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Abstract

Prostate cancer, the most common malignancy in Canadian men, is a leading cause of cancer-
related male mortality. Androgen deprivation therapy is the first-line treatment for advanced
prostate cancer. However, a fatal relapse to androgen deprivation therapy is inevitable, which is
often characterized by the establishment of an androgen-independent AR signalling that drives
the disease to the lethal castration-resistant prostate cancer (CRPC) stage. Defining the
mechanisms that promote the reestablishment of AR signaling including the androgen
independence is important for therapy development and disease control. UDP-
glucuronosyltransferase 2B17 (UGT2B17) is a key enzyme that maintains androgen homeostasis
by catabolizing AR agonists into inactive forms and its expression has been reported to increase
after antiandrogen treatment. Whether UGT2B17 plays a role in the progression of CRPC is

unclear.

In this work, we demonstrated that the higher expression of UGT2B17 protein is associated with
higher Gleason scores, increased metastasis and CRPC progression in prostate tumors. The
expression and activity of UGT2B17 were also higher in androgen-independent cell lines
compared to androgen-dependent cell lines. Overexpression of UGT2B17 stimulated cancer cell
proliferation, invasion, and xenograft progression to CRPC after prolonged androgen
deprivation. Furthermore, UGT2B17 not only suppressed androgen-dependent AR
transcriptional activity but also enhanced androgen-independent AR transcriptional activity,
mainly through activating the c-Src kinase. These results indicate that the UGT2B17-Src-AR
signaling contributes to the reestablished AR signaling and expedites CRPC progression and

blocking the UGT2B17-Src-AR cascade will be beneficial for overcoming the resistance in



CRPC patients. Accordingly, pharmacological targeting of the catalytic domain of DNA
topoisomerase Il (Topo I1), which is known to be essential for AR-mediated transcriptional
control, can completely block the transcriptional activity of reestablished AR, mutant ARs and
AR splicing variants. Targeting Topo Il also strengthened the efficacy of current anti-androgens
in suppressing wild type AR activities. Furthermore, catalytic Topo Il inhibitors inhibited CRPC

and enzalutamide-resistant prostate cancer cell growth and xenograft progression.

Overall, my doctoral thesis demonstrates that the UGT2B17-Src-AR signaling axis contributes to
the reestablished AR signaling and expedites CRPC progression, and that applying catalytic
Topo Il inhibitors can block the transcriptional activity of reestablished AR signaling and

suppress CRPC progression.
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Chapter 1: Introduction

1.1 Prostate cancer

1.1.1 Overview

Prostate cancer (PCa) is the most common malignancy in men and a leading cause of cancer-
related male mortality [1]. According to Global Burden of Cancer Study (GLOBOCAN) 2012
statistics from the International Agency for Research on Cancer, PCa accounted for 1.1 million
estimated new cases and 307,500 estimated deaths worldwide. Base on the Canadian Cancer
Statistics estimated incidence rate as of 2016, 1 in 8 Canadian men will be diagnosed with PCa in
their lifetime, and the most common age of diagnosis is 60-69 years (40%). It was estimated that
4,000 Canadian men will die from PCa in 2016. The mortality rate of PCa has declined since the

mid-1990s, owing to the introduction of improved systemic therapies [2, 3].

Early stage PCa presents as an androgen-dependent tumor, which is generally slow progressing
and treated with localized therapies including surgery or radiation therapy [4]. Around 30% of
the patients will progress to an advanced disease state [5]. First line treatment of locally
advanced or metastatic PCa is androgen deprivation therapy (ADT) through medical castration
with luteinizing hormone-releasing hormone (LHRH) agonists/antagonists or anti-androgens [6].
Although ADT on average leads to remission lasting 2-3 years, the disease inevitably progresses
to castration-resistant prostate cancer (CRPC) stage, which is associated with poor prognosis and

poses considerable therapeutic challenges [7].

Currently, there are several major challenges pertaining to the management of PCa, including the

understanding of the progression from hormone na'we PCa to CRPC and the lack of effective



therapeutic agents to block all reestablished AR signaling in CRPC (Figure 1.1). The historical
median survival estimation of CRPC is 18 to 24 months [8]. Latest Food and Drug
Administration (FDA) approved androgen receptor pathway inhibitors (ARPIs) such as
enzalutamide and abiraterone successfully prolong the overall survival time by ~3 months in
their double-blind, randomized phase Il studies [9, 10]. These facts emphasized that AR
signaling remains a mainstream therapeutic target to delay tumor progression and alternative

ARPIs that thoroughly block the AR signaling are needed.

Hormone naive Castration Resistant Prostate Cancer

androgen deprivation

c enzalutamide

@ LI T abiraterone

e

S

£ surgery

% radiotherapy

o brachy S ERY sipuleucel-T cabazitaxel

=) \j\ docetaxel mitoxantrone
radiotherapy radium-233

Androgen-dependent Castration-resistant

Time =

Figure 1.1 The disease progression and current treatment landscape of prostate cancer (PCa).

Modified from George D. Urology. 2013; 82; 00-00 with permission from Elsevier.

1.1.2 The prostate

Human prostate development is initiated during the 10th week of gestation, when the prostatic
buds begin to grow from the urogenital sinus epithelium (UGE) into the urogenital sinus
mesenchyme (UGM) [11]. Androgens activate the AR in the UGM, generating the secretion of

paracrine growth factors and cytokines that induce UGE budding, proliferation and



differentiation [12]. Growth factors such as hepatocyte growth factor (HGF) and fibroblast
growth factors (FGF7 and FGF10) play a putative role in this stromal-epithelial signaling during
prostate development [13]. While in the adult prostate, androgens act on the prostatic smooth
muscle to maintain a growth-quiescent structure, involving the smooth muscle-derived protein
PS20 and transforming growth factor beta (TGFp) family members [14]. The UGE further
differentiates into prostatic basal cells and luminal cells, while the UGM develops into prostatic
smooth muscle cells and fibroblasts [15, 16]. Neuroendocrine cells are also scattered within the

prostate. Together, these compartments form the epithelium and stromal structure of the prostate.

The human prostate is small in childhood. At puberty, it gradually grows into a walnut-sized
gland (6-16 g) stimulated by elevated serum testosterone levels [12]. The adult prostate is an
exocrine gland of the male reproductive and urinary systems [17]. It is located under the bladder,
in front of the rectum and encircling the urethra [18]. Anatomically, the prostate is divided into
three main areas: the central, peripheral, and transition zones [19]. The peripheral zone is the
region from which adenocarcinoma and post-inflammatory atrophy commonly arise [19-21]. The
transitional zone is the region from which benign prostatic hyperplasia (BPH) develops, a non-
malignant overgrowth that causes urethra compression [21, 22]. The main functions of the
prostate are to secrete the prostate fluid making up one part of the semen and to help expel semen
during ejaculation [23]. The prostate secretion contains various enzymes that increase the
mobility of sperm, such as prostate-specific antigen (PSA) [24]. The secretory function as well as
the growth and differentiation functions of prostate have been shown to be regulated by

androgens [25].



1.1.3 Prostate carcinogenesis

There are three major risk factors including age, race and family history that contribute to the
development of PCa [26]. Age is the biggest factor as the majority of PCa cases were diagnosed
after the age of 65 [27]. During the aging process, the human prostate is influenced by chronic
inflammation induced by infections [28-30]. These abnormalities further lead to a number of
cellular processes including hyper proliferation, prostatic cell de-differentiation, and disruption
of the homeostatic microenvironment [31]. In addition to aging, AR gene polymorphism with
shorter CAG repeats was associated with higher risk for PCa [32, 33]. Other risk factors include

family history, germline genetic influences, race, and diet [2, 27, 34-36].

The genomic and transcriptomic profiling analyses of clinical samples provide a molecular
pathology platform to identify genes involved in PCa carcinogenesis and progression [37]. Here
we focus on the AR-related factors. Studies have demonstrated that AR-mediated transcriptional
activity acts as a driver of genomic rearrangements in primary disease [38]. The gene fusion of
the 5’ untranslated end of an AR-regulated gene (transmembrane protease serine 2, TMPRSS2)
and the ETS transcription family member (e.g. ERG) was identified in 57% of localized prostate
tumors [39, 40]. Androgens and the AR have been suggested to promote the gene fusion of
TMPRSS2: ERG through the recruitment of human DNA Topoisomerase Il (Topo I1) [41]. Non-
ETS fusion PCa is often associated with FOXAL mutations, SPOP mutations, CHD1 deletion,
elevated SPINK1 gene expression, and RAF activation [42-45]. In particular, the AR interacts
with forkhead box Al (FOXA1) to modulate its transcriptional activity [46]. Mutations of
FOXAL increase cancer cell proliferation in primary and metastatic tumors [47]. SPOP and

FOXA1 mutant tumors have the highest levels of AR-induced transcripts [48]. Androgen-



dependent AR regulates homeobox protein NKX3.1 (NKX3.1), and the latter’s loss-of-function
is regarded as an early event in prostate carcinogenesis [49]. Other common non-AR related
mutations in PCa include loss-of-function mutations of phosphatase and tensin homolog (PTEN)
and TP53 [47]. PTEN loss occurs in about 40% of primary tumors, and allows for the activation
of the phosphatidylinositol 3-kinase (PI3K) pathway, which reciprocally interacts with the AR

signaling [50].

A recent ground-breaking study on PCa evolution utilized whole-genome sequencing to
characterize multiple metastases arising within patients [51]. Findings from this study revealed
that the metastatic spread patterns of PCa were through de novo monoclonal seeding or transfer
between metastatic sites. Moreover, lesions affecting tumor suppressor genes usually occurred as
single events, whereas mutation in genes involved in AR signaling commonly involve multiple,
convergent events in different metastases. Collectively, these genetic abnormalities associated

with AR activities contribute to PCa initiation and progression.

1.1.4 Detection and diagnosis

Early stage PCa usually shows no symptoms because of its slow growth in the beginning, while
invasive and metastatic PCa causes frequent and painful urination, weight loss, fatigue, and
pelvic or lower back pain [52]. In the 1990s, PCa detection was achieved through findings on an
abnormal digital rectal examination (DRE) and/or elevated PSA [53]. PSA is a member of the
kallikrein gene family, also known as human kallikrein peptidase 3, and is regulated by androgen
and the AR [54]. It is primarily produced by prostatic luminal epithelial cells, and acts as

protease to liquefy semen [54]. Elevated serum PSA levels are probably a product of the



disruption of the cellular architecture of the prostate gland, diffusing PSA into wider circulation,
thus reflecting the alterations made by prostate disease (PCa, benign prostatic hyperplasia, or

prostatitis) [55].

To further detect the presence of PCa, patients are subjected to a prostate needle biopsy guided
with ultrasound or magnetic resonance imaging for definitive diagnosis [56, 57]. This systematic
biopsy procedure would include a minimum of 12 core samples, as recommended by the
American Urological Association [58]. Tissue samples are then analyzed by haematoxylin and
eosin (H&E) staining as well as immunohistochemistry (IHC), followed by histopathological
assessment by pathologists [59]. Urological pathology defines the diagnosis of the patients with
the Gleason grading system and Tumor, Node, Metastasis (TNM) stage [60]. The Gleason
grading is based on the glandular pattern of the tumor, and is assigned a grade from 1 to 5, with 1
being the most differentiated, and 5 being undifferentiated tissue structure [61]. Gleason pattern
1: well-circumscribed nodule of closely packed glands, 2: nodule with more loosely arranged
glands, 3: small glands with an infiltrative pattern between benign glands, 4: large irregular
cribriform glands, 5: solid nests of tumor with central comedonecrosis. The most common and
next most common grades observed from biopsies are combined to result in the Gleason score. A
Gleason score of 6 or less refers to a low-grade cancer, whereas a Gleason score of 8-10 refers to

a high-grade aggressive disease with poor patient prognosis.

In addition to grading, TNM and their sub-classifications indicate the carcinoma staging,

location, and spread of the tumor [62]. Within the system, T (1-4) pertains to the tumor within



and immediately adjacent to the prostate tissue, N (0-1) describes the presence of lymph node

metastasis, and M (0-1) denotes to the presence of distant metastasis.

1.1.5 Clinical treatments

Guidelines for PCa clinical management have been established in various countries and regions,
and provide the general recommendation for localized, metastatic, or castration-resistant prostate
cancer. Patients with localized, low-grade PCa (Gleason score of 6 or less) are evaluated for
active surveillance [63]. Patients who opt for active surveillance are monitored with DRE and

PSA testing quarterly or semiannually, and repeated prostate biopsy yearly [64].

Patients with intermediate to high-risk (Gleason score >7) PCa and a life expectancy of at least
10 years are recommended to receive therapies such as surgery (radical prostatectomy) with
salvage radiation therapy and radiation therapy (external beam radiotherapy or brachytherapy)
with neoadjuvant androgen-deprivation therapy [65]. Radical prostatectomy is the surgical
removal of the prostate and adjacent tissue, including the seminal vesicle [66]. External beam
radiotherapy most commonly involves the use of beams of gamma radiation, directed at the
prostate and surrounding tissues through multiple fields [67]. Radiotherapy is usually
recommended in combination with androgen deprivation therapy; as such adjuvant ADT could

greatly benefit the overall survival rate [68].

Although initially effective, 20-30% of localized PCa cases after the surgery and radiation
therapies will progress to advanced stages within 5 years [5]. Biochemical relapse after radical

prostatectomy is indicated by rising PSA levels, and the subsequent metastasis of the disease is



detected by multiparametric magnetic resonance imaging (MRI) and positron emission
tomography (PET) scanning [69]. First line treatment for locally advanced, recurrent, and
metastatic PCa is androgen deprivation therapy, which reduces serum androgen levels through
medical or surgical castration [70]. Medical castration interferes with the hypothalamic-pituitary-
adrenal axis [70]. It involves the continuous administration of luteinizing hormone-releasing
hormone (LHRH) agonists or antagonists [71]. Despite being effective initially, virtually all
patients will develop biochemical and clinical treatment resistance in approximately 2 to 3 years,

entering the lethal castration-resistant prostate cancer (CRPC) stage [71].

1.1.6 Castration-resistant prostate cancer

Castration-resistant prostate cancer (CRPC) is extremely life-threatening, giving the patient a 16-
18 month median overall survival [72]. Patients who exhibit PSA recurrence following castration
with no radiological evidence of metastases, are referred to as MO CRPC subset [73]. Currently,
there are no FDA-approved drugs specifically recommended for MO CRPC [74]. Men with
extensive metastatic CRPC will be offered several treatment options including androgen receptor

pathway inhibitor (ARPI) and systemic chemotherapy [75].

Next generation ARPIs, including enzalutamide (Xtandi, approved in 2014 based on the
PREVAIL trial [10]) and abiraterone acetate (Zytiga) with prednisone (approved in 2012 based
on the COU-302 trial [69]), serve as the first-line therapies for men with asymptomatic or
minimally symptomatic chemotherapy-naive M1 CRPC [9, 10]. Enzalutamide (ENZ) is a second
generation antiandrogen and a potent oral nonsteroidal AR antagonist [10]. Abiraterone acetate

inhibits cytochrome P450 isoform 17A1 (CYP17A1), which exhibits as two enzymes 17a-



hydroxylase and 17,20-lyase [9]. Abiraterone also inhibits 11 hydroxysteroid dehydroxylase, Sa
reductase and 33 HSDII. The CYP17A1 catalyzes the conversion and formation reactions of
extragonadal androgens dehydroepiandrosterone (DHEA) and androstenedione from their
precursors [76]. Enzalutamide and abiraterone also prolonged overall survival among patients
with metastatic CRPC who previously received chemotherapy in the AFFIRM [81] and COU-
AA-301 [80] trials, respectively. Sipuleucel-T (Provenge) is the first FDA-approved therapeutic
vaccine for the treatment of patients with asymptomatic or minimally symptomatic metastatic

CRPC [77].

Men with symptomatic metastatic CRPC are recommended for treatment with docetaxel (first
line chemotherapy), a taxane-based microtubule-depolymerizing agent that prolongs the
progression-free and overall survival time than previous used mitoxantrone base on the TAX 327
phase 111 study in 2004 [78]. Cabazitaxel has emerged as a second-line chemotherapy option
[79]. Radium-223 is recommended for mCRPC with symptomatic bone metastases after FDA
approval in 2013 based on the ALSYMPCA trial [80]. Clinical evidence also indicates that 5-
10% of patients develop neuroendocrine/anaplasitic phenotype with undetectable PSA, yet rapid
disease progression [81]. No effective therapy is available for such tumors besides systemic

chemotherapy including platinum-docetaxel combinations [80].

1.1.7 ARPI resistance
Even though recently approved ARPIs such as ENZ and abiraterone showed improvements in
the survival of CRPC patients, resistance to these drugs eventually occurs. Clinical studies have

revealed that the gain in median survival after docetaxel of ENZ is 4.8 months and abriaterone is



3.9 months. All patients’ disease eventually progressed after 15-24 months [9, 10]. Thus, none of
these drugs are curative. Additionally, incidences of resistance towards these agents, occurring
shortly after treatment, have been increasingly reported. The resistance mechanism (Chapter 1.2)
indicates that AR signaling still functions under maximum androgen blockade conditions. An
improved understanding of the mechanism underlying ligand-independent AR signaling is
crucial for the development of new strategies to suppress aggressive cancers or delay their

recurrence.

1.2 ARsignaling in CRPC

The AR is a transcription factor belonging to the steroid receptors superfamily [82]. Upon
binding with androgens, the AR disassociates from chaperon proteins in the cytoplasm,
dimerizes, and is transported to the nucleus. The ligand-activated AR recruits coregulators,
including coactivators or corepressors, to the specific DNA sequences (androgen response
element, ARE) within the targeted gene promoters, resulting in either enhanced or repressed
gene transcription rates [83]. In addition, the AR can also form a protein complex with proto-
oncogene tyrosine-protein kinase Src (c-Src) and trigger mitogen-activated protein kinase
(MAPK) pathways to mediate AR non-genomic actions [84, 85]. Androgen homeostasis is

critical to maintain the ligand-dependent AR signaling [70].

1.2.1 Androgen production
Testosterone (T) is the major circulating androgen. It is produced from cholesterol in the Leydig
cells of the testis [86]. This synthesis is stimulated by luteinizing hormone and follicle-

stimulating hormone, released from the pituitary gland, which is, in turn, regulated by luteinizing
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hormone-releasing hormone (LHRH) from the hypothalamus [87]. In plasma, T is mainly bound
to sex hormone-binding globulin [88]. Unbound testosterone diffuses through the cell membrane
into the cytoplasm, and undergoes conversion to dihydrotestosterone (DHT) by the Sa-reductase
1 and 2 (SRD5A1 and SRD5A2) [89]. A Sa-reductase inhibitor, finasteride is used for the

treatment of BPH [90]. DHT is the major form of androgen found within the prostate [91].

Adrenal glands also produces circulating androgens: dehydroepiandrosterone (DHEA) and
androstenedione (AD) [92]. This production is stimulated by adrenocorticotropic hormone

(ACTH), released by the pituitary gland in response to the corticotropin-releasing factor [93].

The molecular mechanisms of androgen biosynthesis are divided into classical and non-classical
pathways. In the classical pathway, reactions begin with the cleavage of cholesterol into
pregnenolone and progesterone [94]. These C21 precursors are then converted to the adrenal
androgens (DHEA and AD) through 17a-hydroxylase (CYP17A) [94]. The adrenal androgens
are converted to T through a series of reactions involving the activities of hydroxy-A-5-steroid
dehydrogenase 3- and steroid A-isomerase 2 (HSD3B), Hydroxysteroid 17-f dehydrogenase
(HSD17B), and Aldo-keto reductase family 1, member C3 (AKR1C3) [95]. T is converted to
potent DHT by SRD5A [95]. In the backdoor pathway, C21 precursors initially undergo
reduction with SRD5A, then react with the AKR1C2, CYP17A1, and HSD17B3 to produce
Androstandiol [96]. The product then undergoes a reversible reaction to form DHT [96]. Recent
studies showed that de novo steroidogenesis of DHT from DHEA and AD provide the residual

intra-prostatic androgens after ADT [97, 98]. Similar to the abiraterone targeting CYP17A1
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enzyme [99], AKR1C3 [100] and HSD3B1 [101] are also involved in the DHT biosynthesis

route in PCa, and could be targets for further androgen blockade.

1.2.2 Androgen catabolization

In the human prostate, the degradation of androgens occurs through Phase | androgen
metabolism and Phase Il glucuronidation [102]. Phase | is a reversible conversion between DHT
to its metabolites androsterone or 3a-Androstanediol (3a-DIOL), and is mediated by HSD17B or
HSD3B [103]. The metabolites are then completely inactivated by uridine diphosphate (UDP)-
glucuronosyltransferase (UGT) enzymes [104]. The UGT enzymes transfer the glucuronosyl
group from UDP-glucuronic acid (UDPGA) to hydrophobic molecules (DHT). The resulting
glucuronide products, such as androsterone-glucuronide (androsterone-G) and 3a-DIOL-
glucuronide (3a-DIOL-G) are water-soluble and easily excreted [102, 105]. This glucuronidation
system provides intracrine hemostasis of androgen, keeping DHT active in the prostate while

releasing minimal DHT into circulation [106].

In humans, UGT enzymes are classified as UGT1, UGT2, UGT3 and UGTS8, based on their
homology and structure (see the UGTs homepage:
http://som.flinders.edu.au/FUSA/ClinPharm/UGT/index.html, Figure 1.2). The UGT1A gene is
located on chromosome 2q37, consisting of 13 individual exons 1 and five common exons.
Alternative splicing generates 13 mRNA isoforms, 9 of which are translated into functional
proteins (UGT1AL, 1A3-10). UGT1AL, 1A3, 1A4, 1A6 and 1A9 are expressed in the human

liver, and UGT1A7, 1A8, 1A10 are expressed in the gastrointestinal tract [107].
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The UGT2 locus is present on chromosome 4913 and is subdivided into UGT2A and UGT2B.
UGT2A isoforms (UGT2A1-3) are expressed in the nasal mucosa and the lungs [108, 109]. In
contrast to UGT1A, seven UGT2B functional isoforms (UGT2B4, 2B7, 2B10, 2B11, 2B15,
2B17, 2B28) and five pseudogenes are encoded by multiple unique genes consisting of six exons
[110]. Studies also uncovered several other members (e.g. UGT3A, UGTS8) and their potential
functions [111, 112]. The first exons of the UGTs most probably encode the substrate-binding
domains, while the remaining exons encode the co-substrate UDPGA binding and
transmembrane domains [113]. The molecular structure of UGTs define their ability to catalyze
the transfer of the glucuronic-acid moiety at multiple functional sites (e.g. carbonyl, carboxyl,
sulfuryl, hydroxyl and amine groups) and further determine their substrates (e.g. bilirubin,
steroid hormones, bile acid or fatty acid derivatives) with variable activities [114, 115]. Although
several UGT1A members could conjugate estradiol and estrone, they have no significant activity
on androgens [116]. Of the functional human UGT2B enzymes isolated to date, only four
UGT2Bs have favorable kinetics for androgen glucuronidation, namely UGT2B7, 2B15, 2B17,

and 2B28 [117].
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Figure 1.2 UGT superfamily and their androgen catabolization.
Modified from Barbier O, Béanger A. Best Pract Res Clin Endocrinol Metab. 2008 Apr; 22 (2):259-70 with

permission from Elsevier.

UGT2B7 conjugates the 3-hydroxyposition of 3a-DIOL and androsterone, but not the 17-
hydroxyposition of DHT. UGT2B7 transcripts have been detected in several tissues but not in
the prostate. UGT2B15 conjugates the 17-hydroxyposition of androgens and exerts moderate
capacity for 3a-DIOL and DHT glucuronidation. Contrary to UGT2B7, UGT2B15 are abundant
in the prostate gland, as well as the liver, kidney, skin, mammary gland and uterus [102]. The
UGT2B15 and UGT2B17 amino acid sequences are remarkably high (96%), but their specificity
toward androgens are different, since UGT2B17 glucuronidates both the 3- and 17-
hydroxypositions of androgen molecules (Figure 1.2) [118]. The capacity of UGT2B17 to

conjugate androsterone and DHT is highest among these three UGTSs, and the efficiency of
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UGT2B17 in conjugating 3a-DIOL is similar to UGT2B15 and 2B7 [104]. Since the capacity of
UGT2B17 to conjugate androsterone is 4 times higher than that of UGT2B?7, it is considered to
be the major androsterone-conjugating enzyme [102]. UGT2B17 transcripts are detected in
several androgen-sensitive tissues, such as the prostate gland, skin, brain, mammary gland, and
uterus, in addition to the liver and kidney [102]. Recent studies reveal that a novel UGT2B
member, UGT2B28, could conjugate testosterone with a modulated affinity [119]. UG2B28 is
expressed in the liver and breast, as well as the prostate with relatively low levels [120]. Multiple
studies identified the UGT2B15 and 2B17 isoforms as the major UGT enzymes for localized

androgen glucuronidation in prostate cells [118, 121, 122].

Immunohistochemical analyses of UGT2B15 and UGT2B17 indicate that they are expressed in
the normal human prostate [118]. On the cellular level, the glucuronidation reactions mediated
by the UGTs may take place in the luminal aspect of endoplasmic reticulum (ER) [123]. These
two UGTs’ expression and function were confirmed in human prostate cancer cell line LNCaP
[124]. Transient knockdown of UGT2B15/17 in LNCaP cells would increase the expression of
androgen response genes and cell proliferation rates under the stimulation of DHT. These reports

supported the idea that androgen sensitivity of PCa cells is influenced by UGT expression.

Polymorphisms in UGT2B15 and 2B17 were also investigated in multiple meta-analyses. The
UGT2B15 polymorphisms (e.g. alias D85Y namely, rs1902023) were associated with an
increased risk of PCa [125]. The UGT2B17 deletion genotype was linked with a decrease of
circulating 3a-DIOL levels, yet not associated with Gleason score in Caucasians [119]. In

addition to the genetic study, investigations into the alteration of UGT2B15 and UGT2B17
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expression during PCa progression provide more constructive information. Firstly, researchers
identified androgen-dependent AR signaling as a negative regulator of UGT2B15 and UGT2B17
genes expression [126, 127]. Using androgen antagonists flutamide and bicalutamide could
reverse this suppression [128]. Therefore, the glucornodiation regulated by androgen is

considered to affect PCa progression.

Further research evaluated UGT2B15 and UGT2B17 protein expression by
immunohistochemistry (IHC) on tissue microarrays containing 179 tissue cores [129]. UGT2B15
expression levels were reduced in hormone na'we tumors and even lower in the CRPC patients’
samples, when compared to benign prostatic hyperplasia (BPH), and eventually undetectable in
lymph node metastases. By contrast, UGT2B17 was significantly more abundant in all Gleason-
scored tumors compared to BPH. The protein levels of UGT2B17 were 5-fold more in
metastases than in BPH. Enhanced UGT2B17 mRNA levels were found in PCa tumors
expressing constitutively active AR splice variants, yet the potential regulating mechanism has
not been elucidated [130]. The binding of forkhead box protein A1 (FOXAZ1) to the UGT2B17
promoter might contribute to its regulation [131]. In chronic lymphocytic leukemia, UGT2B17
has been identified as a disease accelerator [132], and knockdown of UGT2B17 in an
endometrial carcinoma cell line downregulated the anti-apoptotic protein Mcl-1 [133]. A recent

study reported that UGT2B28 expression was positively associated with high-grade PCa [134].

The functions of other androgen catabolizing enzymes in PCa were also studied. The expression
of AKR1C2 involved in the bypass DHT catabolism (only in CRPC) was also increased in

CRPC [135]. A member of the Aldo-keto reductase (AKR) family, AKR1C3 was recently
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identified to possess novel functions as an AR coactivator [136] and an enhancer of AR function
through the ubiquitin ligase Siah2 [137]. Together, these findings supported the idea that the

catabolizing enzymes may have potential cancer-related functions.

1.2.3 AR structure and function

The AR is classified as NR3C4 (nuclear receptor subfamily 3, group C, gene 4), and belongs to
the steroid hormone receptor superfamily [82]. The human AR gene is located on the X
chromosome at Xq11-12 [138]. Eight exons of the AR encode a protein of 919 amino acids
[139]. The N-terminal domain (NTD) is encoded by exon 1; the DNA-binding domain (DBD) is
encoded by exons 2 and 3; a small hinge region and the ligand binding domain (LBD) are

encoded by exons 4 to 8 (Figure 1.3).

EKFRVGNCKHLKMTRP

Figure 1.3 Domain structure of the AR, AR mutations and splice variants.

1

Adapted from Watson PA, Arora VK, Sawyers CL. Nat Rev Cancer. 2015 Dec; 15 (12):701-11 with permission

from Nature Publishing Group.
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The NTD of the AR accounts for over 60% (1 to 558 residues) of the AR protein [140]. The
crystal structure of the NTD is not available due to the high flexibility of the NTD [141]. It
contain two transcriptional activation units (TAU), termed TAU-1 (101-370 residues) and Tau-5
(360-485 residues) [140, 142]. There are two motifs, FxXLF (23-27 residues) and WxXLF (433-
437 residues) for the interaction with the LBD [142]. This interaction, known as NH.- and
carboxyl-terminal (N/C) interaction, is critical for the androgens binding to the LBD [143]. The
AR NTD mediates AR transcriptional activity through the recruitment of several transcription
machinery components (e.g. transciption factor 11) [144], coactivators (e.g. CAMP-response
element-binding protein binding protein) [145] and co-repressors (e.g. nuclear receptor
corepressor 2) [146]. The NTD contains poly-glutamine fragments, encoded by a polymorphic
(CAG)NCAA repeat [147]. Studies have reported that any variation of the length of the poly-

glutamine could result in x-linked spinal and bulbar muscular-atrophy (Kennedy disease) [148].

The DBD of the AR contains 66 amino acids with two zinc finger motifs [149]. The P box
(GSCKYV, 577-581 residues) interacts with the DNA, while the D box from the second zinc
finger (ASRND, 596-600 residues) mediates AR dimerization [149]. The AR DBD recognizes
classical androgen response elements (AREs), AGAACANnNnTGTTCT with two 5’-AGAACA-3’
hexameric half-sites [150, 151]. A study found that the AR DBD is formed as two anti-parallel [3-
strands and one a-helix [152]. The structure makes the AR dimer bind to the DNA in a “head-to-

head” way [152].
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The hinge region (625-689 residues) contains a nuclear localization signal (617-
RKCYEAGMTLGARKLKKL-634) [153]. This signal interacts with importin o/importin 3
complexes to facilitate the nuclear translocation of the AR [154]. The hinge region also contains

multiple sites for posttranslational modifications including methylation and ubiquitination [155].

The most studied structure of the AR is the LBD, and is the target of current antiandrogens
[156]. The AR LBD binds androgens and induces the conformation change allowing the
formation of the AF-2 pocket [157]. AF-2 recruits a co-regulator (e.g. p160 steroid receptor co-
activator SRC family) during transcriptional activation [158]. Compared to the co-activator
LxxLL peptides, AF-2 shows a higher affinity with the NTD FxxLF peptide to form N/C

interaction. These structures enhance the transcriptional activity [159].

The unbound protein of the AR in the cytoplasm forms complexes with chaperon proteins
including heat shock protein (HSP) 90, HSP70, HSP40, FK506-binding proteins (FKBP51 and
FKBP52), and other components to maintain its structural integrity [160]. Upon binding to
DHT, the AR disassociates from chaperones, formats N/C terminal interaction, and interacts with
co-factors including importin a, and transports into the nucleus. After dimerization, the AR binds
to the ARE, and recruits co-activators, co-repressors and other transcriptional factors to lead the
transcription of target genes [161]. The downstream genes involved in androgen-dependent AR
transcription include gene groups involved in cell proliferation [39, 162, 163], cell cycling [164],

cell apoptosis [165], and cell adhesion [166].
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Aside from classical transcriptional activity, the AR also interacts with kinases to exert its non-
genomic functions [167]. The AR has been found to interact with the Src homology 3 (SH3)
domain of the tyrosine kinase c-Src [84]. This association of the AR with c-Src stimulates c-Src
kinase activity in the LNCaP PCa cell line. A target of the c-Src is the SH3 domain containing
transforming protein (SHC) [168]. The tyrosine phosphorylated SHC interacts with growth factor
receptor-bound protein 2 (Grb2), which in turn activate Ras, leading a Ras/mitogen-activated
protein kinase (MAPK) activation [169]. Thus, the AR and c-Src interaction further stimulates
members of the MAPK signaling cascade [85]. Moreover, it is suggested that phosphorylation
kinases including MAPK, protein kinase B (Akt) , CAMP-activated kinase A (PKA), protein
kinase C (PKC), and c-Src could modulate the transcriptional activity of the AR by
phosphorylating the serine or threonine residues of the AR or its co-activators (e.g. steroid
hormone receptor co-activator SRC, transcriptional intermediary factor 2 TIF2) [170-173].
Among these kinases, c-Src was found to phosphorylate the AR at multiple sites, of which the
AR Y534 is the major one [174]. It is also shown elevated levels of c-Src and AR Y534
activation in CRPC tumors and pAR Y534 positive tumors, were associated with high Gleason
scores. These studies indicated that the non-genomic function of the AR is possibly related to its

androgen-independent transcriptional activity.

1.2.3.1 AR inhibitor development

Based on the understanding of the AR structure and activation mechanism, various AR inhibitors
have been developed to treat prostate cancer. Since the 1970s, several steroidal anti-androgens
such as cyproterone acetate, oxendolone and spironolactone have been tested, yet showed

clinical limitations, and are rarely used [175]. Non-steroidal anti-androgens were developed to
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address these limitations [175]. The first generation of antiandrogens, including flutamide,
nilutamide and bicalutamide (Bic) were used clinically. Among them, bicalutamide was widely

used in PCa therapeutics due to its better pharmacokinetic profile [176].

The second generation anti-androgens include the recently FDA-approved enzalutamide. One
study found an 1Csg of 21 nM for enzalutamide and 160 nM for bicalutamide at the AR in the
LNCaP cell line (7.6-fold difference) [177]. The ARN509 showing enhanced efficacy than
enzalutamide, is now in phase Il clinical trials [178]. These drugs demonstrate enhanced anti-
AR efficiency, preventing the nuclear translocation of the AR, and impairing AR binding to the
ARE. ODM-201 emerged as a novel anti-androgen, using a similarly competitive antagonist

strategy, and is now in Phase 11 clinical trials [179].

Another major type of ARPI targets androgen steroidogenesis. Abriaterone, blocking the
androgen synthesis by the adrenal glands, testes, and within PCa, is used in clinical PCa
treatment [180]. Another CYP17ALl inhibitor, Galeterone (TOK-001) is currently being held
before going to Phase 111 clinical trial due to its lack of superiority compared to enzalutamide

[181].

Based on the understanding of the AR DBD structure, researchers identified small-molecule
inhibitors that disrupt the DBD-DNA interaction of the AR [182]. These DBD inhibitors were
proved to block the transcriptional activity of the full length AR and its constitutively active

variants, and further block CRPC and ENZ-resistant tumor progression [183]. Further
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optimization of these compounds, with greater potency and stability, would contribute to the

novel DBD inhibitors.

A small-molecule inhibitor of the AR NTD, EPI-001 has been identified [184]. EPI-001
covalently binds to the AF-1 region of the NTD [185]. Studies showed that EPI1-001 reduced
both full-length and AR splicing variants, and suppressed the growth of CRPC xenografts that
expressed AR splicing variants [186]. The general thiol-alkylating activity and modulation of the
peroxisome proliferator activated receptor-gamma of EP1001 raised concerns [187]. A derivative
of EPI-001, EPI506 has now entered a phase I/11 trial. Inhibition of bromodomain-containing

protein 4, which interacts with the AR NTD, could be another potential strategy [188].

Other AR targeting strategies include targeting chaperone protein HSP90 using Alvespimycin
[189] or Onalespib [190], and blocking deubiquitinating enzymes using ASC-J9 [191]. Targeting
AR co-activators such as the P160 steroid receptor co-activator family (SRC1-3) also showed
promising results [192]. These inhibitors result in the degradation of the AR protein and possess

a potential therapeutic effect in CRPC.

1.2.3.2 Resistance mechanisms

Mechanisms contributing to the failure of anti-androgen therapies for AR-driven tumors include:
1) AR gene amplification/overexpression, which re-activates the AR signaling in the androgen
depletion milieu; 2) generation of AR splice variants (AR-Vs) that are constitutively

transcriptionally active and can drive CRPC regardless the presence of ARPIs [193-200]; and 3)
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accumulation of PCa cells carrying AR mutations in the LBD, which recognize ARPIs as AR

agonists [201, 202].

AR gene amplification/overexpression: Studies from clinical cohorts, PCa xenograft models, and
cell lines indicated increased transcription levels of AR after ADT [203]. Higher mRNA and
protein levels of the AR represent a mechanism of resistance to ADT [204]. The X chromosome
rearrangement and gain of copy numbers drive AR overexpression in 60% of CRPC [205]. The
consequences of AR overexpression confer the hypersensitivity of tumor tissue to androgens and
the aberrancy of the AR. It also should be mentioned that the AR regulates a distinct

transciptiome in CRPC under ENZ treatment, compared to primary PCa [206].

AR splice variants: The truncated AR variants lacking the LBD are constitutively active and not
affected under the AR LBD targeted agents [207]. These AR variants are recognized as one of
the mechanisms supporting androgen-independent expression of AR target genes and androgen-
independent growth of PCa cells [197]. Alternative splicing of cryptic exons in the AR locus or
exon skipping generates C-terminal truncated AR mRNAs [200]. Although studies show that AR
variant mRNA (e.g. AR45) was synthesized in normal prostate tissues, consistent findings
revealed that there was an increased level of AR alternative splicing variants in CRPC cells,
when compared to hormone nawe PCa cells [193, 194, 196]. Splicing of the AR exons 1/2/3/CE3
(AR-V7) and splicing of the AR exons 1/2/3/4/8 (ARyse7eq) are the most commonly expressed
variants in PCa [208, 209]. Their expression levels correlated with an increased risk of
biochemical relapse and resistance to ENZ and abiraterone in clinical patient samples [208].

Constitutively active AR-V7 regulates the mitotic form of the AR transciptome over and above
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differentiation [210, 211]. Our group recently identified that enhanced AR gene transcription by
ADT increases, and splicing factors recruitment to the AR pre-mRNA contributes to, the
increased mMRNA levels of AR-V7 in PCa cells [212]. Furthermore, the homodimer of AR-Vs
and heterodimer between ARVs and AR-FL were found, revealing comprehensive transcription

regulation of AR-Vs in CPRC [213, 214].

AR mutations: Several mutated forms of AR confer the ligand promiscuity to impede the
efficacy of current ARPIs especially the mutations in the LBD (e.g. T878A, L702H, W742C,
H875Y and F877L) [215]. The in vitro characterizations of T878A and H875Y show they could
be activated rather than inhibited by nilutamide and flutamide [216, 217]. Based on the crystal
structure analysis, AR could accommodate larger molecules with the extra space offered by the
T878A mutation [218, 219]. This causes aberrant AR activation in response to
hydroxyflutamide, cyproterone acetate and alternative steroids. The W742C mutations identified
in human PCa cell line LNCaP led to enhanced AR transcriptional activity driven by anti-
androgen bicalutamide [220]. The mutation F877L was initially found in LNCaP cells under the
selective pressure of ENZ [201]. The cells and tumors with the mutation F877L acquire
resistance to ENZ and ARNS509, turning these anti-androgens into AR agonist. The reposition of
the docking helix 12 from the F877L could be responsible for this drug resistance [221]. The
F877L was identified in circulating cell-free DNA from one CRPC patient cohorts treated with
ENZ or ARN-509 [222]. Interestingly, the L702H, not having been linked to anti-androgen
resistance, could be activated by glucocorticoids [223]. The L702H mutations as well as the
T878A and H875Y mutataions conferring the property to be activated by adrenal androgens and

progesterone have been found in the CRPC patients receiving abiraterone [222, 224, 225]. It has
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been proposed that these mutations might be a consequence under the ARPI pressure with the

compensation benefit toward other steroid ligands [226].

Alternative Pathways: In addition to above mechanisms, deregulation of the AR chaperones (e.g.
HSP27) [227] and genomic modification of AR co-activators (e.g. SRC [228], FOXA1 [228])
could indirectly activate the AR. Activation of kinase-dependent signaling pathways (e.g.
PIBK/AKT [50]), stress response pathways (e.g. clusterin [50]), and deregulation of DNA repair
and cell cycle (e.g. BRCA2 [229]) contribute to CRPC progression as well. Drugs including
OGX-027 (antisense targeting HSP27), KX2-391 (src kinase inhibitor), and Olaparib (PARP
inhibitor) [230] are currently in clinical trial [8]. Tumors can also adapt to an AR-independent
disease termed neuroendocrine prostate cancer (NEPC) with minimal response to conventional
CRPC therapies [231, 232]. Evidence suggests that prostatic adenocarcinoma transdifferentiates
to NEPC [233, 234]. Currently, platinum-based chemotherapy is used to treat NEPC, meanwhile

MLN8237 (an aurora kinase A inhibitor) is currently in clinical trial [235].

1.2.4 AR-mediated transcription initiation

One of the major limitations of current clinical ARPIs is that none of them can thoroughly inhibit
the transcriptional activity of ARs, including AR-Vs and mutant ARs. Reestablished AR-
mediated transcription controlled the emergence of resistance [236]. Proteomic analysis
approaches found that the AR recruits several factors, including Ku70, Ku80, poly(ADP-ribose)
polymerase 1 (PARP1), DNA-dependent protein kinase (DNA-PK), and DNA topoisomerase Il
(Topo 1) to bind to the ARE of downstream genes initiating the transcription [237, 238].

Transient knockdown of these proteins impaired induction of AR-mediated transcription [41,
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239]. Among these factors, Topo Il is known to cooperate with multiple nuclear hormone
receptors and transcription factors that are bound to promoters and enhancers of newly
transcribed genes [41, 239]. Topo Il enzymes induce transient, but fixable DNA double strand
breaks (DSBs) to relax the topology of the DNA and allow the AR to initiate gene transcription
[41]. Topo Il catalytic activity is required for efficient AR-mediated transcriptional initiation,
and is involved in the chromosomal conformational changes during the activation of AR

transcription.

Transient silencing of Topo Il impairs AR transcriptional activity and AR-driven cell
proliferation [41]. Overexpression of Topo Il has been reported in PCa and its levels were
associated with poor prognosis of PCa patients [240, 241]. Together, these findings suggest Topo

Il as potential therapeutic target in PCa.
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Figure 1.4 A hypothetical model of AR-mediated transcriptional programs.
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Adapted from Haffner MC, De Marzo AM, Meeker AK et al. Clin Cancer Res. 2011 Jun 15; 17 (12):3858-64 with

permission from AACR.

1.2.4.1 Topoisomerase I1

The transcription process requires a separation of the two strands of the DNA double helix [242].
In order to solve these DNA topology problems, topoisomerases cleave DNA by nucleophilic
attack on a phosphate of the phosphodiester DNA backbone, by using a catalytic tyrosine on the
enzyme [243]. Topoisomerases are classified by the number of DNA strands they cleaved [244].
Type | topoisomerases cleave a single strand, while Type Il topoisomerases cleave a double

strand.

Human type Il topoisomerases including Topo lla and Topo 1B, function as homodimers to relax
the supercoils and to resolve catenanes and DNA knots [245]. Their catalytic cycles begin with
binding to two DNA segments, cleaving one of the segments, creating a DSB, passing the intact
DNA segment through the DSB, then relegating the DSB [244, 246, 247]. After closing the
protein gate, the enzyme either dissociates from the DNA or goes through another round of
catalysis. Both Mg?* and ATP are required for this process [248]. In vitro studies have suggested
that Topo Il is required ahead of the recruitment of RNA polymerase Il for promoters, thus
playing an important role in transcription initiation [249]. Particularly, a recent study reported
that Topo 11 is recruited to the TMPRSS2 and ERG promoters, and is required for AR-
dependent gene expression [41]. The recruitment of Topo Il is thought to help mobilize other
proteins to promoters [250]. Topo Il activities are also required to de-catenate the intertwined

chromosomes at the M phase of cell cycle during cell mitosis [251].
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Figure 1.5 Topo Il reaction cycle and the points at which agents can disrupt function.
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permission form Nature Publishing Group.

1.2.4.2 Topoisomerase Il inhibitors

There are two categories of Topo Il inhibitors, classified as poisons and catalytic Topo Il
inhibitors [252]. Though stabilizing the intermediate enzyme-DNA complex (or cleavage
complex) [253], the poison Topo Il inhibitors prevent the relegation or increase the cleavage
reaction, resulting in an enhanced level of Topo-DNA covalent complexes and DNA DSBs
[254]. The elevated DSBs further activate the DNA damage response, induce apoptosis and lead

to cell cycle arrest [255]. Several poison Topo Il inhibitors, i.e. daunorubicin, doxorubicin,
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mitoxantrone, and etoposide are widely used as chemotherapeutic drugs clinically [256].
Etoposide, the major representative of the group, has been approved for the treatment of lung
cancer, choriocarcinoma, ovarian and testicular cancers, lymphoma, and acute myeloid leukemia.
The other member of this group, teniposide (VM-26), is approved for central nervous system
tumors, malignant lymphoma, and bladder cancer [257]. Single-agent oral etoposide had minimal
activity with 2 partial responses out of 22 patients in treating CRPC [258]. Mitoxantrone plus
prednisone provided palliation for some symptomatic PCa patients with no difference in overall
survival compared to prednisone alone [259]. Chemotherapy carboplatin plus etoposide induced
partial responses in treating mCRPC, yet the benefit-risk ratio of this regimen seemed

unfavorable due to high toxicity [260].

In contrast, the catalytic Topo Il inhibitor regulates the activity of Topo Il without interfering
with the cleavage complex, thus causing fewer DSBs [261]. They either prevent the binding of
Topo Il to DNA (e.g. aclarubicin), block the ATP binding site (e.g. novobiocin) or inhibit the
cleavage reaction (e.g. bisdioxopiperazines ICRF187, ICRF193) [262]. Some studies suggested
that ICRF187 could suppress the proliferation and induce G2/M arrest in small cell lung cancer
and leukemia cell lines [263, 264]. Very few of the catalytic inhibitors has been approved as
anticancer drugs, one exception is ICRF-187 (Dexrazoxane) [265]. Since ICRF187 could directly
trap Topo 11 [266], it is used as a cardioprotective agent to antagonize the poison effect of

doxorubicin [267].
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1.3 Thesis theme and rationale

The lack of therapy for castration-resistant prostate cancer remains a major unmet clinical needs.
The recent approvals of more potent ARPIs have shown encouraging results in delaying disease
progression in CRPC patients. Unfortunately, resistance towards these ARPIs eventually occurs.
Emerging evidences suggested that cancer cells escape ARPI through expressing constitutively
active AR splice variants, or AR mutants that can recognize ARPIs as agonists. With these
substitute routes, the recurrent cancer cells are able to reestablish AR activities even under
maximum androgen blockade conditions. The mechanisms driving this transition from androgen-

dependent to androgen-independent AR-mediated transcription is unknown.

Preliminary work from our collaborators, the Barbier group, has revealed an association between
UGT2B17 and advanced PCa samples. Enhanced UGT2B17 expression by antiandrogens was
reported in prostate cancers. Moreover, accumulating evidence supports the roles of UGT2B17 in
disease progression in other cancers. Collectively, these findings suggest that UGT2B17 may play
functional roles in the regulation of AR signaling transformation and CRPC progression.
Therefore, the current study first sought to further validate the clinical association of UGT2B17
with PCa using clinical samples and to investigate the functional roles of UGT2B17 in regulating
AR-mediated transcription in PCa cell lines and xenograft models. Next, based on previous
knowledge of the AR-mediated transcription machinery, we further utilized catalytic Topo Il
inhibitors to block the AR-mediated transcription initiation. The effects of catalytic Topo 1l
inhibitors on AR-FL, AR mutants, and AR splicing variants were tested in PCa cell line models.
Finally, based on the in vitro results, we explored the therapeutic potential of the catalytic Topo Il

inhibitor in CRPC and Enz-resistant tumor xenograft models.
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The overall goal of this study is to investigate the transformation of AR-mediated transcription,
and to evaluate the potential therapeutic efficacy of targeting Topo Il in CRPC and Enz-resistant

tumor models.

Chapter1& 2
Castration Introduction
Material & Methods

Androgen UGT2817 Castration Resistant (CRPC)
‘ Chapter 3
¢-Src activation Li H et al, 2016

2

AR mediated transcription and CRPC progression

‘ Chapter 4

Blocking AR mediated Transcription Initiation via targeting Topo |l LiH etal, 2015

2

Novel Catalytic Topo Il Inhibitor for treating CRPC Chapter 5
Summary and

In silico screening — High-throughput screening —» Biological validation Future work

Figure 1.6 Diagram illustrating the outline of the thesis.

1.4 Hypotheses and specific aims

The main hypotheses of the study are as follows: (1) the reestablishment of AR signaling to the
androgen-independent state is promoted by UGT2B17, and (2) blocking all forms of
reestablished AR-mediated transcription initiation through the catalytic Topo Il inhibitor will

suppress CRPC tumor progression.

Main objective: To study the roles of UGT2B17 in promoting AR signaling in CRPC, and to
assess the suppression effect of catalytic Topo Il inhibitors on AR-mediated transcription

initiation for treating the CRPC.
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Specific Aims:

Specific aim 1. To investigate the AR signaling transformation by UGT2B17 in CRPC
Specific aim 2. To utilize the Topo Il inhibitors to target AR signaling in PCa cell line models
Specific aim 3. To evaluate the inhibition efficacy of Topo Il inhibitor using PCa xenograft

models
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Chapter 2: Materials and Methods

2.1 Materials

R1881, DHT, PP2, LY294002, Stattic, etoposide, ICRF187, ICRF193, merbarone,
aclacinomycin A and genistein were purchased from Cedarlane (Burlington, Canada).
Enzalutamide (ENZ) was obtained from Haoyuan Chemexpress (Shanghai, China). Chemicals,
solvents and solutions were obtained from Sigma-Aldrich (Oakville, ON, Canada), unless

otherwise indicated.

2.2 Tissue microarray

This study was done on a total of 604 prostate cancer specimen cores from the VVancouver
Prostate Centre Tissue Bank. All patients have signed an informed consent form, which adheres
to a protocol that was reviewed and approved by the UBC Clinical Research Ethics Board
(Certificate #: H09-01628). Tissue samples were fixed in 10% neutral buffered formalin,
embedded in paraffin, and stained with haematoxylin and eosin (H&E). Pathologist Dr. Ladan
Fazli reviewed the slides and marked desired areas on them and their correspondent blocks.
Tissue microarrays (TMAS) were constructed using a manual tissue microarrayer (Beecher
Instruments, Westminster, USA), by punching duplicate or triplicate cores of 1 mm diameter
from each marked block. Information on PCa tissue microarrays (TMAS) including Gleason
score, duration of neoadjuvant hormone therapy (NHT), lymph node and distal organ metastasis

was published previously [268] and is also presented in Table 2.1.
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Groups # of patients # of cores
Benign 27 90
Hormone Na've 166 316
NHT treated 57 126
CRPC 37 72
Total 287 604

Table 2.1 Vancouver Prostate Centre tissue microarray information.

2.3 Immunohistochemistry

Immunohistochemistry (IHC) staining was conducted with the Ventana Discovery XT

autostainer (Ventana, Tuscan, USA) and examined with an UltraMap DAB kit (Ventana). Anti-

UGT2B17 (EL-95, provided by Dr. Barbier; 1:150 dilution), Anti-Src (Cell signaling #2109;

1:1500 dilution), Anti-pSrc Y416 (Cell signaling #2101; 1:25 dilution), and Anti-Ki67 (Thermo

Fisher RM9106; 1:500 dilution) antibodies were used. Stained slides were scanned by a Leica

SCN400 scanner and viewed with a DIH Slide Path imaging system (Leica Microsystem,

Toronto, Canada). Values on a four-point scale were assigned to any tumor cells. Pathological

analysis was carried out by Dr. Ladan Fazli. Descriptively, O represents no staining of any tumor

cells, 1 represents faint or focal staining, 2 represents a strong signal in a minority of cells, and 3

represents a strong signal in the majority of cells. The scoring method is also described in other

studies [129, 269].
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2.4 Cell lines

Human PCa cell lines LNCaP, VCaP, PC3, DU145, 22Rv1, and embryonic kidney cell line 293T
were purchased from ATCC (Manassas, USA). LNCaP95 is an androgen-independent cell line
derived from a long-term continuous culture of LNCaP cells in androgen-depleted conditions
since 1995. These were provided by Dr. Alan K. Meeker (Johns Hopkins University, Baltimore,
USA). LNCaP(Al) was derived from parental LNCaP cells after more than one year’s growth in
androgen-depleted medium, and were provided by Dr. Ralph Buttyan (Vancouver Prostate
Centre, Canada). The MR49F cell line is an ENZ-resistant PCa cell line generated from LNCaP
CRPC xenografts treated with ENZ as described in other studies [270], provided by Dr. Martin
Gleave (Vancouver Prostate Centre, Canada). PC3, DU145 and 293T cell lines were cultured in
Dulbecco's Modified Eagle Medium (DMEM) high glucose/L-glutamine (Hyclone, Mississauga,
Canada) with 10% Fetal Bovine Serum (FBS) (Gibico, Mississauga, Canada). LNCaP and
22RV1 cells were cultured in Roswell Park Memorial Institute 1640 (RPMI11640) medium with
10% FBS. LNCaP95 and LNCaP(Al) cells were maintained in RPMI11640 medium with 5%
charcoal stripped serum (CSS) (Hyclone). MR49F cells were derived from LNCaP cells and
cultured in medium containing 10 pM of ENZ. PC3(AR-V7) cells are PC3 cells induced with
exogenous AR-V7 protein by lentiviral infection and selected by Blasticidin, provided by Dr.
Liangliang Liu from our lab. The results were published in a previous report [271]. The LNCaP
cell line that was stably expressing EGFP-AR was provided by Dr. Paul Rennie (Vancouver
Prostate Centre). The AR status of the human PCa cell lines used in this study are listed in Table
2.2. The AR and AR-V7 protein levels in LNCaP, LNCaP(Al), LNCaP95, MR49F, PC3(mock),
and PC3(AR-V7) cell lines are also shown in Figure 2.1. All cell lines were authenticated by

short tandem repeat assays or RNA sequencing assays.
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Name AR gene amplification AR AR-V7 AR mutants
LNCaP -
LNCaP(Al) -
LNCaP95 -
22RV1 -
VCaP +
MR49F -
PC3 NA - - -
DU145 NA - - -

+ 4+ 4+ + + o+
+ + o+

Table 2.2 The AR status of the human PCa cell lines used in this study.

Figure 2.1 AR and AR-V7 protein levels.
AR and AR-V7 protein levels in LNCaP, LNCaP(Al), LNCaP95, MR49F, PC3(mock) and PC3(AR-V7) cell lines
were detected by Western blotting with AR(N-20) and AR-V7 (Precision Antibody AG10008) antibodies. Beta actin

was used as loading control.

2.5 Reverse-transcriptase PCR and real-time PCR

Total RNA was extracted using a Purelink RNA mini kit (Invitrogen, Burlington, Canada) and
treated with DNase | (Qiagen, Mississauga, Canada) at room temperature for 15 min to eliminate
any DNA contamination. The reverse transcription reaction was performed using random

hexamers and SuperScript Il (Invitrogen), after which the product was used as a template for
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PCR. Real-time PCR was performed on the ABI PRISM 7900 HT system (Applied Biosystems,
Burlington, Canada) using the FastStart Universal SYBR Green Master mix (Roche,
Mississauga, Canada). Cycling was performed using default conditions of the 7900HT Software
(Applied Biosystems): 2 min at 50°C and 10 min at 95<C, followed by 40 cycles of 15 s at 95C
and 1 min at 60<C. Relative quantification of gene transcription was calculated, GAPDH, B-actin
or RPL13A were used as the internal control genes. The Ct values of these three housekeeping
genes, under the different treatments, were also tested (Figure 2.2). All real-time PCR assays
were carried out using three technical replicates and three independent cDNA syntheses. Primer

information is listed in Table 2.3.

Name Primer sequences

UGT2B17 F 5'-ACCAGCCAAACCCTTGCCTAA G -3
UGT2B17 R 5'-GGCTGATGCAATCATGTTGGCAC -3'
ARF 5-CCAGGGACCATGTTTTGCC -3'

ARR 5-CGAAGACGACAAGATGGACAA -3
AR-VT7F 5'- CAGGGATGACTCTGGGAGAA-3'
AR-V7R 5'- GCCCTCTAGAGCCCTCATTT-3'
Topo lIB F 5-AGC CAT TGA CGC AGT TCATGT-3'
Topo lIBR 5'-CCT GGC ACA AAG GTA ACC TCC-3
PSAF 5'- AGTGCGAGAAGCATTCCCAAC-3
PSAR 5'- CCAGCAAGATCACGCTTTTGTT-3'
TMPRSS2 F 5-GGACCTGACCTGCCGTCTAGAA-3'
TMPRSS2 R 5-GGTGTCGCTGTTGAAGTCAGAG-3'
UBE2C F 5-TGGTCTGCCCTGTATGATGT-3'
UBE2CR 5-AAAAGCTGTGGGGTTTTTCC-3'
GAPDH F 5-ATATGTTCTCCTGCCTACTGGAA-3'
GAPDHR 5-GGTGTCGCTGTTGAAGTCAGAG-3'
Beta ACTIN F 5-GGA CTT CGA GCA AGA GAT GG -3'
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Name Primer sequences

Beta ACTIN R 5-AGC ACTGTG TTG GCG TAC AG -3
RPL13A F 5'-GCCATCGTGGCTAAACAGGTA -3
RPL13AR 5-GTTGGTGTTCATCCGCTTGC -3'
ANAPC F 5'-CTGATGAAAGCTATACTCCAAGCA-3'
ANAPC R 5'-GGAACATGAATCCAGCCACT-3
CDC20 F 5-CCTCTGGTCTCCCCATTAC-3'
CDC20R 5-ATGTGTGACCTTTGAGTTCAG-3'
ID1F 5'-CTACGACATGAACGGCTGTTACTC-3'
ID1R 5-CTTGCTCACCTTGCGGTTCT-3'
NDRG1 F 5-GTGGAGAAAGGGGAGACCAT-3
NDRG1R 5'-ACAGCGTGACGTGAACAGAG-3'
CDK1F 5'-CCTAGTACTGCAATTCGGGAAATT-3'
CDK1R 5-CCTGGAATCCTGCATAAGCAC-3'
PRDM4 F 5-CACCTTCACTGCAAATGGAA-3
PRDM4 R 5'-AAGTCACTGGTCCATGTTCG-3'
FKBP5 F 5-GCGGAGAGTGACGGAGTC-3'

FKBP5 R 5-TGGGGCTTTCTTCATTGTTC-3'
PDEY9A F 5'-GATCCCAATGTTTGAAACAGTGAC-3
PDE9A R 5'-TCCCAAAGTGGCTGCAGC-3'
NKX3.1F 5'-CCCACACTCAGGTGATCGAG-3'
NKX3.1 R 5'-GAGCTGCTTTCGCTTAGTCTT-3'
DCCF 5'-GCCCCTACTTCTTCGCCTAC-3'
DCCR 5-CACAGTCTCCAGCTCTGTGC-3'
OPRK1F 5-AACTCGCTGGTCATGTTCGT-3'
OPRK1R 5'-CTCTGAAAGGGCATGGTTGT-3'

Table 2.3 Real-time PCR primer information.
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Figure 2.2 Ct values of housekeeping genes under treatment.
LNCaP cells were cultured in medium containing 5% CSS. Cells were treated with vehicle, 1 nM of R1881 or 1 nM
of R1881 plus 5 piM of ENZ for 24 hours. Cells were also co-treated with vehicle, 1 uM of ICRF187 or 1 uM of

ICRF193 as indicated. Ct values of GAPDH, beta actin and RPL13A were measured by real-time PCR.

2.6 Immunoblotting

Cells were collected and incubated with lysis buffer (50 mM Tris pH8.0, 150 mM NacCl, 1%
NP40, 0.5% sodium deoxycholate and 0.1% SDS) plus proteinase inhibitors (Roche) and
PhosSTOP (Roche) followed by a brief sonication to extract protein lysate. The concentrations of
the protein samples were measured using a Pierce BCA Protein Assay Kit (Thermo Fisher,
Mississauga, Canada) according to the manufacturer’s protocol. Protein samples were separated
by electrophoresis on an 8%-15% SDS polyacrylamide gel, then transferred onto polyvinylidene
difluoride (PVDF) membrane (Millipore, Bedford, USA) in transfer buffer (25 mM Tris-HCI,
250 mM glycine, 0.1% SDS, pH 8.3) for 40-60 min at 25 V in room temperature, as we reported
previously [272]. Membranes were blocked with blocking buffer (TBST with 5% BSA), then
immunoblotted with specific antibodies (1:500 or 1:1000 dilution) listed in Table 2.4. After
being immunoblotted with anti-rabbit/mouse 1gG-HRP secondary antibodies (Santa Cruz, Dallas,

USA) (dilution factor 1:10,000), membranes were probed by Pierce ECL Western Blotting
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Substrate (Thermo Fisher), and exposed to autoradiography film (Genesee Scientific, San Diego,
US), followed by a film processor (EL-RAD, Vancouver, Canada). Experiments were repeated
three independent times, and one representative blot was shown. Densitometry analyses of

protein bands from three repeated assays were performed by the Image J software (NIH).

Name Clone Company(CATH#)

[-actin Ac-15 Sigma Aldrich (A5441)

pSrc Y416 Cell signaling (#6943)

c-Src Cell signaling (#2110)

pAKT Cell signaling (#9271)

tAKT Cell signaling (#9272)
pSTAT3 Cell signaling (#9138)
tSTAT3 Cell signaling (#9139)

Flag M5 Sigma Aldrich (F4042)

AR (N-20) Santa Cruz (sc-816)

PAR Y534 Established in Dr. Qiu lab
UGT2B17 EL95 Established in Dr. Barbier lab
AR-V7 Precision Antibody (AG10008)
Tubulin 11H10 Cell Signaling (#2125)
Histone H3 Abcam (Ab1791)

Topo 1Ip H-286 Santa Cruz (sc-13059)
pSTATS Cell signaling (#4322)
tSTATS Cell signaling (#9363)

Table 2.4 Antibodies information.

2.7 Transfection and RNA silencing
Plasmid DNA were transfected into cells using Lipofectmine 2000 (Invitrogen), while small

interfering RNA (siRNA) was transfected by siLentFect reagent (Bio-Rad, Mississauga, Canada)
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following the manufacturer’s instructions. Transient transfection vectors pcDNA3.1 AR,

pcDNA3.1 Flag-AR-V7, PSA-luciferase reporter, and renilla luciferase were provided by Dr.

Xuesen Dong. Vector pcDNA3.1 UGT2B17 was provided by Dr. Olivier Barbier. Point

mutations of the AR (F877L, F877L/T878A and W742C) were generated with a Q5 site-directed

mutagenesis kit (NEB, Toronto, Canada) using pcDNA3.1 AR as a template, by research

assistant Ms. Ning Xie from Dr. Dong’s group. The information of the site-directed mutagenesis

primers is listed in Table 2.5, and the siRNA are listed in Table 2.6.

Name Primer sequences
AR F877L F 5'-CGAGAGAGCTGCATCAGTTAACTTTTG-3'
AR F877L R 5-AGCAGGTCAAAAGTTAACTGATGCAG-3'

AR F877L/T878A F 5-CAGCTCGCTTTTGACCTGCTAATCAAGTCACACATG-3'
AR F877L/T878A R 5-ATGCAGCTCTCTCGCAATAGGCTGCACGGAG-3'

AR W742C F S-TCCTGCATGGGGCTCATGGTGTTTGCCATGGGCTGG-3!
AR W742CR S-GTACTGAATGACAGCCATCTGGTCGTCCAC-3'

Table 2.5 Site-directed mutagenesis primers for the AR.

Name

Company(CAT#)

Control siRNA (Dharmacon)
SiIAR

Control siRNA (Santa Cruz)
Topo 11p

Dharmacon (D-001210-01-20)

Dharmacon (CAAGGGAGGUUACACCAAAUU)
Santa Cruz sc-37007

Santa Cruz sc-36697

Table 2.6 siRNA information.
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2.8 Construction of cell lines with gain- and loss-of-function of UGT2B17

Lentiviral vectors encoding control, UGT2B17 (CAT#LV352009) and shRNA (CAT#
1V026677) against UGT2B17 were purchased from Applied Biological Materials (Vancouver,
Canada). LNCaP cells overexpressing UGT2B17 and LNCaP95 cells with UGT2B17
knockdown were achieved using lentiviral approaches, combined with puromycin selection, as
we reported previously [273]. Briefly, lentiviral vector encoding either control, UGT2B17 or
shRNA against the UGT2B17, together with 2nd Generation Packaging Mix (ABM) were
transfected into 293T cells by Lipofectamine 2000 for 24 hours. Lentiviral particles were
harvested by removing medium 48 hours after transfection, and were used to infect LNCaP or
LNCaP95 cells. After 5 ug/ml puromycin selection for 3 weeks, polyclonal and antibiotic-
resistant cells were pooled and labeled as LNCaP(mock), LNCaP(UGT2B17), VCaP(mock),

VCaP(UGT2B17), LNCaP95(shCTRL) and LNCaP95(shUGT2B17) cell lines.

2.9 Invitro glucuronidation assays

In vitro glucuronidation assays were performed by the research assistant Ms. Mdanie Verreault
from the Dr. Barbier group. The formation of glucuronide derivatives was measured using cell
lysates (27.5 pg) or xenograft homogenates (75 pg) in 50 mM Tris-buffered saline (pH 7.4) with
dithiothreitol (0.5 mM) in the presence of 1 mM UDPGA, 10 mM MgClz, 50 mM Tris-HCI (pH
7.5), 100 g/ml phosphatidylcholine, 8.5 mM saccharolactone (for negative controls), and 100
UM testosterone, DHT, 3a-DIOL or vorinostat (postivie control) substrates. Assays were
incubated at 37 <C for 2 hours and terminated by adding 100 i of methanol followed by
centrifugation at 14,000g for 10min. The formation of testosterone-G, DHT-G, 30-DIOL-G and

vorinostat-G was measured by using liquid chromatography coupled with mass spectrometry

42



(LC-MS/MS) as previously described [124]. All experiments were repeated in triplicate for three

independent times.

2.10 Luciferase reporter assay

Cells were transiently transfected with PSA-luciferase reporter and renilla luciferase vectors,
treated with indicated treatments, and collected. Luciferase activities of the cell lysates were
determined using the Dual-luciferase reporter assay system (Promega, Madison, USA) according
to the manufacturer's protocol. Luminescent signals were measured by Infinite M200Pro (Tecan,
San Jose, USA), transfection efficiency was normalized to renilla luciferase activities.

Experiments were repeated in triplicate for three independent times.

2.11 Immunoprecipitation

Immunoprecipitation experiments were performed as previous described [274]. Briefly, cell
lysates were extracted by the NETN buffer containing 0.5% NP40, 1 mM EDTA, 50 mM Tris,
and 150 mM NaCl plus proteinase and phosphatase inhibitor (Roche). Pre-cleared lysates were
incubated with anti-Flag antibody and the associated proteins were immunoblotted by indicated
antibodies. Experiments were repeated at least three times, and one set of the representative blots

is shown.

2.12 Chromatin immunoprecipitation (ChlIP)
ChIP assays were performed by research assistant Ms. Ning Xie as previously described [275].
In brief, LNCaP cells were grown in phenol red-free RPMI 1640 medium with 10% CSS for 2

days before exposure to treatments. Chromatin was cross-linked with 1% formaldehyde for 10
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min at 37 <C and sonicated in lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.0)
plus protease inhibitor. After centrifugation, 10 i of the supernatants was used as input, and the
remaining lysate was subjected to a ChlP assay with anti-AR antibody. DNA templates retrieved
from ChIP were analyzed by real-time PCR using the primers listed in Table 2.7. Enrichments of
immunoprecipitated DNA fragments were determined by the threshold cycle (Ct) value. Data
were calculated as a percentage of input and plotted as fold changes over control IgG. ChIP data

were derived from five independent experiments with samples in triplicate. Data are presented as

mean =SEM.
Name Primer sequences
PSA enhancer F 5'-TGGGACAACTTGCAAACCTG-3'
PSA enhancer R 5'-CCAGAGTAGGTCTGTTTTCAATCCA-3'
TMPRSS2 F 5-TGGTCCTGGATGATAAAAAAAGTTT-3'
TMPRSS2 R 5-GACATACGCCCCACAACAGA-3'

Table 2.7 ChIP primers.

2.13 MTS and BrdU incorporation assays

Cell proliferation rates were measured by using CellTitre 96 AqueousOne kit (Promega) and
Bromodeoxyuridine (BrdU) assay kit (Millipore, Toronto, Canada) according to the
manufacture’s protocol. Each experiment contained six replicate wells and three independent

experiments were performed.

2.14 Invasion and migration assays
Cell migration and invasion assays were performed using 6-well BD control/matrigel chambers

(BD Biosciences, Mississauga, Canada) as we reported previously [276]. After treatment or
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transfection, LNCaP or VVCaP cells (10°/well) were suspended in phenol red-free RPMI 1640
medium and seeded in BD Matrigel invasion chamber or control chamber without Matrigel.
After incubation at 37 <C with 5% CO: for 18 hours, non-invading or non-migratory cells in the
upper chamber were gently removed by cotton swabs. Cells that reached to the lower chamber
were fixed, stained with mounting medium containing DAPI (Vector Laboratories, Burlingame,
USA), and photographed by an Axiovert 200 microscope (Carl Zeiss, Germany). Invaded or
migrated cell numbers were counted by the Image J software. Cell invasion and migration rates
were calibrated relative to the control group. Experiments were performed in triplicate and

repeated three times.

2.15 Fluorescence-activated cell sorting (FACYS)

Cell cycling was analyzed by FACS with 40 ug/ml propidium iodide staining following the
protocol (http://www.meduniwien.ac.at/user/johannes.schmid/Plstaining3.htm). Relative DNA
contents from 10,000 cells were analyzed by FACSCanto Il flow cytometer and BD FACSDiva

software v5.0.3 (BD) as we reported [277]. All experiments were carried out in triplicate.

For a pilot experiment, non-synchronized LNCaP and LNCaP95 cells were treated with vehicle,
10 pM of ICRF187 or 2 M of ICRF193 for 12 hours, then replenished with culture medium
containing serum. After 1.5 hours for LNCaP or 2 hours for LNCaP95, cells were collected and
used for FACS assays to determine cell populations at Go/G1, S and G2/M phases. The chosen
time points were determined by the optimization protocols shown in our previous publications
[276, 278], and also consistent with the publication from another group [279]. Topo Il inhibition

showed little impact on asynchronous LNCaP and LNCaP95 cells (Figure 2.3A). To synchronize
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LNCaP and LNCaP95 cells, they were either serum starved, or treated with 100 ng/ml
nocodazole for 12 hours, then replenished with culture medium containing serum. Percent of
cells synchronized in Go/G: phase after 12-hour serum starvation or G2/M phase after nocodazole

treatment are shown in Figure 2.3B.

A Cell population ditrubution without synchronization B
T LNCaP G0/G1 G2/M
p o onr1sr Serum Starve  87.6+£3.8%  4.5+2.3%
5 [ ICRF193 Nocodazole 21.0£3.8% 61.2+4.3%
§ s0f-
§ LNCaP95 G0/G1 G2/M
§ Serum Starve  80.2+5.8%  10.8+3.3%

Nocodazole 26.7.0+4.8% 50.4+6.3%

Figure 2.3 Non-synchronized cell population distribution of LNCaP and LNCaP95 treated with ICRF187 and
ICRF193.

(A) LNCaP cells culturing in RMPI containing 5% CSS medium treated with vehicle, 10 pM of ICRF187 or 2 pM
of ICRF193 were collected and used for FACS assays to determine cell populations at Go/G1, S and G2/M phases.
(B) Synchronized cell population over total cells percentage of LNCaP and LNCaP95 in Figure 4B were showed in

the table.

2.16 Gene microarray studies

Gene microarray analyses were performed in Laboratory for Advanced Genome Analysis
(Vancouver Prostate Centre) as described before [276]. Research assistant Ms. Anne Haegert
performed the experiments, bioinformatics coordinator Mr. Robert Bell did the statistical
analysis, and bioinformatics scientist Mr. Shawn Anderson helped with the GEO data deposit.
Total RNA was extracted by using the mirVana RNA Isolation Kit (Ambion, Burlington,

Canada) from three independently repeated experiments. The quality and quantity of RNA were
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assessed with an Agilent 2100 Bioanalyzer (Caliper Technologies Corp., Canada). Amplified and
Alexa Fluor 3 labeled RNA samples were hybridized onto the Human Agilent 8x60k (Agilent
Technologies, Santa Clara, USA), along with Alexa Fluor 5 labeled human reference RNA. The
Statistical Analysis of Microarray (SAM) program (http://www-stat.stanford.edu/tibs/SAM/) was
used to analyze expression differences between RNA samples. Unpaired t-tests were calculated
for all probes passing filters, and g-values were estimated using the false discovery rate (FDR)
multi-test correction method. Gene expression data have been deposited in the Gene Expression
Omnibus (GEO) under accession GSE82189. IPA software (Ingenuity Systems) was used to

analyze UGT2B17-regulated gene groups and signaling pathways.

2.17 Fluorescence microscopy immunofluorescence

Cells were counterstained by DAPI and images were captured by using a Zeiss LSM780
confocal microscope (Carl Zeiss Instruments) as we reported previously [272]. To determine AR
subcellular localization under treatment, we first used AR (N-20) antibody to detect endogenous
AR. Immunofluorescence signal diminished very rapidly under ICRF and ENZ treatment,
possibly attributed to the degradation of endogenous AR under such conditions. In order to
detect AR cytosol localization, we transiently transfected GFP-AR to boost AR expression, as

described in other studies characterizing ENZ on AR localization [177, 178].

AR subcellular localization was also confirmed by Western blotting nuclear and cytoplasmic

extracts from cells transfected with Flag-tagged AR, AR mutants and the AR-V7 splice variant,

using a nuclear protein extraction kit (Sigma) according to the manufacturer’s instructions.
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2.18 Proximity ligation assay (PLA)

Protein-protein interactions were detected by Duolink in situ PLA red starter (Sigma, Oakville,
Canada) as we reported [280]. Briefly, LNCaP(UGT2B17) cells were fixed with 4%
paraformaldehyde and permeabilized by 0.2% Triton-X100. Fixed cells were incubated with
primary antibodies overnight at 4°C. Secondary probe, ligation, and amplification reactions were
performed following the manufacturer’s instructions. Slides were mounted with DAPI, and
fluorescence images were captured by Zeiss fluorescent microscope (Carl Zeiss, Toronto,

Canada).

2.19 Human prostate cancer xenografts
Animal care and experimental procedures were carried out in accordance with the guidelines of
the Canadian Council on Animal Care (CCAC) under the approval of the Animal Care

Committee of the University of British Columbia (protocol #: A14-0088).

A total of 1x10° control or LNCaP(UGT2B17) cells in 0.1 ml Matrigel (BD Labware) were
inoculated subcutaneously in the bilateral flanks of 6-8 week old male athymic nude mice
(n=7/group) (Harlan Sprague Dawley Inc., Mississauga, Canada). Tumor volume (V=
L*W*D*0.5236) and body weight were measured weekly. Serum PSA levels were determined
by ELISA (ClinPro International, Union City, USA). When tumor volumes reach 200 mm?, mice
were castrated. Mice were sacrificed when tumor volume >10% of bodyweight (or >20% loss of
bodyweight). Tumors were harvested for evaluation of mMRNA levels of indicated genes by real-

time PCR.
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Weight loss curves were estimated to demonstrate the tolerability of ICRF187. Maximum dosage
was determined from previous studies [281, 282]. Increasing doses of ICRF187 were exposed to
5 mice/group for 2 months, activity score and body weight were measured to evaluate the

toxicity effect. ICRF187 in our study did not cause weight loss (Figure 2.4).
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Figure 2.4 Mice weight loss curve of ICRF187 treatment.
Male nude mice were treated with vehicle, 50 mg/kg ICRF187, 100 mg/kg ICRF187 or 150 mg/kg ICRF187

(n=5/group) for 2 months. Body weight was measured weekly. Data was shown as mean =SEM (n=5).

To construct CRPC LNCaP xenografts, a total of 1x10° LNCaP cells in 0.1 ml Matrigel were
inoculated subcutaneously in bilateral flanks of 6-8 week old male athymic nude mice. Tumor
volume, body weight and serum PSA levels were measured weekly. When serum PSA
concentrations reached 50 ng/mL, mice were castrated. CRPC LNCaP tumors were defined when
PSA levels relapsed to pre-castrated levels. Animals were randomly separated into four groups,
treated daily with control, 10 mg/kg ENZ, 50 mg/kg ICRF187 or 5 mg/kg ENZ plus 25 mg/kg
ICRF187. To establish ENZ-resistant MR49F xenografts, castrated mice were inoculated
subcutaneously with MR49F cells and treated with 10 mg/kg ENZ daily till endpoint. When

tumor volumes reached 100 mm?, mice were also treated daily with vehicle, 25 mg/kg or 50
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mg/kg of ICRF187. Tumor volumes and PSA levels were measured. CRPC 22RV1 xenografts
were constructed by inoculating 22RV1 cells subcutaneously in bilateral flanks of nude mice.
When mice were castrated and tumors reached 100 mm?3, mice were treated daily with vehicle or
50 mg/kg ICRF187. PC3 xenografts were constructed by inoculating PC3 cells subcutaneously
in male athymic nude mice. When tumors reached 200 mm?3, mice were treated daily with
vehicle or 50 mg/kg ICRF187. In all experiments, animals were sacrificed if tumor mass was
~10% of the body weight or any endpoint situation according to the animal protocol. At the
endpoint, tumors were harvested for evaluations of mMRNA levels of AR-targeted genes by real-
time PCR. Tumor samples were also used to construct tissue microarrays by Ms. Estelle Li to

measure Ki67 expression by immunohistochemistry (IHC).

2.20 Statistical analysis

Statistical analyses were carried out using GraphPad Prism (version 6, La Jolla, USA) for one-
way ANOVA and parametric statistics (2-tailed Student’s unpaired t-test) with the level of
significance set at P<0.05 as *, P<0.01 as ** and P<0.001 as ***, and SPSS Statistics (version

20.0, Markham, Canada) for chi-square test with the level of significance set at P<0.05.
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I would like to thank Mrs. Mary Bowden, Mr. Darrell Trendall and Ms. Estelle Li for their
technical support of xenograft model and pathology analyses. We are also grateful to Dr. Yun
Qiu for providing the pAR Y534 antibody. We thank Dr. Jocelyn Trottier for technical assistance

in the LC-MS/MS quantification of glucuronides.
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Chapter 3: Androgen-independent AR Signaling Transformed via UGT2B17

Expedites CRPC Progression

Note: Articles and figures are adapted with permission from AACR.

3.1 Introduction

Androgen receptor (AR) signaling is critical for prostate cancer (PCa) development as well as
progression into castration-resistant PCa (CRPC) [236, 283]. Blocking AR signaling delays
tumor growth and prolongs patient survival [180, 284]. These AR pathway inhibitors all target
the ligand-binding domain (LBD) of the AR and prevent the AR from being transcriptionally
active. However, the benefit of these therapies is temporary, and recurrence to CRPC is
inevitable [180, 284]. Several possible mechanisms that reestablished AR signaling have been
defined, including AR gene overexpression and amplification [203], AR gain-of-function
mutations in the LBD with a more promiscuous affinity to other ligands [202], aberrant AR gene
splicing, encoding constitutively active forms of the AR [193, 194], and the phosphorylation and
subsequent activation of the AR in the absence of androgen [174]. These findings indicate that
AR LBD inhibitors are insufficient to abolish AR signaling, and that tumor cells can utilize
ligand-independent AR signaling to enable progression under anti-AR therapies. This notion is
further supported by genome-wide studies showing that the AR remains functional in CRPC, but
the AR transcriptome is shifted to one that predominantly regulates cell mitosis [206, 210, 285].
These findings emphasize the conclusion that most CRPC (a notable exception being
neuroendocrine prostate cancer) still relies on the AR, but mainly through ligand-independent
AR transcriptional activity that drives tumor cell proliferation in an androgen-depleted milieu.

Defining molecular mechanisms that activate ligand-independent AR signaling would be
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important for developing effective therapies that prevent CRPC progression and maintain PCa in

an anti-AR sensitive state.

The UGT2B17 gene encodes an enzyme that irreversibly catabolizes androgens into inactive
forms by glucuronidation reactions, thereby maintaining androgen homeostasis in the prostate
[102]. Compared to benign prostate, PCa expresses higher levels of UGT2B17, and its
expression has been reported to further increase after antiandrogen treatment [129, 269]. Using
in vitro cell models, RNA silencing of UGT2B17 in LNCaP cells suppresses glucuronidation
activity, but increases DHT levels in culture media and PCa cell proliferation [124]. These
results suggest that enhanced UGT2B17 expression or activity would have suppressive effects on
AR-driven tumor growth. However, high UGT2B17 expression levels in CRPC [97, 286] imply
the opposite — that UGT2B17 may facilitate to CRPC progression through mechanisms that are
not fully characterized to date. UGT2B17 may also exert undefined actions to modulate AR
signaling similar to AKR1C3, which is another critical enzyme in androgen steroidogenesis that
was recently identified to possess novel functions as an AR coactivator [136] and an enhancer of
AR function through the ubiquitin ligase Siah2 [137]. As a membrane-bound enzyme localized
in the endoplasmic reticulum of the cytosol [117], UGT2B17 may engage in ligand-independent

activation of AR signaling by the kinase pathways that drive CRPC progression.

Through paracrine and autocrine regulation, cytokines and growth factors can stimulate AR
phosphorylation and subsequent AR transactivation in a ligand-independent manner [172, 287-
289]. For example, c-Src kinase, as a downstream effector of the EGF and IGF-1 pathways,

activates the AR in the absence of androgens by using its SH3 domain to interact with, and
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phosphorylate, the AR at the tyrosine 534 position [174]. In fact, overactive c-Src was reported
in CRPC [174, 290] and c-Src inhibition by sShRNA or small molecule-induced prostate tumor
regression [291]. These findings led us to hypothesize that c-Src may be activated by UGT2B17
to transform AR signaling into a ligand-independent mode, thereby enabling CRPC progression

in the presence of therapies targeting the ligand binding domain of the AR.

3.2 Results

3.21 UGT2B17 is associated with CRPC progression and androgen insensitivity of PCa
cells

Previous studies showed that UGT2B17 mRNA expression was highly elevated in CRPC [97,
286]. Here, we evaluated UGT2B17 protein expression by immunohistochemistry (IHC) on
tissue microarrays containing 604 tissue cores from 287 patients as described in Table 2.1
(Chapter 2.2) as well as in other studies [269]. UGT2B17’s IHC was scored according to the
intensity of the histology scores (H-scores): no response/weak as 1, medium as 2, and strong as
3. Higher UGT2B17 expression was more prevalent in tissue cores with higher Gleason scores
(Figure 3.1A), and UGT2B17 H-scores were positively correlated with the Gleason score
(r=0.3034, p<0.001) (Table 3.1). Compared with benign prostate, UGT2B17 was highly
expressed in PCa, and further elevated by NHT (Figure 3.1B). Consistent with previous reports
on UGT2B17 mRNA expression [97, 286], a larger proportion of CRPC tissue cores fell into the
category of strong UGT2B17 protein expression (Figure 3.1B). Higher UGT2B17 expression
was also observed in tumors that were collected for initial diagnosis, but were reported to have

either lymph node or distal metastasis in follow-up examinations (Figure 3.1C). These results
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indicate that increased UGT2B17 expression is associated with higher grade and CRPC

progression.
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Figure 3.1 UGT2BL17 is associated with prostate tumor progression and androgen insensitivity of prostate
cancer cells.

(A-C) Immunohistochemistry was performed using the UGT2B17 antibody on PCa tissue microarrays. Histology
scores (H-scores) of each tissue core were evaluated by Dr. Ladan Fazli on a scale of 1-3 as described in Chapter
2.3. The percentages of tissue cores in each H-score group were calculated and were sorted by (A) Gleason score,

(B) PCa progression and (C) metastasis status. Comparison between the groups was analyzed using the chi-square
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test by SPSS Statistics. Values without a common letter are significantly different, p<0.05. (D-E) LNCaP,
LNCaP(Al), LNCaP95, VCaP, PC3, DU145, 22RV1 and MR49F cells cultured under the condition of vehicle or 10
nM R1881 treatment. Total RNA and protein lysates were collected for real-time PCR assays (D) and
immunoblotting (E) respectively. (F) Cell homogenates from 293T, LNCaP, LNCaP(Al), LNCaP95 were collected
for in vitro glucuronidation assays. The formation rates of glucuronidation derivatives including testosterone-G,
DHT-G, 30-DIOL-17G and vorinostat-G were measured by Ms. Mdanie Verreault. Results were presented as the

mean =SEM (n=3).

Correlation UGT2B17 H-score vs Total Gleason Score
r value 0.3043

95% confidence interval 0.1971 to 0.4043

P value *H%<0.001

Table 3.1 Correlation analysis of UGT2B17 H-score and Gleason score.

In PCa cell lines, we found that androgen-independent LNCaP(Al) and LNCaP95 cells expressed
higher UGT2B17 RNA and protein levels than androgen-dependent LNCaP cells (Figure 3.1D-
E). Treatment with the AR agonist, R1881 (non-metabolizable androgen), suppressed UGT2B17
MRNA levels, consistent with previous reports showing that ligand-activated AR suppresses
UGT2B17 transcription [126, 269]. Interestingly, enzalutamide-resistant MR49F cells expressed
low UGT2B17 mRNA but strong protein expression, suggesting that posttranslational
mechanisms may enhance UGT2B17 protein stability in these cells. We further applied
glucuronidation assays to show that elevated UGT2B17 expression in LNCaP(Al) and LNCaP95
cells was functional, since the UGT2B17 metabolites including testosterone-G, DHT-G, 3a-
DIOL-17G and the UGT2B17-specific vorinostat-G were all significantly increased in

LNCaP(Al) and LNCaP95 cells with an UGT2B17 dependent manner (Figure 3.1F). These
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results indicate that enhanced UGT2B17 glucuronidation is also associated with androgen

insensitivity of PCa cells.

3.2.2 UGT2B17 enhances PCa cell growth and invasion after prolonged androgen
deprivation

To study the impact of UGT2B17 on PCa cell growth, we used the lentiviral approach to
construct LNCaP cells overexpressing UGT2B17 and LNCaP95 cells with UGT2B17
knockdown (Figure 3.2). Prolonged androgen deprivation of LNCaP cells enhanced UGT2B17
protein levels (Figure 3.3A). Upregulation of UGT2B17 expression was also accompanied by

increased glucuronidation (Figure 3.3B).
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Figure 3.2 Construction of PCa cell lines using the lentiviral approach.

(A) LNCaP and VCaP cells were transduced by lentivirus encoding mock or UGT2B17. (B) LNCaP95 cells were

transduced by lentivirus encoding control or shUGT2B17. Cells were cultured in RMP11640 medium containing 10
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o/ml puromycin for selection. Immunoblotting and real-time PCR results confirmed UGT2B17 expression in these

cell lines.
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Figure 3.3 Androgen deprivation increases LNCaP(UGT2B17) glucuronidation activity.
(A) LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS for 0, 14
or 28 days. Protein levels of UGT2B17 and B-actin were measured by immunoblotting. (B) LNCaP(mock) and

LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS plus vehicle or 10 pM of ENZ
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for 0, 14 or 28 days. The formation of glucuronide derivatives was measured by Ms. M@&anie Verreault, and the

results were shown as mean =SEM from three repeated experiments.

We found that altered UGT2B17 expression changed LNCaP and LNCaP95 cell proliferation in
response to androgens. Cells were cultured in medium containing charcoal stripped serum (CSS)
and treated with vehicle, 10 nM of R1881, or 10 M of ENZ. LNCaP cell proliferation was
stimulated by R1881 approximately 4 fold, but inhibited by enzalutamide or androgen
deprivation (Figure 3.4A, top). UGT2B17 overexpressing LNCaP cells slightly reduced their
sensitivity to androgen. LNCaP95 cells did not respond to AR agonist or antagonist in cell
growth, but became responsive to R1881 with regard to cell proliferation when UGT2B17
expression was depleted by RNA silencing. However, when cells were pre-treated with vehicle,
R1881 or ENZ for 28 days and then seeded for MTS assays, LNCaP cell proliferation rates were
stimulated only approximately 1.5 fold by R1881 (Figure 3.4A, bottom). After 28 days of
culture, enhanced UGT2B17 expression rendered LNCaP cells insensitive to R1881 and ENZ
treatment. Cell growth in UGT2B17-depleted LNCaP95 cells was suppressed by ENZ, but
stimulated by R1881. Similarly, BrdU incorporation assays confirmed the findings from MTS
assays, that androgen-regulated DNA synthesis (reflecting cell proliferation rate) was also
modulated by UGT2B17 in both LNCaP and LNCaP95 cells (Figure 3.4B). These UGT2B17

effects on DNA synthesis appeared as early as 14 days of treatment.

To determine whether UGT2B17 also regulates PCa cell motility, we pre-treated LNCaP cells
with vehicle, R1881 or ENZ for 0 or 28 days, and then performed trans-well cell migration and
invasion assays (Figure 3.4C). Under prolonged androgen deprivation, LNCaP cell invasion and

migration became insensitive to R1881 when UGT2B17 was overexpressed. These results
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together indicated that UGT2B17 modulates sensitivity of PCa cells to androgens with regard to

cell proliferation and invasion.
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Figure 3.4 UGT2B17 enhances PCa cell growth and invasion after prolonged androgen deprivation.

(A-B) LNCaP(mock), LNCaP(UGT2B17), LNCaP95(shCTRL) and LNCaP95(shUGT2B17) cells were pre-treated
in the RPMI11640 medium containing 5% CSS under the condition of vehicle (V), 10 nM of R1881 (R), or 10 M of
ENZ (E) for O (A, top), 28 (A, bottom) or 14 (B) days. Relative cell proliferation rates within 0-7 days were
measured by MTS assays in (A) and by BrdU incorporation assays in (B). (C) LNCaP(mock) and
LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS under the condition of vehicle, 10
nM of R1881, 10 M of ENZ for 0 or 28 days. Relative cell invasion or migration rates were then measured. All
data were repeated in three independent experiments and shown as mean =SEM. Statistical analyses were
performed by one-way ANOVA followed by student t-test with P<0.05 as *, P<0.01 as ** and P<0.001 as ***. NS,

nonsignificant.

3.2.3 UGT2B17 accelerates CRPC progression in LNCaP xenografts

We used the LNCaP xenograft model to test the impact of UGT2B17 on prostate tumor growth
in vivo. After 11 weeks of castration, tumors overexpressing UGT2B17 showed a significantly
larger average tumor volume (Figure 3.5A), but lower serum PSA levels (Figure 3.5B), when
compared to LNCaP control tumors. Tumor volume doubling time before (100-200 mm?3) and
post castration (250-500 mm?) was also calculated (Figure 3.5C). LNCaP control tumors showed
delayed tumor growth with increased tumor doubling time after castration when compared to
before castration. However, the growth of LNCaP(UGT2B17) tumors was not affected by
castration since the tumor doubling time remained the same. These results indicate that enhanced

UGT2B17 allows LNCaP xenografts to adapt to castration and more rapidly progress into CRPC.
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Figure 3.5 UGT2B17 accelerates CRPC progression of LNCaP xenografts.
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LNCaP(mock) and LNCaP(UGT2B17) xenografts were established as described in Chapter 2.19. Mice were

castrated when tumor volume reached 200 mm?. (A) Tumor volume and (B) serum PSA levels were measured

weekly. (C) Tumor doubling time was calculated during tumor growth from 100 to 200 mm3 and from 250 to 500

mm?3. (D) Xenograft tissues were collected and used for in vitro glucuronidation assays. (E) Total RNA from the

xenograft tissues was extracted for real-time PCR assays. Statistical analyses were performed by one-way ANOVA

followed by student t-test with P < 0.01 as ** and P < 0.001 as ***,
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When tumors were harvested and used for glucuronidation assays, we found that increased
UGT2B17 expression was associated with enhanced UGT2B17 activity in catabolizing
androgens (Figure 3.5D). Since DHT can be catabolized at a rate of approximately 22
pmol/min/mg in LNCaP(UGT2B17) tumors, DHT is eliminated rapidly, even considering it may
be generated through de novo intratumoral steroidogenesis. Under such low androgen levels, the
expression of androgen-dependent genes such as PSA and TMPRSS2 was decreased in
LNCaP(UGT2B17) tumors, while the expression of AR-regulated mitotic genes such as UBE2C
was increased (Figure 3.5E). These studies suggest that AR-driven LNCaP(UGT2B17) xenograft
growth is less reliant on androgens as ligands during CRPC progression, and is associated with

shifts in AR mediated gene transcription that promotes cell mitosis.

3.2.4 UGT2BL17 alters AR signaling under androgen deprivation

To decipher molecular mechanisms by which UGT2B17 enhances PCa cell growth independent
of androgen, we performed gene microarray analysis using LNCaP(mock) and
LNCaP(UGT2B17) cells cultured under the regular serum (FBS) or androgen depleted serum
(CSS) conditions for 28 days. Under the FBS condition, 381 genes were significantly altered by
UGT2B17 with fold change over 2. Gene ontology (GO) analysis by DAVID 6.7
(http://david.abce.ncifcrf.gov/) further identified that the top ranked gene group (n=101 genes)
was associated with cell differentiation (Figure 3.6A). However, after 28 days of CSS treatment,
the expression of 1581 genes was altered by UGT2B17, among which 359 genes were associated
with cell cycle (Figure 3.6B), suggesting that UGT2B17-regulated transcriptome shifted from

cell differentiation to cell cycle after prolonged androgen deprivation.
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Figure 3.6 UGT2B17 alters AR signaling under prolonged androgen deprivation.

(A-B) LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% FBS (A) or

CSS (B) for 0 or 28 days. Total RNA was collected (n=3 repeats/experimental condition) for microarray assays.

Differentially expressed genes with fold change over 2 were analysed by DAVID (version 6.7). Top 5 ranked

GO_TERM sorted gene groups were listed. (C) The mRNA levels of indicated genes were validated by real-time

PCR assays. (D) LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI1640 medium containing 5%

CSS under the condition of vehicle (V), 10 nM of R1881 (R), or 10 jiM of ENZ (E) for 28 days. Cells were then
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transfected with control siRNA or siRNA against AR. Relative BrdU incorporation, cell invasion and migration
rates were measured. All data were repeated in three independent experiments and shown as mean £SEM.

Statistical analyses were performed by student t-test with P<0.001 as ***.

Results from these GO analyses were further confirmed by real-time PCR. There are seven
mitosis-related genes (ANAPC, CDC20, ID1, NDRG1, CDK1, PRDM4, and UBE2C) known to
be up-regulated by the AR, independent of androgen [285]. Enhanced UGT2B17 expression in
LNCaP cells strongly stimulated the expression of these genes in a time-dependent manner
(Figure 3.6C), suggesting that UGT2B17 enhanced ligand-independent AR transactivation. The
expression of genes such as PSA, TMPRSS2, FKBP5, PDE9A and NKX3.1 was stimulated,
while the expression of genes such as DDC and OPRK1 was repressed by androgens [292].
Overexpression of UGT2B17 in LNCaP cells impaired the androgen regulation of these genes.
To exclude the possibility that the altered gene expression was caused by factors other than the
AR, we depleted AR expression by RNA silencing (Figure 3.7). We confirmed that AR
knockdown abolished UGT2B17 actions on genes regulated by both ligand-dependent and
ligand-independent AR transcriptional activities. To confirm that UGT2B17 actions on cancer
cell growth and invasion are mediated by the AR, we showed that UGT2B17-stimulated BrdU
incorporation, cell invasion and migration were abolished by AR depletion (Figure 3.6D). These
results show that UGT2B17 activates ligand-independent, but inhibits androgen-dependent, AR
actions in regulating gene expression, PCa cell proliferation and invasion under prolonged

androgen deprivation conditions.
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Figure 3.7 AR knockdown diminishes UGT2B17-stimulated gene upregulation.
LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI160 medium containing 5% CSS for 28 days,
and then transfected with control siRNA or siRNA against AR. Total RNA was extracted for real-time PCR assays.

All data were repeated in three independent experiments and are shown as mean =SEM.

3.25 UGT2B17 activates the AR through c-Src kinase during CRPC progression

Among the cell cycle gene group (n=359 genes) regulated by UGT2B17, the IPA software
predicted AR, c-Src, AKT and STATS3 as the upstream regulators. To further investigate these
findings, LNCaP cells overexpressing either control or UGT2B17 were treated with androgen
deprivation for 0 or 28 days (Figure 3.8A). UGT2B17 increased c-Src activation, which was
further increased by androgen deprivation. Additionally, STAT3 and AKT were also stimulated
by UGT2B17 under androgen deprivation (Figure 3.8A). We showed that the c-Src inhibitor
(PP2) not only abolished c-Src, but also AKT and STATS3 activation. In contrast, AKT and
STATS3 inhibitors (LY and Stattic, respectively) had no impact on c-Src activation regulated by
UGT2B17 (Figure 3.8B). Furthermore, PP2 but not LY or Stattic suppressed UGT2B17-induced

cell proliferation after androgen deprivation (Figure 3.8C). These results indicate that c-Src is the
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upstream regulator of AKT and STAT3, mediating UGT2B17 actions in regulating cell cycling

under androgen deprivation.
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Figure 3.8 UGT2B17 activates the AR through c-Src kinase in CRPC progression.

(A) LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS for 0 or
28 days. (B) LNCaP(mock) and LNCaP(UGT2B17) cells cultured in RPMI11640 medium containing 5% CSS for 28
days. Cells were then treated with vehicle, or 10 M of PP2, WP1066 or Stattic for another 12 hours. Protein levels
of pSrc Y416, c-Src, pAKT, total AKT, pSTATS3, total STAT3, pSTATS5, total STATS and B-actin were measured
by immunoblotting. (C) LNCaP(mock) and LNCaP (UGT2B17) cells were cultured in RPMI11640 medium
containing 5% CSS for 7 and 28 days, and then treated with vehicle or 10 piM of PP2, WP1066 or Stattic for 48
hours. Relative BrdU incorporation rates were measured. (D) LNCaP(UGT2B17) cells were cultured in RMP11640
medium containing 5% CSS for 0 or 28 days. Immunofluorescence assays (left) were performed with UGT2B17
(green) and c-Src (Red) antibodies. PLA assays (right) using UGT2B17 and c-Src antibodies were performed as
described in the Materials and Methods section. Red dots represent UGT2B17 and c-Src interactions. (E-F)
LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS for 0, 14 or
28 days. Whole cell lysates were collected for immunoprecipitation using 1gG or flag antibody (E) or using flag
antibody (F). Eluent was then immunoblotted with UGT2B17, c-Src or pSrc Y416 antibodies. Note: non-specific

(NS) proteins appeared when the UGT2B17 antibody was used to perform co-IP.

Because both UGT2B17 and c-Src are expressed in the cytosol, we performed PLA and co-
immunoprecipitation (co-IP) assays to determine whether these two proteins interact with each
other. Immunofluorescence assays first confirmed that both UGT2B17 (green) and c-Src (red)
were localized in the cytosol after 0 or 28 days of androgen deprivation (Figure 3.8D). However,
protein-protein interaction between UGT2B17 and c-Src was only observed after 28 days of
androgen deprivation. This result was further confirmed by using flag antibody to precipitate
flag-UGT2B17 and c-Src simultaneously (Figure 3.8E). Co-IP assays also indicated that
UGT2B17 protein continuously accumulated after androgen deprivation in a time-dependent
fashion, while robust c-Src association with UGT2B17 first occurred on day 14, and strong c-Src

activation occurred on day 28 (Figure 3.8F). These results suggest that prolonged androgen
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deprivation accumulates UGT2B17 protein expression, which in turn recruits and activates c-Src

kinase.

In addition to LNCaP, we also exploited the VVCaP cell line and observed similar results, that
VCaP cells overexpressing UGT2B17 became insensitive to androgen deprivation or
enzalutamide after 14-28 days of treatments, as exemplified by BrdU incorporation rates and cell
invasion rates (Figure 3.9A-B). Expression of AR-activated genes as well as androgen-
suppressed genes were also upregulated by UGT2B17, while androgen-activated gene expression
remained unchanged during prolonged androgen deprivation (Figure 3.9C). Furthermore,
activation of c-Src by UGT2B17 in VCaP cells is similar to that in LNCaP cells (Figure 3.9D).
However, under androgen deprivation or enzalutamide treatment conditions, the constitutively
active AR variants had been demonstrated to drive the AR signaling [193, 194, 197]. Results
from VCaP cell lines are therefore difficult for us to distinguish ligand-independent AR-FL

actions from constitutive transactivation of AR variants.
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Figure 3.9 UGT2B17 enhances VVCaP cell growth and invasion after prolonged androgen deprivation.

VCaP(mock) and VCaP(UGT2B17) cells were cultured in the RPM11640 medium plus 5% CSS. Cells were treated

with vehicle, 10 nM of R1881 or 10 M of ENZ for 0 or 28 days. (A) Cell proliferation rates were determined by

BrdU incorporation assays. (B) Cell invasion rates were determined by BD Matrigel Invasion assays. (C) Relative

mRNA levels of androgen receptor activated, androgen activated and androgen repressed genes were determined by

real-time PCR. (D) Protein levels of UGT2B17, pSrc, tSrc, pAKT, total AKT, pSTATS3, total STAT3, pSTATS, total

STATS5 and B-actin were determined by immunoblotting. All data were repeated in three independent experiments,
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and are shown as mean =SEM. Statistical analyses were performed by one-way ANOVA followed by student t-test

with P< 0.05 as *, P<0.01 as ** and P<0.001 as ***,

3.2.6 Elevated UG2B17 expression is associated with c-Src activation

To define whether elevated UGT2B17 expression is associated with c-Src activation in PCa
patients, we analyzed UGT2B17, c-Src, pSrcY416 protein levels in PCa TMAs (Table 3.2 and
Figure 3.10A). We found a positive association between UGT2B17 with c-Src only in CRPC
tissue cores (r=0.3986, p=0.0484) and an even stronger association between UGT2B17 and
pSrcY416 (r=0.5157, p=0.0099). Similar correlations were also observed in UGT2B17-
overexpressed LNCaP cells under androgen deprivation (Figure 3.11). Collectively, these results

demonstrate that elevated UGT2B17 expression activates c-Src in CRPC tumors.

c-Srcvs UGT2B17 pSrc Y416 vs UGT2B17
Group r value p value r value p value
Benign 0.2988 0.1469 0 >0.9999
Hormone Na've 0.1992 0.1896 0.1768 0.2509
NHT -0.1548 0.4805 -0.2495 0.2396
CRPC 0.3986 0.0484% 0.5157 0.0099"

Table 3.2 Correlation analysis of H-score between UGT2B17 and c-Src or pSrc Y416.
Correlation analysis of H-scores between UGT2B17 and c-Src or pSrc Y416 in benign, hormone nawe, NHT, and
CRPC tissue groups were performed using Pearson’s coefficient tests. Statistical significance is indicated in bold

fontas 2P < 0.05,°P < 0.01.
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Figure 3.10 UGT2B17 expression is associated with c-Src activation in CRPC.
(A) Representative IHC images of UGT2B17, c-Src and pSrc Y416 in the hormone nawe and CRPC tissue groups
were shown. (B) The mechanisms by which increased UGT2B17 by androgen deprivation in CRPC activates the AR

through stimulating c-Src.
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Figure 3.11 UGT2B17 protein expression is correlated with pAR Y534 and pSrc Y416 levels in PCa cell lines.
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LNCaP(mock) and LNCaP(UGT2B17) cells were cultured in RPMI11640 medium containing 5% CSS for 0, 14 or
28 days. Cell lysates were collected for detection of pAR Y534, pSrc Y416, c-Src, UGT2B17, and B-actin by
immunoblotting. Densitometry analyses of protein bands from three repeated assays were performed by the Image J

software. All values normalized with data from LNCaP(mock) day 0 as 1.
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3.3 Discussion

Our studies identified a novel function for UGT2B17 that promotes ligand-independent AR
signaling to expedite CRPC progression. We demonstrated that elevated UGT2B17, under
conditions of prolonged androgen deprivation, activated c-Src kinase and stimulated AR
transactivation independent of androgens (Figure 3.10B). Because of the prominent role of the
UGT2B17-Src-AR signaling pathway in contributing to CRPC progression, we propose a
combination strategy of UGT2B17 inhibition and antiandrogens for more effective control of

CRPC.

While PCa is initially androgen-sensitive and responds to androgen deprivation therapies,
adaptive survival pathways often culminate in CRPC. The AR remains transcriptionally active in
CRPC, but its actions are shifted to regulate the mitotic transcriptome under anti-AR therapy
[206, 210, 285]. Since the AR possesses a ligand-dependent AF-2 domain and a ligand-
independent AF-1 domain, AR antagonists facilitate transition to ligand-independent AR
signaling likely through altering AR protein conformation and differential activation of AF-1 and
AF-2 domains. In the presence of androgen, the "8LKDIL®2 motif in Taul and the ***WHTLF**
motif in Tau5 of the AF-1 domain interact with the LBD, creating intramolecular interactions
that are necessary for ligand-dependent AR transactivation [143, 293, 294]. Androgen
deprivation or AR antagonists not only block AF-2 activity, but also disrupt AR intramolecular
protein interactions, resulting in an opportunity for AF-1 to be exposed for phosphorylation and
activation by kinases [295, 296]. We show here that prolonged androgen deprivation enhances
UGT2BL17 to activate c-Src, which in turn stimulates AR functions to upregulate transcription of

mitosis-related genes. Consistent with this hypothesis, C-terminus truncated AR splice variants
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present strong constitutive transactivation due to the loss of the LBD [199]. By contrast, deletion
of Tau5 in the AR inhibits androgen-independent AR activity in androgen-insensitive cells, but
enhanced androgen-dependent AR activity in androgen-sensitive PCa cells [296]. These findings
together emphasize that androgens and AF-2 may function as switches to modulate AF-1
activity. AR antagonists like enzalutamide do not entirely block AR function, but rather shift the
AR function towards ligand-independence driven by AF-1. The AR is still recruited to chromatin
in CRPC, but to different locations compared to that in castrate sensitive tumors [206]. The
observation that low PSA tumors are often more aggressive and have poorer prognosis [297,
298] may reflect AR function mode in these tumors shifting away from regulating androgen
(ligand)-dependent AR target genes such as PSA. Together, these results support that
upregulation of UGT2B17 expression by prolonged androgen deprivation serves as a key

facilitator for the AR to act ligand-independently.

Although enhanced UGT2B17 expression has been previously reported to be associated with
CRPC [97, 129, 299], our studies define several mechanisms whereby UGT2B17 enhances
ligand-independent AR signaling for CRPC progression: 1) UGT2B17 enhances intratumoral
androgen depletion to facilitate AR signaling shifts towards a ligand-independent mode. This is
supported by our results showing that androgen-independent LNCaP95, LNCaP(Al) cells and
enzalutamide-resistant MR49F cells have higher UGT2B17 expression and glucuronidation
activity. UGT2B17-stimulated cell proliferation after prolonged androgen depletion and
UGT2B17-driven CRPC xenograft growth are both associated with enhanced androgen
catabolism activities. Intratumoral androgen depletion by UGT2B17 suppresses AF-2 activity,

but encourages AF-1 to be phosphorylated by kinases and become transcriptionally active; 2)
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UGT2B17 also interacts with and activates c-Src kinase, which in turn stimulates AR
phosphorylation and activation independent of androgens. As a non-receptor tyrosine kinase, c-
Src needs to be recruited to the membrane-bound tyrosine kinase receptors to activate
downstream signal pathways. However, UGT2B17 is an endoplasmic reticulum membrane-
bound enzyme that may have a relatively weak affinity to c-Src. Since UGT2B17 protein is
accumulated in PCa cells after prolonged androgen depletion (Figure 3.3 and Figure 3.8F), we
propose that when UGT2B17 expression reaches a threshold, the enzyme begins to interact with
and activate c-Src kinase. This may explain why UGT2B17 can only activate c-Src after its
expression reaches certain levels; and 3) it should also be noted that UGT2B17 activated c-Src
can trigger downstream effectors in addition to AR such as MAPK, AKT and STAT3. These
signal pathways may, in turn, regulate AR transactivation indirectly and modulate gene
transcription associated with cell mitosis. Together, our results demonstrate that UGT2B17 can
utilize multiple pathways to activate ligand-independent AR signaling to expedite CRPC

progression.

Our results show that AR signaling transformation regulated by UGT2B17 only becomes
prominent after prolonged androgen depletion using LNCaP, LNCaP95 and VVCaP cell models
(Figure 3.2-3.9). One possible explanation for this is that transient androgen depletion stimulates
de novo steroidogenesis, while prolonged androgen depletion combined with UGT2B17 protein
accumulation abolishes androgen exposure of the AR more thoroughly. In addition, shift of AR
signaling to ligand-independent mode requires c-Src activation, resulting from UGT2B17
accumulation in PCa cells. Although our co-IP and PLA assays demonstrate that UGT2B17

interacts with and activates c-Src, these protein interactions may be indirect, possibly through
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some endoplasmic reticulum-associated protein factors such as PTP1B [300]. Regardless of the
direct or indirect protein interactions between UGT2B17 and c-Src, the UGT2B17/c-Src
complex leads to the activation of the ligand-independent AR signaling under prolonged
androgen deprivation conditions. Several previous studies showed that androgen inhibited, while
antiandrogens enhanced the mRNA levels of UGT2B17 [97, 126]. AR recruitment to the
UGT2B17 promoter was also reported to be responsible for suppressing UGT2B17 gene
transcription [126]. It remains to be determined whether ligand-independent AR signaling
induced by UGT2B17 in turn would enhance UGT2B17 transcription through a feed-forward

mechanism and whether the AR regulates UGT2B17 protein stability.

Mechanisms that determine whether or not CRPC tumors develop resistance to new generation
antiandrogens such as enzalutamide and abiraterone are not fully understood. Generations of
LBD truncated AR splice variants and accumulation of gain-of-function of mutations in the LBD
had been credited for the therapy resistance [193, 194, 202]. However, not all CRPC tumors
express AR-V7 or mutant ARs. Since CRPC tumors predominantly express high levels of AR,
our studies propose that anti-AR resistant tumors are mainly driven by reestablished AR
signaling from being androgen-dependent to becoming androgen-independent, which in turn
regulates the transcription of mitosis genes. Such AR functional reprogramming is manifested by
a shift in AR dependence on AF-2 in the LBD to AF-1 in AR N-terminus to regulate target gene
transcription. This explanation is more broadly applicable to CRPC tumors resistant to AR
pathway inhibitors like abiraterone and enzalutamide. In this context, UGT2B17, which usually
mediates androgen catabolism, paradoxically supports the transition of AR signaling to be

ligand-independent by activating c-Src kinase.
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UGT2B17 belongs to the UGT2B family, in which UGT2B15 and UGT2B28 are the other two
members expressed in the prostate that regulate androgen metabolism [102]. Compared to the
benign prostate, UGT2B15 protein levels were reduced in hormone naive tumors and CRPC, and
became undetectable in lymph node metastases [129]. In contrast to UGT2B17, which can
catabolize all three major androgens, UGT2B15 can only de-activate DHT with much lower
efficacy than UGT2B17 [122]. Recently, UGT2B28 expression was reported to be positively
associated with high-grade PCa, suggesting that it may play a similar role to UGT2B17 [134]. It
remains to be determined whether UGT2B28 expression is associated with anti-AR therapies,

CRPC progression and tumor metastasis.

In summary, our studies demonstrate that UGT2B17 facilitates c-Src-activated ligand-
independent AR signaling, thereby supporting CRPC progression. We propose that a
combination of AR pathway inhibitors with UGT2B17-Src-AR signaling axis inhibition could

more potently suppress CRPC progression.
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3.3.1 Targeting UGT2B17-Src-AR signaling axis

To target the UGT2B17-Src-AR signaling axis, we first considered targeting the UGT2B17
enzyme protein expression, enzyme activity and its interaction with c-Src. As we have shown in
Figure 3.3, using lentiviral approaches to knockdown UGT2B17 suppressed the LNCaP95 cell
proliferation rate. To enhance the knockdown effect, we further transiently transfected siRNA
against UGT2B17 in LNCaP95, achieving improved suppression of cell proliferation and cell
cycling. The antisense oligonucleotides (ASOs), which are synthetic polymers of chemically
modified deoxyribonucleotides containing sequences designed to be complementary to the sense
sequence of target MRNAs [301], provides one feasible strategy to target UGT2B17. One of the
criteria of ASOs targeting is that the targeted gene should have higher expression in pathological
tissues than normal tissues. As we mentioned in Chapter 1.2.2, and in a previous report [302], the
UGT2B17 mRNA and protein are highly expressed in the gastrointestinal tract and liver. In
prostate tissues, as well as in the liver, the UGT2B family also contribute to the metabolism of
drugs, endobiotics, and bile constituents. The UGT2B family also interacts with the cytochrome
¢ family, including CYP2A8 and CYP3C4 [303, 304], which are responsible for the metabolism
of enzalutamide [305]. A comprehensive drug interaction investigation and tissue-specific ASOs

are required before directly targeting UGT2B17 mRNA.

Factors regulating UGT2B17 are also potential targets for UGT2B17 inhibition. Studies showed
that the Farnesoid X receptor (FXR) negatively regulated UGT2B17 expression [306]. The FXR
activators, chenodeoxycholic acid, or GW4064 treatment could downregulate UGT2B17 mRNA
and protein expression levels in LNCaP cells. The off-target effect of FXR activators and

FXR/AR interaction is subject to further investigation. Several recent studies revealed more
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regulation mechanisms of UGT2B17, including the regulation of UGT2B17 by the miR-376c¢ in
PCa cells [307], AR-V7 potentially regulates UGT2B17 through binding to its promoter [135],
and FOXAL assists the AR as a coregulator of UGT2B17 in breast cancer cells [131]. Taken

together, these upstream regulators provide the second way to target UGT2B17.

A third strategy is to inhibit the enzyme activity of UGT2B17. Flavonoids contained in red wine
could inhibit UGT2B17 glucuronidation activity in the in vitro assays [308]. Green tea extracts
showed effective inhibition of PCa tumor growth [309], and were also reported to suppress
UGT2B17 activity [310]. We have treated LNCaP, LNCaP95 and MR49F with the effective
components from green tea extracts, including Catechin gallate, Epicatechin and
Epigallocatechin gallate at their maximum dosage. A mild proliferation inhibition on LNCaP
was found. While little was observed on LNCaP95 and MR49F (unpublished collaboration data).
Above all, all UGT2B17 inhibition strategies including targeting drugs and natural products,

need to consider potential drug interactions.

The mRNA and protein expression of UGT2B17 is repressed by androgen-dependent AR
signaling, which further emphasize the importance of the UGT2B17 inhibition timing [124]. The
ideal time for UGT2B17 inhibition would be at the onset of abiraterone relapse, which inhibits
de novo androgen synthesis. Combination treatments of the UGT2B17 inhibition and the anti-

androgen ENZ proceed afterwards to restrain and inactivate AR signaling.

Due to the lack of studies on UGT2B17 structures, the UGT2B17 and c-Src interaction

mechanism remains to be elucidated. The tyrosine kinase c-Src has attracted a plethora of
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attention in the PCa research field. In 2000, Dr. Auricchio’s group found that the non-genomic
function of the AR interacts with c-Src to trigger PCa carcinogenesis [84] and in 2006, Dr. Yun
Qiu’s group found that c-Src could phosphorylate the AR [174]. Numerous other studies
suggested that c-Src is a potential target in CRPC (reviewed in [311]); two major inhibition
methods were developed. The first one is targeting the SH3 domain of c-Src using small peptides
mimicking the domain sequence in the AR [312]. These peptides prevented the S phase entry of
LNCaP cells and the growth of LNCaP xenografts. However, there were no further follow-up
studies done after this paper in 2007. More efforts were focused on the inactivation of c-Src, as it
was found to mediate PCa cell growth, invasion, and metastasis in preclinical model systems.
Preclinical observations suggest that raised c-Src activity in tumors of patients with prostate
cancer is associated with decreased sensitivity to androgen ablation, increased bone metastasis,
and shorter survival. One of the c-Src inhibitors, dasatinib (BMS-354825), inhibited prostate
cancer growth and metastasis, and suppressed PCa cell-induced osteoclastic activity in the bone
microenvironment in preclinical models [313, 314]. Additionally, the combination of dasatinib
and docetaxel had greater activity than either agent alone in a mouse xenograft model of prostate
cancer [315, 316]. Despite the successful clinical use of dasatinib in leukemia, the Phase IlI
randomized trial of docetaxel and dasatinib in metastatic CRPC patient showed no significant
improvement on overall survival [317]. In addition, most c-Src inhibitors were screened from
high-throughput assays [318]. They are binding to the kinase domain with P-binding phosphate
loop folding over the ATP binding site [319]. Several tyrosine kinases, including c-Src,
BCR/ADbI, and c-kit, shared the same binding machinery [320]. C-Src inhibition needs to be

further improved until we find a more specific c-Src-AR binding inhibitor.
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The final effector of this UGT2B17-Src-AR signaling is the classic central target AR. All FDA
approved ARPIs (e.g. enzalutamide) follow the same mechanism of AR inhibition and, therefore,
can suffer from the same limitation. They target AR LBD and prevent AR from becoming
transcriptional active [180, 284]. However, none of these ARPIs can inhibit other
transcriptionally active forms such as AR-Vs and mutant ARs. In fact, enzalutamide enhances
the expression of AR-Vs [321] and enriches tumor cells with mutant ARs [201, 202]. Because of
the emergence of resistance and the side effects of current ARPIs [322], there is an urgent need
to develop entirely new types of anti-AR therapy to block the activities of not only the AR, but

also AR-Vs and mutant ARs.

The transcriptome driven by the AR in hormone nawe tumors was significantly different from
that in CRPC [285, 323]. Genome-wide studies showed that the AR signaling in CRPC shifts
from one pathway primarily driving epithelial cell differentiation to a survival pathway,
consequently accelerating cancer cell mitosis [210, 285, 323]. These findings together indicate a
new perspective to block the AR signaling in CRPC, whereby targeting AR-regulated cell
mitosis in addition to AR-mediated transcription initiation would suppress CRPC progression

more efficiently.

3.3.2 DNA topoisomerase Il is a potential drug target for CRPC

DNA Topoisomerase Il (Topo 1) is required for both AR-mediated transcription initiation and
cell mitosis [41, 261]. It performs a two-step enzymatic reaction that cleaves and re-ligates
double strand DNA breaks to relieve the super-helical state of DNA and disentangles interlinked

chromosomes. AR-mediated transcription initiation requires Topo Il to be recruited to target
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androgen-responsive promoters for opening chromatin and allowing transcription initiation to
proceed [41, 239, 324]. RNA silencing of Topo Il impairs AR transcriptional activity and AR-
driven cell proliferation [41, 239, 324]. Importantly, overexpression of Topo Il was reported in
PCa, and its levels were associated with poor prognosis of PCa patients [240, 241]. These

findings together indicate that Topo Il is an attractive therapeutic target for CRPC.

Topo Il inhibitors can induce G2/M cell cycle arrest [251, 325-328]. There are two types of Topo
Il inhibitors, Topo Il poisons and catalytic inhibitors. Topo Il poisons are exemplified by
etoposide. DNA breaks created by Topo Il cannot be re-ligated by etoposide, resulting in DNA
damage. Such unfixable DNA breaks cause G2/M cell cycle arrest and subsequently apoptosis
[251, 325, 326]. The catalytic inhibitors are exemplified by bisdioxopiperazines (e.g. ICRF187
and 193). ICRF187 binds the catalytic domain of Topo Il and prevents Topo Il from creating
DNA breaks [327]. ICRF187 inhibits chromosome condensation and segregation at the M phase
of the cell cycle, when Topo Il is required to de-catenate the intertwined chromosomes [328].
Unlike Topo Il poisons, ICRF187 inhibits Topo Il activity without creating DNA breaks, thereby
exhibiting less cytotoxic effects. We hypothesize using catalytic Topo Il inhibitors could
thoroughly block all forms of AR signaling in CRPC tumors. Catalytic Topo Il inhibitors might

represent a novel class of AR signaling blocking reagents.
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Chapter 4: Suppressed AR Signaling and CRPC Progression Utilizing Topo 11

Inhibitor

Note: Article and figures are adapted with permission from Oncotarget Impact Journals.

4.1 Introduction

Despite frequently durable responses to ADT, progression to castration-resistant prostate cancer
(CRPC) invariably occurs, most often driven by the reactivation of the AR pathway via
mechanisms involving AR amplification, overexpression, mutations as well as intratumoral
steroidogenesis [98, 204, 329]. Recently, more potent androgen receptor (AR) pathway inhibitors
like abiraterone and enzalutamide (ENZ) improved survival in metastatic CRPC [180, 284].
However, resistance emerges even with the most potent AR pathway inhibitors [180, 284]. These
observations emphasize that alternative approaches are required to thoroughly suppress AR

signaling in patients with CRPC.

Genome-wide profiling studies demonstrated that the AR regulated transcriptome in CRPC is
significantly different from that in ADT-nawe prostate cancers [285]. AR-activated genes in
CRPC were dominated by cell cycle and mitosis genes such as UBE2C, CDC20 and CDK1 [285,
323]. These results suggest that targeting cell mitosis controlled by AR signaling in CRPC may

inhibit tumor growth and progression more effectively.

The transcriptional activity of the AR requires DNA Topoisomerase 1l (Topo I1) to be recruited
to target promoters [41, 239, 324]. Topo |l creates transient, but fixable DNA double strand

breaks to relax the topology of the DNA, which is required for the AR to mediate transcription
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initiation [239, 324]. Blocking Topo Il expression or function impairs AR transcriptional activity
and AR-driven cell proliferation [41]. Additionally, Topo Il was also demonstrated to be
responsible for gene fusion of TMPRSS2-ERG, one of the most common genomic alterations in
prostate cancer [41, 324]. Increased expression of Topo Il is associated with a higher Gleason
score and relative ADT insensitivity of prostate tumors [240]. These findings suggest that
inhibition of both Topo Il and AR may cooperatively de-activate AR signaling and delay CRPC

progression.

There are two types of Topo Il inhibitors, Topo Il poisons and catalytic inhibitors. Topo Il
poisons are exemplified by the cytotoxic chemotherapeutic, etoposide. When DNA breaks are
created by Topo Il, etoposide inhibits Topo Il to re-ligate DNA breaks resulting in DNA damage.
Such unfixable DNA damages cause cell cycle arrest and subsequently apoptosis [251, 325,
326]. Catalytic Topo Il inhibitors are exemplified by ICRF187 and ICRF193, which target the
catalytic domain of Topo Il and prevent formation of DNA double strand breaks, resulting in
unrelaxed DNA conformation[327]. Additionally, ICRF193 was reported to induce cell cycle
arrest by inhibiting chromosome condensation and segregation at the M phase of the cell cycle,
as Topo Il is required to de-catenate the intertwined chromosomes [328]. Unlike Topo Il poisons,
catalytic inhibitors block Topo Il activity without creating DNA breaks, and hence exhibit
minimal cytotoxic effects. Together, these findings led us to hypothesize that catalytic Topo Il

inhibitors may block AR signaling and induce G2/M cell cycle arrest in prostate cancer cells.

In this study, we demonstrate that catalytic Topo Il inhibitors can block AR signaling and inhibit

prostate cancer cell proliferation and CRPC growth, and provide proof-of-principle that co-
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targeting Topo Il in combination with AR pathway inhibitors may cooperatively de-activate the

AR and delay CRPC progression.

4.2 Results

4.2.1 Topo Il is required for the transcriptional activity of the AR

Two Topo Il isoforms, alpha and beta, are widely expressed in prostate cancer cells [330]. We
confirmed that Topo 11 was highly expressed in our collection of human prostate cancer cell
lines (Figure 4.1A). Androgen-independent LNCaP(Al) and LNCaP95 cell lines, as well as
ENZ-resistant MR49F cell lines expressed higher levels of Topo IIB than their parental LNCaP
cells. Androgen treatment did not significantly alter Topo IIp expression. In LNCaP cells, Topo
118 silencing dramatically reduced mRNA levels of AR-regulated genes including PSA and
TMPRSS2 (Figure 4.1B-C). These results were also confirmed in MR49F and LNCaP95 cells
(Figure 4.1C). Reduced mRNA expression of PSA and TMPRSS2 by Topo Il silencing was not

due to reduced AR protein levels in these cells (Figure 4.1B).

ICRF187 and ICRF193 are catalytic inhibitors to both Topo 11 isoforms [331]. We treated
prostate cancer cells with these inhibitors to determine their impacts on AR signaling by
measuring AR-targeted transcription of PSA, TMPSS2 and FKBP5 genes (Figure 4.2A).
Although LNCaP and LNCaP95 cells responded to 1 nM of R1881 by upregulating PSA,
TMPSS2, and FKBP5 expression, both ICRF187 and ICRF193 caused 30-60% reduction in the
MRNA levels of these genes. Similar results were also obtained in VCaP cells (Figure 4.2B).

Moreover, ICRF187 and ICRF193 further inhibited PSA mRNA levels when LNCaP cells were
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under 5 UM of ENZ (Figure 4.2A). Importantly, ICRF187 and ICRF193 suppressed PSA mRNA

levels by 40-50% in ENZ-resistant MR49F cells (Figure 4.2D).
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Figure 4.1 Blocking Topo Il expression represses AR transcriptional activity.

(A) LNCaP, MR49F, LNCaP95, LNCaP(Al), C4-2, 22RV1, VCaP and PC3 cells were cultured in mediums

containing 5% CSS for 48 hours and then treated with vehicle or 1 nM of R1881 for 24 hours. (B-C) Relative Topo

13 mRNA levels to GAPDH were measured by real-time PCR. LNCaP, MR49F, and LNCaP95 cells were

transfected with control or Topo 11 siRNA, and then treated with vehicle or 1 nM of 1881 for 24 hours. AR and

Topo 1B proteins were detected by immunoblotting (B). (C) Relative mRNA levels of Topo 113, PSA and

TMPRSS2 to GAPDH were measured by real-time PCR. Data represent mean +=SEM (n=3) with P<0.01 as ** and

P<0.001 as *** (student’s t-test).
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Figure 4.2 Inhibiting Topo Il activity represses AR transcriptional activity.

(A) LNCaP, (B) VCaP, (C) LNCaP95 and (D) MR49F cells were cultured in medium containing 5% CSS. Cells
were treated with vehicle, 1 nM of R1881 or 1 nM of R1881 plus 5 M of ENZ for 24 hours. Cells were also co-
treated with DMSO, 1 uM of ICRF187 or 1 uM of ICRF193 as indicated. Relative RNA levels of PSA, TMPSS2
and FKBP5 to GAPDH were measured by real-time PCR from three independent experiments. Data represent mean

#+SEM (n=3) with P<0.01 as ** and P<0.001 as *** (student’s t-test).
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4.2.2 ICRF187 and ICRF193 block transcriptional activity of the AR, AR mutants, and
AR-V7 in prostate cancer cells

We next tested the effect of catalytic Topo Il inhibitors on the transcriptional activity of mutant
AR and the AR-V7 splice variant. The AR carrying the F877L mutation can be transcriptionally
activated by ENZ, while the W742C mutation can activate the AR by bicalutamide [201, 202]. In
AR negative 293T cells, PSA-luciferase reporter activities driven by AR(F877L) or
AR(F877L/T878A) in the presence of 10 M of ENZ were significantly suppressed by ICRF187
or ICRF193 (Figure 4.3A). Similarly, ICRF187 and ICRF193 also inhibited the luciferase
activity driven by AR(W742C) in the presence of bicalutamide. Additionally, luciferase activity
driven by AR-V7 was also strongly repressed by ICRF187 and ICRF193 dose-dependently in
AR negative PC3 cells (Figure 4.3C). When LNCaP cells were transfected with the PSA-
luciferase reporter and treated with 1 nM of R1881 plus 0.01-10 M of ENZ, ICRF187 or
ICRF193, we observed that ENZ potently suppressed the transcriptional activity of AR-FL.
ICRF87 and ICRF193 also showed dose-dependent inhibition of luciferase activity but to milder
extents (Figure 4.3D). However, when LNCaP cells were co-treated with 5 piM of ENZ plus
0.01-10 M of either ICRF187 or ICRF193, a further 20% deduction in luciferase activity was
observed. These results suggest that Topo Il inhibitors can increase the efficacy of ENZ in
blocking the AR function. In ENZ-resistant MR49F, ICRF187 and ICRF193 resulted in 40% and
60% decrease in luciferase activity respectively (Figure 4.3E). LNCaP95 cells express not only
full length AR, but also AR splice variants including AR-V7 and ARuse7ed. Co-treatment of
ICRF187 or ICRF193 with 5 pM of ENZ induced a further 60% decrease in luciferase activity
driven by the AR splice variants in LNCaP95 cells (Figure 4.3E). Interestingly, several other

catalytic inhibitors of Topo Il including merbarone [332], aclacinomycin A [333] and genistein
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[325] all showed suppressive impacts to AR signaling in prostate cancer cells (Figure 4.4). By
contrast, the Topo |1 poison, etoposide, increased AR transactivation dose-dependently (Figure
4.4). Together, these results demonstrate that catalytic Topo Il inhibitors can repress AR

transcriptional activity in prostate cancer cells.
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Figure 4.3 Topo Il catalytic inhibitors suppress AR mutant and AR-V7 transcriptional activities.

(A) 293T cells were transfected with a PSA-luciferase reporter plus expression plasmids encoding the wild type AR,
AR(F877L), AR(W742C) or AR-V7. Cells were treated with DMSO, 1 nM of R1881, 10 pM of ENZ or
bicalutamide, 10 M of ENZ or bicalutamide plus 1 uM of ICRF187 or ICRF193 for 24 hours. (B) 293T cells were
cultured in medium containing 10% FBS, transfected with wild type AR and treated with vehicle, 0.01-10 M of
ICRF187, ICRF193 or ENZ. 293T cells transfected with AR(F877L) were treated with 10 M of ENZ plus vehicle,
0.01-10 M of ICRF187 or ICRF193. 293T cells transfected with AR(W742C) were treated with 10 M of
bicalutamide plus vehicle, 0.01-10 pM of ICRF187 or ICRF193. (C) PC3 cells transfected with AR-V7 were treated
with vehicle, 0.01-10 M of ICRF187 or ICRF193. (D) LNCaP cells were transfected with a PSA-luciferase
reporter and treated with 1 nM of R1881. Cells were also treated with 0.01-10 pM of ENZ, ICRF187 or ICRF193
(left panel). Cells were treated with 5 M of ENZ plus 0.01-10 pM of ICRF187 or ICRF193 (right panel). (E)
MR49F and LNCaP95 cells were transfected with a PSA-luciferase reporter. MR49F cells were treated with 10 M
of ENZ plus 0.01-10 M of ICRF187 or ICRF193, while LNCaP95 cells were treated with 5 uM of ENZ plus 0.01-
10 pM of ICRF187 or ICRF193 for 24 hours. Relative luciferase activities were calibrated with renilla from three

independent experiments and were presented as mean £SEM (n=3). Values from vehicle treatment were set as

100%.
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Figure 4.4 Catalytic inhibitors of Topo Il show a suppressive impact on AR signaling.
LNCaP cells were transfected with a PSA-luciferase reporter and treated with 1 nM of R1881. Cells were also

treated with vehicle or 0.01-10 piM of ENZ, ICRF187, ICRF193, etoposide, merbarone, aclacinomycin A or
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genistein for 24 hours. Relative luciferase activities were calibrated with renilla from three independent experiments

and were presented as mean =SEM (n=3). Values from vehicle treatment were set as 100%.

4.2.3 ICRF187 and ICRF193 impair DNA binding and nuclear localization of the AR
To define mechanisms by which Topo Il inhibitors repress AR transactivation, we performed
ChlIP assays (Figure 4.5A). Within 2 hours of R1881 treatment, the AR was recruited to the
androgen-responsive elements in PSA and TMPRSS2 promoters. However, ICRF187 or
ICRF193 resulted in 30-50% reduction of AR recruitment. These changes were not due to
decreased AR protein levels within the 2-hour treatment. However, co-treatment of ICRF187 or
ICRF193 with ENZ for 24 hours resulted in greater deduction in AR protein levels when
compared with ENZ treatment alone. LNCaP cells expressing GFP-AR were next used to study
the effects of ENZ and Topo Il inhibitors on subcellular localization of AR-FL. As expected,
R1881 induced, while 10 M of ENZ blocked, nuclear localization of AR-FL (Figure 4.5B).
Nuclear localization of AR-FL was reduced by 1 uM of ICRF187 or ICRF193, comparable with
that of ENZ. In addition, we also study subcellular localizations of AR mutants and AR-V7
under catalytic Topo Il inhibitor treatment by Western blotting assays (Figure 4.5C-D). 293T
cells were transfected with plasmids of wild type AR, AR(F877L), AR(W742C) or AR-V7 and
then treated with vehicle, ICRF187, or ICRF193 in the presence of 10 nM of R1881, 10 M of
ENZ or 10 M of bicalutamide. ICRF187 and ICRF193 reduced protein levels of wild type AR,
AR(F877L), AR(W742C) in the nuclear extracts, but increased their protein levels in cytosol
fractions. However, AR-V7 protein was primarily localized in nuclear fraction. Together, these
results suggest that Topo Il catalytic inhibitors suppress AR recruitment to its target promoters

and reduce AR protein nuclear localization.
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Figure 4.5 ICRF187 and ICRF193 inhibit AR recruitment to target promoters and AR nuclear localization.
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(A) LNCaP cells were cultured in RPMI11640 medium containing 5% CSS and treated with vehicle, 1 uM of
ICRF187 or 1 uM of ICRF193 in addition to vehicle, 10 nM of R1881 or 10 M of ENZ treatment for 2 hours.
Three independent ChlP experiments were performed using the AR antibody. Precipitated DNA fragment were used
as templates to amplify the PSA enhancer and the TMPRSS2 promoter by real-time PCR. Data represented mean %
SEM (n=3) and plotted as percentage of input. P < 0.01 ** and P <0.001 as *** (student’s t-test). AR protein levels
under 2 and 24-hour treatment were detected by Western blotting. (B) LNCaP cells expressing EGFP-AR were
cultured in RPMI11640 medium containing 5% CSS. Cells were treated with vehicle, 10 nM of R1881, 10 nM of
R1881 plus 10 uM of ENZ, 10 nM of R1881 plus 1 uM of ICRF187, or 10 nM of R1881 plus 1 uM of ICRF193 for
6 hours. Cells were then fixed with 4% paraformaldehyde and mounted with DAPI. Representative confocal
microscopic images showed AR localization (Green) and nucleus (Blue). (C-D) 293T cells were transfected with
plasmids encoding wild type AR, AR(F877L), AR(W742C) and AR-V7. Cells were treated with vehicle, 1 uM of
ICRF187 or 1 uM of ICRF193 in addition to 10 nM of R1881, 10 pM of ENZ or 10 pM of bicalutamide for 24
hours. Nuclear (C) and cytosol (D) protein extracts were immunoblotted with AR, tubulin and Histone H3

antibodies. Three independent experiments were performed and one set of Western blotting images are presented.

4.2.4 ICRF187 and ICRF193 suppress prostate cancer cell growth and delay cell cycling
at the G2/M phase

MTS assays were used to study the effects of catalytic Topo Il inhibitors on prostate cancer cell
growth. Parental LNCaP cell growth was similarly inhibited by ENZ, ICRF187 or ICRF193
under androgen deprived conditions (Figure 4.6A). By contrast, ICRF187 and ICRF193, but not
ENZ, suppressed LNCaP95, MR49F cell, and 22Rv1 cell growth rates. Additionally, neither
ENZ nor ICRF187/ICRF193 had suppressive impacts on cell proliferation of AR negative PC3
and DU145 cells. We next performed FACS assays to study the effects of ICRF187 and
ICRF193 on cell cycling of prostate cancer cells. The cell cycling of LNCaP and LNCaP95 cells
were first synchronized at the Go/G1 stage by serum starving and then released by adding

medium containing 10% serum. We observed that neither ICRF187 nor ICRF193 altered cell
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population distributions during cell cycling (Figure 4.6B). However, when cell cycle was
synchronized at the G2/M phases by nocodazole and then released, ICRF187 and ICRF193
caused significant delays for the cells passing through the G2/M and entering into the G1 phase
(Figure 4.6C). These results indicate that ICRF187 and ICRF193 inhibited cancer cell

proliferation through impeding cell cycling.
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Figure 4.6 ICRF187 and ICRF193 inhibit prostate cancer cell growth and delay cell cycling in the G2/M
phase.

(A) LNCaP, LNCaP95, MR49F, 22RV1, PC3 and DU145 cells were cultured in mediums containing 5% CSS for 48
hours. Cells were treated with vehicle, ENZ, 10 pM of ICRF187 or 1 uM of ICRF193 for 0-7 days. The dose of
ENZ was 1 uM in LNCaP, 5 pM in LNCaP95 and 22RV1 cells, and 10 pM in MR49F cells. MTS assays measured
the relative cell growth rates to day 0. Results were from three independent experiments (n=6/repeat). (B) LNCaP
and LNCaP95 cells were serum starved for 12 hours and then replenished with culture medium containing serum.
Treatments of vehicle, 10 uM of ICRF187 or 2 uM of ICRF193 were also applied to LNCaP cells for 1.5 hours or to
LNCaP95 cells for 2 hours. (C) LNCaP and LNCaP95 cells were cultured in growth medium containing 100 ng/ml
nocodazole in addition to vehicle, 10 pM of ICRF187 or 2 piM of ICRF193 for 12 hours. Cells were then
replenished with nocodazole medium containing vehicle, 10 pM of ICRF187 or 2 piM of ICRF193 for LNCaP cells
for 1.5 hours or for LNCaP95 cells 2 hours. Cells were collected and used for FACS assays to determine cell
populations at Go/G1, S and G2/M phases (B-C). Results were repeated from two independent experiments

(n=3/repeat). One-way ANOVA followed by student t-test was performed with P < 0.001 as ***.

4.25 ICRF187 inhibited CRPC xenograft tumor growth

The inhibitory effects of ICRF187 were tested in four CRPC xenograft models. After 8 weeks of
treatment of CRPC LNCaP tumors, 10 mg/kg daily of ENZ reduced tumor growth by 45%,
compared to 24% reduction by 50 mg/kg daily of ICRF187 (Figure 4.7A). However,
combinational treatment using lower doses of ENZ (5 mg/kg) and ICRF187 (25 mg/kg) reduced
tumor volume by 64%. Similar changes in serum PSA levels were also observed. The expression
of AR-targeted genes including PSA, TMPRSS2 and UBE2C as well as the tumor proliferation
index Ki67 were more strongly inhibited by ENZ plus ICRF187 (Figure 4.8). ICRF187 inhibited
ENZ-resistant MR49F xenograft growth and PSA secretion dose-dependently (Figure 4.7B).
ICRF187 suppressed AR-regulated gene expression and Ki67 index (Figure 4.8). Additionally,

50 mg/kg of ICRF187 inhibited CRPC 22RV1 but not AR negative PC3 xenograft growth
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(Figure 4.7C-D). These results demonstrate that ICRF187 can enhance the effects of ENZ in
ENZ-sensitive LNCaP CRPC xenografts. It can also inhibit ENZ-resistant CRPC xenograft

growth as monotherapy.
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Figure 4.7 ICRF187 inhibits CRPC growth of human prostate cancer xenografts.
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(A) CRPC LNCaP xenografts were treated with vehicle, 10 mg/kg ENZ, 50 mg/kg ICRF187 or 5 mg/kg ENZ plus

25 mg/kg ICRF187 (n=7/group). Tumor volume and serum PSA levels were measured weekly. (B) Mice bearing

ENZ-resistant MR49F tumors were randomly divided into three groups (n=9/group) and treated with 10 mg/kg

ENZ, 10 mg/kg ENZ plus 25 mg/kg ICRF187, or 10 mg/kg ENZ plus 50 mg/kg ICRF187. Tumor volume and serum

PSA levels were measured. (C) CRPC 22RV1 and (D) PC3 xenografts were treated with control or 50 mg/kg or

ICRF187. Tumor volumes were measured. Statistical analyses were performed by one-way ANOVA followed by

student t-test with P < 0.05 as * and P < 0.01 as **.
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Figure 4.8 Relative mMRNA levels from xenograft tissues and Ki67 IHC staining.
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(A) PSA, TMPRSS2, UBE2C and AR mRNA levels from CRPC LNCaP xenografts treated with ENZ and or
ICRF187 were measured by real-time PCR. (B) Ki67 histology score was determined. (C) PSA, TMPRSS2, UBE2C
and AR mRNA levels from ENZ-resistant MR49F xenografts treated with ENZ and or ICRF187 were measured by

real-time PCR. (D) Ki67 histology score was determined.

4.3 Discussion

Although it is well established that AR-mediated transcription initiation requires Topo Il to
create DNA double strand breaks at the target promoters, this fundamental knowledge has not
yet been translated into effective therapies to inhibit AR signaling in CRPC patients. Our study
indicated that catalytic Topo Il inhibitors can block both the transcriptional activity of the AR
and prostate cancer cell mitosis. While re-activation of AR signaling and mitosis of cancer cells
are two major features of CRPC, our study identifies catalytic Topo Il inhibitors as a potential

co-targeting approach in combination with AR pathway inhibitors in CRPC.
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Figure 4.9 The mechanisms by which catalytic Topo Il inhibitors and anti-AR agents block the AR pathway

in prostate cancer cells.

ADT and newer AR pathway inhibitors such as abiraterone and ENZ aim to retain the AR in its
transcriptionally inactive state, by either inhibiting androgen synthesis or antagonizing the ligand
binding domain (LBD) of the AR. However, these drugs induce resistance via adaptive changes
in the AR genome, including AR amplification, mutations, and constitutively active AR splice
variants [201, 202, 321]. For example, ENZ and ARN-509 promote accumulation of the F877L
point mutation in the AR, which converts antagonist to agonist function and confers anti-AR
resistance [201, 202]. These studies highlight that targeting the LBD of the AR will have limited
success due to activation of adaptive survival pathways that compromise the effectiveness of AR
blockade. Our studies present an alternative strategy, whereby targeting AR-mediated gene
transcription initiation may enhance castration therapy regardless of the transactivation status of
the AR, AR mutants, or AR splice variants (Figure 4.9). Using the ENZ-resistant MR49F and
androgen-independent LNCaP95 cell models, we show that ICRF187 and ICRF913 potently
inhibit AR signaling (Figures 4.1-4.5), cancer cell proliferation (Figure 4.6), and CRPC
xenograft growth (Figure 4.7). Catalytic Topo Il inhibitors may therefore represent a novel class

of non-LBD inhibitors of AR signaling, which may be beneficial for CRPC patients.

In contrast to AR pathway inhibitors, catalytic Topo Il inhibitors target not only AR-mediated
transcription initiation, but also suppress cancer cell mitosis. Since a downstream effector of re-
activated AR signaling in CRPC tumors is acceleration of tumor cell mitosis [285, 323],
targeting both cancer cell cycling and AR transcriptional activity may more strongly inhibit

CRPC growth. In support of this hypothesis, inhibitors to cyclin-dependent kinases are effective
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in delaying ENZ-resistance cancer cell growth [202]. Our results further indicated that co-
treatment of Topo Il inhibitors with ENZ results in stronger suppression of AR signaling (Figure

4.1-4.5), CRPC cell growth, and tumor growth (Figure 4.6-4.7).

To investigate the specificity of the catalytic Topo Il inhibitor towards AR-directed transcription,
we have also address the impact of catalytic Topo Il inhibitors on transcription factors other than
the AR. Blocking Topo Il expression or function can also repress the transactivation of the
estrogen receptor [239]. We measured E2-induced ERE-luciferase, P4-induced progesterone
receptor element (PRE)-luciferase, and TNFa-induced NFkB-luciferase activity inhibited by
ICRF187 and ICRF193 (Figure 4.10). We measured several house-keeping genes by real-time
PCR and did not observe suppressive effects by ICRF187 and ICRF193 (Figure 2.2, Chapter 2).
The effectiveness of the inhibitory effects to specific transcription factors is also cell-context
dependent. Catalytic inhibitors would be more effective in targeting AR signaling in prostate
cancer cells. AR negative PC3 and DU145 cells were included in this study, Topo Il inhibitors

did not suppress their cell proliferation rates (Figure 4.6).
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Figure 4.10 ICRF187 and ICRF193 inhibits the ERE-luciferase and NFkB-luciferase activities.
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293T cells were transiently transfected with an ERo/3xERE-Iuc, PRB/3xPRE-luc (provided by Ms. Ning Xie), or
NFkB-luciferase reporter (Invitrogen). Cells were then treated with either control, 10 nM E2, 10 nM P4, or 100
ng/ml TNF-a (BD Biosciences) plus 0.01-10 piM of ICRF187, ICRF193, or etopside for 6 hours. Luciferase
activities were calibrated with renilla from three independent experiments and presented as mean =SEM (n=3).

Values from vehicle treatment were set as 1.

The knowledge that Topo Il is required for AR transcriptional activity may lead to two possible
therapeutic strategies for prostate cancer patients. One possibility is to utilize super physiological
doses of androgen in combination with Topo Il poisons, as proposed previously [334]. This
strategy hypothesized that the combination of supraphysiologic androgen and etoposide would
produce DSBs and stabilize them, subsequently promote CRPC cell death [335]. However, due
to the presence of Topo Il poisons, AR-induced DNA double strand breaks cannot be fixed,
thereby leading to G2/M cell cycle arrest, followed by apoptotic cell death. The potential risk
would be that surviving cells could accumulate complex genomic rearrangement, adaptive DNA
repair systems, and greater heterogeneity. Additionally, AR transcriptional activity is enhanced
by Topo Il poisons (Figure 4.4). The other possible therapeutic strategy is applying AR pathway
inhibitors with catalytic Topo Il inhibitors to repress AR activation and AR-mediated
transcription initiation. Since catalytic topo Il inhibitors prevent DNA double strand breaks, they
also cause cell cycle delay at the G2/M phases by interfering with chromosome condensation and

segregation during mitosis, and have a lower chance to induce further genomic rearrangement.

In summary, we demonstrated that catalytic Topo Il inhibitors can block AR signaling and
inhibit tumor growth of castration-resistant xenografts, identifying catalytic Topo Il inhibitors as

potentially novel drugs to treat patients with CRPC.
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Chapter 5: Conclusions

5.1 Summary of findings

The lack of an effective treatment for lethal CRPC remains as a major unmet clinical need.
Existing therapies such as ARPIs only serve to delay the inevitable disease progression, as
resistance towards these agents will typically occur shortly following treatment. The increased
ability of cancer cells to reestablish AR signaling driven tumor progression is a fundamental

mechanism for treatment resistance.

The overall objective of this doctoral study was to investigate the roles of androgen-independent
AR signaling, stimulated by the androgen catabolizing enzyme UGT2B17, and to assess the
therapeutic efficacy of blocking AR-mediated transcription initiation using catalytic Topo Il
inhibitor. The main hypotheses are as follows: (1) UGT2B17 plays a functional role in
promoting the androgen-independent AR signaling in CRPC, and (2) targeting of AR-mediated

transcription initiation through catalytic Topo Il inhibitor can suppress CRPC tumor growth.

In chapter 3, we first evaluated the UGT2B17 protein expression levels by IHC on Vancouver
Prostate Centre tissue microarrays. We showed that higher UGT2B17 protein expression in
prostate tumors is associated with higher Gleason score, metastasis, and CRPC progression.
UGT2B17 expression and activity were higher in androgen-independent compared to androgen-
dependent cell lines. UGT2B17 stimulated cancer cell proliferation, invasion, and xenograft
progression to CRPC after prolonged androgen deprivation. Gene microarray analysis indicated
that UGT2B17 suppressed androgen-dependent AR transcriptional activity and enhanced of

ligand-independent transcriptional activity at genes associated with cell mitosis. These
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UGT2B17 actions were mainly mediated by activation of the c-Src kinase. In CRPC tumors,
UGT2B17 expression was associated positively with c-Src activation. These results indicate that
UGT2B17 expedites CRPC progression by enhancing ligand-independent AR signaling to

activate cell mitosis in cancer cells.

In chapter 4, for the purpose of exploring novel strategies in blocking the AR mediated
transcription initiation, we began with treating CRPC and ENZ-resistant prostate cancer cells
with increasing doses of catalytic Topo Il inhibitors, ICRF187 and ICRF193. Luciferase reporter
assays showed that both inhibitors suppressed the transcriptional activities of wild-type AR,
mutant AR (F877L and W742C), and AR-V7 splice variant. ICRF187 and ICRF193 decreased
AR recruitment to its target promoters and reduced AR nuclear localization. Both ICRF187 and
ICRF193 inhibited androgen-dependent and ENZ-resistant cancer cell proliferation, and delayed
cell cycling at the G2/M stages. In castration-resistant LNCaP tumors, ICRF187 inhibited tumor
growth, PSA secretion and the expression of several other AR-regulated genes. These repressive
effects became stronger when tumors were co-treated with ENZ. Additionally, ICRF187
effectively inhibited tumor growth of ENZ-resistant MR49F as well as castration-resistant
22RV1 xenografts. Catalytic Topo Il inhibitors can block AR signaling and inhibit tumor growth
of castration-resistant xenografts, suggesting their potential applications in treating castration-

resistant cancers in patients.

5.2 Strengths and limitations
Overall, this thesis work represented the first analysis functionally linking UGT2B17 to the

reestablishment of AR signaling and established a proof-of-principle to block the reestablished
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AR signaling through targeting Topoisomerase Il. Our research began with the validation of the
clinical relevance of UGT2B17, in addition to its functional importance in the stimulation of c-
Src activating androgen-independent AR transcription, followed by design and validation of the
blocking of AR-mediated transcription initiation through catalytic Topo Il inhibitors, eventually
tested preclinical treatment efficacy in multiple models. The results from the in vivo treatment
tests (using CRPC and ENZ-resistant xenograft models), serve to further corroborate the initial
hypothesis, which described a significant role of androgen-independent AR signaling in

promoting PCa.

To investigate the AR signaling transformation by UGT2B17 in CRPC, we included 604 TMA
cores cohorts in our study (Chapter 2). More PCa specimens from the tumor bank would further
strengthen the findings from Chapter 3.2.1 on UGT2B17. Beyond basic IHC staining, the
Duolink in situ PLA assay [336] for detecting the c-Src and UGT2B17 interaction directly on
tumor tissue TMASs will be instrumental to enhance the clinical relevance of our conclusions.
From the bioinformatics perspective, we have explored the databases from the cBioportal

(http://www.chioportal.org/) [337, 338], Oncomine (https://www.oncomine.org/) [339] and GEO

databases [340]. While Topo Il overexpression is strongly associated with poor prognosis, little
information about UGT2B17 is existed, mainly due to the non-specific UGT2B17 probe on the
previous Microarray ChIP. The accurate RNA-seq databases will provide us with the platform to
integrate the UGT2B17 profiling with clinical prognosis. Also, analysis of RNA-seq databases
from patient-derived xenograft (PDX) models will further provide more clinically relevant

xenograft models for functional analysis and pre-clinical drug development [232].
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There are multiple PCa cell line models to evaluate UGT2B17 functions and catalytic Topo Il
inhibitors. While gain-of-function of UGT2B17 was thoroughly investigated, significant ShRNA
or sSiRNA knockdown of UGT2B17 was not yet achieved. Going forward, we may apply the
CRISPR-Cas9 system [341] to generate the UGT2B17 knockout in PCa cell lines such as
LNCaP95 or MR49F cells. The impact of loss-of-function UGT2B17 on the androgen
sensitivity, cellular function and molecular signaling of PCa cells will then be evaluated. Results
from this technique would extend our in vivo xenograft model findings. The application of the
genome editing technique combining with targeting delivery strategy will certainly broaden our

understanding in clinical therapeutics [342].

The LNCaP(UTG2B17) tumor showed a faster growth speed compared to LNCaP(mock) in the
CRPC stage (Chapter 3.2.3). Whether or not this enhanced growth speed is related to the
resistance of xenograft models to anti-androgens warrants further investigation. We could test
the tumor formation rates of LNCaP(UGT2B17) after prolonged androgen deprivation conditions
in pre-castrated mice. Treating the established CRPC LNCaP(UGT2B17) tumors with ENZ
would characterize the in vivo drug resistance regulated by UGT2B17. Analysis of collected
tissues and primary cultures would help improve the understanding of the molecular mechanisms
of the resistance. Moreover, c-Src is suggested to upregulate UGT2B15 glucuronidation activity
through tyrosine phosphorylation [343]. Elucidating the protein interaction structure of c-
Src/UGT2B17 would greatly improve our current understanding of the mutual positive feedback
between c-Src and UGT2B17. These would also contribute to the interaction disruption strategy

discussed in chapter 3.4. Since c-Src is also revealed to interact with the AF1 domain of the AR,
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the activation of AR-V7 should be also considered. More specific AR-V7 downstream gene

luciferase assays such as UBE2C-Luc should be included in future studies [279].

The alternative way to block all forms of AR-mediated transcription is through the use of
catalytic inhibitors, which achieved effective results. Yet there are several defects of current
catalytic Topo Il inhibitors that prevent them from becoming effective anticancer drugs. In
addition to their metabolic instability, they have serious off-target and toxic effects [344-347].
For example, bisdioxopiperazines can be metabolized into ion chelating agents [344]. Merbarone
can also bind to and inhibit other types of Topoisomerases [345, 346]. These off-target effects
often lead to low anti-cancer effects, but serious toxicity, as observed during pre-clinical studies
[347]. Even though several new catalytic Topo Il inhibitors (e.g. NSC35866 and TSC24) were
discovered lately, their activities are only effective at micro molar level to inhibit Topo Il
activity, indicating insufficient potency [348, 349]. Thus, a more potent and less cytotoxic effect

catalytic Topo Il inhibitor is needed for the ideal treatment of CRPC.

5.3 Overall significance

This study has identified a novel function for UGT2B17 that promotes ligand-independent AR
signaling to expedite CRPC progression and indicated that catalytic Topo Il inhibitors can block
both the transcriptional activity of AR and prostate cancer cell mitosis. We demonstrated that
elevated UGT2B17, under conditions of prolonged androgen deprivation, activates c-Src kinase
and stimulates AR transactivation independent of androgens. The androgen-independent AR
activation, including AR mutations and AR splicing variants, could be blocked by catalytic Topo

Il inhibitors. In short, we found a novel UGT2B17-Src-AR signaling axis, and their terminal
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blocker catalytic Topo Il inhibitor, as a novel therapeutic ARPI. This work may lead to the future
clinical development of novel catalytic Topo Il inhibitors, particularly for the treatment of late
stage CRPC patients. In addition, since Topo Il has been found to be highly up-regulated in
numerous other cancers, these proof-of-principle findings may be useful in the development of

therapies for cancer types other than prostate cancer.

The application of catalytic Topo Il inhibitor not only blocked full-length AR, but current ARPI-
resistant AR mutations and AR splicing variants could serve as an alternative solution to treat
drug resistant tumors. Future drug screening work will bridge our established proof-of-principle
data in tackling AR signaling, and lead to the development of drug candidates with improved
potency against Topo Il that thoroughly block the activities of all forms of AR protein in our
established PCa cell and xenograft models. Such leads may further be tested for
pharmacodynamics and pharmacokinetic behavior, and will be integrated with our existing
academia-based drug development program. Since the emergence of castration resistance is the
lethal end stage of the disease, we anticipate that the proposed research will eventually have a

substantial impact on patient survival.

5.4 Ongoing and future research directions

To overcome the above mentioned Topo Il inhibitors’ defects, we propose employing structure-
based drug design approaches to discover more potent, more selective, and more bioavailable
drugs targeting the Topo Il catalytic domain. Fortunately, the protein structures of the catalytic
domain of Topo Il (PDB: 4J3N & 1PVG) were solved. Since we have established a high-

throughput screening system (Figure 5.2D), prostate cancer cell assays, CRPC xenograft models,
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as well as an effective computer-aid drug design pipeline at the Vancouver Prostate Centre
(VPC), we intend to identify and design next-generation catalytic Topo Il inhibitors to
thoroughly suppress the activities of all AR isoforms and their regulated mitosis transcriptomes

in CRPC.

Through the iterative synergy between biochemical testing, synthesis, and computational
chemistry, we will discover and optimize prototype catalytic inhibitors of Topo Il to completely

abolish AR signaling in CRPC (Figure 5.1).

Our ongoing and future directions are:

1. To identify new catalytic Topo Il inhibitors using in silico and high-throughput screening
systems.

2. To confirm the inhibitory impacts of lead compounds on the AR signaling in PCa cell models.

3. To evaluate the suppressive effects of optimized lead compounds in PCa xenograft models.
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A Proof-of-principle evidences (Li H. et al. Oncotarget 2015 Oct 20;6(32):33743-54)
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(A) The mechanisms by which catalytic Topo Il inhibitors and anti-AR agents block AR pathways in prostate cancer

cells. (B) An illustration of the proposed specific aims 1-3.

5.4.1 High-throughput Screening System

In Silico Screening: Topo 11 DNA binding motifs (PDB: 4J3N & 1PVG) [350, 351] have been
set in the docking platform Glide (collaboration with Dr. Cherkasov) for screening compounds
from the ZINC database [182, 352, 353]. After filtration by docking score and physicochemical
properties, top-ranked structures will be clustered through the fingerprint method. We have 50

candidates from 1st round screening. A final selection of 200-500 chemicals will be purchased.

Fluorescence anisotropy-based assay: We will use our established fluorescence anisotropy-based
assay for high-throughput screening of the 200-500 compounds identified by in silico screening
(Figure 5.2D). In this assay, the FITC labeled oligonucleotide 5’-TTCTTCTTC-3’ detection
probe preferentially binds the relaxed double-strand plasmids containing the triplex forming
(TTC)g sequence in contrast to supercoiled plasmids. Control or increasing doses of identified
lead compounds will be added to a 384-well-plate-based reaction system containing human Topo
Il enzyme and supercoiled triplex forming plasmids. Once the reactions stop, fluorescence
anisotropy will be determined using Tecan infinite F500. Using this assay, we showed that
ICRF187 reduced Topo Il mediated fluorescence anisotropy values dose-dependently, approving
that this high-throughput assay was ready to screen for potential catalytic Topo Il inhibitors

(Figure 5.2D).

Topo Il relaxation and decatenation assays: Top 10-30 ranked chemicals from the high-

throughput experiments will be tested by standard Topo Il activity assays using commercial kits
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(Figure 5.2E-F). Supercoiled plasmids and catenated kinetoplast DNA will be incubated with
Topo Il enzyme in the present of control or increasing doses of lead compounds. Substrate and
product DNA molecules will then be separated by gel electrophoresis. The efficiency of DNA

relaxation and decatenation will be determined by band analysis using Image J software.
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Figure 5.2 In silico and in vitro screening systems.

(A) Cartoon representation showing the ternary structure of topoisomerase Il. The ligand, ICRF187, is shown in
cyan color. (B) The binding site of ICRF-187, as revealed by X-ray crystallography (PDB ID: 1QZR). The structure

shows that the ligand binds to a dimer interface between two ATPase protomers of topoisomerase Il. (C) A network
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of interactions is formed between topoisomerase Il and ICRF187. Interactions are shown in green color. (D) High-
throughput screening. Left: the mechanism of High-throughput screening assay. FITC labeled oligonucleotide 5°-
TTCTTCTTC-3’ detection probes preferentially bind the relaxed double-strand plasmids containing the triplex
forming (TTC)g sequence compared to supercoiled ones. Right: 10 ng supercoiled pUC19-TFO triplex-forming
plasmids were incubated with 0.6 I of DMSO or 0.1-100 pM ICRF187, ICRF193 or Compound 1 in the presence
of Topo 11 enzyme, and reaction buffers perform in 384 well plate (Total volume 30ul). Reactions were stopped after
30 minutes, followed by incubation with detection probe for 1 hour, fluorescence anisotropy was measured by Tecan
infinite F500 (Excitation 485 nm, Emission 535 nm). The inhibition percentages were calibrated to the values from
the Topo Il group. (E) Relaxation assay was performed by treating 25 ng supercoiled pUC19 plasmids with vehicle,
10 pM of etopside, ICRF187 or Compound 1 in the presence of 5U Topo Il enzyme and reaction buffer. EcoR |
digested plasmids were used to indicate the linear form. Gel electrophoresis image was shown with EB staining. (F)
Decatenation assay was carried out using KDNA-incubated 5U Topo Il enzyme in the presence of vehicle, 10 pM
etoposide, ICRF187, or Compound 1. Linear kDNA was also loaded; gel electrophoresis image was shown with EB

staining.

5.4.2 Multiple PCa cell line models
Identified lead compounds will then be tested for their suppressive effects to AR signaling using

our established assays in multiple PCa cell models described in Chapter 4.

AR transcriptional activities: Prostate cancer lines (LNCaP, LNCaP95, VCaP and MR49F) with
known expression profile of AR, AR-Vs and mutant ARs will be treated with control or
increasing doses of lead compounds under the conditions of vehicle, 1 nM of R1881 and or 10
UM of enzalutamide treatment (Chapter 4.2.2). Expression levels of AR targeted genes including
PSA, TMPRSS2 and FKBP5 will be measured by real-time PCR. PSA-luciferase reporter assays

will also be performed to measure AR transcriptional activity.
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AR Recruitment to Target Promoters: LNCaP cells will be treated with control or lead
compounds under the conditions of vehicle, R1881 and/or enzalutamide treatment. ChIP assays
will be performed using the AR antibody to detect the occupancy of the AR onto PSA and

TMPRSS2 promoters (Chapter 4.2.3).

AR Cellular Localization: LNCaP cells expressing GFP tagged AR, AR(F877L) or AR-V7 will
be treated with control or lead compounds under the conditions of vehicle, R1881 and/or
enzalutamide. Fluorescence image will be captured with confocal microscope (Chapter 4.2.3).
To quantify the nuclear and cytosol distribution, 293T cells transfected wild type AR, AR
(F877L) or AR-V7 and treated with control or lead compounds. Protein extractions from nuclear

and cytosol will be immunoblotted with AR, tubulin and Histone H3 antibodies.

Cell viability: To assess the effects of lead compounds on cell viability, we will perform MTS
assays in AR positive (specific) and AR negative (non-specific) cell lines. Compounds will be
administered at a concentration of 0-50 M for 0-8 days followed by evaluation for MTS cell

viability as we reported in Chapter 4.2.4.

Cell cycling: To study the impacts of lead compounds on prostate cancer cell mitosis,
fluorescence-activated cell sorting (FACS) assays will be used. Cells will be synchronized at the
G2/M phases by nocodazole and then released with growing medium containing vehicle or lead

compounds. Fixed cells will be stained with propidium iodide and analyzed by BD FACS Canto
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Il flow cytometer as we shown in Chapter 4.2.4. Mitosis-index will be calculated with the

method described in previous report [354].

5.4.3 Multiple PCa xenograft models
Optimization: Derivatives of the lead compounds will be re-analyzed to achieve enhanced

affinity.

Toxicity test: Increasing doses of lead compounds will be exposed to 10 mice/group for 2

months, body weight, activity score, and Kaplan-Meier survival plots will be estimated.

PCa Xenografts: The most promising inhibitors will ultimately be evaluated in LNCaP,
LNCaP95, MR49F and 22Rv1xenografts and patient derived xenografts. AR negative PC3 and
DU145 xenografts will be used as controls. We will also carry out direct testing of synergistic or

additive AR inhibitory effects with existing ARPIs for the most promising synthetic candidates.

5.4.4 Expectations and pitfalls

Targeting the DNA binding motifs of Topo Il is a novel strategy. We have also prepared the
ATPase and conformation transforming domains as the alternative target sites. Effects of the
selected compounds on other transcription factors including ERa, PR, GR, NFkB and AP1 will
also be determined to guarantee drug specificity to AR. AR negative prostate cancer cells,

lacking the AR-driven mitosis, will also be used to control for the off-target toxicity.
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5.4.5 Significance

Our proposed project will bridge our established proof-of-principle data in tackling AR signaling
to the development of potent drug candidates thoroughly blocking the Topo II-mediated AR
transcription initiation. Further pharmaceutics analysis will be integrated with our academia-

based drug development program and eventually benefit patient survival.
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