at 2 uM while ARV-825 was added for 96 hours at 50 nM. Supplementary Figure
4B showing the ABT-263 combination reveals a significant effect only with the docetaxel; this is
not surprising as CS has no effect in these cells and ABT-263 is not known to be effective if cells
are not induced into senescence. Conversely, in Supplementary Figure 4C, ARV-825 shows some
effects in the CS combination though this is due to ARV-825°s effects alone and not the CS
media. However, the combination of ARV-825 with docetaxel is very significant and it appears
that the cells are almost depleted from the synergy of the two drugs.

In cancer, Myc genes are upregulated and are involved in cell proliferation [159].
Therefore, drugs that inhibit c-myc should follow sensibly and reduce proliferation. Here, a dose-
response curve was generated in Supplementary Figure 4D for the myc inhibitor drug, 10058-F4,

in a range of 0 to 125 uM for 96 hours. From this curve, it would be useful to test both 25 and 50

UM concentrations in combination with standard of care treatments as those doses appear to be
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the lowest doses that have an effect in PC3 cells. Based on the apparent effectiveness of the myc
inhibitor in these preliminary studies in PC3 cells as well as docetaxel’s very significant effects
alone or in combination with various senolytics, testing combinations of docetaxel with a myc

inhibitor shows substantial promise for future studies in castration resistant prostate cancer.

Page | 64



3 Day Combo
AkAkk

ns

—
Akkk

—

ns

ns

M
:

g
o
I

g
o
1

-
a
1

Absorbance
-—
o
|

o
o
1

\
I
(o) X
9 &# 2
< <&

5 Day Combo

ns

| ns

Fkkk

—

T T

N
|

N
|

Absorbance

o

Absorbance
"

7 Day Combo

X
|
K kk
4 -
Kk kK
-
3 T
T

1_
0 | ? 1
\
&° Q?\vé v‘.ﬁ
ooo X' x x
SR P
x x Q?
& < 9
,i}(‘
N
0

Supplementary Figure 4A

PC3 cells were plated in 96 well plates and
allowed to adhere overnight before
enzalutamide (10 uM), charcoal-stripped
media (CS), docetaxel (3 nM), or
combinations of these were added to select
wells for 72 hours at day 0. The MTS assay
absorbances were determined using a UV
plate reader. Data represent means *
standard errors for six experiments.

Supplementary Figure 4B

PC3 cells were plated in 96 well plates and
allowed to adhere overnight before
combinations of enzalutamide (10 uM),
charcoal-stripped media (CS) and docetaxel (3
nM) were added to select wells for 72 hours at
day 0. After 72 hours, these drugs were removed
and ABT-263 (2 uM) was added for 48 hours. The
MTS assay absorbances were determined using a
UV plate reader. Data represent means +
standard errors for six experiments.

Supplementary Figure 4C

PC3 cells were plated in 96 well plates and
allowed to adhere overnight before
combinations of enzalutamide (10 uM),
charcoal-stripped media (CS) and docetaxel (3
nM) were added to select wells for 72 hours at
day 0. After 72 hours, these drugs were removed
and ARV-825 (50 nM) was added for 96 hours.
The MTS assay absorbances were determined
using a UV plate reader. Data represent means *
standard errors for six experiments.
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Supplementary Figure 4D

PC3 cells were plated in 96 well plates and treated with the
Myc inhibitor, 10058-F4, for 96 hours after being left overnight
to adhere. The MTS assay was observed in a dose range of 0 to
125 uM and absorbances were determined using a UV plate

reader. Data represent means + standard errors for six
experiments.
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