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Abstract

There is considerable evidence to suggest that progression of prostate cancers to castration-
resistant is due to inappropriate activation of the androgen receptor (AR) and hence, the AR is a
good target for the treatment of this disease. In this study we used two approaches to investigate

AR activation and inhibition.

First, we developed high-throughput, non-invasive, cell-based screening assays to rapidly and
biologically assess factors that modulate prostate cancer growth and affect AR activity. Using
these assays, we found that differentiated osteoblast-like condition media enhanced prostate
cancer cell growth, but not AR activity. In addition, we applied this system to screen compounds,
selected through in silico approaches against a crucial pocket on the AR protein. The application
of our in silico tools and our cell based screening assay resulted in identification of 17
compounds out of 4 millions that can inhibit AR activity. Importantly, some of these compounds
are more potent than bicalutamide, which is one of the most potent antiandrogen drugs currently

used to treat patients with metastatic prostate cancer.

In the context of AR transcription target genes, the presence of AR coactivators is essential
for AR activity. Using the repressed transactivator yeast two-hybrid system, we found that TATA
binding protein-associated factor 1 (TAF1) interacted with the AR. In tissue microarrays, TAF1
was shown to steadily increase with duration of neoadjuvant androgen withdrawal and with
progression to castration resistance. GST pull-down assays established TAF1/AR interaction and
co-immunoprecipitation and ChIP assays revealed colocalization of TAF1 and AR on the prostate
specific antigen (PSA) promoter in prostate cancer cells. With respect to modulation of AR
activity, while full-length TAF1 showed enhancement of both AR and some generic gene

transcriptional activity, selective AR coactivator activity was demonstrated in transactivation



experiments using cloned TAF1 N-terminal kinase and ubiquitin-activating/conjugating (E1/E2)
domains. In keeping with AR coactivation by the E1/E2 domain, TAF1 was found to greatly
increase the cellular amount of poly-ubiquitinated AR. In conclusion, our results indicate that
TAF1 is a coactivator of AR and its overexpression could be part of a compensatory mechanism

adapted by cancer cells to overcome reduced levels of circulating androgens.
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Chapter 1-Introduction, hypothesis and specific aims

1.1 The prostate gland
1.1.1 Anatomy and physiology

The human prostate gland is one of the male sex accessory tissues, which include the prostate,
seminal vesicles, and bulbourethral glands (1). The normal human adult male gland is a horse
chestnut-shaped structure, surrounds the urethra immediately below the base of the bladder and
is located posterior to the inferior of symphysis of pubis, superior to the urogenital diaphragm,
and anterior to the rectum (1) (Fig. 1.1). The prostate measures approximately 5cm x 4cm x 3cm

and weights 20g between ages 20 and 50 years (1,2).

Side View

Ejaculatory ducts
1’ Posterior
Sphincter

Figure 1.1 — Anatomical relationship of prostate in frontal (A) and sagittal views (B).
Labels: Vas deferan (1); Seminal vesicle (2); Base of prostate (3); Apex of prostate (4); Prostatic
urethra (5). From http://www.malecare.com/prostate-cancer_42.htm.



The main function of the prostate is the production and secretion of factors that comprises of
one half or two thirds of the 3 mL volume of the ejaculate (1). The prostatic fluid itself is
composed of potassium, zinc citric acid, spermine, amino acids, prostaglandins, and enzymes
such as acid phosphatase, lactic dehydrogenase, prostate-specific antigen (PSA), and -
glucuronidase (1). These secretory products enhance fertility by promoting sperm viability and
motility. Physically, through mass effect, musculature and location, the prostate may contribute
to control the urine outflow from the bladder. However, the prostate gland is not a vital organ as

the entire gland can be removed without critical consequences (3).

1.1.2 Development

The prostate is derived from the urogenital sinus and is first recognizable at 9 to 10 weeks of
embryonic stage (2). At this time, testosterone from the fetal testis stimulates the growth of
endodermal buds into the urogenital sinus mesenchyme. Under the influence of androgens, the
urogenital sinus mesenchyme induces the urogenital sinus epithelium to undergo prostatic ductal
morphogenesis and differentiation (4). Prostatic development is a complex androgen-dependent
process involving a coordinated set of events occurring in both epithelial and stromal
compartments of the gland (5). Whereas epithelial differentiation is dependent on the urogenital
sinus mesenchyme in the presence of androgen, stromal differentiation is in turn dependent on
the presence and differentiation state of the developing prostatic epithelium (6). This
development enters a resting period until puberty. In this period the size of gland remains stable
at about 1g (3). The pubertal period is marked by substantial androgen-driven increase in gland
size that reaches 20g around age 20. The size of prostate gland remains constant for about 30
years and then increases from age 50 due to hyperplasia, inflammation and atrophy in its

transitional zone (see section 1.1.3 below) (3).



1.1.3 Histology

The prostate is composed of multiple secretory acini and ducts that drain into prostatic
urethra. Each glandular acinus is composed of the epithelial cells and fibromuscular stroma
compartments. Based on different microscopic structures within the gland, the prostate is divided
into three zones: the peripheral zone, the transition zone and the central zone (Fig 1.2). The
peripheral zone makes up about 70% of the entire prostate gland and consists of evenly
distributed ducts and acini but irregular in size and shape. The stroma in this zone is loosely
woven and fibromascular. The transitional zone accounts for 5% volume of the prostate and is
similar to the peripheral zone, but the stroma is more compact with interlacing smooth muscle
bundles. The central zone, which makes up about 25% of the total gland is more densely
arranged than the peripheral and transitional zones. The epithelial-stromal ratio in the central
zone is 2:1, compared with 1:1 for the other two zones (2). Interestingly, diseases differentially

affect these zones. For instance, prostate cancer tends to occur in the peripheral zone, whereas,

benign hyperplasia uniformly originates from the transitional zone.

Figure 1.2 — Histology features of three zones in the human prostate. (A) Normal adult
peripheral zone: The stroma contains smooth muscles and fibroblasts; (B) Normal adult
transitional zone: The stroma is comprised of densely concentrated smooth muscle bundles; (C)
Normal adult central zone: Glands with prominent ridges with stroma cores. From Prostate
Pathology, © 2003 American Society for Clinical Pathology and © 2003 ASCP Press (3).



The normal epithelium of the prostate consists of two cell layers: a luminal or secretory cell
layer and a basal cell layer (Fig. 1.3). A third cell type in the normal prostate epithelium is the
neuroendocrine cells (7). The basal cell layer is virtually a continuous layer that separates the
luminal cells from the basement membrane and its absence is an important indicator in invasive
prostate cancer (3). The immunophenotype of basal cells is characteristic and different from
luminal cell layer (Table 1.1). Currently, the most important diagnostic marker of basal cells is
the monoclonal antibody 34BE12 that binds to keratin 1, 5, 10, 14 (8,9). The basal cells are the
dominant proliferative cell type in the normal prostate and it is proposed that the basal cell

population harbors stem cells (10,11).

Figure 1.3 - Normal prostatic glands with two cell layers — an inner luminal cell layer and
outer basal cell layer. Modified from Prostate Pathology © 2003 American Society for Clinical
Pathology and © 2003 ASCP Press (3).

Even though luminal cells outnumber basal cells 3 to 1 in the normal prostate (2,12),

proliferative basal cells constitute 70% to 80% of the proliferating benign epithelium (2,12).

Overall, the proliferative index of normal prostatic epithelium is extremely low with 0.2% of



cells proliferating per day and that is relatively balanced by a 0.2% cell death rate (13). This
translates into continuous replacement or turnover every 500 days (13).

The secretory or luminal cells of the normal prostate glandular epithelium account about 70%
of the epithelial volume. The immunophenotype of the luminal cells demonstrates the epithelial,
secretory, androgen-responsive and weakly proliferative nature of this cell type (Table 1.1).
Among the secretory products of these cells, the most important diagnostic marker is PSA. The
luminal cells in the prostatic epithelium show diffuse and strong immunohistochemical staining
for PSA. Antibody reactions against the proliferation markers such as Ki-67 antigen reveal that
only 20% to 30% of proliferating cells in the normal prostatic epithelium are luminal cells with a

proliferation index of 0.12% (10,11).

Cell Type

Marker Basal Cell Luminal cell Neuroendocrine Cell
Pan-cytokeratin + + +
CK5,6,10,13,14 + +
CK 8,18 —to + + +
PSA - i +or—
PAP - + +
AR — + + or —
GST-pi + — NA
bcl-2 o3 - -
Chromogranin A — — +
MSA, SMA — -
S-100 - - -
Vimentin — i NA
P63 + — NA
CD40, CD44H + — NA
CD10, CD57, CDw123 — + NA

Table 1.1- Normal prostatic epithelial cells immunophenotype.

Cytokeratin (CK); PSA = Prostate Specific Antigen; PAP = Prostate Acid Phosphatase; GST-pi =
Glutathione-S-transferase-pi; MSA = Muscle-specific actin; SMA = Smooth-muscle actin; NA =
Not available. Modified from (3).



Neuroendocrine cells are terminally differentiated cells that constitute about 0.4% of the total
adult prostatic epithelial cell population. These cells are recognizable by neuroendocrine
markers such as chromogranin A, enolase, serotonin, calcitonin, bombesin and L-dopa
decarboxylase (DDC) (14). By immunohistochemical detection, neuroendocrine cells are found
at the highest concentration in the periurethral regions and prostatic ducts (7). Most of
neuroendocrine cells are more basally situated without luminal extensions (closed type), whereas
a few cells extend to the luminal surface (so called open type). The functional significance of
neuroendocrine cells in normal prostate is not clear, but it seems likely that the neroendocrine
products of these cells influence neighboring cells through the elaborate dendritic process via a

paracrine effect (15). Autocrine and endocrine influences may also be in operation (16).

The stroma in the prostate consists chiefly of smooth muscle cells and fibroblasts with
branching of blood and lymph vessels as well as nerve bundles (2,17). In addition to structural
support, the normal function of smooth muscle is to contract upon parasympathetic neural
stimulation to promote secretion (3). Furthermore, stromal cells modulate normal prostatic
epithelium development, growth, and differentiation via dynamic and reciprocal stromal-

epithelial interactions (3).

1.2 Androgens and the prostate

Androgens, which are essential for development of male sexual organs and secondary sex
characteristic, regulate growth, differentiation, and maintenance of prostatic tissues (18). The
two most important androgens in this respect are testosterone and 5a-dihydrotestosterone (DHT).
While acting through the androgen receptor (AR), each androgen has its own specific role during

male sexual differentiation. Testosterone is directly involved in the development and



differentiation of Wolffian duct derived structures (epididymides, vasa deferentia, seminal
vesicles and ejaculatory ducts), whereas DHT, a metabolite of testosterone, is the active ligand in
a number of other androgen target tissues, like the urogenital sinus and tubercle and their derived
structures (prostate gland, scrotum, urethra, penis) (19,20). The interaction of both androgens
with the androgen receptor is different. Testosterone has a two-fold lower affinity than DHT for
the androgen receptor and the dissociation rate of testosterone from the receptor is five-fold
faster than of DHT (21). However, testosterone can compensate for this "weaker" androgenic
potency during sexual differentiation and development of the Wolffian duct structures via high
local concentrations due to diffusion from the nearby positioned testis. In the more distally
located structures, like the urogenital sinus and urogenital tubercle the testosterone signal is

amplified via conversion to DHT (21).

1.2.1 Endocrinology of androgens

Androgen is the generic term for any natural or synthetic compound that promotes the
development of male secondary sexual characteristics. They belong to the group of steroid
hormones and derived from cholesterol. The major circulating androgen is testosterone, which is
secreted from the leydig cells within the testes. The leydig cell differentiation and the initial early
testosterone biosynthesis in the foetal testes are independent of luteinizing hormone (LH) (22-
24). During testis development the production of testosterone comes under the control of LH
which is produced by the pituitary gland. The synthesis and release of LH is under control of the
hypothalamus through gonadotropin-releasing hormone (GnRH) and inhibited by testosterone

via a negative feedback mechanism (25) (Fig 1.4).
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Figure 1.4 - The hypothalamus
pituitary gonadal axis.
Activation of androgen signalling
begins in the hypothalamus
where  gonadotropin-releasing
hormone (GnRH) is produced.
GnRH acts on the anterior
pituitary to stimulate the release
of LH, FSH. They are
subsequently  released into
circulation, eventually inducing
the testes to produce testosterone
(http://www.prostaphil.com/trg-
3cop.html).

The biosynthetic conversion of cholesterol to testosterone involves several discrete steps, of

which the first one includes the transfer of cholesterol from the outer to the inner mitochondral

membrane by the steroidogenic acute regulatory protein (StAR) and the subsequent side chain

cleavage of cholesterol by the enzyme P450 side-chain-cleavage (P450scc) (26). This

conversion, resulting in the synthesis of pregnenolone, is a rate-limiting step in testosterone

biosynthesis. Subsequent steps require several enzymes including, 33-hydroxysteroid

dehydrogenase (3p-HSD-II), 17a-hydroxylase (P450c17) and 17B-hydroxysteroid

dehydrogenase (17p3-HSD-I11) (Fig 1.5). It has to be noted that LH enhances the transcription of

genes that encode a range of enzymes in the steroidogenic pathway and that continued LH

stimulation results in Leydig cell hyperplasia and hypertrophy (27,28). In the normal male, the

episodic nature of LH stimulation is likely to avoid prolonged periods of Leydig cell

refractoriness to LH stimulation (29). Approximately 95% of circulating testosterone in males is



produced by Leydig cells. However, the adrenal gland can also serve as an alternative source of
androgen production in both sexes. The adrenal glands synthesize and secrete the weak
androgens such as dehydroepiandrosterone (DHEA) that could be converted into testosterone in

peripheral tissues (30).

CHOLESTEROL
StAR
P450scc

PREGNENOLONE —» PROGESTERONE

3B-HSD-I

P450c17 l 1145{1.:1?1v
3p-HSD-II

17-OH-PREGNENOLONE — . 17-OH-PROGESTERONE

P450c17 l P450¢171
3p-HSD-II 17p-HSD-11I
DHEA ——p ANDROSTENEDIONE ——p» TESTOSTERONE
P45l)aroml P4Sllaroml
17p-HSD-1
ESTRONE —» ESTRADIOL

Figure 1.5- Steroid hormone biosynthesis. Testosterone is produced from a cholesterol precursor
in Leydig cells. One of the key rate limiting reactions in the production of testosterone is the
conversion of cholesterol to pregnenolone by the P450 side-chain-cleavage enzyme (P450scc). This
reaction occurs in the mitochondria. Pregnenolone is eventually converted to DHEA
(dehydroepiandrosterone) in the endoplasmic reticulum. From Androgen Physiology (31).



1.2.2 Androgen metabolism

Once testosterone is synthesized, it diffuses out of the Leydig cell and into the bloodstream
with smaller amounts secreted into lymphatics and tubule fluid. Circulating testosterone at
concentrations higher than its aqueous solubility binds avidly to sex hormone-binding globulin
(SHBG) (60- 70%) or to albumin with a lower affinity (20-30%). Only about 1% of total
testosterone remains free and unbound to carrier proteins, which equates to a serum

concentration of 1 nM ().

Testosterone undergoes metabolism to bioactive metabolites and to inactivated oxidized and
conjugated metabolites for urinary and/or biliary excretion. A small proportion of circulating
testosterone is metabolized to biologically active metabolites in specific target tissues to
modulate biological effects. This process includes both an activation pathway converting
testosterone to DHT (androgen amplification) as well as a diversification pathway whereby the
enzyme aromatase produces estradiol from testosterone, which is capable of activating estrogen
receptors. In the prostate, free testosterone that is not bound to SHBG or albumin, but diffuses
through the plasma membrane of target cells where it is converted irreversibly to DHT by the 5a-
reductase enzyme. There are two distinct 5a-reductase genes in humans, each encoding a
biochemically distinct isozyme (32). The type 1 isozyme is present at low levels in the prostate
and is not involved in androgen dependent male sexual differentiation (33), whereas the type 2
isozyme is the predominant 5a-reductase in androgen target tissues, including the prostate (34).
An important issue is whether eliminating intra-prostatic androgen amplification, by inhibition of
Sa-reductase, can prevent prostate disease. A major 10 year chemoprevention study randomizing
nearly 19,000 men over age 55 years without known prostate disease to daily treatment with an
oral 5a-reductase inhibitor, finasteride, or placebo observed a cumulative 25% reduction at 7
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years of treatment in early stage, organ-confined low grade prostate cancer. While not designed
to determine survival benefit, there was an apparent “stage shift” towards higher grade, but still
organ-confined, cancers possibly a medication effect on tumour histology or an observation bias
because the smaller prostate the higher chance to detect tumour (35). These findings highlight
the importance of androgen amplification within the prostate in the origin of cancer during the
long latent pre-malignant phase. However, routine chemopreventative use of prostatic Sa-

reductase inhibition has not applied yet and probably needs more clinical studies (36).

The biological action of androgen is initiated by the binding of testosterone or DHT to its
cognate receptor, the AR, causing its activation (Fig. 1.6). AR itself, when it is not bound to its
ligand, is localized in the cytoplasm as part of an inactive complex that includes heat shock
proteins 70, 90 and 40. These proteins have an important role to prevent premature AR
degradation and to maintain an AR conformation that is accessible to the ligand (37-39). Upon
binding to its specific ligand, the AR undergoes a conformational change that results in a more
compact and stable form of the receptor. Activated AR dissociates from heat shock proteins and
translocates to the nucleus, where it interacts with DNA androgen response elements as a
homodimer to influence transcription of downstream genes (40). The active DNA-bound AR can
recruit coregulator proteins and basal transcriptional machinery to regulate gene-specific

expression that leads to changes in the growth and survival of target cells (41,42).
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Figure 1.6 — Androgen receptor signalling. Testosterone is converted to dihydrotestosterone
(DHT) by 5Sa-reductase inside the cell. Activation of AR is achieved through binding of cognate
DHT ligand to the ligand binding domain of AR, which induces a cascade of events that include
conformational changes and phosphorylation (P) of the receptor, as well as dissociation from heat
shock proteins (hsp), receptor dimerization, nuclear translocation and binding to DNA androgen
response elements (ARE) within the promoters/enhancers of target genes, such as PSA. At all
stages of AR action, the receptor can interact with coregulator (coactivators and corepressors)
proteins that modulate its transcriptional activity. TAFs = TATA binding associated factors; Polll
= RNA polymerase II.
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1.3 Prostate cancer

1.3.1 Epidemiology

Prostate cancer is the most commonly diagnosed non-skin cancer among men in Western
countries and one of the leading causes of cancer-related death. In Canadian men in 2008,
prostate cancer will continue as the leading type of cancer, with an estimated 24,700 newly
diagnosed cases, resulting in approximately 4,300 deaths (43). The incidence of prostate cancer
is increasing around the world, in part because of the aging of the population, but the age-
adjusted incidence is also increasing (44,45). The age-adjusted incidence rates are highest in
North America, Australia, and New Zealand, Europe, and the Caribbean, where the Jamaican
men have the highest incidence in the world (46). In contrast, rates are far lower in Asia, and the
difference between North America and China is greater than 80-fold. Both genetic (non-
modifiable) and environmental (modifiable) factors have been implicated in this dissimilarity.
Established non-modifiable risk factors for prostate cancer include older age, a family history of
prostate or breast cancer and race (47). Risk is the greatest among African American men,
followed by white individuals and Asians. However, environmental components seem to be a
major factor because the movement of low-risk Asian men to high-risk geographic areas (North

America) results in a marked increase in prostate cancer (48).

Many environmental risk factors, including androgens, diet, physical activity, sexual factors,
inflammation, and obesity, have been implicated, but their roles in prostate cancer aetiology
remain unclear. The evidence that very low level of androgens prevent prostate cancer is
substantial. For example, the incidence of prostate cancer is low among men with cirrhosis,

which is associated with testicular atrophy (49) and long-term diabetic patients who may have a
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low level of testosterone (50). Also, androgen inhibition or ablation causes the regression of
prostate cancer early on (51). In experimental models, human prostate tumours implanted into
castrated mice do not grow (52) and prostate tumours develop in rats who received testosterone

subcutaneously (53,54).

The concept that variation in androgenicity influences prostate cancer risk extends to studies
of polymorphisms in androgen-related genes. The most consistent results have been shown for
the AR (55). The first exon of AR, encoding the N-terminal domain responsible for
transactivational control (56), contains a polymorphic region of CAG repeats encoding
polyglutamine (poly-Q) (see section 1.4.4 for more detail). The mean repeat number of CAGs is
about 22 in whites and 20 in African-American, and the normal range is from 6 to 39 over
several racial or ethnic groups (57,58). Shorter length of the CAG repeats correlate with
increased AR transcriptional activity in vitro (59) and longer CAG repeats are associated with
androgen insensitivity syndrome (60). Epidemiological studies of prostate cancer and AR gene
CAG repeat length showed a moderately increased risk of prostate cancer in men with shorter

CAG repeats (61).

1.3.2 Clinical presentation and diagnosis

Prostate cancer usually does not cause symptoms until late in the course of disease. Local
symptoms such as an increase in frequency and difficult urination are due to the pressure effect
of the enlarged prostate onto the bladder neck or urethra. Acute urinary retention and hematuria
are uncommon and also non-specific in prostate cancer. Rectal invasion, renal failure secondary
to ureteral obstruction, and impotence (due to extraprostatic extension into the adjacent
neurovascular bundles) are rare and late manifestations of highly advanced local disease (62).
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The first symptoms of prostate cancer can be caused by metastasis. Regional pelvic lymph nodes
and bones are the most common anatomic metastatic sites. In fact, over 84% of patients with
advanced disease show skeletal metastases (63). Bone involvement in these patients consistently
produces significant symptoms such as pain or pathologic fracture at metastatic sites (64).
Currently, most of the time, prostate cancer is clinically detected through abnormal digital rectal
exam (DRE) and serum PSA. A DRE could miss a substantial proportion of prostate cancers, is
poorly reproducible and subjective, with high inter-examiner variability (65). Nevertheless, it is a
clinically important part of physical examination that is useful in prostate cancer detection and

staging (62).

PSA expression is not, as the name PSA indicates, specific for the prostate gland. It has also
been detected in male and female normal periurethral glands (66), normal endometrium (67)
pancreas, salivary glands (68) and breast tissue (69). PSA is normally secreted by the prostatic
luminal cells into seminal fluid, where concentrations, at around 1 to 5 mg/mL, are about 1
million times greater than normal serum level, which is usually less than 4 ng/mL. In addition to
normal tissue, many non-prostatic tumours appear to express detectable PSA including breast
and ovarian cancers (69,70), renal cell, colon and liver carcinomas (71). This lack of specificity
does not decrease the value of PSA in clinical urology and diagnostic pathology. Serum PSA is
clearly the best predictor of a histologic diagnostic adenocarcinoma in needle biopsy (72). The
positive predictive value ! of a PSA level > 4 ng/mL for a histologic diagnosis of carcinoma in
needle biopsy is 31% to 51% (72,73). This value is increased to 42% to 72% when the DRE is

suspicious for prostate cancer (72,73).

" positive Predictive Value = the probability that disease is present with an abnormal test
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1.3.3 Staging and grading

Once prostate cancer is diagnosed, tumours have to be staged and graded. Prostate cancer
stage is defined as anatomic extension of cancer within and out of the gland. The goals in staging
of prostate cancer are: i) to rationally select treatment approach and ii) to predict prognosis. The
typical system to stage prostate cancer is the TNM classification. TNM is based on the size of a
primary tumour (T), regional lymph node involvement (N), and distant metastasis (M). The latest
TNM classification for prostate cancer that is adopted by the American Joint Committee on
Cancer (AJCC) and the International Union Against Cancer (UICC) in 2002 (74) is the most
widely used in clinical practice and the medical literature (Table 1.2). Clinical staging initiates
after a histologic diagnosis of prostate cancer is established. DRE, radiologic imaging, serum
PSA and sometimes prostatic acid phosphatase, histologic grading and surgical
lymphadenectomy are most commonly used to determine prostate cancer extension (62).
However, pathologic T staging (see Table 1.2) usually requires histologic examination of radical
prostatectomy tissues, including the prostate gland and seminal vesicles (74). Pathologic stage
strongly influences therapeutic outcome and decision making for men with localized prostate

cancer (62).

The histologic grade of a neoplasm is often dictated by the degree of differentiation of the
neoplastic cells. Currently, the most widely used grading system worldwide is the Gleason
system (75). This grading system is based entirely on the histologic pattern of arrangement of
carcinoma cells in haematoxylin and eosin (H&E) stained prostatic tissue sections (76). Gleason
grade determines the extent of gland differentiation and stromal invasion using a scoring system

of 1 to 5, which is appointed for the most predominant staining pattern (primary pattern)
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Primary tumour, Clinical (T)

X Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 Clinically inapparent tumour not palpable nor visible by imaging

Tla  Tumour incidental histologic finding in 5% or less of tissue resected
T1lb  Tumour incidental histologic finding in more than 5% of tissue resected
Tlc Tumour identified by needle biopsy (eg, because of elevated PSA)

T2 Tumour confined within prostate *

T2a Tumour involves one half of one lobes or less

T2b Tumour involves more than one half of one lobe but not both lobes

T2c Tumour involves both lobes

T3 Tumour extends through the prostate capsule
T3a Extracapsular extension (unilateral or bilateral)

T3b  Tumour invades seminal vesicle(s)
T4 Tumour is fixed or invades adjacent structures other than seminal vesicles: bladder neck,
external sphincter, rectum, levator muscles, and/or pelvic wall

Primary tumour, Pathologic (pT)
pT2*! Organ confined

pT2a Unilateral, involving one half of the lobe or less

pT2b Unilateral, involving more than one half of one lobe but not both lobes

pT2c Bilateral
pT3 Extraprostatic extension
pT3a Extraprostatic extension
pT3b Seminal vesicle invasion
pT4 Invasion of bladder, rectum

! There is no pathologic T1 classification

Regional Lymph Nodes (N)

NX Regional lymph nodes cannot be assessed
NO No regional lymph nodes metastasis

N1 Metastasis in regional lymph nodes or nodes
Distant Metastasis (M)

MX Distant metastasis cannot be assessed

MO No distant metastasis

M1 Distant metastasis

Mla  Non-regional lymph node(s)
Mlb  Bone(s)
Mlc  Other site(s)

Stage Grouping

Stage | Tla NO MO G1(Gleason score 2-4)
Stage 11 Tla NO MO G2, 3-4 (Gleason score 5-10)
T1b NO MO Any G
Tlc NO MO Any G
Tl NO MO Any G
T2 NO MO Any G
Stage 111 T3 NO MO Any G
Stage IV T4 NO MO Any G
Any T N1 MO Any G
Any T Any T M1 Any G

Table 1.2 — TNM staging scheme.
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and the second most common pattern. The sum of these two grades is referred to as the Gleason
score (or Gleason sum) and can range from 2 to 10. Generally, a well-differentiated tumour is

assigned a low score of 2-4, a moderately differentiated tumour is designated as score 5-7 and a
score of 8-10 denotes a poorly differentiated tumour. Patients with higher Gleason scores have a

poorer clinical outcome, with a greater risk of progression of cancer to metastatic disease.

1.3.4 Treatment

A primary factor in choosing an effective treatment approach for prostate cancer is the stage
of disease. Surgical treatment, radiation therapy, cryosurgery, or active surveillance all are
available options for patients with localized prostate cancer (e.g., stages I and I1). However, for
advanced prostate cancer in which the disease is not confined to prostate, hormone therapy is the
cornerstone of treatment. This therapy is known by many other names, including androgen
ablation, combined hormone blockade, or androgen deprivation. Hormone therapy is used in five
situations — i) to prolong survival, ii) to slow down the spread of cancer cells that have escaped
(secondary or adjuvant therapy), iii) to ease pain caused by the spread of the cancer (palliative
therapy), iv) to enhance the effect of radiotherapy v) to shrink the prostate and the tumour before

a procedure, in order to reduce the likelihood of escape (neoadjuvant hormone therapy (NHT)).

Huggins and Hodges pioneered the use of androgen ablation in prostate cancer about seventy
years ago and demonstrated that prostate tumour growth was dependent on androgens (77).
Bilateral orchiectomy (surgical castration) led to relief of prostate cancer symptoms in about
80% of patients and was therefore adopted as the “gold standard” of hormone therapy. The

rationale behind the use of orchiectomy is reducing circulating testosterone levels by 95% at
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once. However, due to the psychosocial side effects (physical loss, impotence, decreased libido)
of this procedure it is not a routine treatment approach for patients with advanced prostate
cancer. As an alternative approach and by exploiting the leuteinizing hormone secretion pathway
(section 1.2.1), Leuteinizing Hormone-Releasing Hormone (LH-RH) agonists, such as
Leuprolide, reduce circulating testosterone to levels that no longer support growth and
maintenance of prostate cells, resulting in medical castration. The only serious side effect with
this method is the surge in the serum testosterone level at the time of first administration, which
may result in the exacerbation of clinical symptoms. To avoid this problem, antiandrogen
therapy should be initiated in combination of LH-RH agonists for the first three weeks to

suppress androgen flare up.

Antiandrogen agents are another class of hormone therapy that compete with DHT for AR.
Most patients with advanced prostate cancer will receive an antiandrogen at some point during
treatment. There are two types of androgen antagonists: steroidal and non-steroidal. Steroid-
based antagonists, such as cyproterone acetate, compete with androgens for binding to the ligand
binding pocket within the AR. 3 mg/day of cyproterone acetate can prevent flares caused by the
first injection of LH-RH agonists (78). However in contrast to non-steroidal antagonists, these
steroidal compounds have significant progestational activity. Non-steroidal compounds, such as
flutamide, nilutamide, and bicalutamide (Casodex) also prevent androgen flares. They facilitate
the assembly of inactive AR protein complexes to DNA at the proximal promoter of PSA
without involving the promoter enhancer region (79) (see section 1.5.2). Among the non-
steroidal compounds, only the pharmacological profile of bicalutamide allows use as
monotherapy (150 mg/ day) or combination therapy (50 mg/ day) (80). Flutamide and nilutamide
can result in elevation of plasma testosterone level. This elevation overrides the interaction
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between antiandrogen and AR, making treatment difficult when they are used as monotherapy
(81). Despite the availability and use of a combination of treatments to block androgen,
progression of advanced disease to hormone-refractory prostate cancer (also known as the

castration- resistant state) is inevitable.

1.3.5 Progression of prostate cancer to castration-resistant state

As discussed above, the growth and maintenance of the prostate gland is dependent on the
presence of testosterone and DHT. Initially, prostate cancer is also dependent on androgens for
growth, and in its early stages the disease is treatable by radical prostatectomy or by radiation
ablation of the prostate gland. However, once cancer cells escape the prostate capsule and
disseminate to distant sites, the disease is much more difficult to treat. Unfortunately,
approximately a third of prostate cancer patients present with advanced disease (82). Advanced
prostate cancer is treated by androgen withdrawal, when radical prostatectomy alone is no longer
an adequate option. Removal of hormone by androgen ablation therapy prevents the growth
promoting effects of androgens, leads to apoptosis of cancer cells and ultimately results in
tumour regression. The decrease in tumour burden following androgen ablation occurs during the
androgen-dependent stage of prostate cancer when the tumour still requires androgens for
survival and growth. Unfortunately, this form of therapy offers limited aid, and the average range
of overall survival is less than 2-3 years (83). For reasons that are not fully understood, prostate
cancer cells switch from an androgen-dependent to castration-resistant state, in which cells are
able to bypass requirement for the androgenic growth signal, and grow in an uncontrolled
fashion. As a result, tumour burden and prognostic disease markers such as PSA increase

dramatically (Figure 1.7).
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Since androgens are essential to the survival of prostate cells, a major question is how a
prostate cell survives after androgen-ablation therapy. Recent findings from a number of
investigators suggest that the AR plays a critical role in the development of androgen-refractory
prostate cancer (84-87). In over 80 % of locally advanced castration-resistant prostate tumours,
high levels of nuclear AR have been observed (88); and in bone metastases, the amount of AR
present is often higher than in primary tumours (89). There is evidence that in most cases some
form of inappropriate activation of AR is linked to recurrent growth of prostate cancers (87,90).
Indeed, a study by Chen et al showed that the AR gene is the only gene that is consistently up-
regulated during tumour progression in different experimental models of androgen refractory

prostate cancer (91).

Generally, the molecular mechanisms by which progression transitions from androgen
dependence to castration-resistant state can be divided into two pathways — those bypassing the
AR and those functioning through the receptor. These are not mutually exclusive and frequently

coexist in castration-resistant prostate cancer (92) (Figure 1.8).
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Figure 1.8 — Androgen dependent and castration-resistant progression of prostate cancer. During
androgen-dependent progression, prostate cancer cells depend on androgen/AR axis for growth and
survival (left panel). During castration-resistant progression, two main pathways support growth and
survival of cancer cells (right panel) —one involves AR and the other one bypasses it. Modified from (92)
Copyright © [2004] Massachusetts Medical Society. All rights reserved.

One important pathway, which completely bypasses AR, is related to the deregulation of

apoptotic genes, such as the tumour suppressor gene PTEN * and the antiapoptotic gene Bcl-2.

PTEN inhibits the phosphatidylinositol 3-kinase pathway. Activation of this pathway stimulates

the Akt protein (protein kinase B), which inactivates several proapoptotic proteins, thus

enhancing cell survival. The inactivation of PTEN is considerably more likely to occur in

1 Phosphatase and Tensin homologue
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castration-resistant prostate cancer, where the loss of PTEN increases Akt activity and blocks
apoptosis. One of the main targets of Akt is Bcl-2, which is released from its bound protein
(called Bad) upon Akt activation, increasing cell survival. Overexpression of Bcl-2 has been

implicated in the progression to hormone-refractory prostate cancer.

Neuroendocrine differentiation of prostate cancer cells is another pathway that circumvents
AR toward transition to castration-resistant state. Although neuroendocrine cells are seen in
normal prostate and androgen-dependent disease, they are more common in hormone-refractory
prostate cancer. The low rate of proliferation of neuroendocrine cells allows them to survive
treatment with most chemotherapeutic agents, as well as endocrine and radiation treatments. In
addition, neuroendocrine cells secrete neuropeptides such as serotonin and bombesin, which can
increase the proliferation of neighbouring cancer cells, thereby allowing progression of

castration-resistant prostate cancer (93).

The pathways involving AR-mediated survival of prostate cancer cells include 1)
amplification or mutations of the receptor (94,95), ii) deregulation of growth factors or cytokines
(96-100), iii) autocrine production of active androgens in the cancer cells (101,102), iv) alteration
of coactivator expression (103-105), and v) expression of alternatively spliced variants of the AR
that lack the ligand binding domain and are constitutively active (106,107). These pathways
cause activation of the AR in a ligand reduced or independent manner. In order to understand the
molecular processes that take place during disease progression through AR, first, the structure
and function of the receptor will be discussed and the relevant AR-mediated survival pathway

will be explained in the corresponding sections.
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1.4 Androgen receptor structure and function

As mentioned earlier, androgens are steroid hormones that carry out their function through
the AR. The human AR gene is located in the q11-12 region of the X chromosome, spans 90 kb
and is comprised of 8 exons (108). The AR coding region of the mRNA product is 2.7 kb in
length, with 5’ and 3’ un-translated regions of 1.1 and 6.9 kb respectively (109,110). The AR
cDNA codes for a 919 amino acid protein with an apparent molecular weight of 110 kDa. The
protein is a ligand-dependent transcription factor that is capable of regulating expression of
genes involved with growth and differentiation of the prostate gland. The AR belongs to a family
of steroid receptors along with the glucocorticoid, progesterone, and mineralocorticoid receptors.
They share similar domain structures and mechanism of action. Steroid receptors, including the
AR, have three functional domains: an NH2z-terminal domain (NTD) that contains the
transcriptional activation function 1 (AF-1), a central DNA-binding domain (DBD), and a
COOH-terminal ligand-binding domain (LBD), which is linked to the DBD by a hinge region
and contains the transcriptional activation function 2 (AF-2) (Figure 1.9) (111). The

characteristic of each domain of AR will be discussed below.

Poly-Q Poly-P Poly-G
1 58-78 371-379 448-472 S59 624 676 219

LBD

AF1 AF2

Figure 1.9 - Functional domain structure of androgen receptor. Androgen receptor contains
functional domains that include an N-terminal domain (NTD), a DNA binding domain (DBD), a
hinge region (H) and a ligand binding domain (LBD). Transcriptional activation functions 1 and
2 (AF1 and AF2) are located in the NTD and LBD, respectively.
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1.4.1 The Androgen receptor ligand-binding domain

The COOH-terminal LBD of steroid receptors operate similarly by binding their cognate
ligand within a central LBD pocket. The LBD of AR spans amino acids 616-919. Within the
LBD, there is a hydrophobic pocket that accepts the androgen ligands, such as testosterone and
DHT. The AR-LBD is highly conserved between different species (human, rat, and mouse) and
ranges in its degree of homology (20-55%) with LBDs of other steroid receptor family members
(112,113). The role of AR-LBD is of particular importance for prostate cancer, because it is the
primary target of current androgen ablation therapies. Although there are potent androgen
antagonists available in clinic, mutations in the AR-LBD allow for promiscuity of ligand
binding, which can result in inappropriate activation of AR by non-androgenic compounds (114).
Over 30% of prostate tumours possess AR mutations and several different AR variants have been
identified which exhibit loss of receptor specificity in the absence of conventional ligands (115).
The majority of these mutations affect the ligand binding pocket and are clustered in three main
areas of the LBD, which includes amino acids 670-678, 710-730, and 874-910 (87). Three of the
most commonly identified variants in tumours are H874Y, T877A, T877S. The AR T877A
mutation has been in well known, because it is found in a human prostate cancer cell line
(LNCaP), as well as cases of advanced prostate cancer. Overall, compared to wild type AR, the
above mutations sensitize the receptor to adrenal androgens or other steroid hormomes. This is
most likely due to the recruitment of different coactivators, which permit the AR to bind other
steroid ligands and allows antagonists to act as agonists for activation of AR in an androgen-

depleted environment (116,117).

The three-dimensional structure of AR-LBD bound to synthetic androgen R1881 has been
determined (118). It contains a series of a-helices similar to other steroid receptors, from helix 1-
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12, but lacks helix 2 found in other family members. These helices are arranged in an anti-
parallel three-layer sandwich motif to create the hydrophobic ligand-binding pocket. The strategy
of targeting this pocket with pharmaceutical drugs has limitations since the ligand binding pocket
is small and restricted and it is not remodelled upon ligand binding (119). A total of 18 amino
acid residues, situated within each of 11 AR-LBD helices, are responsible for direct interactions
with the ligand, with helix 12 performing as a flexible lid to stabilize the ligand within the LBD
pocket. Precise positioning of helix 12 is essential for activation of AR by its ligand (120), and
may also be important for AR inactivation by antagonists (121). Upon hormone binding, the
LBD changes conformation to trap the ligand and form the AF-2 surface that interacts with
LXXLL" motif of classical coactivators (122,123). AF-2 also interacts with FXXLF 2 and WXXLF®
motifs within the N-terminus of AR. This intermolecular interaction is unique among steroid
receptor family members and crucial for AR transactivation probably due to decreasing AR
/ligand dissociation (124). The FXXLF motif of AR-NTD mediates interaction with AF-2, while
the WXXLF motif in the AR-NTD interacts with a region of LBD that is outside of the AF-2
domain. These two sites allow for dimerization of activated AR molecules in a head-to-tail
configuration and stabilize ligand binding in the hydrophobic pocket, which keeps AR in an
active conformation. In addition to its role in stabilizing active AR, the NH2/COOH interaction
also regulates LXXLL mediated coactivator interactions with AR, such as the steroid receptor
coactivator (SRC) family of coactivators. The relatively conserved central region of SRC family
contains three LXXLL motifs that are responsible for interaction of ligand-bound AR. The
FXXLF and WXXLF sequences in AR-NTD compete with LXXLL coactivator motifs and

govern coactivator interactions with AR-LBD (124,125).
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Since AF-2 is crucial in AR transcriptional activity, it is an attractive target site for the
development of small molecules to suppress receptor activity (126-128). Recently, the Binding
Function-3 (BF-3) pocket adjacent to the AF-2 domain has been identified as a novel site that
allosterically influences coregulator association with AF-2 (119). Blocking this pocket by small
molecules has been shown to inhibit AR activity (119). Targeting the BF-3 pocket is more
favourable than ligand binding pocket since it is an outsized pocket that is modified upon
binding of coactivators or small molecules (119). In addition, it is a site of mutation in prostate
cancer patients and androgen insensitivity syndrome. Mutations at GIn-670, lle-672, Leu-830
enhance AR transcriptional activity in prostate cancer (129-131), while mutation at Arg-840,
Asn-727 reduce SRC-2 binding to AR and suppress its activity (132). In this thesis, several
compounds that potentially fit into the BF-3 pocket and inhibit androgen receptor activity have

been identified (discussed in Chapter 3).

1.4.2 The androgen receptor DNA-binding domain and hinge region

The DBD and hinge region of AR span amino acids 560-623 and 624-676 respectively (111).
These regions are responsible for multiple functions that include: i) binding to DNA at consensus
sequences in the promoter/enhancer region of AR-regulated genes (133), ii) dimerization of active
AR molecules (134), and iii) nuclear localization of activated receptors (135). In addition, the
DBD of AR interacts with proteins that make up the basal transcriptional apparatus as well as
putative transcriptional coregulators (122). The DBD of AR and other steroid receptors are
composed of two conserved zinc finger motifs that interact with DNA regulatory sequences. For
AR, these DNA sequences are known as androgen response elements (ARE), in the promoters of
androgen-regulated genes (Figure 1.10) (136,137). The ARE is made up of inverted palindromic
sequences containing two half-sites, separated by a 3 nucleotide spacer (5'-
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GGA/TACANNNTGTTCT-3') (126). The first NH2-terminal zinc finger of the DBD is responsible
for recognizing ARE sequences and for binding specifically to AREs in the major groove of DNA,
while the second zinc finger stabilizes receptor-DNA interactions (138,139). This second zinc

finger of AR-DBD could influence receptor binding to AR-specific ARE (140).

The hinge region of AR contains a nuclear localization sequence (NLS) (amino acids 613-
633) that targets the activated receptor to the nucleus (141). The bipartite NLS consists of two
clusters of basic amino acids separated by ten amino acids (135). The lysine residues within the
hinge region (K630, 632 and 633) that are acetylated upon receptor activation are believed to be
important in nuclear translocation since Lys-to-Ala mutations of these residues disrupt nuclear

trafficking of activated AR (142).

AR DBD
Subunit A

AR DBD
Subunit B

GGA/TACA (nnn) T GT TCT
C CT/ATGT (nnn) ACAAGA

Figure 1.10 - Schematic of an AR dimer bound to an ARE (From (143) © 2004,
National Academy of Sciences, USA).

28



1.4.3 The androgen receptor NHz-terminal domain

The NTD of AR spans amino acids 1-559 and occupies over half of the receptor’s primary
sequence of 919 amino acids (144). The AR-NTD has unique features among steroid receptor
family members and has the highest degree of amino acids variability with less than 15% amino
acid sequence homology with the other steroid receptor-NTDs. It encodes the AF-1, which
contains two transcriptional activation units (Tau) referred to as Taul and Taub. The Taul region
(amino acids 141-338) is essential for ligand-dependent transactivation of AR, while the Tau5
region (amino acids 360-528) irrespective of the presence of ligands shows constitutive
transcription of AR-NTD once the AR-LBD is deleted (145). Unlike Tau-1, the Tau-5is a
signal-dependent transactivation site that requires signalling events from the protein kinase C

related kinase (PRK-1) for activation (146).

The AR-NTD contains three different homo-polymeric amino acid repeats that are not present
in other steroid receptor-NTDs. These are poly-glutamine (poly-Q), poly- proline (poly-P) and
poly-glycine (poly-G) repeats (Fig. 1.9). The poly-Q tract is found at amino acid 59, and has a
normal range of 17-29 residues, the poly-P tract is 9 residues long starting at amino acid 327, and
the poly-glycine tract is 24 residues in length starting at amino acid 449 (109). The precise
function of these three repeats is not known; however, extensive research has been performed on
the poly-Q tract to explain its role in AR action. It has been shown that transcriptional activity of
AR has an inverse relationship with length of the poly-Q tract (147). The length of AR-poly-Q
tract could also influence the interaction of AR with its coregulatory proteins that interact
directly with AR to regulate AR-mediated transcription (148). As mentioned earlier (section
1.3.1), shortening of poly-Q tract of AR to 17 amino acids or less has been associated with an
increased risk of prostate cancer (61).
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The unique sequences and features of the AR-NTD make this region attractive for AR-
specific protein interactions, which in turn may be important for directing AR-specific responses.
Therefore, identifying novel protein partners that interact with the AR-NTD may elucidate the
mechanism by which cells are able to achieve AR-specific responses to androgenic ligands. Our
laboratory has identified several novel AR-NTD interacting proteins by using the N-terminus of
AR as bait in the reverse yeast two-hybrid system (RTA) (14,149). In Chapter 4, one of these
proteins, referred as TATA binding protein Associated Factor 1 (TAF1) will be introduced and

its effect on AR be discussed.

1.5 Androgen receptor transcriptional activity

1.5.1 Mechanism of general transcription

The initiation of RNA polymerase II-directed transcription is a multistep process requiring the
coordinated interactions of many proteins. Basal factors assembled proximal to the transcription
start site, activators bound to more distal enhancer sequences, and coactivators that function to
bridge these two groups all make important contributions to transcriptional regulation. The
transcription process per se can be divided in the following steps: preinitiation complex (PI1C)
assembly on the core promoter, transcription initiation, promoter clearance, elongation, and
termination (150,151). In order to initiate transcription, the core promoter serves as a platform
for the assembly of PIC and is composed of seven characteristic DNA sequences located at
around — 30 bp in the promoter (Fig. 1.11). PIC consists of RNA polymerase Il (pol 1) and

Transcription Factors Ils (TFII), including TFHA, TFIB, TFIID, TFIE, TFIIF, and TFIIH and
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— u H TATA F ml
BRE BRE nr DCE
Corc Promoter Bound
Element Position Consensus Sequence (5 to 3%) Protein
BRE" -38 to -32 (G/CHG/CHG/A)YCGCC TFIIB
TATA -31 to -24 || TATA(A/T)A(A/THA/G) TBP
BRE? -23 to -17 (G/A)T(T/G/ANT/GYG/T)T/G)T/G) TFIIB
Inr -2 to +5 || PyPYAN(T/A)PyPy TAF1/TAF2
MTE +18 to +29 || C{(G/C)A(A/G)C(G/CYHG/C)AACG(G/C) || n.a.
DPE +28 to +34 | (A/GGIA/T)CGTG TAF6/TAF9
3 subelements || core sequence:
DCE +6 to +11 | S; CTTC TAFI
+16 to +21 Sy CTGT
+30 to +34 S AGC

Figure 1.11 - Recognition of core promoter elements by TFIID and TFIIB. The upper figure
depicts the interactions between TFIID and TFIIB with the seven core promoter elements. The
table in the lower panel lists the consensus sequence and positions for each of these core
promoter elements. n.a., not available. Built from (152). BRE" = upstream TFIIB-recognition
element; TATA = TATA box; BRE= downstream TFIIB-recognition element; Inr = initiator;
MTE = motif ten element; DPE = downstream promoter; DCE = downstream core element

© 2006 by INFORMA MEDICAL AND PHARMACEUTICAL SCIENCE - JOURNALS.
Reproduced with permission of INFORMA MEDICAL AND PHARMACEUTICAL SCIENCE
- JOURNALS in the format Dissertation via Copyright Clearance Center.
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are collectively defined as general transcription factors (GTFs). PIC formation usually starts with
TFIID binding to the TATA box, initiator, and/or downstream promoter element (DPE) found in
most core promoters, followed by the entry of other TFIIs and pol Il through either a stepwise
assembly or a preassembled holoenzyme pathway (150,151). Formation of this promoter-bound
complex is sufficient for a basal level of transcription. However, for activator-dependent
transcription, such as AR, general cofactors are often required to transmit regulatory signals

between gene-specific activators and the general transcription machinery.

Three classes of general cofactors, including TATA binding protein (TBP) associated factors
(TAFs), Mediator, and upstream stimulatory activity (USA)-derived positive cofactors
(PC1/PARP-1, PC2, PC3/DNA topoisomerase I, and PC4) and negative cofactor 1
(NC1/HMGB1), normally function independently or in combination to fine-tune the promoter
activity in a gene-specific or cell-type-specific manner. In addition, other cofactors, such as
TAF1, BTAF1, and negative cofactor 2 (NC2), can also modulate TBP or TFIID binding to the
core promoter (152). In general, these cofactors are capable of repressing basal transcription
when activators are absent and stimulating transcription in the presence of activators (152). It has
to be noted that the assembly of coactivator or general transcription complexes is itself a
dynamic and cell-specific process, with signal transduction pathways regulating the composition
of specific complex components. Apparently, cell type specific components of coregulator
complexes and general transcriptional apparatus have been evolved as a mechanism to
accommodate more complex programs of tissue-specific and gene-selective transcription
(153,154). For example, the p160 family of coactivator proteins nucleates the assembly of
multiple, distinct complexes containing diverse enzymatic activities and functions to coactivate
several classes of signal-dependent transcription factors (155). In the case of the SRC-3 within

32



the p160 family, six phosphorylation sites have been shown to be required for coactivation of
AR, but not all of these sites are required for coactivation of NF-xB (156). Furthermore, different
combinations of site-specific phosphorylations of SRC-3 are necessary for regulation of
endogenous genes involved in inflammation or transformation (156). Biochemical studies
support the concept that modulation of SRC-3 phosphorylation alters its interactions with
potential activator/coactivator partners, allowing it to function as a regulatory integrator for
diverse signalling pathways. For instance, phosphorylation of several residues of SRC-3 is
required for its effective interaction with CBP (CREB binding protein) (156-158). In addition,
many proteins in the general transcription apparatus are functionally specialized core promoter
factors such as the subunits of TFIID complex. It has been shown that the subunits of TFIID are
specialized for core promoter recognition, catalysis of protein modification, and targeting to

specifically acetylated nucleosomes (159).

1.5.2 Androgen receptor transcriptional activity

AR-mediated transactivation also follows the general transcription mechanism but with some
unique features. AR transcriptional activity is a multi-step process that includes ligand binding,
nuclear translocation and AR/DNA interactions. Every step in this process is regulated and
coordinated to ensure success and specificity of the AR response. Several alterations of these
steps have been documented that explain changes in AR activity, which may be important for the
progression of prostate cancer (160). To initiate AR transcription, chromatin structure around the
promoter region of AR target genes needs to be recognized. Acetylation at the lysine residues in
the NH,-terminal domain of the core histones destabilizes the DNA-histone contacts in the
nucleosomes and allows chromatin to be accessible to AR (161). Coregulator proteins, such as
SRC-1, 2 and 3, CBP, p300, P/CAF (CBP associated factor) possess histone acetyl transferase
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(HAT) activity (162-169) (see Table 1.3). In addition to HAT, the SWI/SNF complexes disrupt
the DNA-histone interaction within the nucleosomes in an ATP-dependent manner. Upon DNA
binding, AR actively recruits coactivator complexes and components of basal transcriptional

machinery to influence the expression of its target genes (Fig. 1.12).

Activation

Figure 1.12 - The coactivator matrix. Androgen receptor (AR) binds to cis-active elements in
promoters and enhancers of target genes and activates transcription in a ligand-dependent manner.
Transcriptional activation requires the actions of many, multisubunit coactivator complexes that are
recruited in a parallel and/or sequential manner. Enzymatic activities associated with specific
components of coactivator complexes result in nucleosome remodeling and covalent modifications
of histone tails, such as histones H3K4 methylation, H3K9 and H3K9 acetylation, H4K20
acetylation, and phosphorylation of the linker histone H1b. Me = Methylation; Ac = Acetylation;
(Modified from (170) with permission from Cold Spring Harbor Laboratory Press, Copyright 2006).

To gain a better understanding of AR transactivation, the transcriptional mechanism of AR on
the PSA promoter has been the subject of detailed research. The PSA promoter contains three

AREs; two AREs at the proximal and the third ARE at the enhancer promoter. The AREI and
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AREII within the proximal promoter of the PSA are at position -170 and - 400 (171), whereas
the AREIII is identified within a potent core enhancer element located 4.2 kb upstream of
transcription start site (172) (Fig. 1.13). In response to DHT, AR is recruited to the AREs in both
the enhancer and the promoter. Reporter gene assays demonstrate that mutations in the ARE-I
and the ARE-I11 result in 80 and 50% reduction, respectively, while mutations in the ARE-I11
result in 99% reduction of the PSA promoter activity (172). This indicates that the ARE-III in the

enhancer region is absolutely required for optimal PSA gene expression.

[ 1 I

[ARE /; s, [ARE] [ARE]

—.5624 4366 — -3874 £l - .22 7 402 —-156 +1"
Upstream Enhancer Middle Promoter

Figure 1.13 - Schematic diagram of the PSA gene regulatory region. Open boxes depict
putative androgen response elements (ARE).

It has been well documented that in addition to the AR protein, the HAT, Mediator, and pol Il
protein complex are also recruited to the PSA enhancer and/or proximal promoter in response to
short term (0.5 to 4 h) androgen stimulation (173-175). The proteins that directly bind nuclear
receptors to enhance (coactivators) or inhibit (corepressors) receptor-mediated transcription are
called coregulators. They differ from the general and specific transcription factors in that they do
not affect the basal rate of transcription and typically do not bind to DNA (105). Recently, it has
been shown that the occupancy of TBP and AR coactivator complexes on the PSA regulatory

regions increase gradually upon androgen stimulation and peaks at 16 h, and then slowly
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declines following longer stimulation (176). Coactivators, such as CBP and SRC-2, are also
recruited to all three AREs upon androgen induction (174). However, corepressors, such as
NCoR and SMRT, are recruited to the ARE-1 and ARE-II, but not to the ARE-I1I, and only in
the presence of the antiandrogen bicalutamide, indicating that antiandrogen bound AR is actively
engaged in gene repression by recruiting histone deacetylase activity (174). Neither corepressors

nor coactivators were recruited to the AREs in the absence of ligands (174).

As mentioned in section (1.3.5), amplification of AR is one of the mechanisms, which leads
progression of prostate cancer to the castration-resistant state. This has been shown by in situ
hybridization and K167 labelling in one third of prostate cancer patients who had undergone
androgen ablation therapy (177). AR amplification enhances AR at the mRNA and protein levels
and therefore could augment its transcriptional activity (178). This is probably an adaptive

response to castration levels of androgens in the circulation.

1.5.3 Post-translational modifications of the androgen receptor

Post-translational modifications (PTMs), as a result of intra-cellular signalling events, also
influence AR activity. They can alter AR stability, subcellular localization, protein-protein
interactions and transcriptional activity (179). The three known modifications for AR include
phosphorylation, acetylation and ubiquitination (180-183). AR is phosphorylated both in its
active and inactive state. However, activation by its cognate ligand results in a general increase
in AR phosphorylation, which suggests activation is accompanied by phosphorylation on novel
sites, including six serine residues of AR (Ser16, 81, 256, 308, 424, and 650) (184).
Phosphorylation of AR by protein kinases, such as Akt and MAPK is also involved in enhancing

AR activity (185-188). Akt, a Ser/Thr kinase, phosphorylates AR on Ser213 and Ser791, and
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enhances AR transactivation in high passage LNCaP cells, following stimulation with insulin
growth factor 1 (IGF-1) (186). MAPK (Erk-2 !) phosphorylates AR at Ser514 and enhances the
interactions of AR coactivators and therefore increases AR transcriptional activity (185,188).
Phosphorylation of AR with expanded polyglutamine tracts also regulates receptor viability and
activity. Phosphorylation at Ser514 only occurs when the poly-Q tract far exceeds normal length
(' more than 112Q), which may target the receptor for caspase-3 cleavage and degradation by the
ubiquitin-proteosome pathway (189). TAF1, a novel AR coactivator, possesses a bipartite serine

kinase activity that could potentially phosphorylate AR.

Acetylation of lysine residues in the hinge region of AR (630, 632 and 633) is another PTM
that has a major impact on AR stability and activity. These lysine residues are located adjacent to
the bipartite nuclear localizing signal (NLS) and are acetylated in a ligand-dependent manner by
coregulator proteins, such as p/CAF, p300 and TAT-interactive protein (Tip60) (180,190,191).
Mutational analysis has shown that impaired acetylation at these sites inhibits nuclear
translocation of AR in response to ligand and reduces the AR transactivation response (142).
Acetylation of AR at the same lysine residues also enhances transcriptional coactivator protein
interactions, which ultimately results in enhanced transactivation of AR-regulated genes (192).
We also showed that the HAT domain of TAF1 binds to all three domains of AR but most

strongly to the N-terminus. The detail of this interaction is discussed in Chapter 4.

The third PTM that is important for regulation of AR activity and relevant to this study is
ubiquitination of AR. Ubiquitination is a reversible PTM that mediates the covalent conjugation
of ubiquitin to protein substrates. Ubiquitin is a highly conserved protein of seventy-six amino

acids that is expressed in all eukaryotic cells. It contains a di-glycine motif at the C-terminal end,
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Figure 1.14 — Type of ubiquitin conjugation. (A) Schematic diagram of ubiquitin protein and
its seven Lysines (K), which can be involved in chain ubiquitination. (B) Schematic
representation of the different ubiquitin modifications with their functional roles. (From (193) ©
2007, with permission from American Society for Pharmacology and Experimental
Therapeutics)
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in which the last residue, Gly76, can be conjugated to the e-amino group of a lysine residue in a
target protein (Fig. 1.14). The mechanism of ubiquitination involves the sequential action of
several enzymes. In the initial step, the E1 ubiquitin-activating enzyme forms a thioester bond
between its catalytic cysteine and the carboxyl group of Gly76 of ubiquitin in an ATP-dependent
manner. The ubiquitin molecule is then transferred to an E2 ubiquitin-conjugating enzyme,
which also forms a thioester bond between its cysteine and ubiquitin. Finally, ubiquitin is
transferred to a lysine residue of the substrate with the help of an E3 ubiquitin ligase. There are
only a small number of E1 enzymes, fewer than sixty E2 enzymes and more than 400 E3 ligases
in the human genome (194). Attachment of a single ubiquitin moiety to a single lysine on a
substrate results in mono-ubiquitination. Mono-ubiquitination of several lysine residues of a
protein results in multi-mono-ubiquitination (Figure 1.14B). Ubiquitin itself contains seven
lysine residues, all capable of conjugating ubiquitin (Figure 1.14A). Additional ubiquitin
molecules can be attached to the lysine residues in ubiquitin itself, resulting in the formation of
di-ubiquitin and poly-ubiquitin chains on a single lysine of the substrate. Ubiquitination can
affect localization, activity, structure, interaction partners of proteins, or signalling for
proteasome degradation (195,196). For instance, poly-ubiquitination at Lys48 serves as the
recognition signal by the proteasome and targets proteins for the proteasomal degradation (196).
In contrast, Lys63-linked ubiquitin chains do not target proteins to proteasome, but play
important roles in interactions with protein machineries involved in endocytic trafficking,

inflammatory response, protein translation, and DNA repair (196).

AR is also a substrate for mono- and poly-ubiquitination. Poly-ubiquitination of AR represses,
while AR mono-ubiquitination enhances its transcriptional activity. The putative PEST *

sequence located in the hinge region of AR is probably involved in ubiquitination-related AR

p, proline; E, glutamic acid; S, serine; T, threonine 39



degradation (197). The E3 ligases, Mdm2 * and NEDD4 ? promote AR polyubiquitination
(198,199), while heat shock proteins 90 and 27 protect AR from degradation (200-202). TSG1013
also regulates ubiquitination of AR by inducing AR monoubiquitination, resulting in enhanced
AR transactivation (203). In addition, the UBCH7 *, which is an E2 conjugase, coactivates AR in
a ligand-dependent manner (204). Hereby, we have shown that TAF1 can enhance AR
transcriptional activity through its ubiquitin activating/conjugating domain (E1/E2) and is able to

poly-ubiquitinate AR (discussed in Chapter 4).

1.5.4 Coregulators of androgen receptor in the prostate

As discussed earlier, the transcriptional activity of AR is modulated by coregulators that have
a significant influence on a number of functional properties of AR, including the ligand
specificity as well as the DNA binding capacity. When coactivator levels increase, AR function
most likely will change as a consequence. For example, an environment enriched for coactivators
could make AR more sensitive or responsive to low levels of agonist (205), or allow
promiscuous activation of AR by abundant yet low-affinity androgenic ligands, such as the
adrenal androgens androstenedione and DHEA (206). At least 169 AR-coregulators have been
identified (105), most of them were isolated through yeast-two-hybrid screens with discrete AR
receptor domains as bait. AR-coactivators are broadly divided into two main categories —
classical or type | and non-classical or type Il coactivators. The classical coactivators can be
subclassified based on their functional characteristics: (i) histone modifiers (e.g., CBP/p300,

CARM1/PRMTS5), (ii) coordinators of transcription (e.g., TRAP/DRIP), (iii) DNA structural

“Murine double minute 2

“Neuronal precursor cell-expressed developmentally downregulated 4
*Tumour susceptibility gene product 101

“Human ubiquitin-conjugating enzyme 7
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modifiers (e.g., SWI/SNF/BRGL1). Type Il coactivators are chaperone proteins that can
coordinate AR stabilization or nuclear translocation mainly through protein-protein interaction or
PTM. Table 1.3 shows a summarized list of AR-coactivators, their interaction domains and

known function.

Accumulating data indicates that androgens control over approximately 30% of coregulator
genes in prostate cancer cells (104,207-209). Hence, an aberrant regulation or expression of AR
coregulators may contribute to androgen and AR-related diseases including prostate cancer
(103,210,211). A precise understanding of the roles and mechanisms of individual coregulators
may provide valuable information in designing rational therapy against prostate cancer. In this
thesis, the up-dated information regarding AR coregulators and their potential roles in prostate

cancer progression is discussed.

1.5.4.1 Type | AR-coactivators and their role in prostate cancer

The first identified and most extensively understood of AR coregulators are the p160
coactivators. This small family consists of three 160-kDa proteins, namely steroid receptor
coactivator 1 (SRC-1), transcriptional intermediary factor 2 (T1F2) and glucocorticoid receptor
interacting protein 1 (SRC-2), and amplified in breast cancer 1 (AIB1/SRC3) (165,168,212,213).
The p160 coactivators have been shown to interact with TAU-5 of the AR NTD, an interaction
that is influenced by the TAU-1 and AF-2 surface (214,215).Their recruitment directly increases
AR transactivation through intrinsic histone acetyltransferase activity (169), and indirectly by
acting as platforms for the recruitment of secondary coactivators possessing chromatin
remodelling and protein acetyltransferase capabilities, such as CBP/p300 (216,217). CBP/p300

has been shown to contribute to transcriptional activation by remodelling chromatin and
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Coactivator

AR-interacting

Domain(s)

Function

References

Type I/Classical Coactivators

I.  Histone Modifying Proteins

Unlike other nuclear receptors which interact with SRC-1 through their
LBD, AR interacts through its NH2-terminal and DBDs. Enhances AR
NH2/COOH-terminus interactions. Interacts with CBP/p300. General

nuclear receptor coactivator. Possesses weak acetyltransferase activity.

General nuclear receptor coactivator. Mutations of AR that interrupt

NH2/COOH domain interactions also disrupt AR interactions with TIF2.

Also enhances transcription by TR, PR, and RAR.
Interacts with CBP/p300. Possesses acetyltransferase activity.

Facilitates AR NH2/COOH-terminus interaction. Possesses
acetyltransferase activity. Interacts with members of the SRC family.
Coactivates multiple transcription factors.

p/CAF is part of a large multiprotein complex, and the HAT activity of
the p/CAF complex is significantly higher toward nucleosomal histones
than p/CAF alone. p/CAF interacts with SRC-1, SRC-3, and

CBP proteins.

Member of the MYST/SAS family of histone acetyltransferases.
Acetylates AR; also coactivates PR and ER.

Catalyzes methylation of histone H3 at Arg-17; directs methylation of
histone H4 at Arg-3.

histone methyltransferase activity with a specificity for H3-K36 and H4-
K20.

All three assemble on chromatin, resulting in demethylation of mono-,
di-, and trimethyl H3K9 and stimulation of AR-dependent transcription.

Links AR to the core promoter and the general transcriptional
machinery.

Associates with RNA pol Il and prevents

RNA poly Il from nonspecific interaction to DNA,;

Also regulates transcriptional elongation.

Unwinds the DNA template around the transcription initiation site and
regulates the early elongation/promoter-clearance steps.

SRC-1/NCoA-1 All domains
SRC-2/GRIP- NTD, DBD
1TIF-2
SRC-3/RAC-3
p300/CBP NTD, DBD
p/CAF NTD, DBD
Tip60 Hinge-LBD
CARM1/PRMT5  Not defined
NSD1/ARA267 NTD, LBD
LSD1 All domains
JHDM2A All domains
JMJID2C Not defined
ii.  Coordinators of Transcription
MEDI/TRAP220 LBD
TFIIF NTD
TFIIH NTD
RNA Pol 11 LBD
subunit

(122,211,21
8)

(105,125,21
9,220)

(125,176,22
1)

(155,176,22
2)

(155,180,19
2,222)

(190,223,22
4)
(225-228)

(229,230)
(231)
(230)

(215,232,23
3)

(234)

(235)
(236)

iii. DNA Structural Modifiers

BAF57 Full-length AR  An accessory component of SWI/SNF chromatin remodeling complex (237)
ARIP4 AR zinc-finger (238,239)
SRCAP Not identified  functions as a coactivator for CREB-mediated transcription (240)
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Coactivator AR-interacting Function References
(continued) Domain(s)

Type I1/Non-Classical Coactivators

i) Molecular Chaperones and Cochaperones

Hsp90 LBD Translocates the AR to the nucleus (241,242)

Hsp70 LBD Maintains AR in a high-affinity ligand-binding state; Recruited with the  (241-
Bag-1L and AR to promoter regions of AR target genes 243)

Hsp40 LBD Necessary for hormone binding to the AR; Mutations in Hsp40 result in (242,244)

a reduction of AR-Hsp70 complex formation and defects in AR folding

Cdc37 LBD A molecular chaperone associated with the folding of protein kinases; (105,245)
An Hsp90-associated protein involved in AR trafficking.

i) AR Stabilization

Bag-1L NTD, LBD Functions as both an E3 ubiquitin ligase and a cochaperone; (153,243,
246)

ARA70 LBD Stabilize the ligand-bound receptor; facilitates nuclear translocation. (247,248)

DDC All domains An enzyme in dopamine and serotonin production pathway; Binds to (249)

AR-LBD and enhances affinity and capacity of AR for androgen;
Activates AR through its enzymatic activity
Nuclear Translocation
Caveolin-1 NTD, LBD Component of caveolae membranes; involved in many signal (250,251)
transduction pathways; increases AR transactivation and nuclear
localization of phosphorylated AR

Filamin Hinge domain Dynamic actors in the cytoskeleton remodelling (252,253)

Gelsolin DBD, LBD (253,254)

Ran/ARA24 NTD Responsible for the nuclear export of importin proteins; enhancing the (148,255,
AR N-C interaction in the nucleus 256)

Supervillin NTD, DBD Slows cell spreading (migration) by facilitating myosin Il activation at (241,257,
the cell periphery. 258)

iii) Unknown mechanism

ARA55 LBD Associated with focal adhesion complexes; functions as an AR (259-
coactivator in stromal cells and is necessary for effective androgen 261)
induction of the stromal paracrine factor.

ARA160 NTD Binds to AR-NTD and can enhance AR transactivation cooperatively
with ARA70 coactivator in prostate cancer cells.

ART-27 NTD Binds to the NTD of AR and enhances transcription in prostate cancer (262,263)
cells

Cdc25 Full-length AR Isa cdk-activating phosphatase that activates cyclin/cdk complexes by (264)

removing inhibitory Thr-14 and Tyr-15 phosphates on cdk which, in
turn, mediate the cell cycle progression.

GAK All domains A member of actin regulating kinase family; Involves in clathrin coated (265-
vesicle endocytosis; Promotes tumour intake and progression 267)

Table 1.3 - Type I and 11 coactivators of AR. An updated list of AR coactivators, known to be involved
in prostate cancer progression. Herein, they are categorized based on their function.
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recruiting the basal transcription factors, TFIIB and TBP (165,268). Nucleosome remodelling
complexes such as SWI/SNF are subsequently recruited followed by a multisubunit Mediator
complex that serves to bridge DNA-bound transcription factors with the general transcriptional
machinery, particularly RNA polymerase 11 (216,232). In addition, the AR may directly interact
with members of the transcription machinery, including TFIIF and TFIIH, which are involved in

promoter clearance and transcription elongation (234,235).

Immunohistochemical evaluation of the three p160 coactivators in human prostate cancer
samples demonstrated overexpression of SRC-1 in approximately half of non-treated prostate
cancers, and high levels of both SRC-1 and SRC-2 in the majority of castration-resistant tumours
(206). Additionally, a correlation between increased levels of SRC-3 and prostate tumour grade
and stage has been identified in prostate cancer patients (269,270). In tissue prostatectomy
samples, p300 levels correlated with in vivo proliferation, extraprostatic extension, and seminal
vesicle involvement at prostatectomy, as well as prostate cancer progression after surgery (271).
Levels of CBP were highly expressed in advanced prostate cancer and, specifically, in tissues
from patients who were resistant to NHT (272). These two observations are of particular interest

given a report that p300 and CBP can acetylate AR as discussed in section 1.5.3.

The Tat-interactive protein 60 kDa (Tip60) is another type | coactivator that has also been
implicated in prostate cancer progression and the development of a castration-resistant state
following long-term NHT. Originally identified as a coactivator for the human
immunodeficiency virus type I-encoded TAT protein, this ligand-dependent coactivator acts on
the androgen, progesterone and estrogen receptors (190). Tip60 has been found concentrated in

the nucleus in biopsies of hormone-refractory disease and increased levels and nuclear
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accumulation of Tip60 have been observed following androgen withdrawal in CWR22
xenografts' and LNCaP cells. While levels of Tip60 decrease with androgen treatment and
localize to the cytoplasm (224), a recent independent study indicates that Tip60 is downregulat
in metastatic cancer cells at both RNA and protein levels (273), which may represent a random
tumour-specific change, or indicate different roles of this coregulator in AR transcriptional

activity at different stages of prostate cancer progression.

Thyroid hormone receptor associated protein Mediator complex (MEDI/TRAP220) is a
unique AR-coactivator since its presence is indispensable in AR-mediated transcription of the
PSA gene (176). It has been shown that the knockdown of this Mediator subunit in prostate
cancer cells markedly inhibits transcription from androgen-responsive AR target genes,
decreases androgen-dependent and -independent cellular proliferation, and increases apoptosis.
Importantly, MED1/TRAP220 is overexpressed in both AR-positive and -negative prostate
cancer cells lines, as well as in clinically localized prostate cancers, thus suggesting that

MED1/TRAP220 hyperactivity might promote prostate oncogenesis (233).

1.5.4.2 Type Il AR-coactivators and their role in prostate cancer

1.5.4.2.1 AR-chaperone complexes

Although chaperone proteins were initially identified by their accumulation in response to
cellular stress, they are able to recognize and bind to hydrophobic regions on unfolded or
partially folded proteins preventing their irreversible aggregation and promoting cycles of
chaperone-mediated folding instead (274). In the case of the AR, chaperones configure the

ligand-binding domain into a relatively stable, partially unfolded, inactive intermediate with a

ed

"An Ex vivo human tumour model for prostate cancer gene therapy
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high-affinity for DHT (275,276). Hormone binding to the complex permits the folding of the AR
into an active conformation. Binding of ligand, followed by the dissociation of the receptor-
chaperone complex and activation of the receptor is viewed as the general regulatory mechanism
of AR signalling (276). However, molecular chaperones remain important players in the events

downstream of receptor activation (242).

An increase in specific AR-chaperone proteins has been documented for prostate cancer. For
instance, heat shock protein (Hsp) 27 is highly expressed in hormone-refractory tumours and its
expression is correlated with Gleason score (277). In addition, the expression level of Hsp27 in
diagnostic biopsy samples is directly correlated with preoperative serum PSA levels.
Accordingly, the biochemical recurrence and recurrence-free survival in patients with strong

HSP27 staining is shorter than in those with weak expression (277,278).

The cell division cycle 37 homolog (Cdc37) is another chaperone protein that has shown
increased expression in carcinomas. It functions down-stream of hormone-binding as an Hsp90-
associated protein involved in AR trafficking. Mutant forms of Cdc37 induce defects in AR
transactivation while leaving AR protein levels unaltered (245). Overexpression of Cdc37 in
animal models has been associated with abnormalities such as prostatic epithelial cell
hyperplasia and dysplasia (279). In addition, targeting Cdc37 inhibits multiple signalling

pathways and induces growth arrest in prostate cancer cells (280).

1.5.4.2.2 Coactivators that stabilize AR

The Bag-1 isoform (Bag-1L) is an AR-cochaperone that binds directly to the TAU 5 domain
in the AR. Its function as a coactivator relies on its association with Hsp70 to interact with the
AR, and loss of this interaction domain markedly suppresses its ability to stimulate AR-mediated
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transactivation. Moreover, Bag-1L as well as Hsp70 are recruited with the AR to promoter
regions of AR target genes (243). Importantly, Bag-1L harbors a ubiquitin-like domain that
facilitates association of Bag-1L with the proteasome, enabling Bag-1L to function as a coupling
factor between the chaperone and proteolytic complex (153). The basal cells of a benign prostate
normally express Bag-1L, but the epithelial cells do not. However, in prostate cancer, the
opposite is observed; where Bag-1L is expressed in malignant epithelial cells and is no longer
expressed in the basal cells. The distribution of Bag-1L is similar to Hsp70, which may act

synergistically to increase AR transcriptional activity (243).

The androgen receptor activator 70 (ARA70/ELEL) interacts with the AR-LBD via an
FXXLF motif and with the N-terminal AF-1 region of AR in an FXXLF-independent manner
(281,282). ARAT0 can enhance AR ligand-dependent transcriptional activation, possibly by
interacting with TFIIB (283). This protein exists as two isoforms that are generated by
alternative splicing: full-length ARA70a (70 kDa) and an internally spliced variant ARA70p (35
kDa). Although either isoform enhances transcription activation function of the AR, stimulatory
effects on proliferation and invasion were seen only in cells in which the beta form was
overexpressed (284). Accordingly, in contrast of ARA70a, the expression of ARA70B is
increased in human prostate cancer samples, suggesting a clinically relevant role for the latter

protein.

DDC, a neuroendocrine marker in some human cancers (285-287), is an AR-coactivator
protein and its role in prostate cancer progression has been recently discovered by our laboratory
(14). DDC directly interacts with all domains of AR, but shows affinity for the AR-LBD and has

been shown to enhance receptor transcriptional activity in vitro and in vivo (149). It facilitates
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AR ligand binding and requires its enzymatic activity for coactivation function (249). DDC has
been found to be co-expressed with AR in neuroendocrine-phenotype prostate cancer and its

expression is increased in castration-resistant tumours and with hormone therapy (14).

Gelsolin is an actin-binding protein that also binds the AR-LBD and DBD during nuclear
translocation and enhances AR transactivation in a ligand-dependent manner (254).
Immunohistochemical analysis of tissues representing prostate adenocarcinoma, prostatic
intraepithelial neoplasia (PIN), and benign prostatic hyperplasia (BPH) has demonstrated
decreased expression of Gelsolin when compared with levels in non-proliferative tissues (288).
However, it has been found by others that its expression level was increased in LNCaP cells, in

LNCaP xenografts, and in human prostate tumours following androgen depletion (254).

ARAZ24/Ran interacts with the TAU-1 region of the AR-NTD and such binding decreases
with increasing poly-Q length (148). It has been shown that ARA24 enhances AR transactivation
by enhancing the AR N-C interaction in the nucleus (256). The involvement of ARA24 in
prostate cancer progression is uncertain. The ARA24 RNA expression has been found elevated
in the early stages of primary prostate cancer in one study (289) but in another study no
significant differences have been reported between the BPH and different stages of cancers

(290).

1.5.4.2.3 AR-Coactivators with unknown mechanisms of action
ARAB55/Hic-5 is a member of the group 3 subfamily of LIM domain proteins®, and is
preferentially expressed in prostate stromal cells (289). ARA55 binds to the AR in a ligand-

dependent manner through its C-terminal LIM domains and results in increased AR activity

"LIM domain proteins are protein structural domain, consisting of two zinc finger binding 48
domains. They are named after the initial discovery in the proteins Linll, Isl-1, and Mec-3.



and altered specificity of receptor binding to alternate ligands (259,260). Expression of ARA55
MRNA is found to be lower in non-malignant prostate tissue compared with adjacent malignant
tissue (291) and lower in castration-resistant tumours compared with untreated tumours or BPH.
Increased expression of ARAS55 has been associated with both shorter recurrence-free survival

and overall survival in castration-resistant prostate cancer patients (261,292).

AR trapped clone-27 (ART-27) is another AR coactivator that binds to NTD of AR. While
ART-27 was shown to enhance androgen-mediated transcription of PSA, enforced expression in
LNCaP cells inhibited proliferation in response to androgen (263). Immunohistochemical studies
indicate that ART-27 protein is expressed in normal differentiated prostate epithelial cells and
benign and premalignant (HG-PIN) epithelium. Levels of ART-27 drastically decreased in
prostate cancer specimens compared with non-malignant tissue, possibly reflecting the state of
glandular differentiation (263). In fact, the functions of ART-27 are consistent with tumour
suppressor/pro-differentiation genes and may explain why the expression of ART-27 decreases

dramatically during prostate cancer progression (103).

The tyrosine phosphatase proteins, Cdc25A and Cdc25B, are also found to be AR-
coregulators that interact with the AR and modulates AR-dependent transcription (264,293).
They primarily function as key regulators in cell cycle progression and DNA damage response in
eukaryotes. Cdc25A suppresses while Cdc25B enhances AR transcriptional activity that is
independent of its cell cycle function (264). Overexpression of Cdc25A has been observed in
prostate cancer cell lines and human prostate cancer with expression correlated with both the

Gleason score and metastatic potential of prostate cancer (293). Cdc25B has also been shown to
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be overexpressed in cancer cell lines and its expression level correlated with histological prostate

tumour grade and frequently with more poorly differentiated tumours (264,294,295).

Cyclin G-associated kinase (GAK) is another protein identified by our laboratory that directly
interacts with the AR, most strongly in the presence of hormone, and its expression level can
increase with prolonged NHT and in LNCaP xenografts following castration (266,296).
However, the outcome of GAK/AR interaction and its effect on AR transcriptional activity is

still uncertain (265,266,296).
1.5.5 Ligand reduced or independent activation of AR

AR is among the transcription factors whose activity is influenced by signal transduction
cascades and disruption of the normal interaction between signal transduction and AR
transactivation may contribute to the progression of prostate cancer. Here, we focus on growth

factors or cytokines that influence prostate cancer through modulation of AR activity.

IGF-1 and epidermal growth factors activate AR independent of androgens. An increase in the
proportion of Her2'-positive prostate tumours in patients receiving combined androgen ablation
therapy before prostatectomy compared with patients treated by prostatectomy alone has been
observed (297). A further increase in Her2-positive cases was seen in patients with metastatic,
hormone refractory prostate cancer (297). Apparently, Her2 enhances AR activity through the
P13/Akt signal transduction and at least partly through the MAPK pathway (188,298). In addition
to Her2, IGFs have been implicated in the pathogenesis, cell proliferation, and cell survival in
many neoplasms including prostate cancer (299-301). IGFs exert their activity predominantly via

the type | IGF receptor (IGF-IR), which is present on prostate cancer cells. Among IGFs, IGF-1
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has been shown to activate AR via MAPK and/or PI3/Akt pathways. Studies have suggested that
an elevation of serum IGF-I is associated with a 2- to 4-fold increase in prostate cancer risk. This
epidemiologic data further suggests the role of IGF-1 in prostate cancer development potentially

through AR modification.

TGF-B is another factor that has a role in prostate cancer progression and is abundantly stored
in bone extracellular matrix. The clinical observation that an elevation of serum TGF-f is
associated with elevated serum PSA (302,303) suggests that interaction between the TGF-3
pathway and AR transcriptional activity may occur. TGF-p family members regulate
proliferation, growth arrest, differentiation, and apoptosis of prostatic stromal and epithelial
cells, as well as the formation of osteoblastic metastases. Cancer cells become refractory to the
growth inhibitory activity of TGF-p due to the loss or mutation of transmembrane receptors or
intracellular TGF-p signalling effectors during tumour initiation (304). During prostate tumour
progression to metastatic disease, TGF-3 ligand overexpression results in pro-oncogenic rather
than growth suppressive effect. The mediators of TGF-p signalling are the Smad proteins® that
function as phosphorylation-regulated transcription factors. It has been shown that the
transfection of Smad3 enhances AR transactivation in PC3 and LNCaP human prostate cancer

cell lines (305).

The cytokine interleukin-6 (IL-6) has also been shown to increase AR activity in the absence
of androgens and this occurs through the MAPK and STAT3? signalling pathways. Elevated
serum levels of IL-6 have been found in patients with metastatic prostate cancer, particularly
those with hormone refractory disease (306-308), suggesting that IL-6 may play a role in the

progression of prostate cancer.

Signalling Mothers Against Decapentaplegic; set of evolutionary conserved proteins
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Interleukin-4 (IL-4) also enhances AR activation in the absence of androgen, probably
through the Akt pathway, and stimulates growth of androgen-sensitive prostate cancer cells
(309). Recently it has been found that IL-4 activates AR through enhanced expression of
CBP/p300 and its histone acetyltransferase activity (310). The elevated serum levels of IL-4 in
patients with castration-resistant prostate cancer further suggest that this cytokine may also play
an important role in disease progression. Taken together, the activation of AR by growth factor
or cytokine signalling in a ligand-independent or ligand-reduced manner highlights the role of

these factors in progression of prostate cancer to castration-resistant state.

Another important pathway that is crucial in development and progression of prostate cancer
and functions through AR is Wnt signalling. Both human cancers and mouse models have
confirmed that mutations or altered expression of components of this pathway are associated
with prostate tumours (311). Furthermore, it has been shown that overexpression of AR can
activate the Wnt-beta catenin pathway (99). Upon Wnt signalling, AR and beta catenin (a
coactivator of AR) are recruited to the promoter and enhancer regions of the PSA gene.
Interestingly, physiological levels of androgens inhibit these effects. In this way, AR
overexpression has been shown to promote prostate cell proliferation in a ligand-independent

manner (99).

1.6 Scope of dissertation

1.6.1 Hypothesis

An accumulating body of evidence suggests that AR is the key player in the development and

progression of prostate cancer to castration-resistant disease. Inappropriate activation of AR in
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advanced disease is likely to give cancer cells a growth advantage in androgen-depleted
conditions which may, in part, be due to changes in accessory proteins or factors that regulate
AR transactivation. For this reason, the main hypothesis of this thesis is as follows:
Inappropriate activation of the AR with its coactivators may associate with prostate cancer

progression.

1.6.2 Specific experimental goals

We have employed two approaches to test this hypothesis:

1. Investigation of factors that can alter AR activity

2. Examination of aberrant expression of AR-coregulators that can enhance AR activity

1. Investigation of factors that can alter AR activity - As discussed in section 1.3, the
bone is the most common site of metastasis and AR expression level has often increased in bone
metastatic samples of prostate cancer patients (63,89). Bone tissue continually undergoes a
process of remodelling and in the bone microenvironment, prostate carcinomas are exposed to a
novel array of factors derived from bone marrow, osteoblasts, or from bone matrix products. The
bone extracellular matrix is rich in a variety of growth factors, including morphogenetic proteins,
heparin-binding fibroblast growth factor, platelet-derived growth factor, insulin-like growth
factors, TGF-B, and various cytokines (312). Because several of these factors have been shown
to have an impact on either chemotaxis or growth of prostate cancer cells, we were interested in
determining their effect on AR activity. Hence, we hypothesized that inappropriate AR-
responses to these non-androgenic factors in the bone contribute to the progression of prostate

cancer. Accordingly, to test this hypothesis, the following specific aims were planned: i) To
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create an in vitro bone model by which AR transcriptional activity can be assessed (Chapter 2).

This was established by using an osteoblast-like cell line referred as SaOS-2 cells, which is
derived from human osteosarcoma. These cells are capable of inducing bone formation and as

such are a model for osteoblast behaviour. ii) To generate a stably infected prostate cancer cell

line and appropriate control that express fluorescence (Enhanced Green Fluorescent Protein

(EGFP)) upon androgen stimulation (Chapter 2). Using these cell lines, AR activity and growth

of prostate cancer cells can be monitored for different treatment conditions in a high throughput
and non-invasive manner. Although we have shown that the conditioned media of terminally
differentiated SaOS-2 cells is able to promote the growth of prostate cancer cells, we were
unable to detect any influence on AR activity upon conditioned media treatment. Nevertheless,
the establishment of this novel bioassay led us to screen hundreds of compounds that are selected

via in silico drug discovery for anti-AR activity (Chapter 3).

2. Examination of aberrant expression of AR-coregulators that can enhance AR
activity — As described in section 1.4, the AR has the most variable N-terminus domain among
the steroid receptor family. However, this region has not been routinely used for identifying AR
interacting proteins. This is because the AR-NTD has an intrinsic transactivation activity that
makes it unsuitable for conventional yeast two hybrid assays. To circumvent this problem, our
laboratory has used a reverse yeast-two hybrid system (repressed transactivator; RTA) with AR-
NTD as bait to identify novel AR-interacting proteins. One of the proteins that has been isolated
through this system is TATA binding protein Associated Factor 1 (TAF1) (Chapter 4). The
research described in this part of the thesis has three specific experimental goals: i) to determine

the relevance of TAF1 expression level in prostate cancer progression; ii) to confirm TAF1/AR
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interaction through other protein interaction assays; iii) to assess the role of TAF1 in AR-

mediated transactivation and the molecular mechanism by which TAF1 modify AR activity.

The first aim of this project was completed by assessing the expression profile of TAF1
during disease progression in patients who had undergone varying lengths of NHT prior to
radical prostatectomy or autopsy using our in house NHT tissue microarrays. The results
suggested that TAF1 expression increases with prolonged hormone treatment and with
progression to castration-resistant prostate cancer. To achieve the second objective of this study,
in vitro and in vivo protein interaction experiments were performed. The results confirm that
TAF1 directly interacts with N-terminus of AR (by GST pull-down assay), reveal that TAF1 and
AR interact in the nucleus of prostate cancer cells (by co-immunoprecipitation), and suggest that
TAF1 is associated with AR at the proximal promoter of the PSA upon treatment with hormone
(by ChIP assay). To complete the third goal, the effects of overexpression and knock-down of
TAF1 on AR transactivation were investigated. This revealed that in the presence of hormone,
the expression level of TAF1 correlates with AR activity. The next set of experiments focused on
post translational modification of AR by TAFL. In regard to three known enzymatic functions of

TAF1, it was determined that TAF1 is able to unbiquitinate AR both in vivo and in vitro.

In summary, we developed non-invasive, cell-based screening assays to rapidly and
biologically assess factors, drugs, or complex mixtures that modulate prostate cancer growth and
affect AR activity. Using this system, we found a dozen novel compounds that inhibit AR
activity probably via binding to a pocket of AR that is different from the pocket that
conventional anti-androgen drugs bind. In addition, we found that TAF1 is a specific coactivator

of AR that binds and differentially enhances AR transcriptional activity most likely through
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ubiquitination of AR. Accordingly, an increase in TAF1 expression during NHT therapy could
be a compensatory mechanism adapted by cancer cells to overcome lack of circulating
androgens. The latter study provides a clearer understanding of AR-mediated transcription, as
well as a better perception of the contribution of coactivators in progression of prostate cancer to

castration-resistant disease.

56



1.7 References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Partin A, Coffey D. The molecular biology, endocrinology, and physiology of the
prostate and seminal vesicles. Walsh PC RA, Vaughan ED Jr, et al, editor, Campbell's
Urology. 8th ed. Philadelphia: Saunders; 2002.

McNeal J. Histology for Pathologists. SS S, editor, 2nd ed. Philadelphia: Lippincott-
Raven; 1997.

Humphrey PA. Prostate Pathology, 1st ed. Chicago: American Society for Clinical
Pathology; 2003.

Hayward SW, Cunha GR. The prostate: development and physiology. Radiol Clin North
Am 2000;38(1):1-14.

Kantoff PW, Carroll PR, Amico AVD. Prostate Cancer Principles & Practice. Ross RK,
Isaacs JT, Scher HI, editors, 1st ed. Philadelphia: lippincott Williams & Wilkins; 2002.
Hayward SW, Grossfeld GD, Tlsty TD, Cunha GR. Genetic and epigenetic influences in
prostatic carcinogenesis (review). Int J Oncol 1998;13(1):35-47.

Cohen RJ, Glezerson G, Taylor LF, Grundle HA, Naude JH. The neuroendocrine cell
population of the human prostate gland. J Urol 1993;150(2 Pt 1):365-368.

Kahane H, Sharp JW, Shuman GB, Dasilva G, Epstein JI. Utilization of high molecular
weight cytokeratin on prostate needle biopsies in an independent laboratory. Urology
1995;45(6):981-986.

Yang Y, Hao J, Liu X, Dalkin B, Nagle RB. Differential expression of cytokeratin
mMRNA and protein in normal prostate, prostatic intraepithelial neoplasia, and invasive
carcinoma. Am J Pathol 1997;150(2):693-704.

Bonkhoff H. Role of the basal cells in premalignant changes of the human prostate: a
stem cell concept for the development of prostate cancer. Eur Urol 1996;30(2):201-205.
Bonkhoff H, Remberger K. Differentiation pathways and histogenetic aspects of normal
and abnormal prostatic growth: a stem cell model. Prostate 1996;28(2):98-106.
Bonkhoff H, Stein U, Remberger K. The proliferative function of basal cells in the
normal and hyperplastic human prostate. Prostate 1994;24(3):114-118.

Berges RR, VVukanovic J, Epstein JI, CarMichel M, Cisek L, Johnson DE, Veltri RW,
Walsh PC, Isaacs JT. Implication of cell kinetic changes during the progression of human
prostatic cancer. Clin Cancer Res 1995;1(5):473-480.

Wafa LA, Palmer J, Fazli L, Hurtado-Coll A, Bell RH, Nelson CC, Gleave ME, Cox ME,
Rennie PS. Comprehensive expression analysis of L-dopa decarboxylase and established
neuroendocrine markers in neoadjuvant hormone-treated versus varying Gleason grade
prostate tumors. Hum Pathol 2007;38(1):161-170.

di Sant'Agnese PA, Cockett AT. Neuroendocrine differentiation in prostatic malignancy.
Cancer 1996;78(2):357-361.

di Sant'Agnese PA. Neuroendocrine differentiation in prostatic carcinoma: an update on
recent developments. Ann Oncol 2001;12 Suppl 2:5135-140.

Fukuda H, Yamada T, Kamata S, Saitoh H. Anatomic distribution of intraprostatic
lymphatics: implications for the lymphatic spread of prostate cancer-a preliminary study.
Prostate 2000;44(4):322-327.

George FW, and Wilson, J. D. . The Physiology of Reproduction Knobil E, and Neill, J.
D., eds, editor. New York: Raven Press 1994.

57



19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Randall VA. Role of 5 alpha-reductase in health and disease. Baillieres Clin Endocrinol
Metab 1994;8(2):405-431.

Wilson JD, Griffin JE, Russell DW. Steroid 5 alpha-reductase 2 deficiency. Endocr Rev
1993;14(5):577-593.

Grino PB, Griffin JE, Wilson JD. Testosterone at high concentrations interacts with the
human androgen receptor similarly to dihydrotestosterone. Endocrinology
1990;126(2):1165-1172.

Brinkmann AO, van Straalen RJ. Development of the LH-response in fetal guinea pig
testes. Biol Reprod 1979;21(4):991-997.

El-Gehani F, Zhang FP, Pakarinen P, Rannikko A, Huhtaniemi I. Gonadotropin-
independent regulation of steroidogenesis in the fetal rat testis. Biol Reprod
1998;58(1):116-123.

O'Shaughnessy PJ, Baker P, Sohnius U, Haavisto AM, Charlton HM, Huhtaniemi I. Fetal
development of Leydig cell activity in the mouse is independent of pituitary gonadotroph
function. Endocrinology 1998;139(3):1141-1146.

Curtin D, Jenkins S, Farmer N, Anderson AC, Haisenleder DJ, Rissman E, Wilson EM,
Shupnik MA. Androgen suppression of GnRH-stimulated rat LHbeta gene transcription
occurs through Sp1 sites in the distal GnRH-responsive promoter region. Mol Endocrinol
2001;15(11):1906-1917.

Stocco DM, Clark BJ. Regulation of the acute production of steroids in steroidogenic
cells. Endocr Rev 1996;17(3):221-244.

Hodgson YM, de Kretser DM. Acute responses of Leydig cells to hCG: evidence for
early hypertrophy of Leydig cells. Mol Cell Endocrinol 1984;35(2-3):75-82.

Waterman MR, Simpson ER. Regulation of steroid hydroxylase gene expression is
multifactorial in nature. Recent Prog Horm Res 1989;45:533-563; discussion 563-536.
Wu FC, Irby DC, Clarke 1J, Cummins JT, de Kretser DM. Effects of gonadotropin-
releasing hormone pulse-frequency modulation on luteinizing hormone, follicle-
stimulating hormone and testosterone secretion in hypothalamo/pituitary-disconnected
rams. Biol Reprod 1987;37(3):501-510.

Burger HG. Androgen production in women. Fertil Steril 2002;77 Suppl 4:S3-5.

Davison SL, Bell R. Androgen physiology. Semin Reprod Med 2006;24(2):71-77.
Russell DW, Wilson JD. Steroid 5 alpha-reductase: two genes/two enzymes. Annu Rev
Biochem 1994;63:25-61.

Brinkmann AO. Endocrinology of male reproduction. In: McLachlan R, editor. Chapter 3
- Androgen physiology: receptor and metabolic disorders: The american association of
clinical endocrinologists; 2008.

Jenkins EP, Andersson S, Imperato-McGinley J, Wilson JD, Russell DW. Genetic and
pharmacological evidence for more than one human steroid 5 alpha-reductase. J Clin
Invest 1992;89(1):293-300.

Elliott CS, Shinghal R, Presti JC, Jr. The Influence of Prostate VVolume on Prostate-
Specific Antigen Performance: Implications for the Prostate Cancer Prevention Trial
Outcomes. Clin Cancer Res 2009;15(14):4694-4699.

Handelsman DJ. ENDOCRINOLOGY OF MALE REPRODUCTION. In: McLachlan R,
editor. Chapter 2 - ANDROGENS: THE AMERICAN ASSOCIATION OF CLINICAL
ENDOCRINOLOGISTS

58



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54,

Georget V, Terouanne B, Nicolas JC, Sultan C. Mechanism of antiandrogen action: key
role of hsp90 in conformational change and transcriptional activity of the androgen
receptor. Biochemistry 2002;41(39):11824-11831.

Kobayashi Y, Kume A, Li M, Doyu M, Hata M, Ohtsuka K, Sobue G. Chaperones Hsp70
and Hsp40 suppress aggregate formation and apoptosis in cultured neuronal cells
expressing truncated androgen receptor protein with expanded polyglutamine tract. J Biol
Chem 2000;275(12):8772-8778.

Veldscholte J, Berrevoets CA, Zegers ND, van der Kwast TH, Grootegoed JA, Mulder E.
Hormone-induced dissociation of the androgen receptor-heat-shock protein complex: use
of a new monoclonal antibody to distinguish transformed from nontransformed receptors.
Biochemistry 1992;31(32):7422-7430.

Kuil CW, Berrevoets CA, Mulder E. Ligand-induced conformational alterations of the
androgen receptor analyzed by limited trypsinization. Studies on the mechanism of
antiandrogen action. J Biol Chem 1995;270(46):27569-27576.

Javidan J, Deitch AD, Shi XB, de Vere White RW. The androgen receptor and
mechanisms for androgen independence in prostate cancer. Cancer Invest
2005;23(6):520-528.

Leo C, Chen JD. The SRC family of nuclear receptor coactivators. Gene 2000;245(1):1-
11.

. Toronto/Canada: Canadian Cancer Society, National Cancer Institute of Canada,
Statistics Canada, provincial/Territorial Cancer Registries, Public Health Agency of
Canada; 2008 August 17, 2008. 11-13 p.

Boyle P, Maisonneuve P, Napalkov P. Geographical and temporal patterns of incidence
and mortality from prostate cancer. Urology 1995;46(3 Suppl A):47-55.

Brasso K, Friis S, Kjaer SK, Jorgensen T, Iversen P. Prostate cancer in Denmark: a 50-
year population-based study. Urology 1998;51(4):590-594.

Glover FE, Jr., Coffey DS, Douglas LL, Russell H, Cadigan M, Tulloch T, Wedderburn
K, Wan RL, Baker TD, Walsh PC. Familial study of prostate cancer in Jamaica. Urology
1998;52(3):441-443.

Hsing AW, Chokkalingam AP. Prostate cancer epidemiology. Front Biosci
2006;11:1388-1413.

Cook LS, Goldoft M, Schwartz SM, Weiss NS. Incidence of adenocarcinoma of the
prostate in Asian immigrants to the United States and their descendants. J Urol
1999;161(1):152-155.

Glantz GM. Cirrhosis and Carcinoma of the Prostate Gland. J Urol 1964;91:291-293.
Kasper JS, Liu Y, Giovannucci E. Diabetes mellitus and risk of prostate cancer in the
health professionals follow-up study. Int J Cancer 2008.

Geller J, Vazakas G, Fruchtman B, Newman H, Nakao K, Loh A. The effect of
cyproterone acetate on advanced carcinoma of the prostate. Surg Gynecol Obstet
1968;127(4):748-758.

Hovenanian MS, Deming CL. The heterologous growth of cancer of the human prostate.
Surg Gynecol Obstet 1948;86(1):29-35.

Noble RL. The development of prostatic adenocarcinoma in Nb rats following prolonged
sex hormone administration. Cancer Res 1977;37(6):1929-1933.

Pollard M, Luckert PH, Schmidt MA. Induction of prostate adenocarcinomas in Lobund
Wistar rats by testosterone. Prostate 1982;3(6):563-568.

59



55.

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Janne OA, Palvimo JJ, Kallio P, Mehto M. Androgen receptor and mechanism of
androgen action. Ann Med 1993;25(1):83-89.

Danielian PS, White R, Lees JA, Parker MG. Identification of a conserved region
required for hormone dependent transcriptional activation by steroid hormone receptors.
EMBO J 1992;11(3):1025-1033.

Edwards A, Hammond HA, Jin L, Caskey CT, Chakraborty R. Genetic variation at five
trimeric and tetrameric tandem repeat loci in four human population groups. Genomics
1992;12(2):241-253.

Giovannucci E, Stampfer MJ, Krithivas K, Brown M, Dahl D, Brufsky A, Talcott J,
Hennekens CH, Kantoff PW. The CAG repeat within the androgen receptor gene and its
relationship to prostate cancer. Proc Natl Acad Sci U S A 1997;94(7):3320-3323.
Chamberlain NL, Driver ED, Miesfeld RL. The length and location of CAG trinucleotide
repeats in the androgen receptor N-terminal domain affect transactivation function.
Nucleic Acids Res 1994;22(15):3181-3186.

Tut TG, Ghadessy FJ, Trifiro MA, Pinsky L, Yong EL. Long polyglutamine tracts in the
androgen receptor are associated with reduced trans-activation, impaired sperm
production, and male infertility. J Clin Endocrinol Metab 1997;82(11):3777-3782.

Chen C, Lamharzi N, Weiss NS, Etzioni R, Dightman DA, Barnett M, DiTommaso D,
Goodman G. Androgen receptor polymorphisms and the incidence of prostate cancer.
Cancer Epidemiol Biomarkers Prev 2002;11(10 Pt 1):1033-1040.

Carter H, Partin A. Diagnosis and staging of prostate cancer, Campbell's Urology. 8th ed.
Philadelphia: Saunders; 2002.

Zhang J, Dai J, Qi Y, Lin DL, Smith P, Strayhorn C, Mizokami A, Fu Z, Westman J,
Keller ET. Osteoprotegerin inhibits prostate cancer-induced osteoclastogenesis and
prevents prostate tumor growth in the bone. J Clin Invest 2001;107(10):1235-1244.

Kim E, Grayhack J. Clinical symptoms and signs of prostate cancer. Vogelzang N,
Scardino P, Shipley W, editors, Comprehensive Textbook of Genitourinary Oncology ed.
Baltimore: Williams & Wilkins; 1996.

Smith DS, Catalona WJ. Interexaminer variability of digital rectal examination in
detecting prostate cancer. Urology 1995;45(1):70-74.

Elgamal AA, Van de Voorde W, Van Poppel H, Lauweryns J, Baert L.
Immunohistochemical localization of prostate-specific markers within the accessory male
sex glands of Cowper, Littre, and Morgagni. Urology 1994;44(1):84-90.

Clements J, Mukhtar A. Glandular kallikreins and prostate-specific antigen are expressed
in the human endometrium. J Clin Endocrinol Metab 1994;78(6):1536-1539.

Elgamal AA, Ectors NL, Sunardhi-Widyaputra S, Van Poppel HP, Van Damme BJ, Baert
LV. Detection of prostate specific antigen in pancreas and salivary glands: a potential
impact on prostate cancer overestimation. J Urol 1996;156(2 Pt 1):464-468.

Howarth DJ, Aronson IB, Diamandis EP. Immunohistochemical localization of prostate-
specific antigen in benign and malignant breast tissues. Br J Cancer 1997;75(11):1646-
1651.

Yu H, Diamandis EP, Levesque M, Asa SL, Monne M, Croce CM. Expression of the
prostate-specific antigen gene by a primary ovarian carcinoma. Cancer Res
1995;55(8):1603-1606.

Levesque M, Hu H, D'Costa M, Diamandis EP. Prostate-specific antigen expression by
various tumors. J Clin Lab Anal 1995;9(2):123-128.

60



72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Polascik TJ, Oesterling JE, Partin AW. Prostate specific antigen: a decade of discovery--
what we have learned and where we are going. J Urol 1999;162(2):293-306.

Catalona WJ, Richie JP, Ahmann FR, Hudson MA, Scardino PT, Flanigan RC,
deKernion JB, Ratliff TL, Kavoussi LR, Dalkin BL, et al. Comparison of digital rectal
examination and serum prostate specific antigen in the early detection of prostate cancer:
results of a multicenter clinical trial of 6,630 men. J Urol 1994;151(5):1283-1290.
Greene FL. The American Joint Committee on Cancer: updating the strategies in cancer
staging. Bull Am Coll Surg 2002;87(7):13-15.

Gleason DF. Histologic grading of prostate cancer: a perspective. Hum Pathol
1992;23(3):273-279.

Humphrey PA. Gleason grading and prognostic factors in carcinoma of the prostate. Mod
Pathol 2004;17(3):292-306.

Huggins C, Hodges CV. Studies on prostatic cancer: I. The effect of castration, of
estrogen and of androgen injection on serum phosphatases in metastatic carcinoma of the
prostate. 1941. J Urol 2002;168(1):9-12.

de Voogt HJ, Studer U, Schroder FH, Klijn JG, de Pauw M, Sylvester R. Maximum
androgen blockade using LHRH agonist buserelin in combination with short-term (two
weeks) or long-term (continuous) cyproterone acetate is not superior to standard
androgen deprivation in the treatment of advanced prostate cancer. Final analysis of
EORTC GU Group Trial 30843. European Organization for Research and Treatment of
Cancer (EROTC) Genito-Urinary Tract Cancer Cooperative Group. Eur Urol
1998;33(2):152-158.

Masiello D, Cheng S, Bubley GJ, Lu ML, Balk SP. Bicalutamide functions as an
androgen receptor antagonist by assembly of a transcriptionally inactive receptor. J Biol
Chem 2002;277(29):26321-26326.

Kolvenbag GJ, Nash A. Bicalutamide dosages used in the treatment of prostate cancer.
Prostate 1999;39(1):47-53.

Boccon-Gibod L, Fournier G, Bottet P, Marechal JM, Guiter J, Rischman P, Hubert J,
Soret JY, Mangin P, Mallo C, Fraysse CE. Flutamide versus orchidectomy in the
treatment of metastatic prostate carcinoma. Eur Urol 1997;32(4):391-395; discussion
395-396.

Klotz L. Hormone therapy for patients with prostate carcinoma. Cancer 2000;88(12
Suppl):3009-3014.

Hurtado-Coll A, Goldenberg SL, Gleave ME, Klotz L. Intermittent androgen suppression
in prostate cancer: the Canadian experience. Urology 2002;60(3 Suppl 1):52-56;
discussion 56.

Balk SP, Knudsen KE. AR, the cell cycle, and prostate cancer. Nucl Recept Signal
2008;6:e001.

Guo Z, Yang X, Sun F, Jiang R, Linn DE, Chen H, Kong X, Melamed J, Tepper CG,
Kung HJ, Brodie AM, Edwards J, Qiu Y. A novel androgen receptor splice variant is up-
regulated during prostate cancer progression and promotes androgen depletion-resistant
growth. Cancer Res 2009;69(6):2305-2313.

So A, Gleave M, Hurtado-Col A, Nelson C. Mechanisms of the development of androgen
independence in prostate cancer. World J Urol 2005;23(1):1-9.

Taplin ME, Balk SP. Androgen receptor: a key molecule in the progression of prostate
cancer to hormone independence. J Cell Biochem 2004;91(3):483-490.

61



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Tilley WD, Lim-Tio SS, Horsfall DJ, Aspinall JO, Marshall VR, Skinner JM. Detection
of discrete androgen receptor epitopes in prostate cancer by immunostaining:
measurement by color video image analysis. Cancer Res 1994;54(15):4096-4102.
Hobisch A, Culig Z, Radmayr C, Bartsch G, Klocker H, Hittmair A. Distant metastases
from prostatic carcinoma express androgen receptor protein. Cancer Res
1995;55(14):3068-3072.

Rennie PS, Nelson CC. Epigenetic mechanisms for progression of prostate cancer.
Cancer Metastasis Rev 1998;17(4):401-4009.

Chen CD, Welsbie DS, Tran C, Baek SH, Chen R, Vessella R, Rosenfeld MG, Sawyers
CL. Molecular determinants of resistance to antiandrogen therapy. Nat Med
2004;10(1):33-39.

Debes JD, Tindall DJ. Mechanisms of androgen-refractory prostate cancer. N Engl J Med
2004;351(15):1488-1490.

Sciarra A, Mariotti G, Gentile V, Voria G, Pastore A, Monti S, Di Silverio F.
Neuroendocrine differentiation in human prostate tissue: is it detectable and treatable?
BJU Int 2003;91(5):438-445.

Scher HI, Sawyers CL. Biology of progressive, castration-resistant prostate cancer:
directed therapies targeting the androgen-receptor signaling axis. J Clin Oncol
2005;23(32):8253-8261.

Taplin ME. Drug insight: role of the androgen receptor in the development and
progression of prostate cancer. Nat Clin Pract Oncol 2007;4(4):236-244.

Aaronson DS, Muller M, Neves SR, Chung WC, Jayaram G, lyengar R, Ram PT. An
androgen-IL-6-Stat3 autocrine loop re-routes EGF signal in prostate cancer cells. Mol
Cell Endocrinol 2007;270(1-2):50-56.

Edwards J, Bartlett JM. The androgen receptor and signal-transduction pathways in
hormone-refractory prostate cancer. Part 2: Androgen-receptor cofactors and bypass
pathways. BJU Int 2005;95(9):1327-1335.

Guo Z, Dai B, Jiang T, Xu K, Xie Y, Kim O, Nesheiwat I, Kong X, Melamed J,
Handratta VD, Njar VC, Brodie AM, Yu LR, Veenstra TD, Chen H, Qiu Y. Regulation
of androgen receptor activity by tyrosine phosphorylation. Cancer Cell 2006;10(4):309-
319.

Schweizer L, Rizzo CA, Spires TE, Platero JS, Wu Q, Lin TA, Gottardis MM, Attar RM.
The androgen receptor can signal through Wnt/beta-Catenin in prostate cancer cells as an
adaptation mechanism to castration levels of androgens. BMC Cell Biol 2008;9:4.

Yuan X, Balk SP. Mechanisms mediating androgen receptor reactivation after castration.
Urol Oncol 2009;27(1):36-41.

Locke JA, Guns ES, Lubik AA, Adomat HH, Hendy SC, Wood CA, Ettinger SL, Gleave
ME, Nelson CC. Androgen levels increase by intratumoral de novo steroidogenesis
during progression of castration-resistant prostate cancer. Cancer Res 2008;68(15):6407-
6415.

Uemura M, Tamura K, Chung S, Honma S, Okuyama A, Nakamura Y, Nakagawa H.
Novel 5 alpha-steroid reductase (SRD5A3, type-3) is overexpressed in hormone-
refractory prostate cancer. Cancer Sci 2008;99(1):81-86.

Chmelar R, Buchanan G, Need EF, Tilley W, Greenberg NM. Androgen receptor
coregulators and their involvement in the development and progression of prostate
cancer. Int J Cancer 2007;120(4):719-733.

62



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Heemers HV, Regan KM, Schmidt LJ, Anderson SK, Ballman KV, Tindall DJ. Androgen
Modulation of Coregulator Expression In Prostate Cancer Cells. Mol Endocrinol 2009.
Heemers HV, Tindall DJ. Androgen receptor (AR) coregulators: a diversity of functions
converging on and regulating the AR transcriptional complex. Endocr Rev
2007;28(7):778-808.

Dehm SM, Schmidt LJ, Heemers HV, Vessella RL, Tindall DJ. Splicing of a novel
androgen receptor exon generates a constitutively active androgen receptor that mediates
prostate cancer therapy resistance. Cancer Res 2008;68(13):5469-5477.

Hu R, Dunn TA, Wei S, Isharwal S, Veltri RW, Humphreys E, Han M, Partin AW,
Vessella RL, Isaacs WB, Bova GS, Luo J. Ligand-independent androgen receptor
variants derived from splicing of cryptic exons signify hormone-refractory prostate
cancer. Cancer Res 2009;69(1):16-22.

Kuiper GG, Faber PW, van Rooij HC, van der Korput JA, Ris-Stalpers C, Klaassen P,
Trapman J, Brinkmann AO. Structural organization of the human androgen receptor
gene. J Mol Endocrinol 1989;2(3):R1-4.

Faber PW, Kuiper GG, van Rooij HC, van der Korput JA, Brinkmann AO, Trapman J.
The N-terminal domain of the human androgen receptor is encoded by one, large exon.
Mol Cell Endocrinol 1989;61(2):257-262.

Tilley WD, Marcelli M, McPhaul MJ. Expression of the human androgen receptor gene
utilizes a common promoter in diverse human tissues and cell lines. J Biol Chem
1990;265(23):13776-13781.

Olefsky JM. Nuclear receptor minireview series. J Biol Chem 2001;276(40):36863-
36864.

Chang CS, Kokontis J, Liao ST. Molecular cloning of human and rat complementary
DNA encoding androgen receptors. Science 1988;240(4850):324-326.

Kokontis JM, Liao S. Molecular action of androgen in the normal and neoplastic prostate.
Vitam Horm 1999;55:219-307.

Culig Z, Klocker H, Bartsch G, Hobisch A. Androgen receptor mutations in carcinoma of
the prostate: significance for endocrine therapy. Am J Pharmacogenomics 2001;1(4):241-
249.

Brooke GN, Parker MG, Bevan CL. Mechanisms of androgen receptor activation in
advanced prostate cancer: differential co-activator recruitment and gene expression.
Oncogene 2008;27(21):2941-2950.

Duff J, McEwan 1J. Mutation of histidine 874 in the androgen receptor ligand-binding
domain leads to promiscuous ligand activation and altered p160 coactivator interactions.
Mol Endocrinol 2005;19(12):2943-2954.

Monge A, Jagla M, Lapouge G, Sasorith S, Cruchant M, Wurtz JM, Jacgmin D, Bergerat
JP, Ceraline J. Unfaithfulness and promiscuity of a mutant androgen receptor in a
hormone-refractory prostate cancer. Cell Mol Life Sci 2006;63(4):487-497.

Sack JS, Kish KF, Wang C, Attar RM, Kiefer SE, An'Y, Wu GY, Scheffler JE, Salvati
ME, Krystek SR, Jr., Weinmann R, Einspahr HM. Crystallographic structures of the
ligand-binding domains of the androgen receptor and its T877A mutant complexed with
the natural agonist dihydrotestosterone. Proc Natl Acad Sci U S A 2001;98(9):4904-
4900.

Estebanez-Perpina E, Arnold LA, Nguyen P, Rodrigues ED, Mar E, Bateman R, Pallai P,
Shokat KM, Baxter JD, Guy RK, Webb P, Fletterick RJ. A surface on the androgen

63



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

receptor that allosterically regulates coactivator binding. Proc Natl Acad Sci U S A
2007;104(41):16074-16079.

Tahiri B, Auzou G, Nicolas JC, Sultan C, Lupo B. Participation of critical residues from
the extreme C-terminal end of the human androgen receptor in the ligand binding
function. Biochemistry 2001;40(29):8431-8437.

Ishioka T, Tanatani A, Nagasawa K, Hashimoto Y. Anti-androgens with full antagonistic
activity toward human prostate tumor LNCaP cells with mutated androgen receptor.
Bioorg Med Chem Lett 2003;13(16):2655-2658.

Heinlein CA, Chang C. Androgen receptor (AR) coregulators: an overview. Endocr Rev
2002;23(2):175-200.

Song LN, Herrell R, Byers S, Shah S, Wilson EM, Gelmann EP. Beta-catenin binds to
the activation function 2 region of the androgen receptor and modulates the effects of the
N-terminal domain and TIF2 on ligand-dependent transcription. Mol Cell Biol
2003;23(5):1674-1687.

He B, Kemppainen JA, VVoegel JJ, Gronemeyer H, Wilson EM. Activation function 2 in
the human androgen receptor ligand binding domain mediates interdomain
communication with the NH(2)-terminal domain. J Biol Chem 1999;274(52):37219-
37225.

Alen P, Claessens F, Verhoeven G, Rombauts W, Peeters B. The androgen receptor
amino-terminal domain plays a key role in p160 coactivator-stimulated gene
transcription. Mol Cell Biol 1999;19(9):6085-6097.

Arnold LA, Estebanez-Perpina E, Togashi M, Jouravel N, Shelat A, McReynolds AC,
Mar E, Nguyen P, Baxter JD, Fletterick RJ, Webb P, Guy RK. Discovery of small
molecule inhibitors of the interaction of the thyroid hormone receptor with transcriptional
coregulators. J Biol Chem 2005;280(52):43048-43055.

Arnold LA, Estebanez-Perpina E, Togashi M, Shelat A, Ocasio CA, McReynolds AC,
Nguyen P, Baxter JD, Fletterick RJ, Webb P, Guy RK. A high-throughput screening
method to identify small molecule inhibitors of thyroid hormone receptor coactivator
binding. Sci STKE 2006;2006(341):pl3.

Wang Y, Chirgadze NY, Briggs SL, Khan S, Jensen EV, Burris TP. A second binding
site for hydroxytamoxifen within the coactivator-binding groove of estrogen receptor
beta. Proc Natl Acad Sci U S A 2006;103(26):9908-9911.

Buchanan G, Yang M, Harris JM, Nahm HS, Han G, Moore N, Bentel JM, Matusik RJ,
Horsfall DJ, Marshall VR, Greenberg NM, Tilley WD. Mutations at the boundary of the
hinge and ligand binding domain of the androgen receptor confer increased
transactivation function. Mol Endocrinol 2001;15(1):46-56.

Chavez B, Vilchis F, Zenteno JC, Larrea F, Kofman-Alfaro S. Novel molecular defects in
the androgen receptor gene of Mexican patients with androgen insensitivity. Clin Genet
2001;59(3):185-188.

Shi XB, Ma AH, Xia L, Kung HJ, de Vere White RW. Functional analysis of 44 mutant
androgen receptors from human prostate cancer. Cancer Res 2002;62(5):1496-1502.

Lim J, Ghadessy FJ, Abdullah AA, Pinsky L, Trifiro M, Yong EL. Human androgen
receptor mutation disrupts ternary interactions between ligand, receptor domains, and the
coactivator TIF2 (transcription intermediary factor 2). Mol Endocrinol 2000;14(8):1187-
1197.

64



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Alroy I, Freedman LP. DNA binding analysis of glucocorticoid receptor specificity
mutants. Nucleic Acids Res 1992;20(5):1045-1052.

Claessens F, Verrijdt G, Schoenmakers E, Haelens A, Peeters B, Verhoeven G, Rombauts
W. Selective DNA binding by the androgen receptor as a mechanism for hormone-
specific gene regulation. J Steroid Biochem Mol Biol 2001;76(1-5):23-30.

Zhou ZX, Sar M, Simental JA, Lane MV, Wilson EM. A ligand-dependent bipartite
nuclear targeting signal in the human androgen receptor. Requirement for the DNA-
binding domain and modulation by NH2-terminal and carboxyl-terminal sequences. J
Biol Chem 1994;269(18):13115-13123.

Luisi BF, Xu WX, Otwinowski Z, Freedman LP, Yamamoto KR, Sigler PB.
Crystallographic analysis of the interaction of the glucocorticoid receptor with DNA.
Nature 1991;352(6335):497-505.

van Tilborg MA, Bonvin AM, Hard K, Davis AL, Maler B, Boelens R, Yamamoto KR,
Kaptein R. Structure refinement of the glucocorticoid receptor-DNA binding domain
from NMR data by relaxation matrix calculations. J Mol Biol 1995;247(4):689-700.
Danielsen M, Hinck L, Ringold GM. Two amino acids within the knuckle of the first zinc
finger specify DNA response element activation by the glucocorticoid receptor. Cell
1989;57(7):1131-1138.

Umesono K, Evans RM. Determinants of target gene specificity for steroid/thyroid
hormone receptors. Cell 1989;57(7):1139-1146.

Haelens A, Verrijdt G, Callewaert L, Christiaens V, Schauwaers K, Peeters B, Rombauts
W, Claessens F. DNA recognition by the androgen receptor: evidence for an alternative
DNA-dependent dimerization, and an active role of sequences flanking the response
element on transactivation. Biochem J 2003;369(Pt 1):141-151.

Jenster G, van der Korput HA, van Vroonhoven C, van der Kwast TH, Trapman J,
Brinkmann AO. Domains of the human androgen receptor involved in steroid binding,
transcriptional activation, and subcellular localization. Mol Endocrinol 1991;5(10):1396-
1404.

Thomas M, Dadgar N, Aphale A, Harrell JM, Kunkel R, Pratt WB, Lieberman AP.
Androgen receptor acetylation site mutations cause trafficking defects, misfolding, and
aggregation similar to expanded glutamine tracts. J Biol Chem 2004;279(9):8389-8395.
Shaffer PL, Jivan A, Dollins DE, Claessens F, Gewirth DT. Structural basis of androgen
receptor binding to selective androgen response elements. Proc Natl Acad Sci U S A
2004;101(14):4758-4763.

Evans RM. The steroid and thyroid hormone receptor superfamily. Science
1988;240(4854):889-895.

Jenster G, van der Korput HA, Trapman J, Brinkmann AQ. Identification of two
transcription activation units in the N-terminal domain of the human androgen receptor. J
Biol Chem 1995;270(13):7341-7346.

Metzger E, Muller JM, Ferrari S, Buettner R, Schule R. A novel inducible transactivation
domain in the androgen receptor: implications for PRK in prostate cancer. EMBO J
2003;22(2):270-280.

Knoke I, Allera A, Wieacker P. Significance of the CAG repeat length in the androgen
receptor gene (AR) for the transactivation function of an M780l mutant AR. Hum Genet
1999;104(3):257-261.

65



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Hsiao PW, Lin DL, Nakao R, Chang C. The linkage of Kennedy's neuron disease to
ARAZ24, the first identified androgen receptor polyglutamine region-associated
coactivator. J Biol Chem 1999;274(29):20229-20234.

Wafa LA, Cheng H, Rao MA, Nelson CC, Cox M, Hirst M, Sadowski I, Rennie PS.
Isolation and identification of L-dopa decarboxylase as a protein that binds to and
enhances transcriptional activity of the androgen receptor using the repressed
transactivator yeast two-hybrid system. Biochem J 2003;375(Pt 2):373-383.

Dvir A, Conaway JW, Conaway RC. Mechanism of transcription initiation and promoter
escape by RNA polymerase Il. Curr Opin Genet Dev 2001;11(2):209-214.

Lemon B, Tjian R. Orchestrated response: a symphony of transcription factors for gene
control. Genes Dev 2000;14(20):2551-25609.

Thomas MC, Chiang CM. The general transcription machinery and general cofactors.
Crit Rev Biochem Mol Biol 2006;41(3):105-178.

Alberti S, Esser C, Hohfeld J. BAG-1--a nucleotide exchange factor of Hsc70 with
multiple cellular functions. Cell Stress Chaperones 2003;8(3):225-231.

Wang Q, Li W, Zhang Y, Yuan X, Xu K, Yu J, Chen Z, Beroukhim R, Wang H, Lupien
M, Wu T, Regan MM, Meyer CA, Carroll JS, Manrai AK, Janne OA, Balk SP, Mehra R,
Han B, Chinnaiyan AM, Rubin MA, True L, Fiorentino M, Fiore C, Loda M, Kantoff
PW, Liu XS, Brown M. Androgen receptor regulates a distinct transcription program in
androgen-independent prostate cancer. Cell 2009;138(2):245-256.

Xu J, Li Q. Review of the in vivo functions of the p160 steroid receptor coactivator
family. Mol Endocrinol 2003;17(9):1681-1692.

Wu RC, Qin J, Yi P, Wong J, Tsai SY, Tsai MJ, O'Malley BW. Selective
phosphorylations of the SRC-3/AIB1 coactivator integrate genomic reponses to multiple
cellular signaling pathways. Mol Cell 2004;15(6):937-949.

Kim JH, Li H, Stallcup MR. CoCoA, a nuclear receptor coactivator which acts through
an N-terminal activation domain of p160 coactivators. Mol Cell 2003;12(6):1537-1549.
Lee YH, Coonrod SA, Kraus WL, Jelinek MA, Stallcup MR. Regulation of coactivator
complex assembly and function by protein arginine methylation and demethylimination.
Proc Natl Acad Sci U S A 2005;102(10):3611-3616.

Hochheimer A, Tjian R. Diversified transcription initiation complexes expand promoter
selectivity and tissue-specific gene expression. Genes Dev 2003;17(11):1309-1320.
Heinlein CA, Chang C. Androgen receptor in prostate cancer. Endocr Rev
2004;25(2):276-308.

Wolffe AP, Pruss D. Targeting chromatin disruption: Transcription regulators that
acetylate histones. Cell 1996;84(6):817-819.

Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner MM, Guan XY, Sauter G,
Kallioniemi OP, Trent JM, Meltzer PS. AIB1, a steroid receptor coactivator amplified in
breast and ovarian cancer. Science 1997;277(5328):965-968.

Bannister AJ, Kouzarides T. The CBP co-activator is a histone acetyltransferase. Nature
1996;384(6610):641-643.

Blanco JC, Minucci S, Lu J, Yang XJ, Walker KK, Chen H, Evans RM, Nakatani Y,
Ozato K. The histone acetylase PCAF is a nuclear receptor coactivator. Genes Dev
1998;12(11):1638-1651.

Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy L, Privalsky ML, Nakatani Y,
Evans RM. Nuclear receptor coactivator ACTR is a novel histone acetyltransferase and

66



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

forms a multimeric activation complex with P/CAF and CBP/p300. Cell 1997;90(3):569-
580.

Hanstein B, Eckner R, DiRenzo J, Halachmi S, Liu H, Searcy B, Kurokawa R, Brown M.
p300 is a component of an estrogen receptor coactivator complex. Proc Natl Acad Sci U
S A 1996;93(21):11540-11545.

Hong H, Kohli K, Trivedi A, Johnson DL, Stallcup MR. GRIP1, a novel mouse protein
that serves as a transcriptional coactivator in yeast for the hormone binding domains of
steroid receptors. Proc Natl Acad Sci U S A 1996;93(10):4948-4952.

Li H, Gomes PJ, Chen JD. RAC3, a steroid/nuclear receptor-associated coactivator that is
related to SRC-1 and TIF2. Proc Natl Acad Sci U S A 1997;94(16):8479-8484.

Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou J, Mizzen CA, McKenna NJ, Onate
SA, Tsai SY, Tsai MJ, O'Malley BW. Steroid receptor coactivator-1 is a histone
acetyltransferase. Nature 1997;389(6647):194-198.

Rosenfeld MG, Lunyak VV, Glass CK. Sensors and signals: a
coactivator/corepressor/epigenetic code for integrating signal-dependent programs of
transcriptional response. Genes Dev 2006;20(11):1405-1428.

Cleutjens KB, van Eekelen CC, van der Korput HA, Brinkmann AO, Trapman J. Two
androgen response regions cooperate in steroid hormone regulated activity of the
prostate-specific antigen promoter. J Biol Chem 1996;271(11):6379-6388.

Cleutjens KB, van der Korput HA, van Eekelen CC, van Rooij HC, Faber PW, Trapman
J. An androgen response element in a far upstream enhancer region is essential for high,
androgen-regulated activity of the prostate-specific antigen promoter. Mol Endocrinol
1997;11(2):148-161.

Louie MC, Yang HQ, Ma AH, Xu W, Zou JX, Kung HJ, Chen HW. Androgen-induced
recruitment of RNA polymerase Il to a nuclear receptor-p160 coactivator complex. Proc
Natl Acad Sci U S A 2003;100(5):2226-2230.

Shang Y, Myers M, Brown M. Formation of the androgen receptor transcription complex.
Mol Cell 2002;9(3):601-610.

Wang Q, Sharma D, Ren Y, Fondell JD. A coregulatory role for the TRAP-mediator
complex in androgen receptor-mediated gene expression. J Biol Chem
2002;277(45):42852-42858.

Wang Q, Carroll JS, Brown M. Spatial and temporal recruitment of androgen receptor
and its coactivators involves chromosomal looping and polymerase tracking. Mol Cell
2005;19(5):631-642.

Haapala K, Kuukasjarvi T, Hyytinen E, Rantala I, Helin HJ, Koivisto PA. Androgen
receptor amplification is associated with increased cell proliferation in prostate cancer.
Hum Pathol 2007;38(3):474-478.

Linja MJ, Savinainen KJ, Saramaki OR, Tammela TL, Vessella RL, Visakorpi T.
Amplification and overexpression of androgen receptor gene in hormone-refractory
prostate cancer. Cancer Res 2001;61(9):3550-3555.

Faus H, Haendler B. Post-translational modifications of steroid receptors. Biomed
Pharmacother 2006;60(9):520-528.

Fu M, Wang C, Reutens AT, Wang J, Angeletti RH, Siconolfi-Baez L, Ogryzko V,
Avantaggiati ML, Pestell RG. p300 and p300/cAMP-response element-binding protein-
associated factor acetylate the androgen receptor at sites governing hormone-dependent
transactivation. J Biol Chem 2000;275(27):20853-20860.

67



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Gaughan L, Logan IR, Neal DE, Robson CN. Regulation of androgen receptor and
histone deacetylase 1 by Mdm2-mediated ubiquitylation. Nucleic Acids Res
2005;33(1):13-26.

Kuiper GG, Brinkmann AO. Phosphotryptic peptide analysis of the human androgen
receptor: detection of a hormone-induced phosphopeptide. Biochemistry
1995;34(6):1851-1857.

Poukka H, Karvonen U, Janne OA, Palvimo JJ. Covalent modification of the androgen
receptor by small ubiquitin-like modifier 1 (SUMO-1). Proc Natl Acad SciU S A
2000;97(26):14145-14150.

Gioeli D, Ficarro SB, Kwiek JJ, Aaronson D, Hancock M, Catling AD, White FM,
Christian RE, Settlage RE, Shabanowitz J, Hunt DF, Weber MJ. Androgen receptor
phosphorylation. Regulation and identification of the phosphorylation sites. J Biol Chem
2002;277(32):29304-29314.

Bakin RE, Gioeli D, Sikes RA, Bissonette EA, Weber MJ. Constitutive activation of the
Ras/mitogen-activated protein kinase signaling pathway promotes androgen
hypersensitivity in LNCaP prostate cancer cells. Cancer Res 2003;63(8):1981-1989.

Lin HK, Hu YC, Yang L, Altuwaijri S, Chen YT, Kang HY, Chang C. Suppression
versus induction of androgen receptor functions by the phosphatidylinositol 3-kinase/Akt
pathway in prostate cancer LNCaP cells with different passage numbers. J Biol Chem
2003;278(51):50902-50907.

Taneja SS, Ha S, Swenson NK, Huang HY, Lee P, Melamed J, Shapiro E, Garabedian
MJ, Logan SK. Cell-specific regulation of androgen receptor phosphorylation in vivo. J
Biol Chem 2005;280(49):40916-40924.

Yeh S, Lin HK, Kang HY, Thin TH, Lin MF, Chang C. From HER2/Neu signal cascade
to androgen receptor and its coactivators: a novel pathway by induction of androgen
target genes through MAP kinase in prostate cancer cells. Proc Natl Acad Sci U S A
1999;96(10):5458-5463.

LaFevre-Bernt MA, Ellerby LM. Kennedy's disease. Phosphorylation of the
polyglutamine-expanded form of androgen receptor regulates its cleavage by caspase-3
and enhances cell death. J Biol Chem 2003;278(37):34918-34924.

Brady ME, Ozanne DM, Gaughan L, Waite I, Cook S, Neal DE, Robson CN. Tip60 is a
nuclear hormone receptor coactivator. J Biol Chem 1999;274(25):17599-17604.
Lieberman AP, Harmison G, Strand AD, Olson JM, Fischbeck KH. Altered
transcriptional regulation in cells expressing the expanded polyglutamine androgen
receptor. Hum Mol Genet 2002;11(17):1967-1976.

Fu M, Rao M, Wang C, Sakamaki T, Wang J, Di Vizio D, Zhang X, Albanese C, Balk S,
Chang C, Fan S, Rosen E, Palvimo JJ, Janne OA, Muratoglu S, Avantaggiati ML, Pestell
RG. Acetylation of androgen receptor enhances coactivator binding and promotes
prostate cancer cell growth. Mol Cell Biol 2003;23(23):8563-8575.

Miranda M, Sorkin A. Regulation of receptors and transporters by ubiquitination: new
insights into surprisingly similar mechanisms. Mol Interv 2007;7(3):157-167.

Li W, Chanda SK, Micik I, Joazeiro CA. Methods for the functional genomic analysis of
ubiquitin ligases. Methods Enzymol 2005;398:280-291.

Mukhopadhyay D, Riezman H. Proteasome-independent functions of ubiquitin in
endocytosis and signaling. Science 2007;315(5809):201-205.

68



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Pickart CM, Fushman D. Polyubiquitin chains: polymeric protein signals. Curr Opin
Chem Biol 2004;8(6):610-616.

Lin HK, Altuwaijri S, Lin WJ, Kan PY, Collins LL, Chang C. Proteasome activity is
required for androgen receptor transcriptional activity via regulation of androgen receptor
nuclear translocation and interaction with coregulators in prostate cancer cells. J Biol
Chem 2002;277(39):36570-36576.

Li H, Xu LL, Masuda K, Raymundo E, McLeod DG, Dobi A, Srivastava S. A feedback
loop between the androgen receptor and a NEDDA4-binding protein, PMEPAL, in prostate
cancer cells. J Biol Chem 2008;283(43):28988-28995.

Lin HK, Wang L, Hu YC, Altuwaijri S, Chang C. Phosphorylation-dependent
ubiquitylation and degradation of androgen receptor by Akt require Mdm2 E3 ligase.
EMBO J 2002;21(15):4037-4048.

Basak S, Pookot D, Noonan EJ, Dahiya R. Genistein down-regulates androgen receptor
by modulating HDAC6-Hsp90 chaperone function. Mol Cancer Ther 2008;7(10):3195-
3202.

Vanaja DK, Mitchell SH, Toft DO, Young CY. Effect of geldanamycin on androgen
receptor function and stability. Cell Stress Chaperones 2002;7(1):55-64.

Zoubeidi A, Zardan A, Beraldi E, Fazli L, Sowery R, Rennie P, Nelson C, Gleave M.
Cooperative interactions between androgen receptor (AR) and heat-shock protein 27
facilitate AR transcriptional activity. Cancer Res 2007;67(21):10455-10465.

Burgdorf S, Leister P, Scheidtmann KH. TSG101 interacts with apoptosis-antagonizing
transcription factor and enhances androgen receptor-mediated transcription by promoting
its monoubiquitination. J Biol Chem 2004;279(17):17524-17534.

Verma S, Ismail A, Gao X, Fu G, Li X, O'Malley BW, Nawaz Z. The ubiquitin-
conjugating enzyme UBCHY7 acts as a coactivator for steroid hormone receptors. Mol
Cell Biol 2004;24(19):8716-8726.

Culig Z, Steiner H, Bartsch G, Hobisch A. Mechanisms of endocrine therapy-responsive
and -unresponsive prostate tumours. Endocr Relat Cancer 2005;12(2):229-244.

Gregory CW, He B, Johnson RT, Ford OH, Mohler JL, French FS, Wilson EM. A
mechanism for androgen receptor-mediated prostate cancer recurrence after androgen
deprivation therapy. Cancer Res 2001;61(11):4315-4319.

Bebermeier JH, Brooks JD, DePrimo SE, Werner R, Deppe U, Demeter J, Hiort O,
Holterhus PM. Cell-line and tissue-specific signatures of androgen receptor-coregulator
transcription. J Mol Med 2006;84(11):919-931.

Maki HE, Waltering KK, Wallen MJ, Martikainen PM, Tammela TL, van Weerden WM,
Vessella RL, Visakorpi T. Screening of genetic and expression alterations of SRC1 gene
in prostate cancer. Prostate 2006;66(13):1391-1398.

Urbanucci A, Waltering KK, Suikki HE, Helenius MA, Visakorpi T. Androgen
regulation of the androgen receptor coregulators. BMC Cancer 2008;8:219.

Agoulnik 1U, Weigel NL. Androgen receptor coactivators and prostate cancer. Adv Exp
Med Biol 2008;617:245-255.

Heemers HV, Regan KM, Dehm SM, Tindall DJ. Androgen induction of the androgen
receptor coactivator four and a half LIM domain protein-2: evidence for a role for serum
response factor in prostate cancer. Cancer Res 2007;67(21):10592-10599.

69



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

Onate SA, Tsai SY, Tsai MJ, O'Malley BW. Sequence and characterization of a
coactivator for the steroid hormone receptor superfamily. Science 1995;270(5240):1354-
1357.

Takeshita A, Cardona GR, Koibuchi N, Suen CS, Chin WW. TRAM-1, A novel 160-kDa
thyroid hormone receptor activator molecule, exhibits distinct properties from steroid
receptor coactivator-1. J Biol Chem 1997;272(44):27629-27634.

Callewaert L, Van Tilborgh N, Claessens F. Interplay between two hormone-independent
activation domains in the androgen receptor. Cancer Res 2006;66(1):543-553.

Wang Q, Lu J, Yong EL. Ligand- and coactivator-mediated transactivation function
(AF2) of the androgen receptor ligand-binding domain is inhibited by the cognate hinge
region. J Biol Chem 2001;276(10):7493-7499.

Belandia B, Parker MG. Nuclear receptors: a rendezvous for chromatin remodeling
factors. Cell 2003;114(3):277-280.

Chakravarti D, LaMorte VJ, Nelson MC, Nakajima T, Schulman 1G, Juguilon H,
Montminy M, Evans RM. Role of CBP/P300 in nuclear receptor signalling. Nature
1996;383(6595):99-103.

Bevan CL, Hoare S, Claessens F, Heery DM, Parker MG. The AF1 and AF2 domains of
the androgen receptor interact with distinct regions of SRC1. Mol Cell Biol
1999;19(12):8383-8392.

Ding XF, Anderson CM, Ma H, Hong H, Uht RM, Kushner PJ, Stallcup MR. Nuclear
receptor-binding sites of coactivators glucocorticoid receptor interacting protein 1
(GRIP1) and steroid receptor coactivator 1 (SRC-1): multiple motifs with different
binding specificities. Mol Endocrinol 1998;12(2):302-313.

Ma H, Hong H, Huang SM, Irvine RA, Webb P, Kushner PJ, Coetzee GA, Stallcup MR.
Multiple signal input and output domains of the 160-kilodalton nuclear receptor
coactivator proteins. Mol Cell Biol 1999;19(9):6164-6173.

Tan JA, Hall SH, Petrusz P, French FS. Thyroid receptor activator molecule, TRAM-1, is
an androgen receptor coactivator. Endocrinology 2000;141(9):3440-3450.

Aarnisalo P, Palvimo JJ, Janne OA. CREB-binding protein in androgen receptor-
mediated signaling. Proc Natl Acad Sci U S A 1998;95(5):2122-2127.

Gaughan L, Logan IR, Cook S, Neal DE, Robson CN. Tip60 and histone deacetylase 1
regulate androgen receptor activity through changes to the acetylation status of the
receptor. J Biol Chem 2002;277(29):25904-25913.

Halkidou K, Gnanapragasam VJ, Mehta PB, Logan IR, Brady ME, Cook S, Leung HY,
Neal DE, Robson CN. Expression of Tip60, an androgen receptor coactivator, and its role
in prostate cancer development. Oncogene 2003;22(16):2466-2477.

Chen D, Ma H, Hong H, Koh SS, Huang SM, Schurter BT, Aswad DW, Stallcup MR.
Regulation of transcription by a protein methyltransferase. Science
1999;284(5423):2174-2177.

Hosohata K, Li P, Hosohata Y, Qin J, Roeder RG, Wang Z. Purification and
identification of a novel complex which is involved in androgen receptor-dependent
transcription. Mol Cell Biol 2003;23(19):7019-7029.

Majumder S, Liu Y, Ford OH, 3rd, Mohler JL, Whang YE. Involvement of arginine
methyltransferase CARML1 in androgen receptor function and prostate cancer cell
viability. Prostate 2006;66(12):1292-1301.

70



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Wang H, Huang ZQ, Xia L, Feng Q, Erdjument-Bromage H, Strahl BD, Briggs SD, Allis
CD, Wong J, Tempst P, Zhang Y. Methylation of histone H4 at arginine 3 facilitating
transcriptional activation by nuclear hormone receptor. Science 2001;293(5531):853-857.
Metzger E, Wissmann M, Yin N, Muller JM, Schneider R, Peters AH, Gunther T,
Buettner R, Schule R. LSD1 demethylates repressive histone marks to promote androgen-
receptor-dependent transcription. Nature 2005;437(7057):436-4309.

Wissmann M, Yin N, Muller JM, Greschik H, Fodor BD, Jenuwein T, Vogler C,
Schneider R, Gunther T, Buettner R, Metzger E, Schule R. Cooperative demethylation by
JMJD2C and LSD1 promotes androgen receptor-dependent gene expression. Nat Cell
Biol 2007;9(3):347-353.

Yamane K, Toumazou C, Tsukada Y, Erdjument-Bromage H, Tempst P, Wong J, Zhang
Y. JHDM2A, a JmjC-containing H3K9 demethylase, facilitates transcription activation
by androgen receptor. Cell 2006;125(3):483-495.

Lewis BA, Reinberg D. The mediator coactivator complex: functional and physical roles
in transcriptional regulation. J Cell Sci 2003;116(Pt 18):3667-3675.

Vijayvargia R, May MS, Fondell JD. A coregulatory role for the mediator complex in
prostate cancer cell proliferation and gene expression. Cancer Res 2007;67(9):4034-4041.
Choudhry MA, Ball A, McEwan 1J. The role of the general transcription factor IIF in
androgen receptor-dependent transcription. Mol Endocrinol 2006;20(9):2052-2061.

Lee DK, Duan HO, Chang C. From androgen receptor to the general transcription factor
TFIIH. Identification of cdk activating kinase (CAK) as an androgen receptor NH(2)-
terminal associated coactivator. J Biol Chem 2000;275(13):9308-9313.

Lee DK, Li M, Chang C. The second largest subunit of RNA polymerase Il interacts with
and enhances transactivation of androgen receptor. Biochem Biophys Res Commun
2003;302(1):162-169.

Link KA, Burd CJ, Williams E, Marshall T, Rosson G, Henry E, Weissman B, Knudsen
KE. BAF57 governs androgen receptor action and androgen-dependent proliferation
through SWI/SNF. Mol Cell Biol 2005;25(6):2200-2215.

Domanskyi A, Virtanen KT, Palvimo JJ, Janne OA. Biochemical characterization of
androgen receptor-interacting protein 4. Biochem J 2006;393(Pt 3):789-795.

Rouleau N, Domans'kyi A, Reeben M, Moilanen AM, Havas K, Kang Z, Owen-Hughes
T, Palvimo JJ, Janne OA. Novel ATPase of SNF2-like protein family interacts with
androgen receptor and modulates androgen-dependent transcription. Mol Biol Cell
2002;13(6):2106-2119.

Monroy MA, Schott NM, Cox L, Chen JD, Ruh M, Chrivia JC. SNF2-related CBP
activator protein (SRCAP) functions as a coactivator of steroid receptor-mediated
transcription through synergistic interactions with CARM-1 and GRIP-1. Mol Endocrinol
2003;17(12):2519-2528.

Jasavala R, Martinez H, Thumar J, Andaya A, Gingras AC, Eng JK, Aebersold R, Han
DK, Wright ME. Identification of putative androgen receptor interaction protein modules:
cytoskeleton and endosomes modulate androgen receptor signaling in prostate cancer
cells. Mol Cell Proteomics 2007;6(2):252-271.

Prescott J, Coetzee GA. Molecular chaperones throughout the life cycle of the androgen
receptor. Cancer Lett 2006;231(1):12-19.

71



243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

Shatkina L, Mink S, Rogatsch H, Klocker H, Langer G, Nestl A, Cato AC. The
cochaperone Bag-1L enhances androgen receptor action via interaction with the NH2-
terminal region of the receptor. Mol Cell Biol 2003;23(20):7189-7197.

Fan CY, Ren HY, Lee P, Caplan AJ, Cyr DM. The type | Hsp40 zinc finger-like region is
required for Hsp70 to capture non-native polypeptides from Ydj1. J Biol Chem
2005;280(1):695-702.

Rao J, Lee P, Benzeno S, Cardozo C, Albertus J, Robins DM, Caplan AJ. Functional
interaction of human Cdc37 with the androgen receptor but not with the glucocorticoid
receptor. J Biol Chem 2001;276(8):5814-5820.

Froesch BA, Takayama S, Reed JC. BAG-1L protein enhances androgen receptor
function. J Biol Chem 1998;273(19):11660-11666.

Hu YC, Yeh S, Yeh SD, Sampson ER, Huang J, Li P, Hsu CL, Ting HJ, Lin HK, Wang
L, Kim E, Ni J, Chang C. Functional domain and motif analyses of androgen receptor
coregulator ARA70 and its differential expression in prostate cancer. J Biol Chem
2004;279(32):33438-33446.

Yeh S, Chang C. Cloning and characterization of a specific coactivator, ARA70, for the
androgen receptor in human prostate cells. Proc Natl Acad Sci U S A 1996;93(11):5517-
5521.

Wafa L. Identification and characterization of proteins that interact with the androgen
receptor to modulate its activity. Vancouver: University of British Columbia; 2007. 185-
210 p.

Li L, Ren CH, Tahir SA, Ren C, Thompson TC. Caveolin-1 maintains activated Akt in
prostate cancer cells through scaffolding domain binding site interactions with and
inhibition of serine/threonine protein phosphatases PP1 and PP2A. Mol Cell Biol
2003;23(24):9389-9404.

Lu ML, Schneider MC, Zheng Y, Zhang X, Richie JP. Caveolin-1 interacts with
androgen receptor. A positive modulator of androgen receptor mediated transactivation. J
Biol Chem 2001;276(16):13442-13451.

Ozanne DM, Brady ME, Cook S, Gaughan L, Neal DE, Robson CN. Androgen receptor
nuclear translocation is facilitated by the f-actin cross-linking protein filamin. Mol
Endocrinol 2000;14(10):1618-1626.

Pottiez G, Sevin E, Cecchelli R, Karamanos Y, Flahaut C. Actin, gelsolin and filamin-A
are dynamic actors in the cytoskeleton remodelling contributing to the blood brain barrier
phenotype. Proteomics 2009;9(5):1207-1219.

Nishimura K, Ting HJ, Harada Y, Tokizane T, Nonomura N, Kang HY, Chang HC, Yeh
S, Miyamoto H, Shin M, Aozasa K, Okuyama A, Chang C. Modulation of androgen
receptor transactivation by gelsolin: a newly identified androgen receptor coregulator.
Cancer Res 2003;63(16):4888-4894.

Dasso M. Running on Ran: nuclear transport and the mitotic spindle. Cell
2001;104(3):321-324.

Harada N, Ohmori Y, Yamaji R, Higashimura Y, Okamoto K, Isohashi F, Nakano Y, Inui
H. ARA24/Ran enhances the androgen-dependent NH2- and COOH-terminal interaction
of the androgen receptor. Biochem Biophys Res Commun 2008;373(3):373-377.
Takizawa N, lkebe R, Ikebe M, Luna EJ. Supervillin slows cell spreading by facilitating
myosin Il activation at the cell periphery. J Cell Sci 2007;120(Pt 21):3792-3803.

72



258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Ting HJ, Yeh S, Nishimura K, Chang C. Supervillin associates with androgen receptor
and modulates its transcriptional activity. Proc Natl Acad Sci U S A 2002;99(2):661-666.
Fujimoto N, Yeh S, Kang HY, Inui S, Chang HC, Mizokami A, Chang C. Cloning and
characterization of androgen receptor coactivator, ARA55, in human prostate. J Biol
Chem 1999;274(12):8316-8321.

Heitzer MD, DeFranco DB. Hic-5/ARAbL5, a LIM domain-containing nuclear receptor
coactivator expressed in prostate stromal cells. Cancer Res 2006;66(14):7326-7333.
Wikstrom P, Marusic J, Stattin P, Bergh A. Low stroma androgen receptor level in
normal and tumor prostate tissue is related to poor outcome in prostate cancer patients.
Prostate 2009.

Markus SM, Taneja SS, Logan SK, Li W, Ha S, Hittelman AB, Rogatsky I, Garabedian
MJ. Identification and characterization of ART-27, a novel coactivator for the androgen
receptor N terminus. Mol Biol Cell 2002;13(2):670-682.

Taneja SS, Ha S, Swenson NK, Torra IP, Rome S, Walden PD, Huang HY, Shapiro E,
Garabedian MJ, Logan SK. ART-27, an androgen receptor coactivator regulated in
prostate development and cancer. J Biol Chem 2004;279(14):13944-13952.

Ngan ES, Hashimoto Y, Ma ZQ, Tsai MJ, Tsai SY. Overexpression of Cdc25B, an
androgen receptor coactivator, in prostate cancer. Oncogene 2003;22(5):734-739.
EMSLEY-LEIK KL. THE EFFECT OF CYCLIN G ASSOCIATED KINASE ON
ANDROGEN RECEPTOR FUNCTION AND PROSTATE CANCER PROGRESSION.
Vancouver: University of British Columbia; 2008. 99-106 p.

Ray MR, Wafa LA, Cheng H, Snoek R, Fazli L, Gleave M, Rennie PS. Cyclin G-
associated kinase: a novel androgen receptor-interacting transcriptional coactivator that is
overexpressed in hormone refractory prostate cancer. Int J Cancer 2006;118(5):1108-
11109.

Zhang L, Gjoerup O, Roberts TM. The serine/threonine kinase cyclin G-associated kinase
regulates epidermal growth factor receptor signaling. Proc Natl Acad Sci U S A
2004;101(28):10296-10301.

Stallcup MR, Kim JH, Teyssier C, Lee YH, Ma H, Chen D. The roles of protein-protein
interactions and protein methylation in transcriptional activation by nuclear receptors and
their coactivators. J Steroid Biochem Mol Biol 2003;85(2-5):139-145.

Gnanapragasam VJ, Leung HY, Pulimood AS, Neal DE, Robson CN. Expression of RAC
3, a steroid hormone receptor co-activator in prostate cancer. Br J Cancer
2001;85(12):1928-1936.

Zhou HJ, Yan J, Luo W, Ayala G, Lin SH, Erdem H, Ittmann M, Tsai SY, Tsai MJ. SRC-
3 is required for prostate cancer cell proliferation and survival. Cancer Res
2005;65(17):7976-7983.

Debes JD, Sebo TJ, Lohse CM, Murphy LM, Haugen DA, Tindall DJ. p300 in prostate
cancer proliferation and progression. Cancer Res 2003;63(22):7638-7640.

Comuzzi B, Nemes C, Schmidt S, Jasarevic Z, Lodde M, Pycha A, Bartsch G, Offner F,
Culig Z, Hobisch A. The androgen receptor co-activator CBP is up-regulated following
androgen withdrawal and is highly expressed in advanced prostate cancer. J Pathol
2004;204(2):159-166.

Kim JH, Kim B, Cai L, Choi HJ, Ohgi KA, Tran C, Chen C, Chung CH, Huber O, Rose
DW, Sawyers CL, Rosenfeld MG, Baek SH. Transcriptional regulation of a metastasis
suppressor gene by Tip60 and beta-catenin complexes. Nature 2005;434(7035):921-926.

73



274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Fliss AE, Rao J, Melville MW, Cheetham ME, Caplan AJ. Domain requirements of
DnalJ-like (Hsp40) molecular chaperones in the activation of a steroid hormone receptor.
J Biol Chem 1999;274(48):34045-34052.

Pratt WB, Toft DO. Steroid receptor interactions with heat shock protein and
immunophilin chaperones. Endocr Rev 1997;18(3):306-360.

Richter K, Buchner J. Hsp90: chaperoning signal transduction. J Cell Physiol
2001;188(3):281-290.

Miyake H, Muramaki M, Kurahashi T, Yamanaka K, Hara I, Fujisawa M. Enhanced
expression of heat shock protein 27 following neoadjuvant hormonal therapy is
associated with poor clinical outcome in patients undergoing radical prostatectomy for
prostate cancer. Anticancer Res 2006;26(2B):1583-1587.

Glaessgen A, Jonmarker S, Lindberg A, Nilsson B, Lewensohn R, Ekman P, Valdman A,
Egevad L. Heat shock proteins 27, 60 and 70 as prognostic markers of prostate cancer.
APMIS 2008;116(10):888-895.

Stepanova L, Yang G, DeMayo F, Wheeler TM, Finegold M, Thompson TC, Harper JW.
Induction of human Cdc37 in prostate cancer correlates with the ability of targeted Cdc37
expression to promote prostatic hyperplasia. Oncogene 2000;19(18):2186-2193.

Gray PJ, Jr., Stevenson MA, Calderwood SK. Targeting Cdc37 inhibits multiple
signaling pathways and induces growth arrest in prostate cancer cells. Cancer Res
2007;67(24):11942-11950.

He B, Minges JT, Lee LW, Wilson EM. The FXXLF motif mediates androgen receptor-
specific interactions with coregulators. J Biol Chem 2002;277(12):10226-10235.

Zhou ZX, He B, Hall SH, Wilson EM, French FS. Domain interactions between
coregulator ARA(70) and the androgen receptor (AR). Mol Endocrinol 2002;16(2):287-
300.

Alen P, Claessens F, Schoenmakers E, Swinnen JV, Verhoeven G, Rombauts W, Peeters
B. Interaction of the putative androgen receptor-specific coactivator ARA70/ELElalpha
with multiple steroid receptors and identification of an internally deleted ELE1beta
isoform. Mol Endocrinol 1999;13(1):117-128.

Peng Y, Li CX, Chen F, Wang Z, Ligr M, Melamed J, Wei J, Gerald W, Pagano M,
Garabedian MJ, Lee P. Stimulation of prostate cancer cellular proliferation and invasion
by the androgen receptor co-activator ARA70. Am J Pathol 2008;172(1):225-235.

Bozzi F, Luksch R, Collini P, Gambirasio F, Barzano E, Polastri D, Podda M, Brando B,
Fossati-Bellani F. Molecular detection of dopamine decarboxylase expression by means
of reverse transcriptase and polymerase chain reaction in bone marrow and peripheral
blood: utility as a tumor marker for neuroblastoma. Diagn Mol Pathol 2004;13(3):135-
143.

Gazdar AF, Helman LJ, Israel MA, Russell EK, Linnoila RI, Mulshine JL, Schuller HM,
Park JG. Expression of neuroendocrine cell markers L-dopa decarboxylase,
chromogranin A, and dense core granules in human tumors of endocrine and
nonendocrine origin. Cancer Res 1988;48(14):4078-4082.

Gilbert JA, Bates LA, Ames MM. Elevated aromatic-L-amino acid decarboxylase in
human carcinoid tumors. Biochem Pharmacol 1995;50(6):845-850.

Lee HK, Driscoll D, Asch H, Asch B, Zhang PJ. Downregulated gelsolin expression in
hyperplastic and neoplastic lesions of the prostate. Prostate 1999;40(1):14-19.

74



289.

290.

291.

292.

293.

294,

295.

296.

297.

298.

299.
300.
301.

302.

303.

304.

305.

Li P, Yu X, Ge K, Melamed J, Roeder RG, Wang Z. Heterogeneous expression and
functions of androgen receptor co-factors in primary prostate cancer. Am J Pathol
2002;161(4):1467-1474.

Linja MJ, Porkka KP, Kang Z, Savinainen KJ, Janne OA, Tammela TL, Vessella RL,
Palvimo JJ, Visakorpi T. Expression of androgen receptor coregulators in prostate cancer.
Clin Cancer Res 2004;10(3):1032-1040.

Mestayer C, Blanchere M, Jaubert F, Dufour B, Mowszowicz I. Expression of androgen
receptor coactivators in normal and cancer prostate tissues and cultured cell lines.
Prostate 2003;56(3):192-200.

Miyoshi Y, Ishiguro H, Uemura H, Fujinami K, Miyamoto H, Kitamura H, Kubota Y.
Expression of AR associated protein 55 (ARA55) and androgen receptor in prostate
cancer. Prostate 2003;56(4):280-286.

Chiu YT, Han HY, Leung SC, Yuen HF, Chau CW, Guo Z, Qiu Y, Chan KW, Wang X,
Wong YC, Ling MT. CDC25A functions as a novel Ar corepressor in prostate cancer
cells. J Mol Biol 2009;385(2):446-456.

Gasparotto D, Maestro R, Piccinin S, Vukosavljevic T, Barzan L, Sulfaro S, Boiocchi M.
Overexpression of CDC25A and CDC25B in head and neck cancers. Cancer Res
1997;57(12):2366-2368.

Hernandez S, Bessa X, Bea S, Hernandez L, Nadal A, Mallofre C, Muntane J, Castells A,
Fernandez PL, Cardesa A, Campo E. Differential expression of cdc25 cell-cycle-
activating phosphatases in human colorectal carcinoma. Lab Invest 2001;81(4):465-473.
Rao MR. Identification and characterization of proteins that interact with the NH2-
terminus of the androgen receptor. Vancouver: University of British Columbia; 2004.
140-152 p.

Signoretti S, Montironi R, Manola J, Altimari A, Tam C, Bubley G, Balk S, Thomas G,
Kaplan I, Hlatky L, Hahnfeldt P, Kantoff P, Loda M. Her-2-neu expression and
progression toward androgen independence in human prostate cancer. J Natl Cancer Inst
2000;92(23):1918-1925.

Cheng H, Snoek R, Ghaidi F, Cox ME, Rennie PS. Short hairpin RNA knockdown of the
androgen receptor attenuates ligand-independent activation and delays tumor progression.
Cancer Res 2006;66(21):10613-10620.

Baserga R. The IGF-I receptor in cancer research. Exp Cell Res 1999;253(1):1-6.
Macaulay VM. Insulin-like growth factors and cancer. Br J Cancer 1992;65(3):311-320.
Pollak M. Insulin-like growth factor physiology and cancer risk. Eur J Cancer
2000;36(10):1224-1228.

Shariat SF, Shalev M, Menesses-Diaz A, Kim 1Y, Kattan MW, Wheeler TM, Slawin KM.
Preoperative plasma levels of transforming growth factor beta(1) (TGF-beta(1)) strongly
predict progression in patients undergoing radical prostatectomy. J Clin Oncol
2001;19(11):2856-2864.

Yang Y ST. TGF-p may be complimentary to PSA in Chinese

prostate cancer. Chinese-German Journal of Clinical Oncology 2009;8(3):168-171.
Akhurst RJ, Derynck R. TGF-beta signaling in cancer--a double-edged sword. Trends
Cell Biol 2001;11(11):S44-51.

Kang HY, Huang KE, Chang SY, Ma WL, Lin WJ, Chang C. Differential modulation of
androgen receptor-mediated transactivation by Smad3 and tumor suppressor Smad4. J
Biol Chem 2002;277(46):43749-43756.

75



306.

307.

308.

309.

310.

311.

312.

Adler HL, McCurdy MA, Kattan MW, Timme TL, Scardino PT, Thompson TC. Elevated
levels of circulating interleukin-6 and transforming growth factor-betal in patients with
metastatic prostatic carcinoma. J Urol 1999;161(1):182-187.

Drachenberg DE, Elgamal AA, Rowbotham R, Peterson M, Murphy GP. Circulating
levels of interleukin-6 in patients with hormone refractory prostate cancer. Prostate
1999;41(2):127-133.

Twillie DA, Eisenberger MA, Carducci MA, Hseih WS, Kim WY, Simons JW.
Interleukin-6: a candidate mediator of human prostate cancer morbidity. Urology
1995;45(3):542-549.

Lee SO, Lou W, Nadiminty N, Lin X, Gao AC. Requirement for NF-(kappa)B in
interleukin-4-induced androgen receptor activation in prostate cancer cells. Prostate
2005;64(2):160-167.

Lee SO, Chun JY, Nadiminty N, Lou W, Feng S, Gao AC. Interleukin-4 activates
androgen receptor through CBP/p300. Prostate 2009;69(2):126-132.

Robinson DR, Zylstra CR, Williams BO. Wnt signaling and prostate cancer. Curr Drug
Targets 2008;9(7):571-580.

Orr FW, Lee J, Duivenvoorden WC, Singh G. Pathophysiologic interactions in skeletal
metastasis. Cancer 2000;88(12 Suppl):2912-2918.

76



Chapter 2

Rapid, non-destructive, cell-based screening assays for agents that
modulate growth, death, and androgen receptor activation in
prostate cancer cells*

2.1 Introduction

The development and proliferation of prostate cancer in its early stages depends on the
presence of androgens and androgen receptor (AR) (1). There is considerable evidence that even
with androgen ablation, AR still plays an important role in progression of castration-resistant
prostate cancer (1-4). The activation of AR at this stage may be due to the compensatory
mechanisms of the multiplicity of endogenous factors such as co-regulators, cytokines or growth
factors (5-11), or due to the effect of exogenous factors. For example, it has been reported that
many chemicals present in the environment can mimic, antagonize or interfere with
physiological actions of endogenous hormones such as androgens (12). These exogenous
substances have been called endocrine disruptors and include environmental contaminants (13-
16), designer androgens (17,18), and natural products (19,20). There is evidence that some of
these endocrine disruptors can cause cancers in humans, including prostate cancer (21,22). With

a continually growing list of endogenous and exogenous substances that can alter AR

L A version of this chapter has been published. Peyman Tavassoli, Rob Snoek, Mira Ray, Leticia
Gomez Rao, Paul S. Rennie (2007) Rapid, non-destructive, cell-based screening assays for
agents that modulate growth, death, and androgen receptor activation in prostate cancer cells,
The Prostate 67:416-426, with permission from the Wiley-Blackwell.

Dr. Rob Snoek (former research associate with Dr. Rennie) provided critical comments. Dr. Mira
Ray (former PhD student with Dr. Rennie) came up with an innovative idea and wrote a grant
proposal for this research. Dr. Leticia Gomez Rao from the department of Medicine at the
University of Toronto collaborated with our lab to establish the in vitro bone model system.
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transcriptional activity or prostate cancer cell growth, there is a need for a high throughput

method to assess these activities.

Typically, AR transcription assays involve transient transfection of cell lines with one or more
plasmids expressing AR and a reporter gene, followed by treatment with a variety of agents and
subsequent measurement of reporter gene expression. However, transient transfection assays
may not accurately reflect evenly distributed, steady state levels of receptor, as transfection
efficiencies can vary greatly between cells and between replicate assays. Also, these assays
usually require a large number of cells, costly transfection materials and several experimental
manipulations. In addition, transient transfections have time-limited responsiveness since the
transgene is usually lost within 72 hr. For cell growth assays, procedures for determining cell
number at given time points usually are lethal to the cells and hence, to obtain growth curves,

one needs to perform several parallel yet independent experiments.

To circumvent these problems, we have created a novel approach to screen for agents that
modulate prostate cancer cell growth or AR activity using stably transformed prostate cancer
cells expressing an Enhanced Green Fluorescence Protein (EGFP) reporter under a constitutive
or AR-regulated promoter. These assays are relatively high throughput, versatile, and far less
variable than transient transfection techniques. While others have also developed in vitro
bioassays using stable cell lines to quantify AR activity (21,23,24), the advantage of our system
is that one can monitor and screen multifactorial components such as conditioned media, growth
factors, and potential therapeutic treatments over a time course in a rapid and non-destructive
manner and thereby find the optimal treatment conditions with respect to impact on prostate cell

growth and AR activation.
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2.2 Material and methods

2.2.1 Cell lines, media and additives

LNCaP human prostate adenocarcinoma cells and 293T human embryo kidney cells were
obtained from American Type culture collection (ATCC, Manasa, VA). PC3 human prostate
cancer cells that stably express androgen receptor (PC3(AR),) were a kind gift from Dr. T.J.
Brown, (University of Toronto, Ontario, Canada). LNCaP cells were grown in RPMI 1640
medium supplemented by 5% heat inactivated fetal bovine serum (FBS), and Penicillin-
Streptomycin (P-S) 1% (Life Technologies, Inc., Gaithersburg, MD). PC3(AR), and 293T cells
were maintained in DMEM medium with 10% FBS and 1% P-S. Osteoblast-like SaOS-2 cells
(ATCC) were cultured and induced to differentiate as previously described (25). Briefly, cells
were initially cultured in Ham’s F-12 medium (Life Technologies) containing 28 mM HEPES
pH 7.4, 1.4 mM CaCl, 2 mM glutamine, 10% FBS, 1% P-S. This is further supplemented with
10 nM dexamethasone and 50 pg/ml ascorbic acid. At day 8, 10 nM B-glycerophosphate was
added and this addition was repeated at every medium change until mineralization, at
approximately day 15. Subsequently, the media was switched to 5% charcoal stripped serum
(CSS) supplemented Ham’s F-12 media as above except without ascorbic acid and
dexamethasone, for another 24 hr. Conditioned media (CM) from this source was stored at
-80°C prior to experimentation. Sa0S-2 differentiation was validated by alkaline phosphatase

and Von Kossa staining, as before (26).

2.2.2 Generation of stable cell lines expressing EGFP

A lentiviral approach was used to generate either stable, constitutive EGFP-expressing

LNCaP cells (LN-CMV-EGFP cells) or PC3(AR); cells (PC3-CMV-EGFP) as described
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previously (27). Briefly, 1.5 x 10° 293T cells were seeded onto 10 cm plates and co-transfected
the following day by calcium phosphate precipitation method (Profection Mammalian
Transfection Systems, Promega, Madison, WI) with 10 ug of lentiviral vector, Lv-CMV-EGFP;
10 pug of pPCMVDRS.2, containing viral assembly sequences; and 5 ug of pMD.G, carrying the
vesicular stomatitis virus envelope glycoprotein G (VSV-G). After 16 hr incubation, the medium
was changed to 10%FBS-DMEM. The virus containing medium was collected after 48 hr,
passed through a 0.45 mm filter to remove debris and then stored at -80°C. For lentiviral
infection, LNCaP or PC3(AR); cells were seeded onto 10 cm plates. When cell confluence was ~
60%, 5 ml of virus containing medium was added. After 16 hr, the media was switched to 5%
FBS RPMI and, two days after infection, cells expressing the EGFP transgene were checked

under a fluorescent microscope.

Similar procedures were used for generating stable, AR-regulated EGFP-expressing LNCaP
cells (LN-ARR,PB-EGFP) using an androgen responsive probasin-derived promoter (ARR,PB)
instead of a CMV promoter for the transfer plasmid (Lv-ARR,PB-EGFP). The ARR,PB
promoter, a gift from Dr. R. Matusik (28), contains two copies of probasin androgen response
region (PB ARR; -244 to -96) upstream of the minimal promoter and is the most potent form of
PB promoter that has been shown to retain prostate-specific and hormone-regulated EGFP

expression in LNCaP cells (27).

2.2.3 Selecting for homogeneous EGFP expressing cells

To obtain populations of cells that show relatively homogeneous fluorescence, LN-CMV-
EGFP, PC3-CMV-EGFP and AR-activated LN-ARR,PB-EGFP cells were sorted for high

fluorescence levels using Fluorescence Activated Cell Sorting (FACS) at the Biomedical
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Research Centre of the University of British Columbia (Vancouver, BC, Canada). Briefly, about
2 X 10 trypsinized cells were re-suspended in cold PBS (Phosphate Buffered Saline)
supplemented with 0.02 mM EDTA and ranked based according to their EGFP expression. The
highest fluorescence expressing cells (the top 50%) were collected and cultured for subsequent

assay development.

2.2.4 Cell proliferation assays

LN-CMV-EGFP cells were seeded into 96-well black plates (Nalge Nunc) using 5% FBS,
phenol red-free RPMI medium (Gibco) at different cell densities (5000-20,000 cells per well)
and assessed non-destructively over time by measuring fluorescence (EGFP) using a Fluoroskan
Ascent FL (Thermo-Labsystem, Helsinki, Finland) at excitation and emission of 485 and 518
nm, respectively every 24 hr and verified by fluorescent microscopy. Mean relative fluorescence
unit (RFU) values were obtained from 8 replicates of each assay condition. For treatment with
CM from SaOS-2 cells, LN-CMV-EGFP cells were re-suspended with 50 or 100% of CM or
control (5% CSS SaOS-2 media) and seeded at 20,000 cells/well. Fluorescent cells were assessed
over time using the Fluoroskan. Cell numbers were determined at the termination of each
experiment (day 4) using the MTS cell proliferation assay (CellTiter 96® AQueous One Solution
Reagent, Promega). In brief, 20 ul of the reagent was added to attached cells in each well of the
96-well plate containing 100 pl media and incubated for 2 hr at 37°C in 5% CO,. Light
absorbance of formazan was measured at 490 nm on a 96-well plate reader equipped with KC4

software (Biotek Instruments, INC., Winooski, VT).
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2.2.5 Measurement of apoptotic cells

Mitoxantrone was purchased from Sigma Chemicals (St. Louis, MO). Stock solutions of
mitoxantrone (1 mg/m1) were prepared with PBS and diluted to the required concentrations prior
to each experiment. 100 ul of 5% FBS phenol red-free media RPMI containing 20,000 LN-
CMV-EGFP cells were seeded into each well of a 96-well black plate. 24 hr later, cells were
treated with different mitoxantrone concentrations ranging from 0 to 10 uM. Fluorescence was
measured at time 0 and the cells were also monitored visually under a fluorescent microscope.
After 48 hr, the media were gently transferred into a new multi well plate and 100 pl of fresh
media was added to the original plate, followed by fluorescence measurements of both plates. At

the termination of each experiment, a MTS cell number assay was performed.

2.2.6 Androgen receptor transactivation assays

LN-ARR,PB-EGFP cells were grown in 5% CSS RPMI for 5 days to deplete cells of bio-
available androgen and to reduce their EGFP expression to background levels. This was
confirmed by fluorescent microscopy. Cells were then seeded at a density of 20,000 cells/well in
96-well black plates in 5% CSS phenol red-free RPMI, grown overnight, subsequently treated
with different concentrations of the potent synthetic androgen, R1881 (methyltrienolone,
Dupont, Boston, MA) and followed by fluorescent measurements every 24 hr. At day 3,
experiments were terminated and MTS assays were performed. Using analogous protocols, 20
ng/ml interleukin-6 (IL-6) (Calbiochem-Novabiochem Corp., San Diego, CA), 25 uM forskolin
(FSK) (Sigma), and 0.1-1 uM dichlorvos (AccuStandard, New Haven, CT), with or without
R1881, were also tested in this system. For experiments with bicalutamide (Casodex, a gift from

AstraZeneca), LN-ARR,PB-EGFP cells were grown for 5 days in CSS, seeded at 20,000
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cells/well and incubated with bicalutamide (0-50 uM) overnight. Following this, the cells were
treated with 1 nM R1881 and then after 72 hr assessed for fluorescence and cell number as

described above.

2.2.7 Statistical analysis

Statistical analyses were performed using Student's t tests with JMP IN software (version

4.0.2.-Academic) and values were given as the mean (+ SD) of 3 independent experiments.

2.3 Results

2.3.1 EGFP expression directly correlates with the number of cells

LNCaP cells were infected by lentiviral vector Lv-CMV-EGFP to create the LN-CMV-EGFP
cell line. In these cells, the constitutively active CMV promoter drives EGFP expression, which
is visible under fluorescent microscopy and quantifiable by Fluoroskan fluorometry. Using this
cell line, we sought to establish and to validate a fluorescence assay to estimate changes in
prostate cancer cell numbers in response to various growth promoting or inhibiting agents. Due
to differences in the relative multiplicity of infection of individual cells, variable expression of
EGFP from low to high intensities was observed. To achieve a homogeneous population of LN-
CMV-EGFP cells and therefore a robust growth assay system, these cells were sorted for high
fluorescence expression by FACS. The sorted cells had a comparatively homogeneous pattern of
EGFP expression as determined by a fluorescent microscope and remained stable expressers of
EGFP even after more than 12 passages. Since the CMV promoter is constitutively active, higher
EGFP expression levels is presumably due to a higher number of cells rather than any change in

fluorescent intensity per cell. To test for a direct correlation between fluorescence and cell
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number, fluorescent LN-CMV-EGFP cells and wild-type LNCaP cells were seeded at different
densities in 96 well plates and the amount of fluorescence measured every 24 hr. Fig. 2.1A
shows that there was an increase in relative fluorescence units (RFUSs) as the seeding density of
the LN-CMV-EGFP cells was increased. After an initial delay of 24 hr, the RFU values in each
well containing LN-CMV-EGFP cells increased in a time-dependent manner, such that there was
a linear increase (R? > 0.90) between 24-96 hr. To verify that the RFU increases indeed reflected
increased cell numbers, MTS assays were performed at 96 hr. As expected, the number of both
EGFP and non-EGFP expressing cells increased by day 4 in proportion to the number of cells
initially seeded (Fig. 2.1B). To determine if the amount of EGFP fluorescence directly correlated
with the number of cells, the corresponding cell numbers and RFU at day 1 and 4 were plotted.
As shown in Fig.2.1C there is a linear correlation between cell number and RFU up to 30,000

cells/well (R* = 0.99).

PC3 human prostate cancer cells, which were infected by Lv-CMV-EGFP were also tested in
a similar fashion. These cells were seeded at densities of 2000 to 8000 cells/well and
fluorescence was measured every 24 hr as described above (Fig. 2.1D). Again, after an initial 24
hr delay, there was an apparent linear relationship between RFU levels and incubation time (R? >
0.98). After four days, cell numbers were determined by MTS assays and compared to RFU
values, with a linear correlation between RFU and cell number estimates seen over the range of
2000 to 17,000 cells/well (R? = 0.99) (data not shown). Overall, the linear correlation between
EGFP expression and cell numbers in both LNCaP and PC3 EGFP-expressing cells indicated
that these cells could provide the basis for a direct assay to non-destructively measure changes in
cell number over time in living prostate cancer cells in response to various growth modulators or
inhibitors.
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Figure 2.1: Correlation of EGFP fluorescence with cell number. A: LN-CMV-EGFP cells
were seeded in 96 black well plates at different densities (a) 20,000, (b) 10,000, (c) 5,000
cells/well versus LNCaP cells at the corresponding numbers (d-f) using 5% FBS phenol red free
RPMI. The EGFP was measured by fluorometry every 24 hr. B: Cell number assay using a MTS
method at day 4 of both LN-CMV-EGFP and LNCaP cells based on seeded cell numbers. C: Plot
of fluorescence (RFU) vs. LNCaP-CMV-EGFP cell numbers D: PC3-CMV-EGFP cells were
seeded at different densities (a) 8,000, (b) 4,000, (c) 2,000 cells/well versus (d) media into a 96-
well plate and the fluorescence was measured every 24 hr. The RFU values are given as the
mean (+ SD) of 3 independent experiments.

2.3.2 Simultaneously screening for cell death and cell viability

Having demonstrated that this fluorescence assay could be used for quantitation of prostate
cancer cells under growth promoting circumstances, we next tested whether it could accurately
estimate decreasing cell numbers in response to a cytotoxic agent. Mitoxantrone is an

anthraquinone antineoplastic agent that has been extensively used to treat castrate-resistant
85



prostate cancer (29) and has been shown to induce apoptosis in LNCaP cells (30). To validate
whether our cell-based assays could determine a dose response to mitoxantrone, LN-CMV-EGFP
cells were plated at 20,000 cells/well and then treated with mitoxantrone concentrations ranging
from 0 to 10,000 nM. After 48 hr, light microscopy revealed that wells with >1000 nM
mitoxantrone contained a mixture of alive and dead cells with some cells having apoptotic
features such as cell shrinkage and nuclear fragmentation (data not shown). Under the
fluorescent microscope, it was observed that viable, adherent LN-CMV-EGFP cells had EGFP
fluorescence that was concentrated inside the cells, resulting in bright fluorescence wherever
there was a live cell. By comparison, dead cells had lysed and their EGFP proteins had diffused
into media. This diffused EGFP resulted in an elevated fluorescence background that could be
easily seen with the fluorescent microscope. Since only upon cell death did EGFP appear in the
media, the amount of fluorescence in the media should be an index of cell death. Accordingly,
after 48 hr treatment with mitoxantrone, the media from each well was transferred to a new plate
and RFUs were measured. As is evident in Fig. 2.2A, only background fluorescence was
detected in the media after treatment with 0 to 100 nM mitoxantrone. However, significant media
RFU was measured at >1000 nM suggesting extensive cell death (p< 0.05). At 10,000 nM of
mitoxantrone, all the cells were dead as determined by fluorescent microscopy and further

validated by MTS assays.

To measure the proportion of living cells in the same samples, fresh media was added and
RFUs measured in adherent cells. To confirm that the RFU values obtained were correlated with
the number of surviving cells, MTS assays were performed and compared to the corresponding
RFUs (Fig. 2.2B). At 0 nM mitoxantrone, the RFU levels of live cells had increased 30% in
comparison to the average RFUs measured at the time of seeding (2.26 + 0.14). Between 10-100
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RFU in media

nM of mitoxantrone treatment, cells appeared to be in a quiescent state, since their mean RFU
values were not significantly changed in comparison to that at seeding time and the MTS assay
performed on these cells showed no significant difference in cell numbers between seeding time
and after 48 hr treatment. However, at 1000 nM mitoxantrone, there was 30% less RFU than at
seeding time, consistent with a 30% decrease in cell numbers determined by the MTS assay. As
the concentration of the drug increased, the RFU levels decreased in the same proportion as the
cell number, such that at 10,000 nM mitoxantrone no live cells were detectable. It should be
noted that there is an apparent reciprocal relationship between the RFU values measured in the
surviving cells and that in the media, where the fluorescent contribution is from dead cells and

that this assay enables one to estimate the relative number of both living and dead cells in the

same sample.
2.0 1 B 4 — 30000
- I Fluorescence
== T [ Cell number
16 4 )
L 3
h + 20000
1.2 4 >
e 2 I
0.8 -
% + 10000
14
0.4 -
. .
0.0 == . . . o n I
0 10 50 100 1000 5000 10000 0 10 50 100 1000 5000 10000
Mitoxantrone nM Mitoxantrone nM

Figure 2.2: Screening for cell viability and cell death using LN-CMV-EGFP cells. A: 20,000
LN-CMV-GFP cells were seeded in each well of a 96 black well plate overnight. Cells were then
treated with mitoxantrone ranging from 10 nM to 10,000 nM for 48 hr. The media was then
transferred to a new 96-well plate. The diffused EGFP (RFUs) in the media from lysed cells was
measured. * indicates a significant difference (p< 0.05) at a 1000 nM in comparison to lower
levels. ** indicates a p< 0.05 compared to *. B: 100 pl of fresh media was added to each well
and the EGFP from the attached viable cells measured. After the fluorescence was measured, a
MTS assay was performed to determine the cell numbers/well. Both fluorescence and cell
numbers at various mitoxantrone levels were plotted. The RFU values are given as the mean (+
SD) of 3 independent experiments.

87

Cell number



2.3.3 Osteosarcoma (SaOS-2) conditioned media increases LN-CMV-EGFP cell

proliferation

Having developed an assay that quantifies both cell proliferation and cell death, we next
evaluated a biological sample with an unknown potential for growth modulation. In vitro and in
vivo studies have shown that bone factors can accelerate human prostate cancer growth (6,31-
36). Sa0S-2, a human osteoblast-like osteosarcoma cell line is capable of producing a variety of
bone factors (osteoprotegrin, osteonectin, osteocalcin, bone sialoprotein, TGF-p, IGF-1, IL-6, IL-
1) and mineralization in the presence of B-glycerophosphate (6,37-39). Accordingly, we tested
conditioned media (CM) from differentiated SaOS-2 cells in our assay system. Fig. 2.3A shows
the RFUs measured over time for cells treated with different concentrations of steroid-depleted
(charcoal-stripped) CM. While following the first 24 hr there were no significant differences
among treatment conditions, after 48 hr, differences in fluorescence were detectable and became
significant with 100% CM compared to non-CM at day 3 (p< 0.05). After 4 days, a significant
RFU difference over control (p< 0.05) was also seen in experiments with 50% CM. The
increased RFUs with 50% and 100% CM at day 4 were about 1.3- and 1.4-fold, respectively.
This was confirmed by a MTS assay, which showed a similar fold increase in cell number (Fig.
2.3B). Taken together, these results indicate that, in a single time-course experiment, this assay
can be used to non-destructively monitor the presence of secreted mitogens in complex mixtures

(ie CM) and evaluate their relative potency in stimulating prostate cancer cell growth.

2.3.4 A cell-based assay to measure changes in AR activity

Since the AR plays a key role in prostate cancer growth and survival, we sought to establish a

cell-based assay for evaluation of agents capable of modulating endogenous AR activation in
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Figure 2.3: Effects of osteoblastic conditioned media (CM) on EGFP expression in LN-
CMV-EGFP cells. A: 20,000 LN-CMV-EGFP cells were seeded in a 96-well plate either
suspended in 50% or 100% differentiated Sa0S-2 CM media, or media alone (0% CM). The
amount of fluorescence was measured every 24 hr. B: Cell number assay (MTS) was performed
at day 4. Asterisks show significant differences in cell numbers of treatment conditions over
media alone (p< 0.05). The RFU values are given as the mean (= SD) of 3 independent
experiments.

living prostate cancer cells. A lentivirus having an androgen responsive probasin-derived
promoter upstream of an EGFP reporter gene (ARR,PB-EGFP) was used to make the LNCaP
cell line LN-ARR,PB-EGFP. EGFP expression in this system is regulated by AR and thus,
increased fluorescence should indicate increased AR transcriptional activity. To test this, LN-
ARR,PB-EGFP cells were first grown in charcoal stripped media to deplete cells of bio-available
androgen. As before (27), EGFP fluorescence declined over time and by day 5, no fluorescent
cells were observed (data not shown). This lag period is likely due to the time it takes for i)
remaining androgens to be metabolized, ii) the AR to become transcriptionally inactive after
translocation into cytoplasm, and iii) all endogenous EGFP protein to be degraded. When EGFP
fluorescence was undetectable, LN-ARR,PB-EGFP cells were incubated with various
concentrations of the potent synthetic androgen R1881 at concentrations ranging from 0.01-10
nM (Fig. 2.4A). After 24 hr of hormone treatment, cells exposed to 1 nM or higher

concentrations of R1881 showed an increased amount of EGFP expression, which was visually
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confirmed by fluorescent microscopy. The EGFP expression levels increased over time in a dose
dependent manner and showed significant differences between 0.1 and 1 nM hormone at 48 hr
(p< 0.001) and with 0.1 and 0.05 nM at 72 hr (p< 0.001). On a per cell basis, the mean RFU
value at day 3 indicated that there was a higher fluorescence as the R1881 concentration
increased (Fig. 2.4B). This indicates that the observed increase in EGFP expression was due to

enhanced AR activation and not due to cell growth.

We next tested the effect of bicalutamide, an anti-androgen and antagonist of AR (40), to
determine if this assay could also measure inhibition of androgen induced EGFP expression. Fig.
4C shows changes over time in RFU values in LN-ARR,PB-EGFP cells exposed to increasing
concentrations of bicalutamide in the presence of R1881. With 10 uM bicalutamide there is a
slight suppression of RFU levels after 3 days, whereas a significant decrease (p<0.05) is seen at
this time point when the drug concentration is raised to 25 pM. By comparison, a significant
inhibition of AR activity is observed after only 2 days of treatment with 50 UM bicalutamide
with a >90% decrease in androgen-induced RFU seen at 3 days. Thus, this assay can readily

measure dose-dependent effects of agents that are able to decrease AR activity.

2.3.5 Assessment of non-steroidal activation of AR

Having established an assay that is able to monitor endogenous AR activity in living cells, we
next tested whether the effects of non-steroidal modulators of AR could also be assessed. Since
we had found that CM from differentiated SaOS-2 cells could induce growth of LNCaP cells in a
steroid depleted environment (Fig. 2.3A), we sought to determine whether this growth response
was mediated via AR transactivation. Similar to that observed with the LN-CMV-EGFP cells,

LN-ARR,PB-EGFP cells exhibited significant enhancement of growth at day 3 when treated
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Figure 2.4: Measurement of AR activity with LN-ARR2PB-EGFP cells. A: After 5 days
growing in charcoal stripped serum (CSS) RPMI, 20,000 LN-ARR2PB-EGFP cells/well were
seeded in a 96 black well plate and incubated with R1881 ranging from 0.05 nM to 10 nM of
R1881. Fluorescence was measured every 24 hr. * shows the significant difference between 0.1
and 1 nM R1881 at 48 hr (p< 0.05) and 0.1 and 0.05 at 72 hr (p< 0.05). ** indicates a p<0.05
compared to 0.1 nM of R1881. B: After 72 hr cell numbers were determined using a MTS assay.
The mean fluorescence/treatment at 72 hr was normalized to mean cell number/treatment and
plotted against R1881 concentration. * indicates a p<0.05 compared to 0.05 and ** indicates a
p<0.05 compared to 0.1 nM R1881. C: After 5 days growing in CSS, LN-ARR2PB-EGFP cells
were seeded at 20,000 cells/well and incubated overnight with bicalutamide from 0-50 uM
before treatment with 1 nM R1881. Asteristiks show significant difference with bicalutamide
treatment at 48 hr and 72 hr, respectively compared to 0 nM R1881. The RFU values are given
as the mean (+ SD) of 3 independent experiments.

with 100% CM in the absence of hormone (as detected by a MTS assay, p< 0.05). However, no
significant changes of AR-induced fluorescent activity were seen (p> 0.05), even using CM
concentrated to 400% by centrifugal filter devices (500MW cut-off). When combined with
R1881, the amount of fluorescence seen could be attributed entirely to the presence of androgen
(data not shown). Thus osteoblast CM induced growth of LNCaP cells through an AR-
independent mechanism.
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It has been reported that both IL-6 and FSK can modulate the AR transcriptional activity
(5,7,8,11,41-44). Both were added to LN-ARR,PB-EGFP cells to determine if they could change
the endogenous AR activity in this system. Neither reagent modulated AR activity in the absence
of R1881, nor at R1881 concentrations lower than 0.1 nM (data not shown). However, as shown
in Fig. 2.5A, in the presence of > 0.1 nM R1881, a 72 hr exposure to 25 uM FSK increased
RFUs 1.5-fold relative to R1881 alone (p< 0.01), consistent with reported observations of this
androgenic priming requirement (41,43,44). Conversely, IL-6 (20 ng/ml) in the presence of 0.1
nM R1881 resulted in a 40% decrease in fluorescence (p< 0.01) (Fig. 2.5A). This is in agreement
with Jia et al (42), who also observed an inhibition of AR transactivation with IL-6. Cell
numbers at day 3 were determined by MTS assays and showed no significant differences among
the above treatment conditions (data not shown), indicating fluorescence measurements reflected
AR activity and not cell growth. Thus, FSK enhanced and IL-6 inhibited endogenous AR

transcriptional activation in the presence of 0.1 nM or 1 nM R1881.

We next tested the utility of this assay for ascertaining the effects of an environmental
chemical contaminant on our androgen regulated EGFP cells. Dichlorvos is a potential
carcinogenic pesticide (45) and also a possible AR modulator through yet undetermined
mechanism(s) (46). This pesticide was used to treat LN-ARR,PB-EGFP cells in the presence or
absence of androgen. In the absence of R1881, different concentrations of dichlorvos did not
affect AR activity (data not shown). After 48 hr in the presence of 0.1 nM R1881, 1 uM
dichlorvos significantly enhanced 0.1nM R1881 induction of EGFP (p< 0.05), whereas
fluorescence enhancement by 0.1 uM of dichlorvos became significant by day 3 (p< 0.01) (Fig.

2.5B). Thus, dichlorvos is ineffective alone, but is able to enhance AR activity in the presence of
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compounds or natural products for modulation of AR activity.
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Figure 2.5: Effects of FSK, the pesticide dichlorvos, and IL-6 on fluorescence levels in
ARR2PB-EGFP cells. A: After 5 days growing in CSS, LN-ARR2PB-EGFP cells were seeded
at 20,000 cells/well and treated with 0.1 or 1 nM R1881 alone (1 & 4), or in addition with 20
ng/ml IL-6 (2 & 5), or 25 pM forskolin (3 & 6). The fluorescence, representing AR activity was
measured every 24 hr. At t = 72 hr, in the presence of 0.1 or 1 nM R1881, fluorescence
expressions of IL-6 and forskolin are significantly different over control (p< 0.05). B: LN-
ARR2PB-EGFP cells were treated with (a) 1 nM R1881, (b & c¢) 1 and 0.1 uM dichlorvos in the
presence of 0.1 nM R1881 respectively, or (d) 0.1 nM R1881 alone. The RFU values are given
as the mean (= SD) of 3 independent experiments. * indicates a p<0.05 compared to 0.1 nM
R1881 at 48 and 72 hr respectively.

2.4 Discussion

Since there is an expanding number of chemicals, biological substances and cellular extracts
that can alter prostate cancer cell growth and AR transcriptional activity, a high throughput, non-
destructive method to identify these agents and to asses their activities in viable cells was
developed using LNCaP and PC3 cell lines that had been lentiviral-treated to stably express
fluorescent EGFP reporters. To monitor cell growth or AR enhancement, EGFP was either
driven by a constitutive CMV promoter (LN-CMV-EGFP or PC3-CMV-EGFP cells) or by an

ARRPB androgen responsive promoter (LN-ARR,PB-EGFP cells) respectively.
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After lentiviral infection of LNCaP or PC3 human prostate cancer cells with Lv-CMV-EGFP
and subsequent enrichment of high fluorescence expression levels by FACS sorting, we found
that, after 24-96 hr culturing in multi-well plates, there was a direct linear relationship (R*=
0.99) between levels of fluorescence and cell number (Fig. 2.1). To evaluate the accuracy and
practical utility of this high throughput assay for assessment of agents that kill or inhibit the
growth of prostate cancer cells, we tested the effects of a known cytotoxic drug, mitoxantrone
(30,47), and found that there was direct concordance between the patterns and quantitation of
cell death and apoptosis measured by both our non-destructive assay and MTS (non-viable)
estimates (Fig. 2.2). Similarly, our fluorescent assay enabled accurate and reproducible
measurement of prostate cell proliferating effects of complex mixtures such as osteoblast CM
from differentiated SaOS-2 cells which induced a small (30-40%), yet statistically significant
(p<0.05), increase in cell proliferation (Fig. 2.3), in agreement with reports that the bone
environment is supportive both in survival and metastatic growth of prostate cancer cells (6,31-
36). In contrast to its growth promoting effects, CM did not alter endogenous AR activity,
implying that the cell proliferation induced by osteoblast CM was through AR-independent
pathways. Overall, our cell-based screening method can robustly measure factors that even
subtly influence prostate cancer cell proliferation or cell death and therefore should be
particularly useful for large scale, simultaneous assessment of multifactor treatments at different
concentrations and time points, saving both time and costs. Furthermore, the non-destructive
nature of this 96-well assay would enable multiple dynamic measurements of cellular and

molecular responses to the treatments, replacing several individual experiments.

The practical utility of applying a viable, cell-based assay to measure chemical and

environmental agents that can modulate AR activity was tested by using lentiviral vectors
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containing a probasin-derived AR-responsive promoter to create the LNCaP cell line,
LN-ARR,PB-EGFP. Using these cells, we found that R1881, a potent synthetic androgen and
AR agonist (48), could reproducibly induce EGFP expression in a concentration- and time-
dependent manner (Fig. 2.4) over a large number of passages. As anticipated, bicalutamide, an
effective anti-androgen known to block AR activation (40), was readily evaluable in this system
(Fig. 2.4). Because these cells are both stable AR-inducible expressers and enriched by FACS

selection, responses are far less variable than estimates using transient transfection systems.

While screening for established androgenic and anti-androgenic compounds validated this
AR-bioassay, LN-ARR,PB-EGFP cells also provided an opportunity to assess the effects of non-
steroidal drugs or compounds that may modulate the AR-dependent gene transcription. There are
conflicting reports as to whether the FSK can directly activate the AR in a ligand-independent
fashion or whether it requires some form of androgen priming to see this agonisitic effect (43).
Similarly, it remains unresolved whether the cytokine IL-6 is an androgen-independent agonist
(5,8,11) or an antagonist (42) of AR. Since our AR functional screening assay is stable,
reproducible, relies on a chromosomally integrated AR reporter system and is not confounded by
transient transfection manipulations, we felt that it could provide a more physiological judgment
of these questions. While neither chemical was observed to modulate AR activity in the absence
of androgen in charcoal-stripped serum, in the presence of 0.1 nM or higher concentrations of
R1881, IL-6 significantly inhibited AR activity whereas FSK stimulated AR transcriptional

activity of EGFP (Fig. 2.5).

To broaden the screening application of our cell-based AR functional assay, we tested

whether the pesticide dichlorvos could modulate AR activity in a prostate cancer cell. As with

95



IL-6, there is some controversy as to whether this environmental contaminant is an AR agonist as
demonstrated in transient transfections using LNCaP prostate cancer cells (49) or antagonist as
shown in similar experiments with Chinese hamster ovary cells (46). Our results clearly support
an agonist role for dichlorvos, at least in the presence of priming amounts of androgen and in the
context of human prostate cancer cells. In general, these experiments support the efficacy of
using a stable, reproducible and chromatin-integrated AR-inducible reporter system for assessing
the impact of drugs and chemicals on endogenous AR activity in prostate cancer cells.
Furthermore, to assist in uncovering the mechanism of action of AR-interfering compounds, one
can use this fluorescent assay to monitor AR activity over time in multiple sets of viable prostate
cancer cells to determine the optimal time points and conditions for subsequent analyses such as

gene expression microarrays or signal transduction assays.

2.5 Conclusions

The lentiviral-created, cell-based fluorescent assay systems developed in this study enable
rapid, reproducible, time-dependent, and high-throughput screening and monitoring of chemicals
or complex mixtures for their capacity to influence prostate cancer cell growth/death or AR-
mediated signaling, under a variety of treatment conditions in a single experiment. After
validation, we used these assays to illustrate the cytotoxicity of mitoxantrone, the AR-
independent growth-promoting activity of CM from differentiated osteoblasts (SaOS-2 cells), the
androgen priming requirement for FSK activation and IL-6 inhibition of AR activity, and finally,

that the pesticide dichlorvos enhances AR transcription activity in a androgen-dependent manner.
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Chapter 3

Identification and development of a new class of drugs to treat

advanced prostate cancer*

3.1 Introduction

Androgen receptor (AR) plays a key role in development of prostate cancer and progression
to castration-resistant disease. Hence, AR knock down has been proposed as an additional
therapy after failure of androgen ablation (1). Several groups including our laboratory have used
RNA approaches to knock down the AR as a method to inhibit the growth of hormone-refractory
prostate cancer (2-5). However, to deliver RNAI into the human cancer cells remains yet to be
resolved. Another approach to downregulate or eliminate AR signalling pathway would be using
antiandrogens (6-12). Although the currently marketed antiandrogens, such as bicalutamide and
flutamide, prolong survival in some cases, they are generally ineffective in treatment of patients
with advanced prostate cancer (13). In addition, all of the available antiandrogens in clinics have
been observed to convert to agonists mainly through mutation in the AR-ligand binding pocket
(14,15). For these reasons, additional therapies or targets are critically needed in order to
decrease the current mortality rate from prostate cancer. In searching for new targets on the AR

molecule, the Fletterick laboratory has targeted the AF-2 of AR (16). AF-2 is formed in response

1 A version of this chapter will be submitted for publication. Peyman Tavassoli, Peter Axerio-
Cilies, Art Cherkasov, Paul S. Rennie, Identification and development of new class of drugs to
treat advanced prostate cancer.

Dr Art Cherkasov at the department of Urologic Sciences (UBC) founded the in silico drug
discovery platform at the Prostate Centre at VVancouver General Hospital. Peter Axerio-Cilies (a
PhD student with Dr. Cherkasov) performed in silico screening and wrote the corresponded
material and results, described herein.
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to ligand binding, which facilitates binding of coregulators, such as the SRC family to the AR.
Only 6 amino acids (V284, K288, 1302, K306, L454, and E457) in the AF-2 are crucial for its
function (17), and these form a hydrophobic cleft that binds short a-helical peptides in
coactivators (16). Compounds that bind AF-2 should disrupt AR/coactivator interactions (18).
Moreover, they could inhibit intermolecular interaction between the AR-LBD and NTD required
for optimal AR transcriptional activity (18). Using structural x-ray screens for AR-interacting
compounds, Fletterick’s laboratory found a small molecule binding site on AF-2 referred as BF-3
(binding function-3) (Fig. 3.1). They suggested that compounds, such as flufenamic acid (FLF),
3,3",5-triiodothyroacetic acid (TRIAC), and triiodothyronine (T3), that bind to the BF-3 will
modulate coregulator recruitment and suppress AR activity (16). Upon binding with 3,3",5-
triiodothyroacetic acid (TRIAC), BF-3 goes inward and changes the secondary structure of AR

(AF-2), therefore, distort coactivator binding site, such as ARA 70.

Figure 3.1 — The AF-2 and BF-3. BF-3, next to AF-2 site (LXXLF motif for coactivators) is an
outward pocket. A) Schematic of AR LBD showing location of DHT, key AF-2 helices 3, 5, and
12, and H1. B) Space-filling model showing residues in AF-2 (cyan) and BF-3 (red) (From (16)
© 2007, National Academy of Sciences, USA).
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Following this discovery, we scanned over 50 million available compounds for potential
interactions with the BF-3 cavity on the AR using in silico drug discovery tools. In silico or
structure-based computational methods are valid tools for analyzing the properties of chemical
compounds for such properties as toxicity, biological activity, or interactions with
macromolecules, such as the AR. Structure-based computational methods mainly can be used for
drug design or screening of large chemical libraries targeted towards a biological receptor with
known three dimensional structure (19,20). The in silico screen is a repetitive selection process
from large chemical libraries targeted towards a biological receptor and often proceeds through
multiple cycles before optimized leads are identified. This task is facilitated significantly by the
advent of high performance computing environments, data management software and internet to
offer the advantage of delivering new drug candidates more quickly and at lower costs in
comparison to traditional drug discovery methods (21-23). Generally, in silico drug discovery
process can be divided into three stages (Fig. 3.2). Stage | includes identification of a potential
therapeutic drug target and building a heterogeneous small molecule library to be tested against
it. This is followed by the development of a virtual screening protocol initialized by docking of
the small molecules from the library. The next step is binding affinity prediction/scoring and
optimization of the set of molecules until the desired binding affinity is achieved. Following this,
molecular simulations can be performed in a select few cases to obtain a more realistic
appreciation of binding affinity and its dependence on solvent, salt and dynamics. This way, a set

of molecules with desired affinity are selected as better binders to the target and termed as 'hits'.

In Stage 11, these selected hits are checked for specificity by docking at binding sites of other
known drug targets. The hits that score best for only the target of interest and poorly for all other
targets are selected as specific binding molecules. In Stage 111, these selected hits are subjected to
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detailed in silico profiling studies of drug absorption, distribution, metabolism, excretion and
toxicity (ADMET) and those molecules that pass these studies are termed as 'leads’ (24-26). For
instance, Captopril (anti hypertensive), Dorzolamide (treatment for glaucoma), Saquinavir,
zanamivir (anti flu), LY517717 (anti cloting factor) and TMI-005 (anti rheumatoid arthritis) are
medications that have been discovered through in silico application and currently are used

clinically or under evaluation in phase Il clinical studies (27,28).

Therapeutic Drug Target
+

Small Molecule Library Stage I
I
Virtual Screening
7
Preliminary Hits
I
Docking to Target Library Stage IT
v
Hits as Specific Binders
I
Detailed in silico ADMET Profiling Stage 111
v

Hits to Leads

Optimization

Figure 3.2 — A flowchart outlining a plausible generalized structure-based in silico drug
discovery strategy. Modified from (25)
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Using in silico drug discovery tools, out of 4 million purchasable chemicals, 220 compounds
were scored the best for binding to the BF-3 pocket. To determine how these compounds are
biologically active in comparison to bicalutamide, the LN-ARR2PB-EGFP cell line (29) was
then used to screen them for AR transcriptional activity and cell toxicity. We found 17

compounds suppressed AR activity, some of them even more efficiently than bicalutamide.

3.2 Materials and methods

3.2.1 ZINC chemical database preparation

Approximately ~4 million structures in structural data format (SD format) from the ZINC-5.0
compound library (30) were imported into a molecular database using Molecular Operating
Environment (MOE) (31). These structures were adjusted i.e. all inorganic components were
removed, and all ionizable groups were coordinated with pH= 7.0 conditions. Next, this database
was energy-minimized using the ‘MMFF94x forcefield’ (Merck Molecular Force Field) (32) and
exported in SD format for use by the ‘Glide’ (an approach for rapid, accurate docking and

scoring) (33,34) and ‘eHITS’ (Electronic High Throughput Screening) (35,36) docking programs.

3.2.2 Molecular docking

The Maestro suite (37), a visual media software was used to prepare the human AR structure
obtained from the Protein Data Bank (PDB) (38) for molecular docking. The BF-3 binding site
was defined by the binding mode of TRIAC which was crystallographically resolved with the
LBD of the human AR crystal structure (PDB code: 2PIT). Hydrogen atoms were added and
adjusted where necessary to the corresponding AR crystal structure model. Protein and ligand
charges have been assigned by the OPLS (optimized potentials for liquid simulations) molecular

mechanics force field method (39). The Glide-score and eHITS-score algorithms were
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implemented to establish the predicted binding poses and relative energies of the molecules with
Glide 1.64.2.5 standard precision (SP) docking for the main screen and eHITS-2008 docking for
the second screen, using default settings for both. The ligands were docked to the AR model into
the BF-3 binding pocket which was defined as 10 A radius surrounding the TRIAC molecule,
(x=16.967922 y=18.261421 z=28.947824). Approximately 4 million compounds obtained from
the ZINC-5.0 compound library were docked into the BF-3 site using SP-Glide. Glidescore
cutoffs of -6.0 were implemented and these molecular structures were then subsequently re-
docked into the BF-3 site using the eHITS docking program. All calculations were done by a
Linux cluster of 5 Intel Xeon dual processors at 3.2 GHz with 2 Gb of RAM. Graphic
manipulations and analysis of the docking experiments were performed by the Maestro

Graphical User Interface, version 4.1.012, for Linux operating systems.

3.2.3 Scoring functions
A. Binding affinity (pKi%)

The Molecular Operating Environment (MOE) estimated pKi was calculated for each ligand
using the scoring.svl script available through the SVL exchange service (40). For this, hydrogen
atoms were added to the AR model and the partial charges were calculated with the OPLS force
field (39). The Gasteiger partial charges (partial charge property of each atom) were calculated
for the structures that passed the docking cutoff. The estimated pKi for these structures were

calculated by choosing the dock_pKi descriptor with default settings for the molecular database.

" The affinity is usually quantified as the equilibrium dissociation constant, Ki. The Ki is the
concentration of the competing ligand that will bind to half the binding sites at equilibrium, in
the absence of ligand or other competitors. The subscript “i”” is used to indicate that the
competitor inhibited ligand binding. Ki is usually shown as the log(Ki) value (pKi). If the pKi is
high, therefore, the affinity of the receptor for the inhibitor is high.
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B. Ligand explorer (LigX)

LigX module was used to account for the receptor/ligand flexibility where the receptor
atoms near the ligand produced by Glide/eHITS docking programs and the ligand itself are
succumb to the MMFF94x forcefield energy minimization as implemented in MOE. LigX
calculations were applied to all the structures that passed the docking cutoffs. Tether restraints
were set to 10 for the receptor to discourage gross movement and all other parameters were set to
default. Subsequently, pKi binding affinity score was generated after energy minimization to
predict the ligands that showed the best binding characteristics defined mainly by the energy of
hydrogen bonds and hydrophobic interactions.

C. Root mean standard deviation (RMSD)

The root mean standard deviation (RMSD) was calculated between the Glide poses and the
eHITS poses to evaluate the docking consistency and reliability and thus establish the most
probable binding pose for a given ligand. The MOE RMSD values were calculated for each
ligand using the rmsd_mol.svl script available through the SVL exchange service. The RMSD
was added to the voting “consensus” system, where ligands were assigned a 1 vote for a RMSD

value of < 3.0 A and a 0 vote for > 3.0 A.

3.2.4 Similarity searching (SS)

The 2D similarity was done for the compounds that were proven previously to bind to the BF-
3 site which were FLF, TRIAC, and T3 (16). The similarity searching was applied to the ZINC-
5.0 compound library which is a ~4 million compound database (30). The MACCS fingerprint
was applied as a tool that represents certain structural features of a molecule using a list of binary
values (0 or 1). This fingerprint contains 166 bits indicating the presence of specified structural

fragments in the molecular graph representation. The Tanimoto coefficient was then used to
106



select similar molecules as implemented in MOE (31,41). The Tanimoto coefficient is a statistic
used for comparing the similarity between two vectors of n dimensions by finding the angle
between them. A T, similarity measure was calculated for each ligand based on formula 1. T,
cutoffs were implemented based on a > = 75% similarity or a T, value of 0.75 between the target

and database molecule.

3.2.5 Screening for androgen receptor activity and cell toxicity

LN-ARR,PB-EGFP cells were used to screen 220 compounds against AR transcriptional
activity (29). Briefly, cells were grown in 5% charcoal stripped serum (CSS) RPMI for ~ 5 days
to deplete cells from bio-available hormone and hence reduce their basal EGFP fluorescence.
After visual verification with a fluorescent microscope, cells were treated with 50 UM of selected
chemicals (dissolved in DMSO), or bicalutamide (positive control) in the presence of 0.1 nM
R1881 and seeded at 20,000 cells/well in 96-well black plates (Nalge Nunc) using 5% CSS,
phenol red-free RPMI medium (Gibco). For a quality control of this system, vehicle, 0.1 nM, and
1 nM R1881 treatment were also set up within each plate, respectively. The fluorescence was
measured every 24 hr for 3 days using a fluorometer (Fluoroskan Ascent FL). At the end of each

experiment, cell viability was measured by MTS assays as described before (29).

3.2.6 Transient transfection assays

HeLa cells that constitutively express AR (HeLa-AR) (42) were seeded in 24-well plates and
at 90% confluency transfected with 125 ng/well of pARR3-tk-Luc, as a reporter using
lipofectamine 2000 reagent (Invitrogen). Cells were incubated with the transfection mix for 16 h
at 37°C and subsequently replenished with 5% CSS RPMI containing 1 nM R1881, or 1 nM

R1881 and 50 uM of each compound or 50 uM bicalutamide for 24 h before harvesting for
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luciferase assay and Western blot analysis. Luciferase activity was normalized to protein
concentration as quantified by BCA protein assay. Each assay was done in triplicate, and

experiments were repeated three times.

3.3 Results

3.3.1 BF-3 docking

For the main screen we considered ~4 million commercially available compounds from the
ZINC-5.0 compound library (30). These compounds were optimized and docked into the AR-
BF-3 pocket using the Glide 1.64.2.5 docking module (33,34); cut-off filters were implemented
based on Glide scores of -6.0, which corresponded to 20% of the top “hits” from the main screen
(MS). This resulted in a dataset of ~500,000 molecules which were then re-docked into the same
BF-3 binding cavity using the eHiTS docking software program (33-36). Other scoring functions
or predictors were calculated for this dataset to filter out compounds that exhibited poor binding
characteristics towards the BF-3 binding site on AR. The first predictor calculated for each
ligand was the dock_pKi parameter computable by the MOE scoring svl.script. The dock_pKi is
an estimated pKi value defined mainly by the energy of hydrogen bonds and hydrophobic
interactions. The second predictor used was the binding affinity score generated by the ligand
explorer (LigX) module in MOE, where the receptor atoms near the ligand and the ligand itself
are energy minimized and ultimately scored based on the dock_pKi parameter. Based on the four
scores, we implemented a voting scheme where, for each score, a value of 1 was assigned to the
ligands in the top 10% while all other ligands were given a value of 0. Then the four binary votes
from Glide score, eHITS score, and pKi (31), and ligand explorer (ligX) (31), were added
together for each ligand and, in turn, the ligands were ranked by their voting “consensus” score,

where a score of four was the maximum optimal value.
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At the next stage, the 500,000 compound dataset was complied and analyzed in order to
assess the consistency and reliability of the docking poses between the Glide and eHITS docking
programs. For this, the root mean standard deviation (RMSD) was calculated to establish the
most probable binding pose for a given ligand with respect to the BF-3 binding cavity. The fifth
predictor RMSD (between Glide pose and eHITS pose) was added to the voting system, where
ligands were assigned a 1 vote for a RMSD value of < 3.0 A and a 0 vote for > 3.0 A. In
addition, a 2D similarity search was done on FLF, TRIAC and T3 that were known previously to
bind to the BF-3 site of AR. The similarity searches on FLF, TRIAC, and T3 were computed
against the ZINC-5 compound library, which contained ~4 million compounds. A T similarity
score was generated by means of the Tanimoto coefficient by using the MACCS fingerprints as
implemented in MOE. Cut-off values of > 0.75 (75%) were used and this generated a dataset of
~2000 analogous compounds. Amongst ~2000 ligands in the dataset, 500 with the highest vote
totals (compounds voted 4 or 5 times with the criteria mentioned above) were visually inspected
and disqualified according to whether Glide and eHITS predicted a dissimilar pose; whether
lipophilic moieties were exposed into the solvent phase and based on their overall binding
characteristics. This method refined and reduced the number of candidates to 220 compounds
from the total number of molecules screened and these were recognized as “virtual leads” which

were then selected for experimental testing.

3.3.2 Assessment of selected chemicals on androgen receptor transcription activity

Having selected 220 compounds that potentially bind to the BF-3 pocket on the AR, we next
tested whether these chemicals could influence AR activity and cell viability using LN-ARR,PB-
EGFP cells. After growing in hormone depleted condition, cells were treated with either 50 uM

of a compound or bicalutamide in the presence of 0.1 nM R1881. Cells were then visually
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monitored and the fluorescence, as representative of AR activity, was measured every 24 hr. At
day 3, MTS assays were performed to measure relative cell viability in each treatment conditions
over controls. The criteria to select a compound were as follows: i) a decrease in AR activity >
50%; ii) not overt cell toxicity or at least having the same effect on cell viability as bicalutamide.
If AR activity suppression was associated with decreased cell viability, different concentrations
of those particular compounds were used to find the lowest concentrations at which at least >
50% of AR activity was suppressed and the effect on cell viability was comparable to
bicalutamide. Table 3.1 shows the list of 17 compounds categorized based on their effect on AR
activity — more than 85% and between 50-85% AR inhibition. Interestingly, TRIAC (#128) that
was originally reported by the Fletterick lab is among the selected compounds. The effect of each
compound on cell morphology after 3 days treatment and concentration at which this

phenomenon was observed has been also shown in table 3.1.

3.3.3 Effects of chemicals on androgen receptor levels and activity

Transient transfection assays are the conventional method to quantify the AR activity levels.
Hence, we next wanted to validate the results of our screening and find out the relative potency
of each compound relative to bicalutamide. HeLa-AR cells, which constitutively express the wild
type AR, as opposed to the mutated AR found in LNCaP cells were used for this purpose. After
transfection with an androgen-responsive luciferase reporter as readout, cells were treated with 1
nM of R1881 and 50 uM of each compound or 50 uM bicalutamide for 24 hr before harvesting
for luciferase assay and Western blot analysis. Fig. 3.3A showed that all 17 compounds inhibited
AR activity by > 50%, and seven of these chemicals demonstrated strong anti-AR activity that
considerably exceeded the activity of bicalutamide (Fig. 3.3B). Fig. 3.3C showed that the
expression level of the AR protein was not changed with different treatment conditions except in
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at least one case (shown in duplicate as #’s 9 and 46), the AR protein is actually knocked out by
the test chemical. Together, these results confirmed our previous observation described above

and highlighted the potency of each compound in inhibition of the wild type AR activity.

Suppress AR transactivation more than 85%

Label Concentration Effect on cell morphology
pM
148 50 No effect
61 40 “
149 50
128 (TRIAC) 50
98 50 Cell aggregation
184 50 “

Suppress AR fransactivation between 50-85%

5 20 No effect
9 20 Rounded cells
46 20 “
160 50 Forming colony
165 50 “
166 50
38 50 Forming crystal b/w cells
20 50 No effect
44 50 “
191 50 Not effect on cell morphology but
slightly lower cell number
204 50 Slightly clumping of the cells

Table 3.1 — Screening of 220 compounds for AR activity using LNCaP-ARR2PB-EGFP
cells. LN-ARR,PB-EGFP cells were grown in 5% CSS RPMI for ~ 5 days to deplete cells from
bio-available hormone and hence losing their EGFP fluorescence. After visual verification with
fluorescent microscope, cells were treated with a particular compound plus 0.1 nM synthetic
androgen R1881 and then seeded at a density of 20,000 cells/well in a 96-black well plate
followed by fluorescent measurement every 24 hr. At day 3 the experiment was terminated and
cell viability assay performed to assess any potential toxicity.
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Figure 3.3- Effects of selected compounds on AR activity. A) HelLa cells that constitutively
express AR (HeLa-AR) were transfected with the reporter, pARR3-tk-Luc, and then treated with
1 nM of R1881 and 50 uM of each compound or 50 uM bicalutamide for 24 h before harvesting
for luciferase assay. Luciferase units (RLU) values are given as the mean (+ SD) of 3
independent experiments. * indicates a p<0.05 compared to bicalutamide. B) Compounds that
are more active than bicalutamide were shown at different scale. C) Western blot showing AR
and B-actin protein level of Hela-AR cells after 24 hr treatment with 50 uM selected compounds
or bicalutamide.

3.4 Discussion

Progression to castration resistance is the lethal end stage of prostate cancer, for which there
is currently no cure. The understanding of the molecular mechanisms responsible for the prostate
cancer transition to castration-resistant state remains a challenge, both therapeutically and
experimentally. However, a large amount of evidence indicates that even at the hormone-
refractory stage the functional AR signalling is essential for the growth of tumour cells and that
more potent antiandrogens or AR antagonists could be an appropriate therapeutic approach for
patients who failed androgen ablation therapies (43). Several antiandrogen drugs are currently in
clinical use. However, they are limited by their relatively lack of potency and efficacy. Hence,
efforts for the development of secondary therapies targeting multiple mechanisms of retained AR

signalling have been pursued (44-49). In addition, other approaches, including anti-AR antibody,
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hammerhead ribozymes, RNAi and chemicals such as LAQ824 and 3,3’-diindolylmethane have
been proposed and tested for their abilities to reduce the level of AR, resulting in growth
inhibition and in some cases apoptosis in castration-resistance prostate cancer cell lines (3,43,50-
55). In studying the three-dimensional structure of the AR, a novel pocket referred to as the BF-3
was discovered (16). The BF-3 is a known target for mutations in prostate cancer (56) and
located near, but distinct from, the ligand binding site that is normally targeted by conventional
antiandrogen drugs such as bicalutamide. Compounds that interact with the BF-3 exert indirect
effects on AF-2 to inhibit coregulator binding, which makes the BF-3 an attractive

pharmaceutical target for blocking AR activity.

Most new drugs are traditionally identified and developed by the pharmaceutical industry.
Typically, new drug candidates are selected using automated systems to empirically screen
thousands, or even millions, of compounds against the target (usually a protein) of interest in an
effort to identify a single potential lead compound. This approach is very costly, as only one or
two of the multitude of chemicals screened will become lead compounds, and most of those fail
subsequent testing. Thus, large scale industrial high-throughput screening routinely used by
pharmaceutical companies typically yields less than a 0.1% success rate (57,58). In contrast, the
use of a rationalized, computer-aided approach enables us to achieve a success rate as high as

30% (59).

Using in silico methods, we selected the top 220 compounds out of ~4 million commercially
available chemicals that bind to the BF-3 pocket on AR. They were initially tested for ability to
suppress AR function using our established cell-based screening assays (29). We found that 17
out of 220 compounds did exhibit some inhibiting effect on AR. Based on the MTS assays and

cell morphologies, these 17 compounds were also found to be not toxic at the concentrations
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tested (Table 3.1). This result has been validated with transfection assays (Fig. 3.3) with seven of
these chemicals showed strong anti-AR activity that drastically exceeded the activity of
bicalutamide, one of the most potent antiandrogen drugs currently used to treat men with
metastatic prostate cancer. While these compounds have biological activity in both cytotoxicity
and AR activity assays their binding to the BF-3 site of the AR is postulated based upon the
results of our computational docking model and requires validation biophysically. This remains
to be further investigated using a bioacore system in conjunction with NMR based x-ray
crystallography to ensure definitive binding site validation. It has to be noted that all of the in
vitro activity based assays have been carried out using DMSO as a vehicle. In order to assess
potency and efficacy of theses compounds in animal model, alternative solvents need to be
explored for lead compounds. Once suitable vehicles are determined for dosing, both oral and
intravenous routes of administration will be evaluated for pharmacokinetic and

pharmacodynamic studies before testing in human xenograft models.

Although more research is required to certify the potency and efficacy of these selected
compounds, the results showed here indicate that virtual screening can be performed rapidly and
at low cost, and researchers can now screen almost 4 million commercially available ZINC-5.0
compound library for binding to the BF-3 site on AR using a rational, computer-aided approach,
followed by rapid cell-based screening assays to identify the most potent AR inhibitors.
Collectively, this method is indeed a very promising beginning with a provisional patent applied
for and with the expectation that a new class of anti-AR drugs will emerge from this work for the

treatment of castration-resistant metastatic prostate cancer.
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Chapter 4

TATA binding protein-associated factor 1 (TAF1) binds and enhances
androgen receptor transcriptional activity inducing receptor ubiquitination

and is overexpressed with hormone ablation therapy *

4.1 Introduction

The androgen receptor (AR) plays a crucial role in the growth and development of prostate
cancer (1,2). In the absence of androgens, the AR exists in the cytoplasm as a transcriptionally
inactive multiplex of chaperones (3). Upon androgen binding, it undergoes a conformational
change, forms homodimers and is translocated into the nucleus where it binds cognate response
elements upstream of target genes (4,5). The AR recruits coregulator proteins, chromatin-
remodeling complexes (6-8) and also components of the general transcription machinery
including TFIIF (9) and TFIIH (10), that ultimately results in initiation and elongation of

transcription.

L A version of this chapter has been submitted and provisionally accepted in the Molecular
Endocrinology journal for publication. Peyman Tavassoli, Latif A Wafa, Helen Cheng, Amina
Zoubeidi, Ladan Fazli, Martin Gleave, Robert Snoek, Paul S. Rennie (2009) TATA binding
protein-associated factor 1 (TAF1) binds and enhances androgen receptor transcriptional activity
inducing receptor ubiquitination and is overexpressed with hormone ablation therapy, Molecular
Endocrinology.

Dr. Latif Wafa (former PhD student with Dr. Rennie) and Helen Cheng (research assistant
with Dr. Rennie) isolated the TAF1 protein using the repressed transactivator yeast two-hybrid
system. Dr. Wafa also played a senior role in the experimental design and data interpretation of
this manuscript. Dr. Amina Zoubeidi (a postdoc with Dr. Gleave) and Dr. Rob Snoek (former
research associate with Dr. Rennie) provided critical comments. Dr. Snoek also purified FLAG-
AR from HelLa-AR cells. Dr. Ladan Fazli (a research pathologist at the Vancouver Prostate
Centre) performed tissue microarray staining and visually scored the array. Dr. Martin Gleave at
the department of Urologic Sciences (UBC) founded the human prostate cancer tissue microarray
and collaborated with our lab. Robert Bell (biostatistician at the VVancouver Prostate Centre)
performed statistical analysis of the NHT-tissue microarray data.
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The AR is a member of the steroid receptor family that shares common functional domains
and structures (11,12). This family of receptors has (i) a ligand-binding domain (LBD) located in
the C-terminal region (ii) a hinge region (iii) a centrally located DNA binding domain (DBD),

and (iv) an N-terminal domain (NTD). Between members of this family, the NTD domain has

the highest degree of amino acid sequence variability, suggesting that this region has a major role
in AR-specific transcription regulation (13-16). To identify novel NTD-interacting proteins, we
employed the Tupl repressed transactivator (RTA) yeast two-hybrid system (17), which has
previously been used by our laboratory to identify L-dopa decarboxylase and cyclin G-associated
kinase as AR-interacting proteins (18,19). Using this system, TATA binding protein-Associated

Factor 1 (TAF1) was identified as a previously unreported AR-interacting protein.

TAFL1 (formerly referred to as TAF 11250 or CCGL1) is part of the TFIID complex
(Transcription Factor 11D), which consists of TATA binding protein (TBP) and approximately 15
TBP associated factors (TAFs). TAFs, including TAF1, mediate activator-dependent
transcription in a promoter and tissue specific manner (20-22). The TAF1 gene contains 38
exons which span 98 kb of genomic DNA on chromosome X and encode approximately 6 kb
MRNA. The TAF1 protein possesses intrinsic protein kinase activity (23), histone
acetyltransferase activity (HAT; (24)), and ubiquitin-activating/conjugating activity (E1/E2;
(25)). The TAF1 kinase is bipartite, consisting of N- and C-terminal kinase domains (NTK and
CTK, respectively). TAF1 is capable of autophosphorylation as well as specific phosphorylation
of TFIIF (23), p53 (26), and the MDM2 proto-oncogene (27). TAF1 also binds and modulates
transcriptional activity of proteins such as c-Jun (28), MDM2 (29), and cyclin D1 (30) which are

known to influence AR activity and hence prostate cancer progression (31-33).
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In this study, the expression of TAF1 was assessed in prostate cancer tissue at different stages
of androgen withdrawal by neo-adjuvant hormone therapy (NHT) using tissue microarray
analysis. The result showed that increased TAF1 expression was associated with duration of
NHT, suggesting a role for TAF1 in castration-resistant prostate cancer. GST pull-down assays
were performed and confirmed that TAF1 binds to the NTD of AR through the E1/E2 and HAT
domains. In addition, we demonstrated by co-immunoprecipitation and ChIP assays that TAF1
and AR bind in the nucleus and associate with the androgen response element (ARE) in the
proximal promoter of the prostate specific antigen (PSA) gene in the presence of androgen. We
also found that TAF1 acts as a coactivator and enhances AR transcriptional activity through its
NTK and E1/E2 domains without influencing the general transcriptional activity of a non-
androgen responsive promoter. By using in-cell and in vitro ubiquitination assays, our findings

also suggest that TAF1 can ubiquitinate AR.

4.2 Material and methods

4.2.1 NHT tissue microarrays and immunohistochemistry

Archival formalin-fixed, paraffin-embedded human prostate tumour specimens were used to
construct a human prostate cancer tissue microarray of hormone naive, NHT-treated and
castration-resistant samples as described previously (18,34). Briefly, a total of 112 samples were
obtained from radical prostatectomy, transurethral resections or warm autopsy. Specimens were
chosen so as to represent various treatment durations of androgen withdrawal therapy ranging
from no treatment (n=21), < 3 months (n=21), 3-6 months (n=28), > 6 months (n=28), and
castration-resistant tumours (n=14). Cancer sites in donor paraffin blocks were identified by a
pathologist (L. F.) using matching H&E reference slides, and the tissue microarray was

constructed in triplicate cores, each 0.6 mm in diameter. For staining, tissue sections mounted on
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the slides were de-paraffinized by xylene, rehydrated through ethanol washes, and then
permeabilized in a solution of 0.02% triton-X 100. Slides were then steamed in citrate buffer (pH
=6), cooled for 30 min, washed in PBS, and incubated in 3% hydrogen peroxide for 10 min to
promote antigen retrieval. After blocking in 3% BSA for 30 min, slides were then incubated
overnight with anti-TAF1 (abcam, ab17360) or 1gG as a negative control at a working dilution of
1/2000 in 1% BSA. The following day, the slides were washed extensively with PBS, and
developed using the LSAB+ kit detection system (Dako Corporation, Mississauga, Canada).
Nova Red chromogen was applied, and hematoxylin counterstaining was performed (Vector

Laboratories Inc, Burlingame, CA).

4.2.2 Plasmid construction

pCS2+HA-hTAF1, kindly given by Dr. R. Tjian (University of California) and Dr. Wong
(University of Washington), was used as a template to sub-clone four TAF1 fragments (NTKs,-
1441, HAT1442-3102, E1/E222215-3777, CTK4252-5730) into pPcDNA3.1-V5/His expression vectors
(TOPOL1-TA Expression Kit, invitrogen). The following primers were used to PCR amplify each
domain of TAF1: the NTK domain: Forward: CACCATGGGACCCGGCTGCGATTTG; Reverse:
AGTCATGCTAGAAGGAAGCCAGCC; the HAT domain: Forward: CACCATGAATGCGAT
GGCTTACAATGTT; Reverse: ACGAAGGTCTGCATCTGTTCCTGT; the E1/E2 domain: Forward:
CACCATGGTAAAGAACTATTATAAACGG; Reverse: TCGCATCTCTTCCCGATGTTGTTC; the
CTK domain: Forward: CACCATGGACCCTATGGTGACGCTGTCG; Reverse: TTCATCAGAGTC
CAAGTCACTGTC. The full-length human AR (pcDNA3.1-hAR) and GST-fusion constructs of

AR were generated as described before (18).
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4.2.3 GST pull-down assay

GST fusion proteins of various AR domains (NTD1-ss9, DBDs41-665, LBDg4g-919) Were
expressed in the BL21 cells Escherichia coli strain, purified and immobilized onto glutathione-
agarose beads (Sigma) (18,19). Purified GST-AR domains were analyzed by SDS-PAGE
followed by Coomassie Blue staining to ensure equimolar amounts of each fusion protein were
used, as described before (19). Using the Quick Coupled T7 TNT in vitro
transcription/translation kit (Promega Corporation), [**S]-Methionine-labeled human full length
TAF1 and the four truncated TAF1 peptides were generated and incubated with equimolar
amounts of GST-AR fusion proteins that were pre-coupled to glutathione-agarose beads. GST
alone was used as a negative control to assess nonspecific interactions of radiolabeled proteins.
Binding reactions were carried out for 2 hr at 4°C in GST-binding buffer (20 mM HEPES, pH
7.6, 150 mM KCI, 5 mM MgCI2, 1 mM EDTA and 0.05% NP-40). GST-beads were then
washed 4 times with ice-cold binding buffer, re-suspended in protein sample buffer (400 mM
Tris Cl, pH, 8.8, 2% SDS and 5% [-mercaptoethanol), and then resolved by SDS-PAGE
electrophoresis and analyzed by autoradiography. Dried gels were also analyzed using
Phosphorimaging screen. Quantity One software was used to obtain [CNT+*mm2] data
(counts/mm2) for radiolabelled protein bands. All pull-downs were done in triplicate and the

average [CNT+*mm2] was normalized as a percentage input bound.

4.2.4 Cell culture

LNCaP human prostate cancer cells were obtained from American Type Culture Collection
(ATCC, Manasa, VA) and grown in RPMI 1640 media supplemented with 5% fetal bovine

serum (FBS) (GibcoBRL). PC3 human prostate cancer cells (ATCC) and HeLa cervical cancer
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cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 5% FBS. All cells were maintained at 37°C in 5% CO2.

4.2.5 Co-immunoprecipitation and Western blot

LNCaP cells were plated on 10-cm dishes and grown to 70% confluency. Cells were then
transfected with pCS2+HA-TAF1 vector (6 ug/dish) using Lipofectin Reagent (Invitrogen)
according to the manufacturer’s instruction. After 16 hr incubation with transfection mix at
37°C, medium was changed to 5% charcoal stripped serum (CSS) RPMI and incubated for a
further 24 hr to deplete cells of bio-available hormone. Cells were then treated with or without 1
nM R1881 for another 4 h before harvest. Using an Active Motif Co-IP kit (Carlsbad CA),
nuclear proteins were extracted and then incubated with DNase according to manufacturer’s
protocol. 0.1 mg of nuclear extracts (10%) as quantified by BCA assay (PIERCE Biotechnology)
was saved as inputs. 1 mg of nuclear proteins was then incubated with a mouse monoclonal anti-
TAF1 antibody (Santa Cruz, 63B) or with an equivalent amount of normal mouse IgG (negative
control) overnight. Recombinant Protein A/G-agarose (Santa Cruz) beads were used to
immunoprecipitate antibody—protein complexes. Beads were washed four times with Active
Motif washing buffer (150 mM NaCl, 1% detergent) and then re-suspended in 2xSDS sample
buffer. Associated proteins were resolved by SDS-PAGE and transferred to a PVDF membrane
(Millipore, Bedford, MA, U.S.A.) as described before (19). Membranes were blocked in 5%
skim milk in Tris-buffered saline (20 mM Tris/HCI, pH 7.6/140 mM NacCl) prior to incubation
with the appropriately diluted primary antibody. AR and TAF1 were detected using mouse
monoclonal antibodies (Santa Cruz, AR-441, TAF1-63B, respectively). Blots were developed
using horseradish peroxidase-conjugated secondary antibody and the ECL chemiluminescence

kit (Amersham Biosciences).
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4.2.6 Chromatin immunoprecipitation assay

LNCaP cells were grown for three days in 5% CSS RPMI and then untreated or treated with 1
nM of R1881 for 4 hr. Cells were subsequently cross-linked with paraformaldehyde and
sonicated to achieve a DNA smear between 200-1000 bp. Chromatin immunoprecipitation
(ChIP) assay was performed using EZ ChIP kit according to the manufacturer’s protocol
(Upstate) on the B-actin and PSA genes, as previously described (35). For PCR, 2 ul out of 50 pl
DNA extraction were used in 25 cycles of amplification. The primer sequences were as follows:
the proximal promoter of the PSA: forward: TCTGCCTTTGTCCCCTAGAT, reverse:
AACCTTCATTCCCCAGGACT,; the non-promoter region of PSA: forward:
CTGTGCTTGGAGTTTACCT GA, reverse: GCAGAGGTTGCAGTGAGCC; and B-actin
primers: forward: TCCTCCTCTTCCTCAATCTCG, reverse: AAGGCAACTTTCGGAACGG.

AR-C-19 and TAF1-63B antibodies (Santa Cruz) were used for chromatin immunoprecipitation.

4.2.7 Transcriptional assays

Cells were seeded in six-well plates and, for PC3 cells, grown to 90% confluency. Using
Lipofectin Reagent (Invitrogen), cells were co-transfected with increasing amounts of pHA-
hTAF1, 1.5 ug/well full length AR (pARG6), 0.2 pug/well pARR3-tk-Luc and 0.1 pg/well pRLtk-
Renilla. For LNCaP cells, cells were co-transfected at 70% confluency with 1 pg/well pPSA-Luc
(-6,100/+12; gift from Dr. J. Trapman, Erasmus University, Rotterdam, the Netherlands), and 1
pg/well pHA-TAFL in addition to pRLtk-Renilla as mentioned above. The total amount of DNA
was adjusted to 3 pg/well using vector (pCS2+). Cells were incubated with the transfection mix
for 16 hr at 37°C and subsequently replenished with 5% CSS RPMI containing 1 nM R1881 or
vehicle alone. Transfected cells were cultured for an additional 24 hr prior to harvesting for

luciferase and Western blot analysis. For siRNA-mediated TAF1 reduction, two 21 nucleotide
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SIRNA duplexes with 3'dTdT overhangs corresponding to TAF1 mRNA (5'-
AAGACCCAAACAACCCCGCAT-3'and 5'-AACTACGACTACGCTCCACCA-3") (26) were
synthesized and purchased from Applied Biosystem (Ambion) together with control sSiRNA. At
40% confluency PC3 or LNCaP cells were co-transfected with 5 and/or 10 nM of siRNA
duplexes, pRLtk-Renilla and pARR3tk-Luc or pPSA-Luc as described above, except cells were
allowed to grow for 48 hr in 5% CSS media + 1 nM R1881. Luciferase activity was normalized
to protein concentration as quantified by BCA protein assay. Each assay was done in triplicate,

and experiments were repeated at least three times.

4.2.8 Purification of His-tagged ubiquitin conjugates

LNCaP cells, grown in 5% CSS RMPI for 24 hr, were co-transfected with 2 pg of plasmid
expressing His-tagged Ubiquitin (pHis6-ubiquitin, ATCC) and 6 pg of pHA-TAF1, pV5-E1/E2,
or empty vector using Lipofectin Reagent. After 16 h, the medium was changed to 5% CSS
RPMI £ 1 nM R1881 for 24 hr followed by 6 h treatment with 10 uM MG132 (Calbiochem) or
vehicle. Cells were then scraped and lysed in 1 ml RIPA buffer (150 mM NaCl, 1% NP-40, 0.5%
Sodium Deoxycholate, 0.1% SDS, 50 mM Tris/HCI pH 8). 5% of the cell lysate was used as
input and the remainder was mixed with 50 pl Ni2+-NTA-agarose beads (Qiagen) as described
before (36). The mixture was allowed to rotate at 4°C for 3 hr and a magnet holder was used to
pull-down His6-ubiquitinated conjugates. Beads were then washed four times with RIPA buffer
and re-suspended in 2xSDS sample buffer. Associated proteins were resolved by SDS-PAGE,
transferred to a PVDF membrane and blotted for antibodies against AR (Santa Cruz, AR-441),

MDM2 (Santa Cruz), HA (Covance), V5 (Invitrogen), and B-actin (Sigma).
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4.2.9 Ubiquitination assay

LNCaP cells were cultured, harvested and then lysed in RIPA lysis buffer. Nuclear proteins of
HeLa cells were extracted as described elsewhere (37). Briefly, HeLa cells were harvested into
cold phosphate buffered saline (PBS) and ~10" cells were pelleted and resuspended in 500 pl
cold hyotonic buffer (10 mM HEPES-KOH pH 7.9 at 4°C, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
dithiothreitol, 0.2 mM PMSF). The cells were incubated on ice for 10 min, and then vortexed for
10 seconds. The sample was centifuged, the supernatant discarded, and the pellet was
resuspended in 100 pl of hypertonic buffer (20 mM HEPES-KOH pH 7.9, 25% glycerol, 420
mM NacCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM PMSF) and incubated
on ice for 20 min for high salt extraction. The supernatant fraction, which contains nuclear
proteins, was subjected to IP using antibody against TAF1 or IgG and a modified in-solution
ubiquitination assay was performed (38). Briefly, 1 mg protein of the whole cell lysate from
LNCaP cells was incubated in HEMG buffer (final concentration: 25 mM Hepes—KOH, pH 8.0,
12.5 mM MgCI2, 0.1 mM EDTA, 400 mM KCI, 10% glycerol) containing 1 mM ATP and 5 pl
%°3_ubiquitin in the presence of immunoprecipitated TAF1 or control mouse 1gG. After rotating
for 1 hr at room temperature, AR was immunoprecipitated and subjected to autoradiography or
Western blot analysis with antibodies against AR (Santa Cruz, N-20) and ubiquitin (Santa Cruz,
Ubi-1).

In vitro kinase assay

AR was purified from HeLa cells that stably express FLAG-tagged AR (FLAG-AR) using an
anti-FLAG affinity column (Sigma-Aldrich). Kinase assays were carried out as described
previously (39). In brief, HeLa cells were transfected with expression vectors for HA-TAF1 and

grown in complete media (DMEM + 5% FCS) for 48 hr prior to harvesting for whole cell protein
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extracts. Cell lysis was carried out in RIPA buffer, 1X protease inhibitor cocktail (Complete™,
Roche Applied Science) and 2 uM microcystin (Biomol Research Laboratories)) for 30 minutes
on ice, followed by centrifugation at 13,000 rpm to remove cellular debris (20 minutes, 4°C).
Pre-clearing of protein lysates was accomplished with normal mouse 1gG (Santa Cruz
Biotechnology, Inc.) bound to Protein A/G beads (Santa Cruz Biotechnology, Inc.). TAF1 was
then immunoprecipitated with 4 pg of anti TAF1 antibody (Santa Cruz) over night at 4°C;

normal mouse 1gG (4ug) was used as negative control. Immunocomplexes were pulled-down
with Protein A/G beads and unbound protein was washed away with lysis buffer. Protein
complexes were washed an additional 2 times with Kinase Wash Buffer (50 mM Hepes pH 7.0, 2
mM MgClz, 2 mM MnClz, 1 mM NasVOs, 2 uM microcystin). A typical 25 uL kinase reaction
included: Protein A/G-bound TAF1 (or the IgG negative control), 50 mM Hepes pH 7.0, 2 mM
MgCl2, 2 mM MnClz, 1 mM Na3VOs, 2 mM NaF, 2 uM microcystin, 200 mM [y32P]-ATP
and/or FLAG-AR. Kinase reactions occurred for 20 minutes at 30°C and were terminated by
addition of 5X SDS sample buffer followed by boiling at 95°C for 5 minutes. Phosphorylated
protein were resolved by SDS-PAGE and analyzed by phosphorimagery (Typhoon™, Amersham

Biosciences). ERK enzyme (New England Biolab) was used as a positive control.

4.2.10 Statistical analysis

Student’s t-test (two sided) was used for statistical analysis of transactivation assays and GST
pull-down assays. Wilcoxon rank test was used for tissue microarray analysis. p < 0.05 was

considered statistically significant.
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4.3 Results

4.3.1 TAF1 expression increases with prolonged hormone treatment and with progression

to castration-resistant prostate cancer

Recent evidence suggests that AR-specific gene regulation may occur as a consequence of
interactions with unique coregulatory proteins (40). Since the NTD of AR is the least conserved
nuclear receptor domain, protein interactions in this region may dictate receptor-specific
coregulation capacity. To identify novel AR-interacting proteins, the NTD of AR was used as
bait in the RTA yeast two-hybrid system (17) to screen a LNCaP prostate carcinoma cell line
cDNA library. The RTA system allows for screening with a bait protein that has intrinsic
transactivation function, such as the NTD of AR (19). We have identified several clones that
code for AR-interacting proteins, one of which was the COOH-terminus of TAF1 [(a.a. 1118-

1893) (bp: 3406- 6138), GenBankTM accession number NM 004606].

We next wanted to identify whether TAF1 has a role in advanced prostate cancer. The TAF1
expression level during disease progression was assessed in patients who had undergone varying
lengths of neo-adjuvant hormone therapy (NHT) prior to radical prostatectomy or autopsy using
NHT tissue microarrays (18,41). Each NHT array is comprised of 336 tumour biopsies, which
were obtained from triplicate cores of 112 tumours. A control tissue microarray slide was
incubated with normal 1gG, as described in Material and Methods. Staining intensity was scored
visually by a pathologist on a scale from 0 to 3, ranging from no staining (score 0) to very
intense staining (score 3) (18,34). Fig. 4.1A shows representative histology pictures of four test
groups (<3 months NHT, 3-6 months NHT, >6 months NHT, and castration-resistant state) and
Fig. 1B shows visual scoring analysis of the whole NHT array. Interestingly, we found the longer

the NHT treatment, the higher the level of TAF1 protein. TAF1 expression of individual cores,
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was compared between the different treatment groups and its level was found to be significantly
higher in the 3-6 months NHT over the untreated group (Fig. 4.1B). Furthermore, there was an
additional increase in TAF1 expression with longer NHT and with castration-resistant
progression. Thus, increased levels of TAF1 expression are associated with progression to
castration-resistant, and may have potential clinical value as a biomarker or a therapeutic target

for advanced prostate cancer.

4.3.2 TAF1 interacts with the N-terminus of AR mainly through its HAT and E1/E2

domains

To confirm the AR/TAF1 interaction and to determine the domains involved, GST pull-down
assays were performed using GST-fusion protein with AR/NTD1.559, DBDs41-665, 0Or LBDg4g-919
(Fig. 4.2). Purified GST-AR domains were verified for purification and concentration by SDS-
PAGE followed by Coomassie Blue staining (Fig. 4.2A). Equimolar amounts of non-degraded
protein were determined for each of the GST protein products (* in Fig. 4.2A) and used in pull-
down assays to assess relative TAF1 binding to AR domains, as described before (19).
Radiolabeled TAF1 and TAF1 truncated domains were generated in vitro and analyzed by SDS-
PAGE followed by autoradiography (Fig. 4.2B). The presence of multiple bands for radiolabeled
proteins is due to the presence of several ATG sites within hTAF1 cDNA. Radiolabeled TAF1
(Fig. 4.2B, lane 1) was allowed to interact with GST protein or GST-AR fragments bound to
agarose beads. As shown in Fig. 4.2C (top row), TAF1 did not interact with GST alone (lane 2),
whereas it did bind to all domains of AR (lanes 3-5), with the strongest interaction being with the
NTD of AR (lane 3).

GST pull-down experiments were repeated with radiolabeled TAF1 domains (NTK, HAT,
E1/E2, and CTK proteins; Fig. 4.2B) to identify domains essential for interaction between TAF1
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Figure 4.1. Tissue microarray analysis TAF1 expression in prostate cancer. (A) A NHT
tissue microarray was stained with an antibody that recognizes TAF1 (abcam). Staining intensity
was scored from 0 to 3 by a pathologist. Slides were visualized under 10X magnification and
further magnification (40X) of delineated areas is shown. (B) Visual score of samples with TAF1
staining intensity of 0-3 is given for each treatment group. * indicates that there is significant
difference over 0 months. ** indicates that there is significant difference over 3-6 months.

and AR (Fig. 4.2C, rows 2-5). All domains except the NTK of TAF1 bind to GST fusion AR
proteins with different affinities. We performed the above pull-down assay repeatedly with two
more independent experiments and calculated an average percentage of total input bound to the

GST-AR domains ([CNT*mmz2] bound/[CNT*mmz2] input), as described in materials and
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methods. A summary of the quantified GST pull-down data (percentage of the input bound) for
these TAFL1 truncations and the full-length protein is shown in Fig. 4.2D. Similar to the full-
length protein, HAT and E1/E2 domains interact most strongly with the NTD of AR, but the
HAT domain binds this region with 1.5-times higher affinity. Although the CTK domain was
originally identified as binding to the N-terminus of AR by the RTA assays, this domain interacts
more strongly to the DBD and LBD domains of AR. Taken together, these data demonstrate that
TAF1 interacts directly with AR, confirming our RTA screening result. In addition, mapping the
interaction domains of TAF1 and AR suggests that the HAT, E1/E2 and CTK domains of TAF1
are all involved in binding to AR. The pattern of binding of HAT and E1/E2 domains is similar

to that seen with full length TAF1, suggesting TAF1/AR interaction through these domains.

4.3.3 TAF1 interacts with AR within a prostate cancer cell line

Human TAFL1 protein has a molecular weight of 250,000 and is ubiquitously expressed in
normal tissues, with highest expression levels in the spleen and testes (42). TAF1 is expressed in
nuclei of all prostate cancer cell lines including LNCaP human prostate cancer cells (data not
shown). Since there are strong interactions between TAF1 and AR in vitro and both are
expressed in LNCaP cells, these cells were used to confirm TAF1/AR interaction by co-
immunoprecipitation assays. LNCaP cells were first transfected with HA-TAF1 and treated with
or without 1 nM of the synthetic androgen R1881. Using the Active Motif Co-
immunoprecipitation (IP) kit, nuclear extracts of cells were subjected to IP with an anti-TAF1
antibody and analyzed by Western blot for AR and TAF1 (Fig. 4.3A). The levels of TAF1
expression are the same in the presence or absence of hormone (lanes 1 & 5, upper panel) or
after pull-down (lanes 4 & 8, upper panel). However, the total amount of nuclear AR is increased
upon hormone treatment (lane 5 relative to lane 1, lower panel) and there is more AR co-
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Figure 4.2. TAF1 binds AR through HAT and E1/E2 domains in vitro. (A) GST-fused AR
domains (N-terminus =NTD, DNA binding domain =DBD, ligand binding domain =LBD) were
expressed in E. Coli BL21 and purified using glutathione beads. Fusion protein-bound beads
were eluted with sample buffer and analyzed by SDS-PAGE followed by Coomassie Brilliant
Blue staining. The eluent in each case was run alongside known amounts of BSA (ranging from
250 to 1000 ng) to generate a standard curve for protein concentrations. Equimolar amounts of
non-degraded proteins (*) were used in GST-pull down assays. (B) [*°S] Radiolabeled TAF1 and
its domains (N-terminal kinase (NTK), Histone acetylation (HAT), Ubiquitin activating
conjugating (E1/E2), and C-terminal kinase (CTK) were generated using in vitro
Transcription/Translation kit and autoradiographed. (C) GST pull-down assay. Equivolume of
[*°S] labeled TAF1, [*S] labeled NTK, [**S] labeled HAT[**S] labeled E1/E2, [*°S] labeled CTK
were incubated with GST-AR fragments bound to agarose beads. GST alone coupled to agarose
beads was used as negative control. (D) Dried gels were also analyzed using a Phosphorimaging
screen. Quantity One software was used to obtain data (counts/mm?2) for radiolabelled protein
bands. All pull-downs were done in triplicate, normalized as a function of the percentage input
bound, and averaged. G =GST; N = NTD; D = DBD; L =LBD.
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immunoprecipitated with TAF1 in the presence of hormone (lane 8 compared to lane 4, lower

panel).

Since TAF1 and AR interact in the nucleus and TAFL1 is an essential player in the
transcriptional activity of a number of genes (43), we next investigated whether TAF1 can
associate with AR on the promoter of PSA using ChIP assays (Fig. 4.3B). DNA and proteins of
untreated LNCaP cells or from those treated with 1 nM R1881 were cross linked, lysed,
sonicated, and then immunoprecipitated with anti-TAF1 antibody (row 2), AR (row 3), or an
equivalent amount of normal rabbit/mouse 1gG as negative controls (rows 4 & 5 respectively).
The DNA was purified and used as a template for PCR of the proximal PSA promoter (left
panel). The result indicated that TAF1, like AR, was indeed associated with the PSA promoter
and that this association was found to occur only with androgen treatment. To determine whether
the binding of TAF1 to the PSA promoter is specific, the purified DNA obtained after TAF1 IP
was subjected to PCR for a non-promoter region of the PSA promoter (middle panel), as well as
for B-actin promoter (right panel). The absence of significant PCR products in these regions

indicate that TAF1 binding to the PSA promoter was promoter- and sequence-specific.

4.3.4 TAF1 enhances transcriptional activity of the AR

To determine the impact of AR-TAFL1 interaction on AR transcriptional activity within cells,
transient transfection assays were carried out in PC3 cells, which were co-transfected with
increasing amounts of full-length TAF1 expression vector (p0HA-TAF1), a constant amount of
full-length AR expression vector, along with the pARR3tk-Luc reporter plasmid. Transfected
cells were stimulated with 1 nM R1881or vehicle for 24 hr and analyzed for luciferase activity
(Fig. 4.4A). In the absence of exogenous TAF1, AR activity in PC3 cells was increased by 50-

fold (x 7) with the addition of androgen (1 nM R1881). Increasing amounts of TAF1 enhanced
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Figure 4.3. TAFL1 interacts with AR within a prostate cancer cell line. (A) LNCaP cells were
transiently transfected with HA-TAF1, grown in 5% charcoal stripped serum media (CSS) for 24
hr and then treated + 1 nM R1881 (synthetic androgen) for 4 hr. Nuclear proteins were extracted
and TAF1 was immunoprecipitated (IP) followed by Western blot analysis, probing with anti AR
or TAF1 antibodies. Lanes 1 & 5 = Input (10%); lanes 2 & 6 = non-precipitated; lanes 3 & 7 =
mock I1gG IP; lanes 4 & 8 = anti TAF1 IP. (B) LNCaP cells = 1 nM R1881 were cross linked,
DNA sheared and then the protein/DNA complexes were immunoprecipitated with anti TAF1 or
anti AR and the PSA proximal promoter PCR amplified. The non-promoter region of PSA and -
actin primers were used as negative controls for TAF1 enriched protein/DNA complexes.

AR transactivation by up to an additional 2.6-fold (x 0.5) (p <0.005) in a dose-dependent manner
when overexpressed in the presence of hormone. To confirm the results, LNCaP cells, which

contain AR, were also transfected with pHA-TAF1 and the PSA-Luc reporter. Again, TAF1
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could enhance AR transcriptional activity up to 2.3-fold (x 0.7) in the presence of hormone (Fig.
4.4B). To further explore the role of TAF1 in AR-mediated transcription, these transactivation
assays were repeated as described above except siRNA duplexes were added to knock down
endogenous TAF1 protein (Fig. 4.4C & D). Decreasing the amount of endogenous TAF1
suppressed AR transactivation in the presence of hormone in a dose-dependent manner by 3-fold
(= 0.6) (p<0.005) in AR transfected PC3 cells using a pARR3tk-Luc reporter, and by 2.1-fold (+
0.3) in LNCaP cells using the PSA-Luc reporter. Western blot analysis confirmed that TAF1
protein levels were modulated according to increasing levels of its expression construct or
SIRNA duplexes (Fig. 4.4). In addition, TAF1 protein levels are directly related to the
endogenous PSA expression in LNCaP cells (Fig 4B & D). Together, these results suggest that

the expression level of TAFL1 correlates with AR activity.

4.3.5 AR transcriptional activity is significantly enhanced by N-terminal kinase or
ubiquitin activating/conjugating domains

Since TAF1 is a member of the general transcription machinery complex, it is not surprising
that it exerts its influence on promoters of different genes. In our transactivation assays, we
found that increasing or decreasing TAF1 levels also resulted in increased or decreased
thymidine kinase-renilla activity (pRLtk-Renilla). To differentiate the effect of TAF1 on AR
from TAF1’s general effects on transcription and to determine which TAF1 domains are
specifically involved in AR activation, we created expression vectors of the TAF1 domains and
repeated the transfection experiments in LNCaP cells using the PSA-Luc reporter. In contrast to
full-length TAF1, none of the individual TAF1 domains had any effect on the generic renilla
construct with its pRLtk promoter, implying that general transcription is not affected (Fig. 4.5A).
By comparison, while HAT and CTK domains had no significant effect on AR activity, NTK
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Figure 4.4. TAF1 modulates AR transactivation. PC3 cells were co-transfected with 1.5 pg/well

full length AR (pARG6) and 0.2 pg/well pARR3-tk-Luc reporter, 0.1 pg/well pRLtk-Renilla, and
increasing amounts of pHA-TAF1 (A) or increasing amounts of TAF1 siRNA duplexes (C). LNCaP

cells were co-transfected with 1 pg/well pPSA-Luc, 0.1 pg/well pRLtk-Renilla and 1 pg/well
pCS2+HA-hTAF1 (B) or 10 nM TAF1 siRNA duplexes (D). Transfected cells were grown in the
presence or absence of 1 nM R1881 for 24 hr (A & B) or 48 h (C & D) before harvesting for
luciferase assay and Western blot analysis. Luciferase units (RLU) are expressed relative to protein
values for each sample. All luciferase values are given as the mean (£ SEM) of triplicate readings. 138
Graphs are representative of the 3 independent experiments. * indicates a p<0.05 compared to
empty vector control. ** indicates a p<0.05 compared to *.



and the E1/E2 domains of TAF1 did enhance AR activity in an androgen dependent manner (Fig.
4.5B). NTK significantly enhanced AR transactivation by 2.4-fold (= 0.5), which is almost as
much as the full-length TAF1. However, E1/E2 domain had an even greater effect, enhancing
AR activity over 3.4-fold (£ 0.6). Fig. 4.5C shows the relative expression levels of full-length

TAF1 or its individual domains to AR and (3-actin proteins.

Since NTK enhances AR transactivation, we tested the effect of apigenin, a TAF1 protein
kinase inhibitor (26,27), on AR transcriptional activity. Using the MTS assay, we found that
apigenin at 5 uM does not affect LNCaP cell viability (data not shown). This concentration was
then used to treat LNCaP cells transfected with the PSA-Luc reporter. As shown in Fig. 4.6A,
AR activity is suppressed up to 4.3-fold (x 0.6) in the presence of apigenin. We next tested
whether TAF1 could phosphorylate AR, using in vitro kinase assays. TAF1 pulled down from
HeLa cells with antibody was incubated with affinity purified FLAG-AR protein from HeLa-AR
cells (44) in the presence of [y32P]-ATP. Although we were able to show TAF1
autophosphorylates consistent with reports by others (23), we could not detect AR

phosphorylation by TAF1 (Fig. 4.6B).
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Figure 4.5. N-terminal kinase and ubiquitin activating/conjugating domains of TAF
specifically enhance AR transactivation. LNCaP cells were co-transfected with either pHA-
TAF1 or one of its four domains (pV5-NTK, pV5-HAT, V5-E1/E2, or pV5-CTK) (1 ug/well)
and the pPSA-Luc and pRLtk-Renilla. 1 ug/well empty vector (EV) was used as a control.
Transfected cells were grown in the presence or absence of 1 nM R1881 for 24 hr before
harvesting for luciferase assay. (A) Fold-induction of renilla units in the presence of R1881
versus the empty vector plotted for TAF1 or its individual domains. (B) Luciferase units were
normalized to protein plotted for PSA-Luciferase. * indicates a p<0.05 compared to empty vector
control. (C) Western blot analysis for AR, B-actin, empty vector (EV), TAF1, NTK, HAT, E1/E2

and CTK.
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Figure 4.6. Kinase activity of TAFL1. (A) LNCaP cells were co-transfected with the pPSA-Luc
and pRLtk-Renilla. Transfected cells were treated £ 1 nM R1881 and 5 ptM apigenin or vehicle
for 24 hr before harvesting for luciferase assay. Luciferase units were normalized to protein and
fold-induction of luciferase activity was plotted against vehicle treatment. (B) Transfected HeLa
cells with HA-TAF1were subjected to pull-down with anti-TAF1 antibodies or 1gG followed by
immunoprecipitation. The protein complexes were then incubated with [y*2P]-ATP alone (lane 1)
and FLAG-AR (lane 2) at 30°C for 20 min. Mock enzyme (lane 3) or ERK (lane 4) were
incubated in kinase buffer with the presence of [y**P]-ATP and FLAG-AR as controls. The
arrow head and asterisk show phosphorylated TAF1 and AR respectively.

4.3.6 AR is ubiquitinated by TAF1

Since NTK does not bind to AR and the CTK and HAT domains do not enhance AR
transcriptional activity, we focused on the E1/E2 domain, which binds to AR and has the most
profound effect on its transactivation. Ubiquitination is a post-translational modification that
mediates the covalent conjugation of ubiquitin to protein substrates. The functional role of
ubiquitination was originally considered to be the targeting of proteins to the proteasome for
degradation. However, it is now known that ubiquitination regulates many other processes in the
cell, including membrane trafficking, DNA repair, and transcription depending on which lysine

is ubiquitin-conjugated (45). AR is also a direct target for mono- and poly-ubiquitination (32,46).
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To address whether TAF1 can ubiquitinate AR, LNCaP cells were cultured in 5% CSS media for
24 hr and then co-transfected with pHis6-Ubiquitin and either pHA-TAF1 or empty vector. Cells
were then treated with 5% CSS media with or without 1 nM R1881 followed by 6 hr treatment
with vehicle or MG132, a proteasome inhibitor. To show the His-ubiquitin conjugated status of
AR in the presence and absence of MG132, after saving 5% input (Fig. 4.7A, lower panels), His-
conjugated proteins were purified followed by a Western blot with antibody against AR. Fig.
4.7A (lanes 1 & 2) shows that in the absence of MG132 and hormone, there is no His-conjugated
AR. However, very faint bands appear in the presence of hormone and are strongest with
overexpression of TAF1 (lanes 4 versus 3). Lanes 5-8 show the same order of experiments in the
presence of proteasome inhibitor. As expected, there are no ubiquitination of AR in the absence
of hormone while the total amount of polyubiquitinated AR is increased with MG132 and R1881
treatment when TAFL1 is overexpressed (lanes 8 versus 7). Since MDMZ2 (an E3 ligase) is
involved in the poly-ubiquitination of AR (32), we wanted to see if the MDM2 protein could also
be detected in this set of experiments. Hence, the same membrane was blotted with antibody
against MDM2. As shown in Fig. 4.7A (middle panels), the more ubiquitinated AR, the more
MDM2 within the protein complex, indicating that TAF1 induces ubiquitination of AR through

MDM2.

Given that the E1/E2 domain of TAF1 enhances AR activity, we wanted to know if this
domain could also ubiquitinate AR in LNCaP cells in the same condition as mentioned above,
except the truncated E1/E2 of TAF1 was transfected instead of the full-length protein. Fig. 4.7B
shows a drastic increase in the level of ubiquitinated AR once the E1/E2 is expressed in the
presence of MG132 and R1881 (lane 4 versus 3). Together, these experiments indicate that

TAF1 can ubiquitinate AR and its E1/E2 domain is sufficient to ubiquinate AR.
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To assess whether TAFL1 is able to directly ubiquitinate AR, an in vitro ubiquitination assay
was performed (38). As an abundant source of endogenous TAF1, HeLa cells were subjected to
pull-down with anti-TAF1 antibodies and immobilized on agarose beads. As a source for AR and
E3 ligases, proteins were extracted from LNCaP cells and incubated with radiolabeled ubiquitin,
10 nM ATP and TAF1 or mock IP (negative control) at room temperature. After 60 min, AR was
immunoprecipitated and subjected to autoradiography (Fig. 4.7C; left panel) and Western blot
analysis for AR and ubiquitin (Fig. 4.7C; right panel). Lanes 1 and 2 are 5% inputs after
incubation with ATP and ubiquitin in the absence or presence of TAFL1, respectively. They show
a smear of **S-ubiquitinated proteins, indicating in vitro ubiquitination has occurred. In the
absence of TAF1, after AR antibody pull-down, two separate faint bands can be seen (lane 3)
implying **S-ubiquitinated AR. However, in the presence of TAF1, there is a profound increase
in the amount of radiolabeled AR (lane 4, arrow heads), indicating that TAF1 plays a direct role
in the extent of ubiquitination of AR. Lanes 5-10 show a Western blot of the same experiment.
Lanes 5 and 6 are 5% of inputs before IP of AR (open arrow shows non-ubiquitinated AR).
Lanes 7 & 8 are immunoprecipitations of AR following incubation with ATP and radiolabeled
ubiquitin. The presence of multiple bands with higher molecular weight than AR protein
suggests ubiquitination of AR that is enhanced in the presence of TAF1 (lane 8 versus 7, arrows).
To confirm these bands were ubiquitin-conjugated AR, the same membrane was blotted with
ubiquitin antibody showing the same corresponding high molecular weight bands (lanes 9 & 10).
Accordingly, the presence of TAF1 increases the amount of ubiquitinated AR (lanes 8 versus 7
& lanes 10 versus 9), confirming involvement of TAF1 in AR ubiquitination. Overall, these

results validate our in vivo data and highlight the direct role of TAF1 in the ubiquitination of AR.
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Figure 4.7. TAF1 ubiquitinates AR. (A) LNCaP cells were transfected with 2 pg pHise-
ubiquitin and either 6 pg of pHA-TAF1 or empty vector. Cells were then treated with 5% CSS
RPMI = 1 nM R1881 followed by 10 uM MG132 or vehicle for 6 hr. After harvesting and lysing
the cells in RIPA buffer, 5% of cell lysate was used as an input (lower panels) and the remainder
was mixed with 50 pl Ni?*-NTA-agarose beads. The mixture was rotated at 4°C for 3 hr and then
affinity pulled down followed by Western blot analysis for AR and MDM2 (upper and middle
panels). The input was blotted for HA, AR and B-actin. (B) Experiments were designed as above,
except cells were transfected with the pE1/E2 instead of the full length protein. (C) Nuclear
extracts of HelLa cells were subjected to IP using antibody against TAF1 or 1gG. LNCaP cell
lysate was incubated with 1 mM ATP, *S-ubiquitin in the absence (lanes 1, 3, 5, 7 and 9) or
presence of TAFL IP (lanes 2, 4, 6, 8 and 10) in HEMG buffer. After 1 hr incubation at room
temperature, AR was immunoprecipitated followed by autoradiography (left panel) and Western
blot for AR and ubiquitin (right panel). Lanes 1, 2, 5 and 6 = Input (5%) from LNCaP lysate
before IP of AR. Arrow heads and arrows show ubiquitin-conjugated AR. Open arrow shows
non-ubiquitinated AR.
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4.4 Discussion

Many possible molecular mechanisms responsible for the development of castration-resistant
prostate cancer have been proposed. Most involve retention of AR expression (47). The up-
regulation of AR-target genes and overexpression of AR at the protein and mRNA levels support
the notion that AR activity is altered in castration-resistant states (48-51). There are a variety of
molecular alterations that could lead to continued or amplified AR signaling following surgical
or medical castration. However, the most commonly occurring mechanisms for progression to
castration-resistant are likely to be epigenetic, involving ligand-independent (or ligand-reduced)
activation of AR through autocrine production of active androgens in the cancer cells,
convergence of cell signaling pathways and/or altered activity and expression of AR coregulators
(49,52-56). With respect to signaling pathways, several growth factors and cytokines including
IGF-1, EGF, KGF, and IL-6 have been implicated, with some evidence that their activity is
mediated directly or indirectly through participation of kinases such as MAPK, PKA and PKC
(57-60). Using a short-hairpin RNAI to knock down AR, we reported that about 75% of ligand-
independent AR-transcriptional activity ascribed to these factors required the direct participation
of AR (61). In addition to phosphorylation, changes in other post-translational modifications of
AR such as acetylation (62) and sumoylation (63) may also play a major role in ligand-
independent activation of AR and development of castration-resistant disease. Furthermore, the
levels of androgens that persist in the prostate after castration (64) may be sufficient to activate
AR under conditions of aberrant expression of specific coactivator proteins (65). Hence, an
understanding of coregulator protein functions is required for a full comprehension of AR

transactivation in both normal and neoplastic prostate cells.
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Using the RTA yeast two-hybrid system TAF1 was identified as a novel AR-NTD-interacting
protein and this direct interaction was confirmed with full-length TAF1, using GST pull-down
assays (Fig. 4.2C). We also found that TAF1 expression levels were increased in prostate cancer
patients who underwent NHT treatment for more than 3 months (Fig. 4.1). Although some non-
specific staining was observed within the cytoplasm of prostate cancer cells, stonger nuclear
staining for TAF1 and the lack of cytoplasmic staining in our control slides suggest the TAF1
expression pattern in this array is valid. Mapping of the TAF1 and AR interacting domains
showed that the HAT and E1/E2 domains bind strongly to AR-NTD, mimicking the full length
TAF1. The CTK domain that was originally isolated by the RTA system interacts with all AR
domains, but most strongly with the AR-DBD. In contrast, NTK does not have affinity for any
AR domains, further indicating the specificity of these interactions (Fig. 4.2C & D). It has been
reported by others that the N-terminus of TAF1 binds to the concave surface of TBP and
consequently inhibits TBP/ TATA box contact, hence repressing transcription (28,66). However,
binding of activators, such as c-Jun with the N-terminus of TAF1 releases this inhibition,
resulting in transcription initiation (67). Accordingly, the ability of TAF1 to interact with AR
through multiple domains other than NTK suggests that TAF1 may play a role in modulating AR
folding and one can speculate that, upon interaction with AR, the NTK release from the concave
surface of TBP will initiate transcription. This hypothesis is supported by the fact that upon
overexpression of TAF1 in both PC3 and LNCaP cells in the presence of nuclear AR (hormone
induced activation), AR activity is increased (Fig. 4.4A&B), whereas siRNA knock down of

TAF1 suppresses AR activity (Fig. 4.4C&D).

Co-immunoprecipitation assays of the nuclear extracts of LNCaP cells demonstrate that the

interaction between AR and TAF1 occurs in the presence of hormone (Fig. 4.3A). Since TAF1 is
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a component of the general transcription machinery within the TFIID complex and directly
associates with AR to modulate AR activity, we explored whether TAF1 co-localizes with AR at
the PSA promoter. Using ChIP assays with LNCaP cells, we found that TAF1 is associated with

an ARE in the proximal promoter of the PSA gene (Fig. 4.3B).

The essential nature of TAF1 can be attributed to its broad requirement during RNA-pol-I1-
dependent transcription (68). Indeed, about 18% of hamster cell line genes are TAF1-dependent
(43,69). In our studies, we also found that TAF1 can modulate the transcription of non-androgen
responsive reporters. To show the specificity of TAF1 on AR, various domains of TAF1 were
tested for their inability to modulate non-androgen responsive reporters in transient transfection
assays (Fig. 4.5A). Although TAF1 is a component of the transcriptional machinery and is able
to modulate pRLtk-Renilla, none of its individual domains influenced this non-androgen
responsive promoter. However, TAF1 through its NTK and E1/E2 domains appears to be a

coactivator of AR, enhancing AR transcription (Fig. 4.5B).

The AR is a substrate for phosphorylation, acetylation and ubiquitination (6,32,46,70,71) and
this makes AR a potential substrate for TAF1, which possesses all of the above enzymatic
activities. We did not determine whether TAF1 can acetylate AR because no significant changes
on AR activity were seen in transfection assays when the HAT domain was overexpressed (Fig.
4.5B). The NTK appears to be involved, since apigenin, a TAF1 kinase inhibitor (26,27) can
suppress AR transcriptional activity by 4.3-fold (Fig. 4.6A), but we were unable to observe direct
AR phosphorylation by TAF1, which suggests that TAF1 induces phosphorylation of

intermediate proteins to enhance AR activity.

It has been reported that TAF1 can mono-ubiquitinate histone 1(H1) (38) and is involved in

poly-ubiquitination of p53 (26,27). Since E1/E2 has the most profound effect on AR activity, we
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also sought to determine whether ubiquitination of AR can be increased as a consequence of
TAF1 overexpression. Interestingly, in the presence of proteasome inhibitor and expression of
His-ubiquitin, both TAF1 and its E1/E2 domain enhance the total amount of ubiquitinated AR in

within a prostate cancer cell line (Fig. 4.7A, lane 8 versus 7).

In addition, the E1/E2 domain alone is able to increase the total amount of ubiquitinated AR
(Fig. 4.7B). This supports our transactivation data (Fig. 4.4B), in which the E1/E2 domain
enhances AR activity more than 3-fold. Interestingly, TAF1 can ubiquitinate AR even in the
absence of proteasome inhibitor within the cells (Fig. 4.7A, lane 4) and in vitro (Fig. 4.7C).
Since the majority of TAF1-induced poly-ubiquitinated AR is accumulated after the proteasome
inhibition and that poly-ubiquitinated AR is not functional (32,72), there are at least two possible
mechanisms that could explain how TAF1 enhance AR transcriptional activity. First, TAF1 can
poly-ubiquitinate AR through lysine 48, causing proteasome degradation of AR mainly through
MDM2 (Fig. 6A & B). This would induce AR turnover and consequently enhance AR
transcriptional activity. Second, TAF1 may induce AR poly-ubiquitianation on other lysine sites,
such as K6 or K27, as recently reported with the RNF6 protein and AR (73) . This type of AR-
poly-ubiquitination does not lead to AR degradation, as MDM2 does. In contrast, it can enhance
AR activity through modulation of AR binding proteins/chromatin, as it was shown with p53-
and Met4-poly-ubiquitination (74,75). These alternative mechanisms will be explored further in

future studies.

In conclusion, our results suggest that TAF1 is a coactivator of AR that binds and enhances
AR transcriptional activity most likely through ubiquitination of AR. Accordingly, an increase in

TAF1 expression during NHT therapy for advanced prostate cancer, especially with treatment
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extended over 6 months, could be a compensatory mechanism adapted by cancer cells to

overcome lack of circulating androgens.
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Chapter 5

General discussion, conclusions and future directions

Several clinical observations followed by molecular pathology evidence from human or
animal model prostate cancer samples indicate that AR signalling is active and required for
castration-resistant prostate cancer (Sections 1.4 & 1.5). PSA is an exclusively AR-dependent
gene and is commonly used as a biomarker for disease activity. PSA declines upon androgen
ablation therapy and its subsequent rise mainly indicates the relapse of prostate cancer. A
significant body of evidence indicates that tumour cells at this stage are still dependent on AR
signalling, even in the most advanced hormone-refractory prostate cancer (1-5). Several
mechanisms used by tumour cells to keep the AR signalling active despite androgen ablation
therapy and/or in the presence of AR antagonist. These mechanisms include i) point mutation in
AR ligand binding pocket that can result in activation by other steroid hormones or
nonandrogenic factors (4) (Section 1.4.1); ii) amplification of the AR gene and AR protein
overexpression (6) (Section 1.5.2); iii) expression of alternatively spliced variants of the AR that
are constitutively active (7,8); iv) aberrant expression of AR-coregulators (9-11) (Section 1.5.4);
v) changes in the expression of enzymes involved in steroidogenesis and de novo steroid
synthesis (12,13); vi) “cross-talk” with other signalling pathways that promote post-translational
modification of AR (14-18) (Section 1.5.3). Therefore, targeting AR transactivation is critical to
achieve chemotherapeutic response in castration-resistant prostate cancer. Accordingly, recent
data have shown that many patients will respond to a second round of hormone therapy,

suggesting that targeting AR with novel agents could suppress or delay tumour growth (19,20)
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and potentially increase survival (21). In the current research project, the following two

approaches that modulate AR activity have been explored (Chapters 3 and 4).

1. Establishment of screening assays for agents that modulate growth, death, and AR
activation in prostate cancer cells and its application for selecting AR antagonist
compounds

2. Investigation of TAF1 as a novel AR-coactivator that is overexpressed in advanced

prostate cancer

5.1 Establishment of screening assays for agents that modulate growth, death, and AR
activation in prostate cancer cells and its application for selecting AR antagonist

compounds

Genetically modified LNCaP cells that stably express EGFP either constitutively or upon AR
activation (Section 2.2.2) were treated with a variety of agents, and then monitored by
fluorescence and MTS assays for dose-dependent changes in cell number and AR activity (22).
The assays were validated for rapid, fluorescence-based, quantitative measurement for the
presence of growth and AR modulators (Section 2.3). Using these assays, we found that
osteoblast conditioned media enhanced prostate cancer cell growth, but not AR activity (Section
2.3.4). After priming with androgen (<1 nM R1881), forskolin or the pesticide dichlorvos, AR

activity was enhanced, whereas it was inhibited by interleukin 6.

These non-destructive, cell-based assays enabled rapid systematic monitoring of the effects of
drugs or complex mixtures on prostate cancer cell growth and /or AR activity in real-time. It has
to be emphasized that the AR-reporter in this system is chromosomally integrated, which makes

it a more appropriate model than transient transfection assays. However, there are some technical
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aspects that limit its widespread application. First, the expression of EGFP as a read-out
decreases after the 10™ passage or repeated freezing and thawing. To circumvent this problem,
cells have to be sorted for high fluorescence levels by FACS after several passages. In addition,
this system would be more robust if a low passage LNCaP cell line is used for viral infection.
The second limitation is the lack of sensitivity. Even though the above screening assay is
reproducible and represents a more physiological condition (Section 2.4), the relative fluorescent
unit expression is far less than relative luciferase unit as a reporter assay for AR activity. Hence,
it is unable to differentiate subtle changes in AR activity and cannot be replaced by conventional

transient transfection assays.

This system has been used to screen potential AR antagonist compounds, which were selected
through computer-aided drug design (Chapter 3). Due to limitations in targeting the ligand
binding pocket on AR (Section 1.4.1), Fletterick et al conducted functional and x-ray screens to
identify compounds that bind the AF-2 on the AR surface (23). They discovered the BF-3 pocket
as a target for inhibiting AR activity (Section 3.1). Using in house developed components of an
in silico drug discovery platform, 220 top-scored compounds were selected (Section 3.4.1).
These chemicals were screened for AR inhibition and cell toxicity using LN-ARR,PB-EGFP,
described above. We found that 17 out of the 220 compounds did exhibit some inhibiting effect
on the AR. Based on MTS assays and cell morphology, these 17 compounds were also found to
be non-toxic at the concentrations tested (Table 3.1). This result has been validated with
transfection assays (Fig. 3.1 A), and seven of these chemicals showed strong anti-androgen
receptor activity that significantly exceeded the activity of bicalutamide, one of the most potent

antiandrogen drugs currently used to treat men with metastatic prostate cancer (Fig. 3.1 B).
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The next step in this study will be to prove that these chemicals bind directly to the BF-3 site
and to determine their orientation and structural interactions. With the collaboration with Dr.
Fletterick, the initial binding assessment will be done primarily using a Biacore system
(www.biacore.com) and the specific orientation of the most active chemicals will be determined
using high throughput x-ray screening (23), where the compounds are soaked with AR ligand
binding domain crystals (24). The primary objective will be to determine exactly how the
currently most active chemicals fit into the BF-3 pocket and to use this information for future
design of even more potent derivative drugs. Based on the results, further refinement of the
computational approaches will be performed in a way that will allow ranking of the 17
compounds at the top of the list. In addition, possible structural changes in the BF-3 pocket upon
ligand binding (molecular dynamic) will be explored to improve predictions of induced fits. In
simple terms, the molecular dynamic approach allows recreation of ‘cartoon-like” movements of
a compound in a protein cavity during their mutual molecular recognition and binding. Such
presentations allow isolation of various ‘snapshots’ of a target protein’s structure corresponding
to its state before, during and after ligand binding. These ‘snapshots’ of the BF-3 binding site
will be used to identify configurations of the target that have a higher affinity toward the 17
chemicals possessing the inhibiting effect on the AR. This will improve the accuracy of the
process when the ~50 million chemicals are re-run through the refined in silico pipeline. It is
expected that the second run will yield more active leads against the AR and will bring more

insight into the mechanisms of BF-3 binding and AR inhibition by the developed drug leads.

The next phase of this research will then be to determine the LC50 (50% lethal concentration)
of our 17 lead candidate anti-androgen compounds. MTS assays will be performed after
treatment of both androgen-dependent (LNCaP & LAPC-4) and androgen-independent (C4-2,
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PC-3 & DU145) prostate cancer cell lines with increasing concentrations of test compounds.
These experiments should reveal the relative sensitivity to these compounds of prostate cancer
cells with functional ARs and determine whether these compounds mediate cell killing through
the AR. Once in vitro toxicology and efficacy studies are verified, the effects of non-toxic
candidate drugs (and potential derivatives) on inhibiting AR activity and growth of prostate
cancer tumours grown in vivo in immunocompromised mice could be performed (19,20,25). It is
expected that the most effective chemical for inhibiting androgen receptor activity will also be
the most potent in reducing serum PSA levels, inhibiting tumour growth, and delaying or

preventing progression to the lethal castration-resistant state.

5.2 Investigation of TAF1 as a novel AR-coactivator that is overexpressed in advanced

prostate cancer

In the second approach, we aimed to find the proteins that bind to the AR, modulate AR
transcriptional activity, and are involved in prostate cancer progression. In Chapter 4, the finding
that TAF1 is a novel AR-coactivator has been introduced. Using the repressed transactivator
yeast two-hybrid system, we found that TAF1 interacted with the AR (26). In tissue microarrays,
TAF1 was shown to steadily increase with duration of neoadjuvant androgen withdrawal and
with progression to castration resistance (Section 4.3.1). GST pull-down assays established that
TAF1 bound through its acetylation and E1/E2 directly to the AR N-terminus (Section 4.3.2).
Co-immunoprecipitation and ChlP assays revealed colocalization of TAF1 and AR on the
prostate specific antigen promoter in LNCaP prostate cancer cells (Section 4.3.3). With respect
to modulation of AR activity, overexpression of TAF1 enhanced AR activity several-fold,

whereas siRNA knockdown of TAFL1 significantly decreased AR transactivation (Section 4.3.4).
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While full-length TAF1 showed enhancement of both AR and some generic gene transcriptional
activity, selective AR coactivator activity by TAF1 was demonstrated in transactivation
experiments using cloned N-terminal kinase and E1/E2 functional domains (Section 4.3.5). In
keeping with specific AR coactivation by the ubiquitin activating and conjugating domains,
TAF1 was found to greatly increase the cellular amount of poly-ubiquitinated AR (Section
4.3.6). In conclusion, our results indicate that increased TAF1 expression is associated with
progression of human prostate cancers to the lethal castration-resistant state. Since TAF1 is a
coactivator of AR that binds and differentially enhances AR transcriptional activity, its
overexpression could be part of a compensatory mechanism adapted by cancer cells to overcome

reduced levels of circulating androgens.

With the discovery of increased TAF1 expression levels in advanced prostate cancer and its
influence on AR activity, a next step in assessing the potential role of TAF1 in prostate tumour
growth and progression would be to test the effects of its inducible overexpression or knockdown
in our LNCaP tumour model. The LNCaP xenograft model generated in athymic nude mice
provides a reproducible in vivo experimental system for monitoring molecular and genetic events
associated with growth, regression and progression to castration resistance (27,28). We will
create LNCaP cell lines that have DOX-inducible overexpression of TAF1 as well as inducible
shRNA knockdown of endogenous TAF1 plus appropriate empty vector or non-specific controls,
as we have reported in detail elsewhere (19,29). After in vitro testing of the effects on cell
growth and PSA expression in the absence and presence of DOX, these lines, together with
stable, non-specific or empty vector controls, will be inoculated and grown in groups of 6 nude
mice in the LNCaP tumour model, exactly as described before (19,27,28). At various time points
before and after castration, we will test the effects of TAF1 expression level (by treating + DOX
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in the drinking water) on the rate of growth, regression, and PSA-progression to castration
resistance. As before, statistical analyses will be performed after the first set of experiments and
animal numbers will be altered accordingly in consultation with our biostatistician (R. Bell). We
will monitor the status and cellular localization of AR under these treatment conditions and also
perform immunohistochemistry and Western blot analyses to ensure that TAF1 expression is
modulated as expected. These experiments should uncover any role of TAF1 in progression to

castration-resistant prostate cancer.

One of the biggest issues when working on TAF1 is to differentiate between the role of TAF1
in the general transcriptional machinery from its influence on the AR. This is even more of a
concern when TAFL1 is considered as a therapeutic target. To avoid this problem, one could
identify the sequences on the AR where TAF1 binds. Using in silico drug design discovery, we
could screen our virtual compound library for small molecules that bind to this particular site on
the AR molecule. We would next screen the top-selected compounds for AR inhibition followed
by validating the physical binding using X-ray crystallography as described above. The
compounds that are selected by this approach would interrupt the TAF1/AR interaction and the
coactivator function of TAF1 would therrby be disrupted without a major influence on cell

viability.

With respect to cell growth, since TAF1 has a role in cell cycle progression and repression of
apoptosis (30,31), the overexpression of TAF1 might facilitate cell proliferation through
mechanisms other than AR. To address this concern, we will generate another inducible prostate
cancer cell line that does not have an AR, such as PC3 cells (PC3-TAF1). We will then compare

the growth of PC3-TAF1 to PC3-DEST as a negative control in vitro and then in the athymic
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nude mice. The result of the latter experiment should answer whether TAF1 can influence
tumour progression in an AR independent manner. Another issue is that complete TAF1
knockdown may be lethal, although we rarely see >80% knockdown using this system (19).
Recently, we have been able to titrate the expression level of ShRNAs by varying the level of
DOX administered (data not shown), and if necessary, we will use this strategy to modulate the

cellular levels of TAFL1.

Although we were unable to show AR phosphorylation by TAF1 through in vitro kinase
assays, that could be due to inadequacy of cell-free assays. As an alternative, an in vivo
phosphorylation assay could be performed (32). The DOX-inducible LNCaP-TAF1 cells (as
described above) will be treated with combinations of + R1881 and + DOX in the presence of P
orthophosphate before cell lysis and AR pulldown. Phosphorylation of AR will then be analyzed
by SDS-PAGE, followed by autoradiography. A stronger 3P band compared to controls would

suggest that increased TAFL1 is involved in increased AR phosphorylation.

5.3 Significance

The limiting factor in the survival of a patient with prostate cancer is the rate of progression to
castration resistance (33,34). In order to have any impact on mortality rates from this disease, we
need to understand how cancers will progress to a hormone-refractory state and to develop ways
to prevent, delay, or treat the hormone-refractory phenotype. Since the AR plays a key role in
progression of prostate cancer to advanced stages, the overall goal of this research was to
determine new targets through which the AR activity could be inhibited and to develop better

treatments for castration-resistant prostate cancer.
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The data presented in this thesis shows our two different approaches for inhibiting AR
function. First, by co-application of our cell-based screening assays for AR activity and our
relatively unique in silico drug discovery program, we identified several compounds that inhibit
AR activity even more efficient than the current conventional drugs. Second, we found that
TAF1 is a novel AR-coactivator that directly binds to and coactivates the AR, and that this AR
coactivation activity is distinct from TAF1’s generic transcriptional enhancement of gene
activity. Furthermore, we show that TAFL1 is overexpressed in human prostate cancers during
progression to castration resistance, whose overexpression could be part of a compensatory
mechanism adapted by castration-resistant prostate cancer cells to overcome reduced levels of
circulating androgens. These research projects will be the subject of future studies, which will
provide possible novel drugs for treating advanced prostate cancer. We hope by using the small
molecules that we are currently developing for the BF-3 pocket, and in future for the sites on
which TAF1 binds to the AR, a new class prostate cancer drugs will be developed to create a
more powerful total androgen blockade than is currently possible. This will extend the remission

period of hormone sensitive or castration-resistant prostate cancer.
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