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ABSTRACT
Prostate cancer remains a global public health problem. Worldwide, it is the
most common noncutaneous cancer in men and is a leading cause of cancer-
related deaths among men in North America and Western\Northern Europe.
Currently, PSA is the screening tool of choice and has been estimated to reduce
the rate of death from prostate cancer by 20% but fails to adequately
distinguish between clinically indolent versus aggressive forms of prostate
cancers. Development, therefore, of novel diagnostic and prognostic markers is

imperative to enhance the predictive value of current screening tools.

Uncharacteristic DNA methylation has been implicated as a key survival
mechanism in cancer, whereby promoter hypermethylation silences genes
essential for many important cellular processes, such as apoptosis. Disruption
of apoptosis, via both genetic and epigenetic mechanisms is one of the
principal factors contributing to the evolution of the carcinogenic phenotype.
To date, studies on the methylation profile of apoptotic genes have largely
focused on cancers of the breast, colon and stomach, with only limited data

available on prostate cancer.

The objective of this study was to profile the methylation status of apoptotic-
related genes in prostate cancer using a novel Denaturing High Performance
Liquid Chromatography (DHPLC) platform. Based on an in silico selection
process, thirteen genes were screened for CpG methylation in a panel of
prostate cancer cell lines (LNCaP, DU145, PC3, 22RV1, RC58) and normal
prostate cell lines (RWPE1 and PWRIE) using DHPLC. Our results
demonstrate that the CpG promoter regions of BIK, BNIP3, cFLIP, TMSI,
DCRI, DCR2 and CDKNZ2A appear fully or partially methylated in a high
number of the malignant cell lines examined. We next studied the expression
of these genes in the relevant prostate cancer cell lines and in DNA
methyltransferase inhibitor (5aza2'deoxycytidine) treated PC3 cells. Consistent
with our methylation data, expression of ¢FLIP, BIK, BNIP3, TMS1, CDKN2A
and DCRI/2 are significantly reduced in multiple cell lines. Furthermore,
treatment of PC3 cells with 5aza2'deoxycytidine causes a moderate to strong

increase in expression in BIK, TMS1, CDKN2A and DCRI1/2. Thus, this work



demonstrates the utility of a combined in silico and DHPLC screening platform

for identification of novel gene-targets of promoter hypermethylation in cancer.

This is the first report of aberrant methylation of BIK, BNIP3, and cFLIP in
prostate cancer. Three genes TMSI, DCRI and DCR? identified in our study
have previously shown utility as potential new biomarkers of risk prediction in
prostate cancer (Suzuki et al., 2006), while CDKNZ2A, is known to be aberrantly
methylated in prostate but its potential as a tumour biomarker is unknown.
Further examination of the methylation profile of these 7 apoptotic-related
genes in samples representing prostate cancer (n=50), HGPIN (n=17), normal
adjacent prostate (n=43) and BPH (n=35) using QMSP identified 5 genes
(BNIP3, CDKN2A, DCRI, DCR2 and TMS1) which had a significantly higher
frequency of methylation in their promoter CpG islands in prostate cancer than
normal prostate. Approximately 69% of tumour samples and 0% of normal
tissues were methylated in at least one of our 5- apoptotic gene panel.
Furthermore, this 5 gene “apoptotic methylation signature” is more frequently
methylated in prostate cancer with a Gleason score >7, which is associated
with a poorer prognosis. In addition, combination of this panel of genes with
GSTPI increased the frequency of methylation detection in prostate cancer
from 80% to 89% than if GSTPI were used alone. Thus, future examination of
this “apoptotic methylation signature” in a larger cohort of patients is justified
to further evaluate its value in a diagnostic and prognostic setting and its

potential to stratify patients into chemo-resistant/chemo-sensitive group.



“For most of human history we have searched for our place in the cosmos.
Who are we? What are we? We find that we inhabit an insignificant planet of a
hum-drum star lost in a galaxy tucked away in some forgotten corner of a
universe in which there are far more galaxies than people. We make our world
significant by the courage of our questions and by the depth of our answers”. -
Carl Sagan

For my parents Michael and Bernadette
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CHAPTER 1

1.1 GENERAL INTRODUCTION

Prostate cancer represents an important global public health problem.
Worldwide, it is the most common noncutaneous cancer in men (Jemal et al.,
2008). In Ireland alone, over 700 deaths per year are attributable to the disease
(Donnelly, 2009). In recent years, prostate cancer five year survival rates have
been ranked third highest of all cancers (Toms, 2004). Much of this
improvement is due to an increase in the number of men being diagnosed with
early stage prostate cancer as a result of widespread use of prostate specific
antigen (PSA) testing. However, PSA has a number of limitations as a cancer
biomarker. Firstly, it lacks both specificity and sensitivity and its role in
decreasing mortality rates is highly controversial. PSA-based screening has
been shown to reduce the rate of death from prostate cancer by 20% but was
also associated with a high risk of over diagnosis in the screening population
(Schroder et al., 2009). Currently, the European Association of Urology does
not advocate the adoption of population screening for prostate cancer as a
public health policy due to the large overtreatment effect. The difficulty,
therefore, remains in distinguishing between clinically indolent prostate

cancers and aggressive prostate cancers with the potential to kill the patient.

The identification of novel diagnostic and prognostic markers is urgently
required to enhance the predictive value of current screening tools.
Understanding the natural history and aetiology of prostate cancer is essential.
Dissecting disease initiation and progression at the molecular scale, specifically
focussing on fundamental pathways (such as cellular death) which are
deregulated in cancer, is likely to be a significant source of information to aid
in target identification for novel disease biomarkers and therapeutic targets.
Recently, analysis of gene methylation has emerged as a putative source of

prostate specific cancer biomarkers (Ellinger et al., 2008; Soengas et al., 2001).

1.2 THE PROSTATE GLAND

The prostate is a small exocrine gland found only in the male reproductive
system. Prostate is derived from the Greek word “prostates™ literally meaning
“the one who stands before” and was termed so by the anatomist Herophilus, as

it stood before the testes (http:/www.medterms.com). A complete description
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of the gland’s internal structure, physiology and pathology is relatively recent
(Kirby et al., 2001).

1.2.1 Anatomy

A healthy prostate gland is a walnut-sized organ, which lies in the pelvic cavity
immediately in front of the rectum (Figure 1.1) and weighs ~ 18 g, measures 3
cm in length, 4 cm in width and 2 cm in depth. In unhealthy prostates, the
gland can weigh as much as 100g, resembling the size of an orange (Bostwick,
1999). The entire prostate gland is enclosed by an outer capsule of fibrous

tissue (Ross J.S., 1971).

The prostatic epithelium is composed of two major cell types, epithelial cells
and stromal cells. Epithelial cells can be further characterised into columnar
secretory, neuroendocrine, transient proliferating and basal cells (Veltri, 2007).
Columnar secretary cells are terminally differentiated and have a low
proliferation rate. These cells are morphologically distinct due to the large
number of secretary granules present. Neuroendocrine cells reside among the
more abundant columnar cells in the normal prostate. There are two types of
neuroendocrine cells, one type which possesses specialised microvilli that
protrude into the lumen and the second contain long dendrite-like structures,
which extend to nearby epithelial and basal cells. Transit-amplifying cells are a
class of intermediate epithelial cells and are similar to undifferentiated stem
cells and non-proliferating basal cells. Basal cells reside on the basement
membrane in between that of the columnar epithelial cells. Basal cells have a
low mitotic index and are less abundant, accounting for less than 10% of the
total cell number. Moreover, basal cells express keratin subtypes that are

specific to basal cells (Veltri, 2007).
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Figure 1.1

Prostate and seminal vesicles. a) Frontal section, b) sagittal section. From

Netter FH: Atlas of human anatomy, 2" ed. New Jersey, ICON Learning

Systems, 2001, p358.

The stroma is continuous with the capsule and composed of collagen, elastin

and abundant smooth and striated muscle. It surrounds and supplies the glands

of the prostate and contracts during ejaculation to express prostate secretions

into the urethra (Veltri, 2007).

Figure 1.2 illustrates the different zones of the prostate. The transition zone

surrounds the urethra proximal to the entry of the ejaculatory ducts and consists

of 5-10% of the glandular prostate mass (Crawford, 2009). The central zone is

located below the proximal urethral segment and consists of ~20-25% of the

mass of the prostate. The ejaculatory ducts pass through this zone prior to

entering the urethra (Scardino, 2000). The peripheral zone covers the majority
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(70-75%) of the adult structure of the prostate gland (Crawford, 2009).

Transition zone

Central zone

Anterior
fibromuscular

Peripheral
zone

Figure 1.2
Different zones of the prostate. Image obtained from (Crawford, 2009).

1.2.2 Function

The primary function of the prostate is to store and secrete an alkaline fluid that
constitutes 25-30% of semen volume. The prostate contains smooth muscles
which contract to expel prostatic fluid through tiny ducts into the urethra,

where it mixes with spermatozoa and other fluid.

1.2.3 Endocrine control of prostate growth

Prostate growth, maintenance and secretary function are stimulated by the
presence of particular hormones and growth factors. Testosterone is the key
circulating androgen in men (Chodak et al., 1994). Testosterone functions as a
pro-hormone, whereby it is converted to dihydrotestosterone (DHT) in the
prostatic stromal and basal cells by an enzyme known as Sa-reductase(SAR)
(Crawford, 2009). The process of testosterone conversion by SAR into DHT or
estrogens by aromatase is irreversible (Veltri, 2007). Androgens, estrogens and
adrenal steroids have an important effect on different cells and tissue that can

vary dependent on development stage and age (Veltri, 2007).
5
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Signalling for prostate growth begins in the hypothalamus, whereby it releases
a small peptide referred to as luteinizing hormone-release hormone. Upon
stimulation of this hormone, the pituitary releases luteinizing hormone which is
transported to the testes, whereby it stimulates the leydig cells to produce de
novo steroid synthesis and the release of testosterone, the major serum
androgen. The peripheral conversion of testosterone by aromatization forms
estrogens in the male. In addition, the adrenal gland is under stimulation by
adrenocortocotrophic hormone and releases the minor androgens (Veltri,

2007), contributing to control of prostate growth.

Inside the cell, both testosterone and DHT bind to the same high-affinity
androgen receptor (AR) protein. The AR binds to specific DNA binding sites
in the nucleus, whereby it acts as a potent transcription factor and increases
transcription of androgen dependent genes (including both Sa-reductase and
PSA). Androgen withdrawal results in both inactivation of key androgen-
dependent genes and activation of specific genes involved in programmed cell

death (Isaacs, 1984).

1.3 DISEASES OF THE PROSTATE

1.3.1 Benign prostatic hyperplasia

Benign prostatic hyperplasia (BPH) can be defined as the non-malignant
enlargement of the prostate. BPH is the most common benign tumour in men
ages >60 years (Ziada et al., 1999). BPH primarily affects the transition and
periurethral zones. The two most important contributory factors in BPH in man
are aging and the presence of functional testes. (Ziada et al., 1999). BPH is
characterised by proliferation of stromal and epithelial cells of the prostate,
resulting in an enlarged prostate. However these proliferating cells do not
habitually progress to malignancy. Hence, BPH serves as a useful model for

comparison with prostate cancer cells.

The clinical systems of BPH include urinary retention, poor bladder emptying

and lower urinary tract symptoms (Roehrborn and McConnell, 2002). Men
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who exhibit mild- moderate symptoms of BPH are the best candidates for
watchful waiting. However patients who present with severe symptoms will
require surgery. Transurethral resection of the prostate (TURP) is considered
the gold standard for the surgical management of BPH (McEleny et al., 2002).
Many of the symptoms of prostate cancer and BPH are similar, however there

is no evidence to suggest that BPH is a precursor for prostate cancer (McEleny

et al., 2002).

1.3.2 Neoplasia

1.3.2.1 High-grade prostatic intraepithelial neoplasia of the prostate: the
precursor lesion of prostate cancer

In 1969, prostatic intraepithelial neoplasia (PIN) was first described as a

neoplastic proliferation of prostatic epithelial cells confined to prostatic ducts

of acini (McNeal, 1969). In 1987, the widely used terminology “prostatic

intraepithelial neoplasia” was introduced by Bostwick and Brawler (Bostwick

and Brawer, 1987).

A number of morphologic changes define PIN, whereby prostatic epithelia
cells are present in large and branched glands. Epithelial proliferation typical of
PIN produced crowded layer of cells with cytologic atypia, such as
hyperchromasia, nuclear irregularity and prominent nucleoli (Zynger and
Yang, 2009). Such cytological characteristics are similar to those identified in
invasive prostate cancer. The architecture of PIN however appears normal,
whereby basal cells can be observed around the periphery of the gland (Figure
1.3), which can be readily visualised using haematoxylin and eosin (H&E)
staining. Often the presence of basal cells helps distinguish high grade prostatic
intraepithelial neoplasia (HGPIN) from prostate cancer (Bostwick and Brawer,

1987; Brawer et al., 1985).

PIN can be subdivided into two groups, low-grade and high-grade (Drago J.R.,
1992). HGPIN is a major precursor of prostate cancer and hence is more
clinically significant than low-grade (Zynger and Yang, 2009). Diagnosis of

HGPIN can only be determined by microscopic examination of prostatic tissue
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taken from needle core biopsy, transurethral resection (TURP) or radical

prostatectomy (Zynger and Yang, 2009).

In 1986, an association between PIN and invasive cancer was first described
(McNeal and Bostwick, 1986). Similar to prostate cancer, HGPIN is
multifocal, occurs in the peripheral zone of the prostate and was found more
often in men with a diagnosis of prostate cancer than persons without (Zynger
and Yang, 2009). Indeed, 80-90% of radical prostectomy specimens with a
diagnosis of prostate cancer also contained adjacent HGPIN (Qian et al., 1997).

Figure 1.4

Prostate tissue specimen. H&E stained prostate tissue sections. a) normal
prostate contains glands consisting of 2 epithelial cell layers, and is composed
of a greater stromal content relative to the tumour tissue. b) BPH, ¢) HGPIN
and d) prostate cancer. 4X objective used in all photographs (Image obtained
from Perry AS, PhD Thesis: Investigating novel targets if DNA methylation for
the early detection of prostate cancer, Oct 2006).
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1.3.2.2 Pathophysiology and natural history of prostate cancer

Almost all cases of prostate cancer are adenocarcinoma (Scardino, 2000).
Approximately 4% of prostate cancer cases display transitional cell
morphology and are believed to originate from the urogenital lining of the
prostatic urethra. A relatively small number of cases exhibit neuroendocrine
morphology, and are thought to derive from neuroendocrine stem cells
normally present in the prostate (Crawford, 2009). Prostate cancer occurs
primarily (70%) in the peripheral zone, while the remaining develop in either

the transitional or central zones (Crawford, 2009).

Prostate cancer is often multifocal in nature and lesions are frequently present
in different zones and are typically of different grades (Bostwick, 1999).
Prostatic adenocarcinomas usually consists of a proliferation of small acini
with multiple patterns (Bostwick, 1999). Diagnosis relies heavily on the
architecture and cytologic features of the prostate, such as irregular glandular
contours, variation in gland size, nuclear and nucleolar enlargements. The basal
cell layer is key in the diagnosis of adenocarcinoma, whereby an intact basal
cell layer is located at the periphery of benign glands, but is entirely absent in

carcinoma (Figure 1.4) (Bostwick, 1999).

Asymptomatic prostate cancer is common, largely due to the majority of
adenocarcinomas arising in the periphery of the gland, distant from the urethra.
However, the following symptoms may be an indication of the disease:
problems with urination, hematuria (blood in the urine), bone pain (often
indicative of metastatic disease), constant fatigue, weight loss and chronic-

severe back pain.
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Figure 1.4

Prostate cancer development. From very mild to severe stages of abnormal
development, changes occur to the spatial arrangements of the luminal cells
and to their nuclear size and shape. In carcinoma, there is an enlargement of the
nucleus and disappearance of the basal cellular layer, one of the hallmarks of

prostate cancer. Kirby R: Prostate Cancer, 2" ed. London, Mosby, 2001, pg 14.

Our understanding of the natural history of prostate cancer is far from
complete. This is partly a result of the heterogeneous behaviour of the disease
from both a morphological and clinical perspective (Scardino, 2000). Prostate
cancer grows slowly and often does not manifest itself during the lifetime of an
individual. Hence, most men die with prostate cancer rather than from prostate
cancer (Bostwick, 1999). Men under the age of 40 rarely present with prostate
cancer. However the incidence rate increases dramatically in the fifth decade of
life to 40%, and to 80% by the age of 80 (Bostwick, 1999). A study by Chodak
et al, found that patients with lower grade tumours, exhibiting highly to
moderately differentiated tumour cells, had a 10 year disease free survival rate
of 87%. In contrast, high-grade or poorly differentiated tumours were
associated with a 34% survival rate (Chodak et al., 1994). Johansson and
colleagues examined the natural history of prostate cancer and determined the

potential for survival by analyzing survival following watchful waiting in a

10



CHAPTER 1

large patient cohort (n=223) (Johansson et al., 2004). Overall, 89 patients
(40%) experienced progression of disease. Of these, 39 (17% of the total
cohort) developed advanced disease. Similar disease free survival rates
observed in the Chodak study were also reported here after 15 year follow-up
period. However, further follow-up from 15 to 20 years revealed a decrease in
cumulative progression-free survival (45% to 36%) and survival without
metastases (76.9% to 51.2%). These findings suggest that clinically localised
prostate cancer may result in tumour progression and metastases in the long
term; this data supports early, radical treatment, particularly among patients

with an estimated life expectancy exceeding 15 years.

1.4 EPIDEMIOLOGY

1.4.1 Prostate cancer incidence rates

Worldwide, prostate cancer is highly prevalent and is the most common
noncutaneous cancer in men (Jemal et al., 2008). Estimations suggest that
782,600 new cases and 254,000 deaths attributable to prostate cancer occurred
in 2007 (Dominguez et al., 2003). Prostate cancer incidences increase with age
(Zhang et al., 2007). Cases are extremely rare in men under the age of 45 years
and with >90% of cases occurring in men over the age of 55 years. Thus,
ageing populations in developed countries is likely a contributing factor to the

overall increase in prostate cancer incidence rates.

Prostate cancer incidences and mortality rate are known to vary dramatically
among different geographic regions (Figure 1.5). High incidences occur in
areas such as the US, Northern\Western Europe and Australia with relatively
low incidences in Asian countries (Parkin, 2001). Prostate cancer is now the
most frequent cancer diagnosis of men in Europe (Ferlay et al., 2007). The
variation in incidence rates is likely influenced by differences in PSA screening
methods employed in individual countries, diet and better awareness and
detection methods in more developed countries and therefore incidence rates
must be interpreted with care. It is important to note, that since the introduction
of PSA testing, the incidence of clinically localised disease has increased,

whereas the incidence of metastatic disease has decreased (Hankey et al., 1999)

i



CHAPTER 1

(Han et al., 2001). The relevance of reported incidence rates can be accessed

from examination of age-adjusted mortality rates (Freda, 1999).

1.4.2 Prostate cancer mortality rates

Mortality rates, which represent a clearer guide to the risk of invasive prostate
cancer, also vary in different populations. Studies show that mortality rates are
high in the Caribbean, Southern and Central Africa, North and West Europe,
Australia/New Zealand and North and South America and low in Asian and
North Africa. In Europe, prostate cancer is the third most common form of

cancer death in males (Ferlay et al., 2007).

Interestingly, mortality rates differ significantly between racial and ethnic
groups within individual countries (Figure 1.6). In the US for example, death
rates from prostate cancer among African Americans are twice those than in
whites and five times that of Asian Americans (Jemal et al., 2008).
Observations in Japanese immigrants to the US show rates intermediate
between original and host communities (Dunn, 1975). Such data clearly
demonstrates that risk of progressive prostate cancer is dependent upon ethnic
group and/or country of residence, suggesting a prominent role of both genetic

and environmental factors in disease epidemiology.
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Figure 1.5

Worldwide view of prostate cancer. a) age-standardised incidence of prostate
cancer per 100,000. b) age-standardised mortality from prostate cancer.
Images obtained from Globocan 2002, the International Agency for Research

on Cancer http://www-dep.iarc.f1/.
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Figure 1.6

Age-adjusted incidence of prostate among men of different racial and ethnic

populations (2001-2005). Image obtained from (Crawford, 2009).

1.4.3 Prostate cancer in Ireland

In Ireland, an average of 2,750 cases of prostate cancer and 745 deaths
attributable to the disease were reported per year, between 2000 and 2004.
Prostate cancer is the most frequently diagnosed noncutaneous cancer in men
and the second most common cause of cancer death (after lung) in Ireland
(Donnelly, 2009) (Figure 1.7). Prostate cancer incidence rates have increased
by an average of 8.3% per year between 1994-2004 (Figure 1.8), which is
likely a result of population growth and ageing. Mortality rates have decreased
by 1% per year between 1994 and 2004 (Figure 1.9). Prostate cancer incidence
rates were lower in Northern Ireland but higher in the Republic of Ireland
compared to the EU and the UK but lower than Canada, Australia and the
United States rates (Donnelly, 2009) (Figure 1.10).
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Figure 1.7

(a) Incidence and (b) mortality rates of different cancers among Irish men.

Image obtained from the Irish Cancer society, accessed at:

http://www.irishcancer.ie/.
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Incidence and mortality rates. Trends in European age-standardised incidence
rates for prostate cancer by country:1994-2004. Image obtained from
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Figure 1.9
Trends in European age-standardised mortality rates for prostate cancer by

country:1994-2004. Image obtained from NICR/NCRI

http://www.allirelandnci.com.
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Figure 1.10
International comparison of world age-standardised incidence rate for prostate

cancer: 1998-2000. Image  obtained from EUROCARE 1V,

http://www.allirelandnci.com.

Differences between cancer rates between the Republic of Ireland and Northern
Ireland is likely due to more extensive use of PSA testing in the Republic of
Ireland. In addition, the Republic of Ireland also had higher mortality rates for
prostate cancer than Northern Ireland (Figure 1.11) (Donnelly, 2009).
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Figure 1.11
Prostate cancer incidence (A) and mortality rates (B) in Northern Ireland (NI)
and the Republic of Ireland (ROI). Image obtained from NICR/NCRI

http://www.allirelandnci.com.

1.4.3.1 Prostate Cancer Research Consortium

Created in October 2003, with funding from the Irish Cancer Society, the
Prostate Cancer Research Consortium (PCRC) is a multi-disciplinary trans-
institutional (University College Dublin, Trinity College Dublin, Royal College
of Surgeons and Dublin City University), research initiative. Fundamental to
the consortium is the development of the first prostate cancer Bio-Resource
which was initially developed in the Mater Misericordiae University Hospital

and St James’s Hospital. The primary focus of the PCRC is to identify novel
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disease biomarkers that allow earlier detection and more reliable prognosis of
prostate cancer and identification of putative therapeutic targets. This research
programme aims to:

1) Establish a prostate cancer tumour bank to support ongoing research and
evaluate patient attitudes to tumour banking

2) Apply genomic and proteomic technologies to identify novel biomarkers
allowing early detection and prognosis of prostate cancer

3) Correlate these molecular characterisations with disease progression
phenotypes

4) Evaluate novel therapies in pre-clinical & potentially Phase I/II studies

Standard Operating Procedures (SOPs) for patient consent, sample collection
and sample preparation for genomic, transcriptomic and proteomic analysis
have been established and validated at all sites. The Bio-Resource currently has
>500 tissues with matched serum/plasma samples and >90 urine samples. All
samples have comprehensive clinical information and follow wup

(https://pcre.tchpe.ted.ie, Figure 1.12). Hence, this vital resource is critical for

ongoing prostate cancer research in Ireland.
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1.5 DIAGNOSIS AND PROGNOSTIC MEASURES IN PROSTATE
CANCER

Transrectal ultrasound (TRUS) guided prostate needle biopsy is currently the

most reliable method of histologic diagnosis of prostate cancer. In most cases,

prostate cancer rarely presents with symptoms until it is advanced. Thus,

recommendation of prostatic biopsy is most often raised by abnormalities

identified during routine Digital Rectal Examination (DRE) and serum Prostate

Specific Antigen (PSA) elevation (Carter, 2007).

1.5.1 Prostate Specific Antigen (PSA)

PSA is a member of the human kallikrein gene family and was first recognized
in the late 1970s, but it was over a decade until PSA testing became
widespread in clinical urology (Kuriyama et al., 1980). PSA is a 33kD
glycoprotein with similar properties to serine proteases. PSA functions to
liquefy semen via its action on the gel-forming proteins semenogelin and

fibronectin within the semen following ejaculation (Christensson et al., 1990).

Seminal fluid contains high concentrations of PSA, whereas serum contains
relatively low concentrations. Serum PSA circulates as both bound
(complexed) and unbound (free) forms, which are easily detected using pre-
approved assays (Carter, 2007). PSA is produced by both normal and
cancerous prostate cells and a high PSA value can be indicative of cancer.
Serum PSA levels vary with age, race and prostate volume (Stamey et al.,
1987). Normal PSA levels are between 0.6-0.7 ng/ml in men in their 40’s and
50’s (Catalona et al., 2004). Elevated PSA levels may occur as a result of
benign prostatic disease such as BPH, prostate cancer and prostate

manipulation such as biopsy.

In 1991, a PSA threshold of 4ng/ml was demonstrated as a screening test for
prostate cancer (Brawer et al., 1992; Catalona et al., 1991). Looking at the link
between prostate cancer occurrence and PSA test results, 12%, 15-25%, 17-
32% and 43-65% of men with PSA Level between 0-2ng/ml, 2-4ng/ml, 4-

10ng/ml and >10ng/ml, respectively, will have concurrent prostate cancer.
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However not all these cancers will represent clinically significant disease

(Carter, 2007).

1.5.2 Limitations of PSA as a prostate cancer biomarker

Measurement of serum PSA is now widely used as a first step in the detection
of prostate cancer and in the staging and follow-up to treatment of prostate
cancer (DeVere White et al., 1992; Kim et al., 2006). However, the efficacy of
PSA as a prostate cancer biomarker is highly controversial. Firstly, elevated
PSA is not cancer specific and as discussed previously can be indicative of a
range of prostatic diseases or manipulation. Moreover, a quarter of men with
prostate cancer have a PSA level below 4 ng/ml, thus, would not be identified
exclusively by a PSA test (Eeles et al., 2008; Schroder et al., 2000). This led to
a revised threshold of 2.5 ng/ml being proposed (Catalona, 2004). Indeed,
lowering the cut-off value may improve detection at least for younger men,
who would potentially benefit more from early detection (Carter, 2007).
However, lowering PSA cut-off levels will inevitably increase the number of
clinically indolent prostate cancer diagnoses, resulting in unnecessary biopsies
and anxiety in men with elevated PSA levels with little clinical significance.
The PSA threshold that can lead to detection of life-threatening cancers while

avoiding unnecessary testing and over diagnosis is not known (Carter, 2007).

The efficacy of using different PSA thresholds is dependent on both age and
ethnicity (Catalona et al., 1994). Adjustments of the PSA from total prostate
volume (PSA density) (Gjengsto et al., 2005) and evaluation of PSA velocity
(Fang et al., 2002) have been explored to improve sensitivity and specificity of
PSA testing. In addition, the measurement of the different forms of PSA: total,
free and complexed may improve the discrimination between prostate cancer

and BPH (Hernandez and Thompson, 2004).

1.5.3 PSA screening: Decreasing mortality rates or over-diagnosis?
Reducing prostate cancer mortality by routine PSA screening, earlier detection
and treatment in asymptomatic men remain highly controversial topics (Eeles

et al., 2008). In 2009, the European Randomized Study of Screening for
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Prostate Cancer (ERSPC) was published, which formally addressed the role of
PSA screening and mortality rates (Schroder et al., 2009) .

The ERSPC was initiated in the early 1990s to evaluate the effect of screening
with prostate-specific-antigen (PSA) testing on death rates from prostate
cancer. 182,000 men between the ages of 50 and 74 years resident in seven
European countries were included in the study. Men were randomly assigned to
a group that was offered PSA screening at an average of once every 4 years or
to a control group that did not receive such screening. The predefined core age
group for this study included 162,243 men between the ages of 55 and 69

years.

Results, of a median follow-up of 9 years, showed that the cumulative
incidence of prostate cancer was 8.2% in the screening group and 4.8% in the
control group. Results concluded that PSA-based screening reduced the rate of
death from prostate cancer by 20% but was associated with a high risk of over
diagnosis in the screening population. The report estimated that for every
prostate cancer death prevented, 1,410 men have to undergo screening, while
48 are needed to be treated in excess of the control group population to save

one prostate cancer death.

The European Association of Urology (EAU) has taken into consideration the
recent scientific information of this randomised screening study on prostate
cancer and suggests that current published data are insufficient to recommend
the adoption of population screening for prostate cancer as a public health
policy due to the large overtreatment effect. The EAU urge that before
screening is considered by national health authorities, the level of current
screening, over diagnosis, overtreatment, quality of life, costs and cost-

effectiveness should be investigated further (www.uroweb.org/professional-

resources/guidelines/).

It is clear, therefore, that current screening methods are inadequate due to a
lack of specificity and selectivity for aggressive cancers which require

treatment. The development of novel diagnostic and prognostic markers and
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imaging modalities is urgently required to enhance the predictive value of

screening tools (www.uroweb.org/professional-resources/guidelines/).

1.5.4 TRUS biopsy and Gleason grading

At present Transrectal Ultrasound (TRUS)-guided sextant needle biopsy is the
most reliable method to ensure sampling of prostatic tissue (Durkan and
Greene, 2000). The sensitivity and specificity of TRUS-biopsy in detecting
prostate cancer is reported as 60% and 100% respectively (Durkan and Greene,
2000). However, prostate cancer is extremely heterogeneous in nature, which
can render tumour diagnosis of biopsies difficult. Moreover, TRUS-guided
needle biopsies may fail to detect microscopic foci of cancer resulting in false
negative results (Epstein, 2009). As a result, repeat biopsies are often required

for patients whose PSA levels continue to rise.

Histologic grade is the most informative observation from a needle biopsy. The
Gleason grading systems is the most commonly used classification system for
histological grading of prostate cancer (Gleason, 1977). Gleason grading is
based on microscopic examination of tumour architecture (Figure 1.13). The
predominant pattern in the tumour specimen is given a Gleason score between
1 and 5 and this score is then added to the score assigned to the second most
predominant pattern. These two scores are summed to give a Gleason score,
which can range from 2-10 (Carter, 2007). Good correlation between Gleason
sum and prognosis has been demonstrated in long-term follow up studies
(Epstein, 2009; Gleason, 1977, 1992; McNeal et al., 1990; Sogani et al., 1985).
The presence of a Gleason grade >4 or a Gleason sum of >7 is highly
predictive of a poor prognosis. Moreover, Gleason score 4+3 tumours have a
worse prognosis than those with Gleason score 3+4. Gleason score of a biopsy
specimen is central when considering the most appropriate treatment choice,
with a score of >6 suggesting advanced disease (Gleason and Mellinger, 1974).
Therefore, the Gleason score of a biopsy specimen along with age and PSA
level are important factors in considering the most appropriate treatment

options.
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Figure 1.13
The appearance of cancer cells according to the Gleason system, which grades
the cancer according to its ability to form gland like structures. Image obtained

from (Epstein, 2009).

Such diagnostic tools fail however to predict accurately the outcome for
individual patients. Consequently, prognostic based methods are required to
help distinguish between clinically indolent prostate cancers, which will be
asymptomatic and aggressive prostate cancers with the potential to kill the

patient (Hughes et al., 2005).

1.6 TREATMENT OF PROSTATE CANCER

1.6.1 Early and locally advanced prostate cancer

The treatment options for primary localised and primary progressive prostate
include active monitoring without treatment (depending on the age and overall
health of the patient), radical prostatectomy, radiotherapy and/or hormonal
therapy. Early prostate cancer often grows slowly and with limited adverse

symptoms and may not require treatment immediately. Traditionally deferred
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treatment has been reserved for men with low grade prostate cancer and a life
expectancy of >10 years. However, in recent years, research has focussed on
active monitoring for the management of younger patients with low volume or
intermediate-grade tumours (Catalona, 2007). A prospective, randomised
clinical trial in Scandinavia reported a significantly increased rate of local
cancer progression, metastases, mortality and a shorter cancer-specific and
overall survival for patients with clinically localised prostate cancer managed
by watchful waiting than patients treated with radical prostatectomy (Bill-
Axelson et al., 2005).

Young healthy patients most often are encouraged to undergo radical
prostatectomy and older patients are steered toward radiotherapy. Radical
prostectomy is the “gold standard™ of prostate cancer treatment and has been
utilised for more than 100 years by Kuchler and Young. Healthy men who
present with prostate cancer and have a life expectancy >10 years are good
candidates (Catalona, 2007). A number of complications are associated with
prostatectomy, including damage to the urinary sphincter and penile nerves
during surgery can result in postoperative urinary incontinence and impotence

(Naitoh et al., 1998).

Treatment of prostate cancer with external beam radiotherapy involves
directing gamma radiation beams at the prostate and surrounding tissue.
Radiotherapy can also have significant side effects. It is associated with severe
bladder irritation (urgency, pain and frequency) in as many as 5 percent of
patients. Rectal irritations (diarrhoea, urgency, tenesmus and bleeding) occur in
3 to 10 percent of patients who receive radiotherapy for prostate cancer, and
impotence is a problem in 40 to 50 percent of patients receiving this treatment
(Shipley et al, 1994). An alternative to traditional radiotherapy is
brachytherapy, whereby radioactive seeds or needles are implanted directly
into the prostate gland. As a result, the tumour receives high dose radiation
localised to the prostate while having a less severe impact on the bladder and
the rectum (Naitoh et al., 1998). This method is popular for localised prostate
cancer but seldom implemented for tumours with a larger volume and high-risk

cancers.
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Both radical prostectomy and radiotherapy have comparable cure rates, with a
five-year relative survival rate close to 100% (Jani and Hellman, 2003; Jemal
et al., 2006). Patients with a high PSA level, high Gleason score and/or larger
tumour volume benefit from combined radiotherapy and androgen deprivation

therapy (Hanks et al., 1994).

1.6.1.2 Pathologic staging of prostate cancer

Clinical staging in prostate cancer aims to utilise pre-treatment parameters to
predict disease progression. Moreover, pathological stage is the most steadfast
means of predicting the outcome of traditional treatment methods in men with
clinically localized cancer (Catalona, 2007). The tumour, node, metastases
(TNM) system for staging prostate cancer was adopted in 1975 and has since
undergone several modifications (Table 1.1). The finding of seminal vesicle
invasion or lymph node metastases on pathologic evaluation after radical
prostatectomy is associated with a very low probability of total eradication of

tumour and a high probability of treatment failure (Jani and Hellman, 2003).
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Table 1.1 Tumour Node Metastases (TNM) classification of prostate cancer
Classification Description
T-Primary Tumour

X Primary tumour cannot be assessed
TO No evidence of primary tumour

Clinically in apparent tumour not palpable or visible by
il imaging

Incidental histological finding in <5% of tissue resected by

Tla TURP
Incidental histological finding in >5% of tissue resected by

T1b TURP
Tumour identified by needle biopsy (e.g. because of

Tlc elevated PSA)
15 Tumour confined within the prostate
T2a Tumour involves < half of one lobe
T2b Tumour involves > half of one lobe
f2c Tumour involves both lobes
Tumour extends through the prostatic capsule (invasion into
L3 but not beyond the prostatic apex)
T3a Extracapsular extension (unilateral or bilateral)
T3b Tumour invades seminal vesicle(s)

Tumour is fixed or invades adjacent structures other than
the seminal vesicles: bladder neck, external sphincter,

T4 rectum, levator muscle, and/or pelvic wall.
N-Regional lymph node s tatus

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

N1 Regional lymph node metastases

M-distant metastases status

MX Distant metastases cannot be assessed
MO No distant metastases

Ml Distant metastases

Mla Non-regional lymph node(s)

MI1b Bone(s)

Milc Other site(s)

Table adapted from TNM classification of prostate cancer (Fleming et a/, 1997)

1.6.2 Metastatic disease

Treatment failure and death for prostate cancer patients is largely a result of
tumour metastasis, which is the ability of tumour cells to spread via the
lymphatic and blood circulations to distant loci and form secondary tumours.
Androgen ablation therapy is the primary treatment option for metastatic
prostate cancer, when surgery or radiotherapy are no longer options.
Androgens play a critical role in prostate cancer cell proliferation and androgen
ablation therapy aims to lower levels of androgens (mainly testosterone) or
block androgen receptor function by anti-androgens. Androgen depletion may

contribute to reduction of the tumour mass. The adrenal gland is a minor source
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of nontesticular androgen, hence luteinising hormone-release hormone
analogues have been utilised in combination with anti-androgens to block both
testicular androgen production and residual androgen stimulation of the

prostate from the adrenal gland (Partin and Rodriguez, 2002).

Initially most advanced tumours respond favourably to ablation therapy.
However, the response is short lived and the cancer ultimately recurs as an
androgen independent tumour, which is difficult to treat. Subsequently new
therapeutic therapies are required for the treatment of prostate cancer.
Understanding the molecular pathology of prostate cancer is essential to
discover potential novel therapeutic targets and design adequate prevention

strategies.

1.7 RISK FACTORS AND AETIOLOGY

The aetiology of prostate cancer is complex and has not fully been elucidated
(Nelson et al., 2002). The primary predictors for prostate cancer are age, race,
geographical location and a positive family history. Hence, both genetic and

environmental factors are likely risk factors for prostate cancer development.

1.7.1 Environmental influences on Prostate cancer

Analysis of differences in diet between low and high incidence/mortality
regions has lead to a number of insights. Prostate cancer mortality rates
correlate highly with the average level of saturated fat consumption around the
world (Gann et al, 1994). Further studies have shown that a diet rich in fruit,
vegetables, fish and low in saturated fats (a typical Asian diet) correlated with a
reduced risk of prostate cancer (Andersson et al 1996, Gann et al 1999, Clinton
& Giovannucci 1993.).

The Health Professional follow-up study, a prospective cohort study involving
51,529 men found that increased total fat intake, animal fat intake, and
consumption of red meat were risk factors for prostate cancer (Giovannucci et
al., 1993). In addition, the level of red meat consumption was correlated with
prostate cancer risk in the Physicians’ health study (Gann et al., 1994) and a
large cohort study in Hawaii (Le Marchand et al., 1994). The component of red
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meat that promotes prostate carcinogenesis is unknown. However, evidence
suggests that meats cooked at high temperatures or on charcoal grills results in
the formation of potent carcinogens, which have been shown to cause prostate
cancer when fed to rats (Shirai et al., 1997). Alcohol consumption has also
been associated with increased risk of prostate cancer, whereby alcohol
consumers are at risk compared to abstainers and occasional drinkers
(Benedetti et al., 2009). In addition to the diet, evidence suggests that sexually
transmitted diseases may also confer an increased risk of prostate cancer. A
specific pathogen has so far not been identified, and studies suggest that
prostatic inflammation associated with sexually transmitted diseases may play
an important role in the carcinogenetic phenotype (Strickler and Goedert,

2001).

In contrast, vegetable intake may have a protective effect against prostate
cancer development (Hsing and Devesa, 2001). A number of studies have
identified tomatoes and its active ingredient, lycopene, to have a protective
affect against prostate cancer. Lycopene is a potent anti-oxidant and can
scavenge for reactive oxygen species in cells. thereby preventing oxidative
cellular stress and DNA damage (Clinton, 1999). Of interest, a clinical trial,
whereby men were given tomato sauce based pasta dishes for three weeks prior
to radical prostectomy had increased lycopene levels in prostate cells and a
reduction in PSA serum levels (Navone et al., 1993). Other antioxidants such
as Vitamin E and selenium may also reduce the risk of prostate cancer (Loeb
and Partin, 2009). Interestingly, a key component of Asian diets, green tea, has
also been implicated in attenuating prostate cancer progression (Pandey and
Gupta, 2009). Green tea is a rich source of polyphenols, in particular
epigallocatectin 3-gallate (EGCG), a powerful antioxidant. Green tea
polyphenols have been shown to induce apoptosis in prostate cancer cell lines
reduce the rate of tumour development in a mouse model of prostate cancer
(Caporali et al., 2004) and preliminary studies report chemopreventative
activity of polyphenols in patients with HGPIN (Bettuzzi et al., 2006).
Moreover, EGCG has been demonstrated to inhibit DNA methyltransferases in
vitro. This inhibitory activity has been associated with demethylation of the

promoter CpG islands of a number of tumour suppressor genes in prostate
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cancer (Fang et al., 2003). The role of green tea catechins in prevention of
prostate cancer is currently under investigation in clinical trials in the United

States.

It is noteworthy that a diet low in red meat and saturated fats and rich in
cruciferous green vegetables and fish is typical of Asian men, who experience
among the lowest rates of prostate cancer in the world. Furthermore, the
particularly interesting point about the relationship between diet and prostate
cancer is that diet is easily modifiable and could be adapted as a

chemopreventative measure to protect against prostate cancer.

1.7.2 GENETICS OF PROSTATE CANCER

1.7.2.1 Inherited prostate cancer

The molecular pathology of prostate cancer is complex; epidemiological
studies have demonstrated familial clustering of prostate cancer suggesting that
hereditary factors are important in the development of the disease (Porkka and
Visakorpi, 2004). Linkage analyses have indicated several chromosomal loci
that may harbour high-penetrance prostate cancer susceptibility genes, such as
X chromosomes and a region on chromosome 1q (Eeles et al., 2008; Xu et al.,
1998). Estimates of 9-10% of all prostate cancer cases are believed to be
inherited (Hughes et al., 2005). Linkage studies have however had limited
success, largely due to the fact that prostate cancer is a common disease and it
is often hard to distinguish between truly heritable and sporadic cancers
Moreover, susceptibility genes may only confer disease risk in the correct

dietary or environmental background (Hughes et al., 2005).

1.7.2.2 Chromosomal alterations in prostate cancer

A number of chromosomal abnormalities have been identified in prostate
cancer. One of the most common events in early prostate cancer is loss of
specific regions of chromosome 8p, which has been identified in 80% of
prostate tumours (Chang et al., 1994). The most promising tumour suppressor
gene in this region is prostate specific homeobox gene, NKX3.1. Studies have
shown that NKX3./ is downregulated in 20% of PIN lesions, 6% low stage

cancer and 78% of cancer metastases (Bowen et al., 2000). Loss of
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chromosome 10q is also a frequent (50-80%) event in prostate carcinogenesis
(Abate-Shen and Shen, 2000). Interestingly, potent tumour suppressor gene
phosphotase and tensin homologue (P7EN) maps to 10q23. PTEN encodes a
lipid phosphotase which is essential for cell cycle regulation. In prostate
cancer, PTEN is often downregulated, particularly in higher grade cancer
(McMenamin et al., 1999). Chromosome 13q is lost in ~50% of prostate
tumours. Of interest, the retinoblastoma gene (RB) maps to this region (Li et
al., 1998). RB is an important tumour suppresser gene and is aberrantly
expressed in a large number of cancers. RB is vital for regulation of G1 phase
of the cell cycle (Phillips et al., 1994). Moreover, RB negative prostate cancer
cells lose their carcinogenetic phenotype when transfected with wild-type Rb

(Bookstein et al., 1990).

In more advanced stage prostate cancer and metastatic disease, 17p
chromosomal loss is frequently observed (Saric et al., 1999). Interestingly, the
gene, which encodes the “gatekeeper of the genome” p53, lies in this region.
Aberrant p53 expression has been associated with bone metastasis, androgen
independent disease and a reduced survival rate after radical prostectomy

(Grignon et al., 1997).

1.7.2.3 Polymorphisms and susceptibly to prostate cancer

Polymorphisms or single nucleotide polymorphisms (SNPs) are genetic
variants that appear in at least 1% of the population. Genetic polymorphisms
may contribute to risk of prostate cancer development by altering the response
of the patient to certain environmental factors or by interacting with their
genes. A number of studies have associated genetic polymorphisms with
prostate cancer risk. CYP17 for example encodes cytochrome P-450c17alpha,
an enzyme responsible for the biosynthesis of testosterone. A variant CYPI7
allele has been shown to be associated with both hereditary and sporadic
prostate cancer. The allele is believed to increase the transcription rate of the
gene, resulting in increased androgen production hence increasing the risk of

prostate cancer (Stanford et al., 2002).
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A polymorphism in the vitamin D receptor (VDR) has been associated with
advanced prostate cancer. Vitamin D has been shown to have an anti-
proliferative effect on prostate cancer cells, via induction of growth arrest
(Skowronski et al., 1993). Polymorphisms in VDR gene have been associated
with variation in VDR activity (Eeles et al., 2008). Particular VDR alleles have
been associated with risk of prostate cancer progression (Ingles et al., 1997).
Other SNPs have been identified in a number of genes with wide ranging
functions, such as TLR4 (Zheng et al., 2004), androgen receptor (Giovannucci
et al., 1997) and CDKNIB (Kibel et al., 2003).

Recently, genome wide association studies (GWAS) have identified a number
of susceptibility loci for prostate cancer. In one large scale study ~1900
prostate cancer cases and controls were genotyped at over 500,000 SNPs.
Seven susceptibility loci were identified as associated with prostate cancer on
chromosome 3,6,7,10,11, 19 and X. Moreover, they found that 3 of the newly
identified loci contain candidate susceptibility genes microseminoprotein, beta
(MSMB), lemur tyrosine kinase 2 (LMTK?2) and the gene which encodes PSA,
kallikrein-related peptidase 3 (KLK3) (Eeles et al., 2008).

1.7.2.4 Androgen independent prostate cancer and the role of genetics

Androgen-ablation therapy is the most common treatment for advanced
prostate cancer and in the short term causes tumour regression. However,
ablation therapy ultimately leads to tumour recurrence, which is androgen
independent, often highly aggressive and /or metastatic in nature (Abate-Shen
and Shen, 2000). There are several possible mechanisms for acquisition of
androgen independence, including alterations in androgen receptor (AR)

activity, function and/or specificity (Figure 1.14) (Abate-Shen and Shen, 2000)

The AR is frequently mutated within the hormone binding domain, which
renders it more susceptible to accommodating binding of and activation by
other steroid hormones (Harada et al., 2002). Gene amplification also can occur

and hence prostate cells become hypersensitive to small amount of androgen
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(Koivisto et al., 1998). Furthermore, hormone requirement may be bypassed by
acquiring alternative growth regulation pathways (Figure 1.14).

Prostate cancer cell

Androgen dependent

YV\/ - AR gene

Alternative growth
regulation pathway

Figure 1.14:

Development of androgen independence. Evidence has been found for a
number of possible molecular mechanisms for development for androgen
independence; including gene amplification, AR (Androgen receptor)
mutations, cross-activation of AR in the absence of androgen, AR signalling
via alternative growth pathways and epigenetic inactivation. Image adapted

from (Foley et al., 2004).

1.7.2.5 Alterations of gene expression patterns in prostate cancer versus
normal prostate

With the era of microarray technology well and truly upon us, understanding
which genes are aberrantly expressed in prostate cancer is achievable. Utilising
microarray technologies, examination of gene expression patterns of multiple
genes have been examined in large cohorts of prostate cancer tissue samples
and benign prostate. Genes such has HEPSIN (Magee et al., 2001), AMACR
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(Luo, 2002), PIMI (Dhanasekaran et al., 2001) and the polycomb regulatory
gene, EZH2 (Varambally et al., 2002) have been identified as up-regulated in
prostate cancer compared to normal prostate. In addition, a number of tumour
suppressor gene have been identified utilising microarray expression analysis,
such as PTEN, E-CADERIN (Dhanasekaran et al., 2001), EPHB2 (Huusko et
al., 2004) are frequently downregulated in prostate cancer compared to normal

tissue.

1.8 EPIGENETICS AND PROSTATE CANCER

In addition to classical genetic abnormalities, epigenetic modifications have
emerged as a central driving force in the molecular pathology of prostate
cancer (Perry et al., 2006). The concept of epigenetics was first introduced by
C.H. Waddington in 1939 to name “the casual interactions between genes and
their products, which bring the phenotype into being” (Waddington, 1939),
epigenetics was later defined as the mechanisms that initiate and maintain
heritable patterns of gene expression without altering the sequence of the

genome (Holliday, 1987).

There are several layers of epigenetic complexity including histone
modifications, chromatin remodelling, micro RNAs, antisense regulation,
polycomb genes and DNA methylation, the later being the most thoroughly
studied to date (Esteller, 2006). Our group and others have hypothesised that
epigenetic modifications, specifically DNA hypermethylation, play an
important role in the down regulation of genes important for protection against

prostate cancer.

1.8.1 The “Prima Donna” of Epigenetics: DNA methylation

DNA methylation has been described as the “Prima Donna” of epigenetics,
highlighting its central importance in epigenetic inheritance (Scarano et al.,
2005). DNA methylation refers to the covalent addition of a methyl group to
the carbon at position 5 of the cytosine ring, by a family of DNA
methyltransferase (DNMT) enzymes, resulting in S-methylcytosine (Figure
1.15) (Razin and Riggs, 1980). In mammalian DNA, 5-methylcytosine is found

in approximately 4% of genomic DNA, primarily at cytosine-guanine
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dinucleotides (CpGs) (Baylin, 2005a). These CpG sites are non-randomly
dispersed throughout the genome, concentrated in hot spots or CpG rich
regions known as CpG islands. Approximately half of all human genes are
estimated to contain a 5’ or promoter CpG island (Larsen et al., 1992; Wang
and Leung, 2004). CpG methylation is a key regulatory mechanism of the
genome and plays a central role in diverse biological processes. Mice knock-
outs of the DNMT genes are lethal, suggesting a vital role for DNA methylation
in normal mammalian development (Li et al., 1992; Okino et al., 2007). DNA
methylation plays a significant role in suppressing parasitic repetitive elements
such as Alus and LINEs (both rich in CpGs), which have been incorporated
into many transcriptional units of active genes (Yoder et al., 1997). As a
general rule, CpG islands are usually unmethylated in normal tissue (Esteller,
2005). There are, however a number of exceptions; genomic imprinting for
example requires DNA hypermethylation at one of the two parental alleles of a
gene to ensure monoallelic expression (Feinberg et al., 2002), similarly
promoter regions of genes on the inactive X chromosome are hypermethylated
in females (Reik and Lewis, 2005). Promoter hypermethylation is a regulatory
mechanism for expression of certain germline-specific genes, such as MAGE
genes, which are hypermethylated and silenced in all tissues except cancerous
tissue (Bodey et al., 2002) and certain tissue specific genes, such as MASPIN,

a member of the serum protease inhibitor family (Futscher et al., 2002).
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Cytosine (C) 5-methylcytosine (mSC)

Figure 1.15

Methylation of cytosine. DNA methylation refers to the transfer of methyl
group (CH3) from the universal methyl donor S-adenosylmethione (SAM) to
the carbon at position 5 of the cytosine ring (m’C). This reaction is catalysed
by a group of enzymes known as DNA methyltransferases (DNMT). Image
obtained from (Gronbaek et al., 2007).

1.8.2 DNA methylation and transcriptional repression

DNA methylation inhibits transcriptional initiation through (1) directly
blocking transcription factor binding to the promoter: NFkB for example, is a
transcription factor whose binding has been shown to be inhibited by DNA
methylation (Bednarik, 1993) and (ii) indirectly by promoting histone
deacetylation resulting in chromatin condensation (Bird, 2002). The latter is
more complex and deserves some discussion. Active genes usually lack
promoter methylation and are generally associated with histone lysine (K)
acetylation and histone methylation at H3K4, H3K36 and H3K79. Chromatin
condensation and transcriptional repression of genes is marked by promoter
methylation and histone deacetylation (Figure 1.16) (Thiagalingam et al.,
2003). Histone methylation at H3K9, H3K27 and H4K20 (Klose and Zhang,
2007) residues can also have repressive effects on gene expression. There is
evidence that H3K9 methylation can serve as a DNA methylation signal (Fuks,
2005). A recent study by Smallwood et al reports that heterochromatin protein
1 (HP1) mediates communication between histone modifications and DNA
methyltransferase. This study supports a model whereby HP1 is attracted to
euchromatic genes in regions where H3K9 has been methylated by the histone
methyl transferase G9a. The HP1 molecule appears to act as an adaptor, which
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binds to DNMT1 and enhances its DNA methyltransferase activity, resulting in
increased cytosine methylation of the surrounding DNA (Brenner and Fuks,
2007). Studies have also shown that G9a activity can be enhanced by DNMT1
(Esteve et al., 2006). Smallwood and colleagues argues that the evidence
suggests a mechanism whereby DNMTI1, HP1 and G9a form a positive
feedback loop, which helps control the silencing of genes (Smallwood et al.,

2007).
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Figure 1.16

Chromatin structure of active and inactive promoters. A) Open chromatin
is transcriptional active and is characterised by unmethylated cytosines and
acetylation of histone tails. Lysin 4 on histone H3 is trimethylated. B)
Methylation at cytosine molecules attract and bind to MBDs that in return
attract HDACs, which remove acetyl groups for histone tails. A closed
chromatin structure results, whereby the DNA becomes coiled and carries the
silencing mark histone H3 lysine 9 trimethylation. Image obtained from

(Gronbaek et al., 2007)
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1.8.3 Gene methylation in cancer

1.8.3.1 DNA hypomethylation in cancer

During oncogenic transformation, simultaneous gain (hyper) and loss (hypo) of
methylation occurs. In general, cancer cells exhibit global genomic
hypomethylation (Gronbaek et al., 2007). DNA hypomethylation may lead to
increased expression of certain oncogenes, such as MDRI (Nakayama et al.,
1998) or cause upregulation of oncogenic microRNAs (Cowland et al., 2007).
Moreover, global hypomethylation can activate proviral and transposon
sequences leading to the disruption of their surrounding genes (Chalitchagorn
et al., 2004; Yoder et al, 1997). The main carcinogenic effect of global
hypomethylation is its ability to destabilize the genome and promote loss of
heterozygosity in regions containing tumour suppressors (Ehrlich, 2002). Loss
of methylation can result in aberrant recombination leading to chromosomal
breaks, translocations and/or allelic loss (Hoffmann and Schulz, 2005).
Furthermore, studies have shown that DNA hypomethylation in the
pericentromeric regions of chromosomes is a hallmark of many cancers and
contribute to breakage in the region (Ehrlich, 2002). Such alterations are
reminiscent of those observed in patients with Immunodeficiency, Centromere
instability and Facial anomalies (ICF) syndrome, whereby they are deficient in

the methyltransferase enzyme DNMT3b (Gronbaek et al., 2007).

1.8.3.2 DNA hypermethylation and cancer

The major focus of epigenetic research in human cancer over the past decade
has been promoter hypermethylation. In fact, it is now thought that
hypermethylation-driven gene inactivation is at least as common as, if not more
frequent than, traditional mutational events in the development of certain
cancers (Fraga and Esteller, 2005). The large numbers of genes found to
undergo hypermethylation in a wide variety of cancer types suggests a key role
for DNA methylation changes in the initiation and progression of cancer
(Esteller, 2006). How does DNA hypermethylation contribute to
carcinogenesis? In the past decade, a significant amount of information has
emerged on how and where these methylation changes occur. Methylation
which occurs at or near tumour suppressor genes is associated with gene

silencing (Figure 1.17). In contrast, methylation at further downstream gene
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sequences has no effect on gene expression (Eeles et al., 2008). DNA
methylation can be viewed as another “hit” in Knudson’s two hit hypothesis of
tumour suppressor inactivation (Knudson, 2001). Indeed, many of the causative
tumour suppressor gene mutations observed in inherited cancers are frequently
inactivated by methylation in sporadic tumours, such as in P/6, BRCAI and
VHL (Dobrovic and Simpfendorfer, 1997; Furukawa et al., 2005; Herman et
al., 1994).
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Figure 1.17

DNA methylation in normal and cancer cells. White circles represent CpG
sites; Black circles represent hypermethylated CpG sites. Exons are labelled 1,
2, and 3. Transcriptional repression by DNA methylation in cancer cells is

depicted by X. Image obtained from (Baylin, 2005b).

Promoter hypermethylation and silencing of the associated genes is widespread
in prostate cancer. Many of the genes that are targeted by the cells methylation
machinery play a vital role in regulating important cellular functions such as
cell growth, differentiation, DNA repair and apoptosis, while others are
implicated in tumour metastasis and angiogenesis (Figure 1.17 Perry et al.,
2006). The most significant gene that has been described is GSTP1, which has

been found to be methylated in >90% of prostate cancers (Lin et al., 2001;
40




CHAPTER 1

Maruyama et al., 2002). In our own laboratory, we have focused on the IGF
pathway and have recently identified /GFPB3 as a novel target of methylation

in prostate cancer (Perry et al., 2007).
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An overview of some of the pathways affected by hypermethylation (oval

Figure 1.18

containing 5 mC) in prostate cancer. (1) Conversion of testosterone to the more
potent DHT permits transactivation of the AR. This facilitates transcriptional
regulation of target genes, which leads to enhanced cellular proliferation and
reduced apoptosis. Hypermethylation-associated AR gene inactivation in a
proportion of hormone-refractory prostate cancers may confer a growth
advantage through alternative pathways that are capable of ‘bypassing’ the
need for AR (reviewed by Feldman & Feldman 2001). (2) The functions of cell
adhesion proteins such as E-cad, CD44 and TSLC1 become abrogated by
promoter hypermethylation during invasion and metastases of prostate cancer.
(3) Hypermethylation-driven loss of function of key cell-cycle regulators such
as pl6, p27 and RASSFI1A, allows uncontrolled proliferation. (4) Promoter
methylation (of intracellular detoxification enzyme GSTP1) and global
hypomethylation (Hypo M) promote genome damage. PI3K, phosphoinositide
3-kinase; IGFI, insulin-like growth factor [; IGFIR, insulin-like growth factor I

receptor. Image obtained from (Perry et al., 2006).
42




CHAPTER 1

1.9 APOPTOSIS

Programmed cell death or apoptosis is an evolutionary conserved and
genetically regulated biological process that plays an important role in the
development and homeostasis of multicellular organisms (Creagh et al., 2003).
Apoptosis is classically defined by a characteristic set of morphological
changes that occur in cells, including blebbing of the plasma membrane, cell
shrinkage, condensation and fragmentation of the nucleus, formation of
apoptotic bodies and DNA fragmentation (Kerr, 1972).

A major component of the mammalian cell death machinery is the caspase
(cysteine aspartate-specific proteases) family of proteases. Currently, fourteen
mammalian members of this family (caspase-1 through to caspase-14) have
been identified. All known caspases contain an active site cysteine (cys)
residue and cleave after aspartate acid (asp) residues. Caspases are typically
synthesised in normal cells as enzymatically inert zymogens (enzymes
containing an N- terminal prodomain, a P20 and P10 domain) (Hengartner and
Bryant, 2000), which require autoproteolytic cleavage or cleavage by other
caspases at specific asp residues to achieve their active configuration
(Vermeulen et al., 2005). Caspases important for apoptosis can be further
divided into two sub groups (initiators and effectors) on the basis of the lengths
of their prodomain and relative position in the apoptotic caspase cascade
(Creagh and Martin, 2001). Upon activation, caspases with long prodomains
(caspase 2, 8, 9 and 10) function upstream in the signal transduction pathway,
as initiators, proteolytically activating downstream effector caspases 3, 6 and 7,
which contain a short prodomain (Vermeulen et al., 2005). These downstream
executioner caspases have been shown to be chiefly responsible for the
majority of the intracellular caspase-induced cleavage that results in cell death

(Earnshaw et al., 1999).

1.9.1 Death Receptor Pathway: caspase activation

Two main pathways of cell death have now been elucidated: a death-receptor-
mediated pathway and a mitochondrial mediated pathway. The death receptors
are a subset of the tumour necrosis factor (TNF) receptor family of cell surface
molecules that possess a common motif within their cytoplasmic tails, called

death domains. Receptor death domains are thought to be intimately involved
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in the recruitment of adaptor molecules, which in turn, enlist caspases to the
receptor complex. Upon ligand binding, death receptors such as Fas aggregate
and form membrane-bound signalling complexes (Figure 1.19). These
complexes recruit through adaptor proteins (e.g. Fadd), several molecules of
pro-caspase 8. The induced proximity, together with a weak protease activity
of procaspase-8, is sufficient to allow mutual cleavage and trans-activation
(Hengartner and Bryant, 2000). It is believed that caspase-8 propagates the
death signal by direct processing of other caspases (Slee et al., 1999). Caspase-
3 is a putative substrate for caspase-8. Once activated, caspase-3 can further

propagate the cascade by activation of caspase-6 and caspase-7.

1.9.2 Mitochondrial apoptotic pathway: caspase activation

The mitochondrion is not only the cell’s powerhouse but is a key player in
programmed cell death (Figure 1.19). The signal for the mitochondrial
mediated pathway can arise from a number of signals including DNA damage
caused by ionizing radiation and from cytotoxic agents (Kim et al., 2006;

Vousden and Lu, 2002).

The bcel-2 family of proteins plays a key role in mitochondrial-mediated
apoptosis. The family consists of both pro- and anti-apoptotic proteins, the
members of which can be classified based on four conserved regions known as
bcl-2 homology (BH) domains into three main subclasses (Cory and Adams,
2002). Anti-apoptotic proteins like bcl-2, bel-x1, mcl-1, Al and bcl-w are
characterised by the presence of the four known BH domains. This class of
anti-apoptotic proteins appears to exert control over mitochondrial permeability
by stimulating ADP/ATP exchange, stabilising the mitochondrial inner
transmembrane potential and preventing the opening of a permeability
transition pore that enables release of a plethora of pro-apoptotic molecules

including cytochrome ¢ (Miller, 1999).

The bcl-2 family also contains a number of pro-apoptotic members, which can
be separated into two subclasses, the BH 1-3 domain containing members (Bax
and Bak) and members that contain only one BH domain (The BH3 only class:

Bim, Bik, Bad, Hrk, Noxa and Puma) (Cory and Adams, 2002). A number of
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the latter class of molecules are up-regulated by P53 induction in response to
intracellular damage (Huang and Strasser, 2000). With the exception of Bid,
they are thought to, upon stimulation, translocate to the mitochondria and block
the protective regulatory activity of anti-apoptotic bcl-2 members (Miller,
1999). The presence of either Bax or Bak seems to be essential for apoptosis in
many cell types. Bax and Bak are thought to trigger or contribute to
permeabilisation of the outer mitochondrial membrane, allowing efflux of
apoptotic proteins such as cytochrome c out of the mitochondria into the
cytosol. The mechanism of Bax/Bak mediated cytochrome c release is
controversial and a number of models have been proposed and reviewed
elsewhere (Cory and Adams, 2002). A dynamic equilibrium exists between
pro-apoptotic and anti-apoptotic bcl-2 family members, whereby the relative
concentrations of pro/anti apoptotic bcl2 members may decide life or death of

the cell (Cory and Adams, 2002).

The release of cytochrome c into the cytosol has dramatic consequences for the
cell on two levels. Firstly cytochrome c is an integral part of the mitochondrial
electron transport chain that is required for ATP synthesis and secondly,
cytochrome c¢ binds to and activates cytosolic Apaf-1 (apoptotic protease
activating factor-1). Apaf-1 controls the activation of caspase-9. To enable
caspase activation, Apaf-1 must first bind cytochrome ¢ and undergo dATP
dependent oligomerization prior to caspase-9 binding (van Noesel et al., 2003).
With cytochrome ¢ and dATP bound, Apafl and caspase 9 assemble into a
high molecular weight complex that has been termed the “apoptosome”
(Ranger et al., 2003). The apoptosome facilitates the cleavage and hence

activation of caspase 3, 6 and 7.

Cross talk occurs between the two pathways at the level of caspases. For
example, caspase-8 can catalyse the cleavage of Bid into two fragments, the C-
terminal portion, which can then translocate to the mitochondria where it
integrates into the outer membrane and promotes cell death by activating Bax
and Bak, and it may also play a role in the inactivation of its pro-survival

relatives (bcl-2 and bcl-x1) (Cory and Adams, 2002).
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Caspase activation appears to be the preferred executer of cell death, however
in its absence or failure can be compensated for by many other default
pathways. Some of the mitochondrial proteins released as a result of
mitochondrial outer membrane potential (MOMP) (AIF, HtrA2/Omi,
endonuclease G) can promote caspase-independent death via a number of
mechanisms (Kroemer and Martin, 2005). For example, AIF and endonuclease
G, upon release from the mitochondria, can relocate to the nucleus, where they
are believed to cooperate and induce caspase-independent nucleosomes DNA

fragmentation (Cande et al., 2004; Niikura et al., 2007).

Alternative mechanisms of cellular fate also exist such as autophagy and
cellular senescence. Autophagy can be defined as the process of degrading
proteins and organelles and recycling materials in response to cellular stress
(Apel et al., 2009). A number of key members of the apoptotic machinery are
also implicated in control and regulation of autophagy. For example, potent
pro-apoptotic molecule bcl-2 is known to interact with and inhibit autophagy-
related protein beclinl (Pattingre et al., 2005). Cellular senescence, a state of
irreversible growth arrest, can be triggered by three key mechanisms; telomere
loss, the accumulation of DNA damage and derepression of the INK4a/ARF
locus (Collado et al., 2007). The mechanisms underlying cellular senescence
are important in the protection against cancer and are involved in aging of an

organism (Collado et al., 2007).
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Figure 1.19

Apoptosis Pathways. An overview of the common apoptotic pathways found
to be defective in cancer. (1) Mitochondrial Pathway: A number of stimuli,
such as DNA damage can induce transcription of P53, which modulates
transcription of a number of members of the Bcl2 family BH3 only proteins.
These proteins translocate to the mitochondria where they promote the release
of cytochrome ¢ and/ or inhibit anti-apoptotic Bcl-2/Bcl-x1. Cytochrome ¢ then
binds to Apaf-1, which further complexes with caspase 9 to form the
apoptosome and promotes cleavage of effector caspases. (2) Death receptor
pathway: Upon Ligand binding, Fas/Trail receptors aggregate and recruit via
FADD adaptor molecules, which attract a number of caspase 8 molecules,
whose close proximity allows for mutual cleavage resulting in their activation.
Caspase 8 can cleave effector caspases such as caspase 3 resulting in a caspase
cleavage cascade. Decoy receptors DcR1/DcR2 compete with trail receptors
for Trail binding. DcR1/DcR2 do not propagate the caspase-signalling cascade
due to non-functional or absent intracellular domains. Cross talk between
pathways occurs at the caspase level. Caspase 8 can cleave Bid, whereby its C-
terminal translocates to the mitochondria and promotes cell death via activation
of Bax and Bak. Cleavage of effector caspases (by either pathway) results in
apoptosis induction and its associated phenotype (DNA fragmentation,
membrane blebbing, cell shrinkage and the formation of apoptotic bodies).
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1.9.3 The deregulation of apoptosis in prostate cancer

Disruption of normal apoptotic pathways contributes to carcinogenesis via a
number of mechanisms including loss of function of tumour suppressor genes
(e.g. TP53, APAFI, FAS), epigenetic inactivation of members of different
apoptotic signalling cascades (e.g. CASPS, APAF I, BAX), defects in execution
pathways (e.g. caspase 3, caspase 6) and up-regulation of anti-apoptotic

proteins (e.g. bel-2, bel-x1) (Hanahan and Weinberg, 2000).

In prostate cancer, a number of molecular changes have been identified that
target different components of the apoptotic cascade. For instance, in vivo
studies have demonstrated that bcl-2-overexpressing prostate carcinoma cell
lines are associated with a reduced apoptotic response following treatment with
various chemotherapeutic agents and ionizing radiation (Kyprianou et al.,
1997). In patients with locally advanced or metastatic prostate cancer receiving
hormonal therapy, bcl-2 over-expression is an adverse prognostic indicator

(Colombel et al., 1993; Shabaik AS, 1995).

P53 induces cell cycle arrest or apoptosis in response to DNA damage,
hypoxia, heat shock and many other cellular stresses (Wang et al., 2004). P53
controls the expression of several pro-apoptotic genes such as BAX, the cyclin-
dependent kinase inhibitor CDKNIA and MDM?2. TP53 mutations are
uncommon in early invasive prostate carcinoma but occur frequently in
advanced stages of disease (Navone et al., 1993). A number of studies have
indicated that co-staining for pS3 and bcl-2 is a potential biomarker for prostate
cancer progression, poor prognosis and recurrence (Matsushima et al., 1997;
Moul et al., 1996).

Aberrant expression of a number of promiscuous members of apoptotic
pathways (both intrinsic and extrinsic) have been implicated in prostate cancer.
Tissue microarrays of normal and cancerous prostates have identified BCL2,
CLU, SMAD4, DAP and PERP as downregulated in prostate cancer (Ernst et
al., 2002; Yu et al., 2004b). Such data highlights the importance of both pro-

and anti-apoptotic molecules in prostate carcinogenesis.
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Human prostate cancers often present as heterogeneous tumours, with a
mixture of androgen-dependent and independent tumour cells. Androgen
ablation therapy is the primary treatment for metastatic prostate cancer.
However this treatment alone does not eliminate the androgen-independent
cells. Several lines of evidence suggest that progression to androgen
independent disease is associated with resistance to apoptosis and altered
expression of caspases and expression of inhibitor of apoptosis proteins (IAPs)
(McEleny et al., 2002). Understanding which apoptotic pathways become
altered and by what mechanism, for example genetic or epigenetic, may
provide a rationale for targeting the cell death machinery in hormone refractory

prostate cancer.

Manipulation of apoptotic pathways is an attractive therapeutic approach for
the treatment of prostate cancer. Investigation into<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>