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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 WestemVNorthem 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, DU 145, PC3, 22RV1, RC58) and normal 

prostate cell lines (RWPEl and PWRIE) using DHPLC. Our results 

demonstrate that the CpG promoter regions of BIK, BNIP3, cFLIP, TMSl, 

D CRl, DCR2 and CDKN2A 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 PCS cells. Consistent 

with our methylation data, expression of cFLIP, BIK, BN1P3, TMSl, CDKN2A 

and DCRl/2  are significantly reduced in multiple cell lines. Furthermore, 

treatment of PCS cells with 5aza2'deoxycytidine causes a moderate to strong 

increase in expression in BIK, TMSl, CDKN2A and DCRl/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 TM Sl, DCRl and DCR2 identified in our study 

have previously shown utility as potential new biomarkers of risk prediction in 

prostate cancer (Suzuki et al., 2006), while CDKN2A, 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 QMS? identified 5 genes 

(BN1P3, CDKN2A, DCRl, D C Rl and TM Sl) 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 

GSTPl increased the frequency of methylation detection in prostate cancer 

from 80% to 89% than if GSTPl 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 comer 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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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 o f all cancers (Toms, 2004). Much o f this 

improvement is due to an increase in the number o f men being diagnosed with 

early stage prostate cancer as a result o f widespread use o f prostate specific 

antigen (PSA) testing. However, PSA has a number o f 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 o f 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 o f Urology does 

not advocate the adoption o f 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 o f 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 fiindamental pathways (such as cellular death) which are 

deregulated in cancer, is likely to be a significant source o f information to aid 

in target identification for novel disease biomarkers and therapeutic targets. 

Recently, analysis o f 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.comV A complete description
2
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o f 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 o f the rectum (Figure 1.1) and weighs ~ 18 g, measures 3 

cm in length, 4 cm in width and 2 cm in depth, hi unhealthy prostates, the 

gland can weigh as much as lOOg, resembling the size o f an orange (Bostwick, 

1999). The entire prostate gland is enclosed by an outer capsule o f fibrous 

tissue (Ross J.S., 1971).

The prostatic epithelium is composed o f 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 o f 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 o f 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 o f the columnar epithelial cells. Basal cells have a 

low mitotic index and are less abundant, accounting for less than 10% o f 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 o f  human anatomy, 2"^ ed. New Jersey, ICON Learning 

Systems, 2001, p358.

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

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

o f the prostate and contracts during ejaculation to express prostate secretions 

into the urethra (Veltri, 2007).

Figure 1.2 illustrates the different zones o f the prostate. The transition zone 

surrounds the urethra proximal to the entry o f the ejaculatory ducts and consists 

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

located below the proximal urethral segment and consists o f -20-25%  o f the 

mass o f 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

Ceniral zone

Anterior
fibromuscular
siroma

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 5a-reductase(5AR) 

(Crawford, 2009). The process of testosterone conversion by 5AR 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 5a-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 fiinctional 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 serv es 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 (Roehrbom and McConnell, 2002). Men
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who exhibit mild- moderate symptoms o f BPH are the best candidates for 

watchful waiting. However patients who present with severe symptoms will 

require surgery. Transurethral resection o f the prostate (TURP) is considered 

the gold standard for the surgical management o f BPH (McEleny et al., 2002). 

Many o f the symptoms o f 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 o f the prostate: the 

precursor lesion o f prostate cancer

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

neoplastic proliferation o f prostatic epithelial cells confined to prostatic ducts 

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

intraepithelial neoplasia” was introduced by Bostwick and Brawler (Bostwick 

and Brawer, 1987).

A number o f morphologic changes define PIN, whereby prostatic epithelia 

cells are present in large and branched glands. Epithelial proliferation typical o f 

PIN produced crowded layer o f 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 o f PIN however appears normal, 

whereby basal cells can be observed around the periphery o f the gland (Figure 

1.3), which can be readily visualised using haematoxylin and eosin (H&E) 

staining. Often the presence o f 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 o f prostate cancer and hence is more 

clinically significant than low-grade (Zynger and Yang, 2009). Diagnosis o f 

HGPIN can only be determined by microscopic examination o f 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 o f prostate cancer also contained adjacent HGPIN (Qian et al., 1997).

i ifeiSi

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, c) 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 o f prostate cancer, Oct 2006).
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1.3.2.2 Pathophysiology and natural history o f prostate cancer

Almost all cases o f prostate cancer are adenocarcinoma (Scardino, 2000). 

Approximately 4% o f prostate cancer cases display transitional cell 

morphology and are believed to originate from the urogenital lining o f the 

prostatic urethra. A relatively small number o f  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 o f different grades (Bostwick, 1999). 

Prostatic adenocarcinomas usually consists o f a proliferation o f small acini 

with multiple patterns (Bostwick, 1999). Diagnosis relies heavily on the 

architecture and cytologic features o f the prostate, such as irregular glandular 

contours, variation in gland size, nuclear and nucleolar enlargements. The basal 

cell layer is key in the diagnosis o f adenocarcinoma, whereby an intact basal 

cell layer is located at the periphery o f 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 o f the gland, distant from the urethra. 

However, the following symptoms may be an indication o f the disease: 

problems with urination, hematuria (blood in the urine), bone pain (often 

indicative o f metastatic disease), constant fatigue, weight loss and chronic- 

severe back pain.

9
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Carcinoma •• '

micfoinvasive

GRADESGRADE 2GRADE 1

Prostatic intraepithelial neoplasia

Figure 1.4

Prostate cancer development. From very mild to severe stages o f abnormal 

development, changes occur to the spatial arrangements o f the luminal cells 

and to their nuclear size and shape. In carcinoma, there is an enlargement o f the 

nucleus and disappearance o f  the basal cellular layer, one o f the hallmarks o f 

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

Our understanding o f the natural history o f prostate cancer is far from 

complete. This is partly a result o f the heterogeneous behaviour o f the disease 

from both a morphological and clinical perspective (Scardino, 2000). Prostate 

cancer grows slowly and often does not manifest itself during the lifetime o f an 

individual. Hence, most men die with prostate cancer rather than from prostate 

cancer (Bostwick, 1999). Men under the age o f  40 rarely present with prostate 

cancer. However the incidence rate increases dramatically in the fifth decade o f 

life to 40%, and to 80% by the age o f 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 

o f 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 o f  prostate cancer and determined the 

potential for survival by analyzing survival following watchftil waiting in a
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large patient cohort (n=223) (Johansson et al., 2004). Overall, 89 patients 

(40%) experienced progression of disease. O f these, 39 (17% o f 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 locahsed 

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 o f 45 years 

and with >90% of cases occurring in men over the age o f 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, NorthemWVestem 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 

o f PSA testing, the incidence o f clinically localised disease has increased, 

whereas the incidence of metastatic disease has decreased (Hankey et al., 1999)
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(Han et al., 2001). The relevance o f reported incidence rates can be accessed 

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

1.4.2 Prostate cancer mortality rates

Mortality rates, which represent a clearer guide to the risk o f 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 o f progressive prostate cancer is dependent upon ethnic 

group and/or country o f residence, suggesting a prominent role o f 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.fr/.
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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 o f 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 o f 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 

NICR/NCRI http://www.allirelandnci.com.
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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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International comparison o f world age-standardised incidence rate for prostate 

cancer; 1998-2000. Image obtained from EUROCARE IV, 

http://www.allirelandnci.com.

Differences between cancer rates between the Republic o f Ireland and Northem 

Ireland is likely due to more extensive use o f PSA testing in the Republic of 

Ireland. In addition, the Republic o f Ireland also had higher mortality rates for 

prostate cancer than Northem Ireland (Figure l .I  I) (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 

o f 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 o f  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 o f 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 up 

(https://pcrc.tchpc.tcd.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 o f 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 o f 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 ftinctions 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 o f 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 o f 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- 

lOng/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 bio marker

Measurement o f serum PSA is now widely used as a first step in the detection 

o f prostate cancer and in the staging and follow-up to treatment o f prostate 

cancer (DeVere White et al., 1992; Kim et al., 2006). However, the efficacy o f 

PSA as a prostate cancer biomarker is highly controversial. Firstly, elevated 

PSA is not cancer specific and as discussed previously can be indicative o f a 

range o f prostatic diseases or manipulation. Moreover, a quarter o f 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 o f 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 o f 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 o f the PSA from total prostate 

volume (PSA density) (Gjengsto et al., 2005) and evaluation o f 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 o f PSA: total, 

fi-ee 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 o f 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 o f screening 

with prostate-specific-antigen (PSA) testing on death rates from prostate 

cancer. 182,000 men between the ages o f 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 o f 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 o f 55 and 69 

years.

Results, o f a median follow-up of 9 years, showed that the cumulative 

incidence o f 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 o f 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 o f the control group population to save 

one prostate cancer death.

The European Association o f Urology (EAU) has taken into consideration the 

recent scientific information o f this randomised screening study on prostate 

cancer and suggests that current published data are insufficient to recommend 

the adoption o f 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 o f life, costs and cost- 

effectiveness should be investigated ftirther Avww.uroweb.org/professional- 

resources/guidelines/).

It is clear, therefore, that current screening methods are inadequate due to a 

lack o f 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 Avww.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 o f 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 o f 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 watchfial 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 fi-equency) 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 Heilman, 2003; Jemal 

et al., 2006). Patients with a high PSA level, high Gleason score and/or larger 

tumour volume benefit fi'om combined radiotherapy and androgen deprivation 

therapy (Hanks et al., 1994).

1.6.1.2 Pathologic staging o f 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 o f 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 o f treatment failure (Jani and Heilman, 2003).
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TaUe 1.1 Tumour Node JVfetastases (TNM) classification of prostate cancer
Classification Description
T-Primary Tumour
IX Primary tumour cannot be assessed
TO No evidence of primary tumour

T1
Clinically in apparent tum ournot palpable or visible by 
imaging

Tla
Incidental histological finding in <5% o f tissue resected by 
TURP

Tib
Incidental histological finding in >5% o f tissue resected by 
TURP

Tic
Turr»ur identified by needle biopsy (e.g. because o f 
elevated PSA)

T2 Tumour confined within the prostate
T2a Tumour involves < half o f one lobe
T2b Tumour involves > half o f one lobe
T2c Tumour involves both lobes

T3
Tumour extends through the prostatic capsule (invasion into 
but not beyond the prostatic apex)

T3a Extracapsular extension (unilateral or bilateral)
T3b Tumour invades seminal vesicle(s)

T4

Tumour is fixed or invades adjacent structures other than 
the seminal vesicles: bladder neck, external sphincter, 
rectum, levator muscle, and/or pelvic wall.

N-Regional lymph node status
NX Regional lynph nodes cannot be assessed
NO No regional lymph nodes metastases
N1 Regional lymph node metastases

IVMistantmetastases status
MX Distant metastases cannot be assessed
MO No distant metastases
M l Distant metastases
M ia Non-regional lynph node(s)
M lb Bone(s)
M lc Other site(s)
Table adapted from TNM classification o f prostate cancer (Fleming et a l , 1997)

1.6.2 Metastatic disease

Treatment failure and death for prostate cancer patients is largely a result o f  

tumour metastasis, which is the ability o f 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 o f androgens (mainly testosterone) or 

block androgen receptor function by anti-androgens. Androgen depletion may 

contribute to reduction o f 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 o f prostate cancer. 

Understanding the molecular pathology o f 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 frilly 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 fraiit, 

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 o f 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 o f 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 o f 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 o f 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 o f 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 o f 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 o f Asian diets, green tea, has 

also been implicated in attenuating prostate cancer progression (Pandey and 

Gupta, 2009). Green tea is a rich source o f 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 o f tumour development in a mouse model o f prostate cancer 

(Caporali et al., 2004) and preliminary studies report chemopreventative 

activity o f 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 o f the 

promoter CpG islands o f a number o f 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 o f Asian men, who experience 

among the lowest rates o f 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 o f prostate cancer is complex; epidemiological 

studies have demonstrated familial clustering o f prostate cancer suggesting that 

hereditary factors are important in the development o f 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 Iq (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 o f 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 NKX3.1 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 lOq is also a frequent (50-80%) event in prostate carcinogenesis 

(Abate-Shen and Shen, 2000). Interestingly, potent tumour suppressor gene 

phosphotase and tensin homologue (PTEN) 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-450cl7alpha, 

an enzyme responsible for the biosynthesis of testosterone. A variant CYP17 

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 o f 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 o f prostate cancer progression (Ingles et al., 1997). 

Other SNPs have been identified in a number o f 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 

o f 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 o f the newly 

identified loci contain candidate susceptibility genes microseminoprotein, beta 

(MSMB), lemur tyrosine kinase 2 (LMTK2) 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 o f 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 o f 

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 o f and activation by 

other steroid hormones (Harada et al., 2002). Gene amplification also can occur 

and hence prostate cells become hypersensitive to small amount o f 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

VW

Androgeo dependent

Androgen-independence
AR genr ampUflcaUon

Alternative growth 
regulation pathway

M l

mwu
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 o f 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 o f gene expression patterns of multiple 

genes have been examined in large cohorts o f prostate cancer tissue samples 

and benign prostate. Genes such has HEPSIN  (Magee et al., 2001), AMACR
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(Luo, 2002), PIM l (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 o f 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 o f gene expression without altering the sequence o f 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 o f 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 o f a methyl group to 

the carbon at position 5 o f the cytosine ring, by a family o f DNA 

methyltransferase (DNMT) enzymes, resulting in 5-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 o f 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 o f 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 o f exceptions; genomic imprinting for 

example requires DNA hypermethylation at one o f the two parental alleles of a 

gene to ensure monoallelic expression (Feinberg et al., 2002), similarly 

promoter regions o f 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 o f the serum protease inhibitor family (Futscher et al., 2002).

36



CHAPTER 1

DNMT

SAM

Cytosine (C) 5-methyl cytosine (m*C)

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 (i) 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 (HPl) mediates communication between histone modifications and DNA 

methyltransferase. This study supports a model whereby HPl is attracted to 

euchromatic genes in regions where H3K9 has been methylated by the histone 

methyl transferase G9a. The HPl molecule appears to act as an adaptor, which
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binds to DNMTl 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 DNMTl 

(Esteve et al., 2006). Smallwood and colleagues argues that the evidence 

suggests a mechanism whereby DNMTl, HPl and G9a form a positive 

feedback loop, which helps control the silencing of genes (Smallwood et al., 

2007).

A) 'Open ctiromatin' B) "Closed chromatin"
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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 MDRl (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 (Chalitchagom 

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 o f 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 P16, BRCAl and 

VHL (Dobrovic and Simpfendorfer, 1997; Furukawa et al., 2005; Herman et 

al., 1994).

DNMT
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Cancer 
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Promoter region
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F igu re 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 GSTPl, which has 

been found to be methylated in >90% of prostate cancers (Lin et al., 2001;
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Maruyama et al., 2002). In our own laboratory, we have focused on the IGF 

pathway and have recently identified IGFPB3 as a novel target o f methylation 

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

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 o f ‘bypassing’ the 

need for AR (reviewed by Feldman & Feldman 2001). (2) The functions of cell 

adhesion proteins such as E-cad, CD44 and TSLCl become abrogated by 

promoter hypermethylation during invasion and metastases o f prostate cancer. 

(3) Hypermethylation-driven loss o f function of key cell-cycle regulators such 

as p i 6, p27 and RASSFIA, allows uncontrolled proliferation. (4) Promoter 

methylation (of intracellular detoxification enzyme GSTPl) and global 

hypomethylation (Hypo M) promote genome damage. P13K, phosphoinositide 

3-kinase; IGFI, insulin-like growth factor I; IGFIR, insulin-like growth factor 1 

receptor. Image obtained from (Perry et al., 2006).
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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 o f multicellular organisms (Creagh et al., 2003). 

Apoptosis is classically defined by a characteristic set o f morphological 

changes that occur in cells, including blebbing of the plasma membrane, cell 

shrinkage, condensation and fragmentation o f the nucleus, formation of 

apoptotic bodies and DNA fragmentation (Kerr, 1972).

A major component o f the mammalian cell death machinery is the caspase 

(cysteine aspartate-specific proteases) family of proteases. Currently, fourteen 

mammalian members o f this family (caspase-1 through to caspase-14) have 

been identified. All known caspases contain an active site cysteine (c>̂ )̂ 

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 PIO 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 fiarther 

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 

(Eamshaw 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 o f the tumour necrosis factor (TNF) receptor family o f 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 o f 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 o f 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 o f signals including DNA damage 

caused by ionizing radiation and from cytotoxic agents (Kim et al., 2006; 

Vousden and Lu, 2002).

The bcl-2 family o f proteins plays a key role in mitochondrial-mediated 

apoptosis. The family consists o f both pro- and anti-apoptotic proteins, the 

members o f 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, bcl-xl, mcl-1, A l and bcl-w are 

characterised by the presence o f the four known BH domains. This class o f 

anti-apoptotic proteins appears to exert confrol 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 o f a plethora o f pro-apoptotic molecules 

including cytochrome c (Miller, 1999).

The bcl-2 family also contains a number o f 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 o f
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the latter class o f molecules are up-regulated by P53 induction in response to 

intracellular damage (Huang and Strasser, 2000). With the exception o f Bid, 

they are thought to, upon stimulation, translocate to the mitochondria and block 

the protective regulatory activity o f 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 o f the outer mitochondrial membrane, allowing efflux of 

apoptotic proteins such as cytochrome c out o f the mitochondria into the 

cytosol. The mechanism of Bax/Bak mediated cytochrome c release is 

controversial and a number o f 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 o f 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 o f 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 o f caspase-9. To enable 

caspase activation, Apaf-1 must first bind cytochrome c and undergo dATP 

dependent oligomerization prior to caspase-9 binding (van Noesel et al., 2003). 

With cytochrome c 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 o f caspase 3, 6 and 7.

Cross talk occurs between the two pathways at the level o f 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-xl) (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 o f the mitochondrial proteins released as a result of 

mitochondrial outer membrane potential (MOMP) (AIF, HtrA2/0mi, 

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 o f cellular fate also exist such as autophagy and 

cellular senescence. Autophagy can be defined as the process o f degrading 

proteins and organelles and recycling materials in response to cellular stress 

(Apel et al., 2009). A number o f key members o f the apoptotic machinery are 

also implicated in control and regulation o f 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 o f 

irreversible growth arrest, can be triggered by three key mechanisms; telomere 

loss, the accumulation o f DNA damage and derepression o f 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 o f 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 o f the Bcl2 family BH3 only proteins. 
These proteins translocate to the mitochondria where they promote the release 
o f cytochrome c and/ or inhibit anti-apoptotic Bcl-2/Bcl-xl. Cytochrome c then 
binds to Apaf-1, which further complexes with caspase 9 to form the 
apoptosome and promotes cleavage o f 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 DcRl/DcR2 compete with trail receptors 
for Trail binding. DcRl/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 o f tumour suppressor genes 

(e.g. TP53, APAFl, FAS), epigenetic inactivation of members of different 

apoptotic signalling cascades (e.g. CASP8, APAFl, BAX), defects in execution 

pathways (e.g. caspase 3, caspase 6) and up-regulation of anti-apoptotic 

proteins (e.g. bcl-2, bcl-xl) (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 MDM2. 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 p53 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 o f 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 o f both pro- 

and anti-apoptotic molecules in prostate carcinogenesis.
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Human prostate cancers often present as heterogeneous tumours, with a 

mixture o f 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 o f evidence suggest that progression to androgen 

independent disease is associated with resistance to apoptosis and altered 

expression of caspases and expression of inhibitor o f apoptosis proteins (lAPs) 

(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 o f prostate cancer. Investigation into the differential expression 

of key apoptotic genes, such as BCL2 and TP53, in normal prostate versus 

prostate cancer has provided valuable insights into the apoptotic profile of 

prostate cancer cells. Such a profile may act as an important feature o f tumour 

pathology that could influence diagnosis, prognosis, therapeutic response and 

disease progression. The challenge now is to further dissect the molecular 

mechanisms underlying the atypical expression of key apoptotic genes.

1.10 DNA METHYLATION OF APOPTOTIC GENES: A KEY 

SURVIVAL MECHANISM IN PROSTATE CANCER

Evasion o f cell death is a key feature o f cancer cell survival, whether the cell is 

proliferating, metastasising or developing resistance to chemotherapeutic drugs 

(Eeles et al., 2008). Studies suggest that DNA methylation in human cancer 

cells can help inactivate apoptotic pathways at several points. To date, the 

majority of methylation studies on apoptotic genes have focused on cancers of 

the bladder, stomach, colon and breast. In prostate cancer, limited data exists 

on the methylation status of apoptotic genes.

Studies have shown that pro-apoptotic genes, X-linked mammalian inhibitor of

apoptosis protein (XZ4P)-associated factor 1 (XAFl), Cellular retinol binding

proteins (CRBPl) and Reprimo (RPRM) have a moderate methylation
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frequency in prostate cancer (35-65%) (Lee et al., 2006; Suzuki et al., 2006), 

while pro-apoptotic genes fragile histidine triad {FHIT) and FAS (Maruyama et 

al., 2002; Santourlidis et al., 2001) have a low methylation frequency in 

prostate cancer (12.5-15%). Interestingly, anti-apoptotic decoy receptor genes 

D CRl and DCR2 (Shivapurkar et al., 2004) are methylated in approximately 

50% of prostate tumours examined. Further validation o f the methylation 

profile o f these targets is necessary in order to investigate their potential as 

prostate cancer biomarkers and to understand their role in prostate 

carcinogenesis. In the case o f FHIT, RFRM  and D CRl/2  there are no reports of 

gene expression analysis in prostate cancer cell lines or tissue. To determine if  

DNA methylation is associated with gene silencing it would be important to 

examine the mRNA levels of these genes.
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1.11 HYPOTHESIS

The aims of this study were to implement a combined in silico and DHPLC 

screening strategy to identify novel apoptotic-related gene targets of promoter 

methylation in a panel of prostate cancer cell lines. The promoter CpG islands 

o f each gene of interest were fiirther characterised in order to identify 

biologically significant regions o f the island. Correlation between promoter 

methylation at specific gene loci and transcriptional repression was examined 

utilising quantitative methylation specific PCR and quantitative real-time PCR. 

Finally, the methylation levels of genes o f interest were examined in a prostate 

cancer biorepository including a range o f grades and stages o f prostate cancer, 

BPH, HGPIN and benign adjacent prostate tissue, with a view to generate an 

“apoptotic methylation signature” o f prostate cancer. Detection o f an 

“apoptotic methylation signature” could have potential as a diagnostic and 

prognostic biomarker and aid early detection and treatment choice for prostate 

cancer.
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CHAPTER 2 

MATERIALS AND METHODS
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2.1 IDENTIFYING POTENTIAL TARGETS OF PROMOTER 

HYPERMETHYLATION

2.1.1 Searching a methylation candidate gene bank

An in silico approach to identify potential targets o f promoter 

hypermethylation in prostate cancer was employed by Dr. Antoinette Perry in 

our laboratory. This approach identified a methylation candidate gene bank. 

This gene bank was searched for apoptotic gene targets o f methylation.

2.1.2 Identifying biological role in apoptosis

Key genes involved in important apoptotic cascades were chosen and apoptotic 

function delineated using the following online resources; Information 

Hyperlinked Over Proteins (iHOP:http://www.ihop-net.org/UniPub/iHQP/) : 

lhttp://www.biocarta.coml ) and by review o f literature searching the 

biomedical journal literature via PubMed (http://pubmed.gov/).

iHOP is a large-scale information system, which converts information in 

PubMed into one navigable information resource. Every gene/protein is 

allocated one page containing all sentences that associate the gene/protein with 

other gene /proteins. Gene synonyms within these sentences serve as 

hyperlinks to their corresponding pages. The concept o f iHOP is to allow 

researchers to move between sentences taken from a large volume o f abstracts, 

allowing control over the reliability o f the information they obtain. Ease o f 

scarming through associated sentences allow the user to identify incorrectly 

identified symbols and recognise whether the information offered in a sentence 

is o f interest (Hoffmann and Valencia, 2004). The navigation trail o f iHOP is 

illustrated in Figure 2.1.

53



CHAPTER 2

i s ;

ExterfB lfew urce?
A irf 'l  A ? * f-!  )o(ti] |([rt(3S fa tt.*K lW orl C3i( 
m f U m -  K1A M I13

ir io fm iw
( N r ^ i t w

|APAF1 afnjisicjest'iasfacTdfjtol

VAiGeiies f i : t l e a o ! " ' *
Dsftj 0ur2:'ij.«cs,05jK
WC! CU7
PDestTKtm P'umi
OW CC2233
H S G e r e
ICB'RiSeo I f  e - a i f K : * !
iceitfSeo 
K S U n G e ie
NCB'AcMsswitfSiS!] MtKSf 
H o tm lo g ieso lA P IIF I.

D tf i t i l t i o i i j l o ( A P I iF l |. .

Hon re c e n  i n t o M i i i  f «  tPli\ | ...

E n h a K e d P u t M o o g l e ^ . .

A JM G  P l U t t i H ( « 'v i : i r i ! j M 9 n d * / d 9 c n i u » * n a i ^ i i a 4 c r t f i ^ i » t r r y  ■ f u - T t c o u i ^ - x r r e ^ . i t i i ' j n  ‘','vi7tr:»AJtJ4a

21
HmsiKri

Yellow: MeSH te rm

' t e i h j i  2 > 0 0  otginism s. 120.000 gtncs, 16.1 million sen ien tts. 
- i w y s u p t o  dale  -  e v m 'd jv .

ExperiiDental evidence 

Add sen tence to  logixwk

High im pact journal
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Figure 2.1

Navigation of iHOP. The starting point for the literature search is a gene or 

protein (e.g. APAFl) of interest. A link to all external resources is given for the 

gene/protein of interest. Information pertaining to APAFl and its interactions is 

provided in the form of sentences taken directly from their source abstracts. 

Gene names in blue are hyperlinked to their corresponding pages in iHOP. 

Terms in yellow are hyperlinked to the Medical Subject headings (MeSH) 

definition of the term. Sentences which include proteins whose interaction is 

experimentally supported is highlighted and ranked higher in order. All 

sentences are linked to their abstracts for further investigation. Adapted from 

(Hoffmann and Valencia, 2004).

BioCarta is a leading developer, supplier and distributor of reagents and assays 

for biopharmaceutical and academic research. Furthermore, the BioCarta 

website serves as an interactive web-based resource for life scientists, 

providing information on gene fiinction, proteomic pathways, ePosters and 

research reagents. This website allows you to observe how genes interact in
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dynamic graphical models. A gene/protein o f interest can be entered into the 

search facility of the website and signalling pathways, for which this 

gene/protein participates in, can be viewed. This website offers an excellent 

way to unravel complicated apoptotic signalling pathways and gene function.

2.1.3 Screening genes for 5’ CpG Islands

Selected genes were screened for the presence o f a CpG island in their 

promoters using the March 2006, Human Genome Browser at the University o f 

California Santa Cruz (UCSC) (http://genome.ucsc.edu). The browser is a rapid 

and reliable web-based tool for exploring human genome sequences and is 

used daily by thousands of biomedical researchers worldwide. The UCSC 

genome browser was developed and is maintained by the genome 

bioinformatics group at UCSC (Kent et al., 2002) .

The CpG island track, utilised by the UCSC human genome browser, is a 

modified version o f a program developed by G. Miklem and L. Hillier. CpG 

islands are predicted by applying a scoring system, whereby each CG 

dinucleotides scored +17 and all other dinucleotides are scored -1 , whilst 

searching the gene sequence base by base. The maximum scoring segments are 

identified and each segment is evaluated for the following criteria;

GC content >50%

Length >200bp

Ratio >0.6 of observed number o f CG dinucleotides to the expected number o f 

Gs and Cs present in the segment.

Obs/Exp CpG = Number of CpG * N / (Number of C * Number of G)

Where N = Length of sequence (Gardiner-Garden and Frommer, 1987) 

(http://genome.ucsc.edu/cgi- 

bin/hgTrackUi?g=cpgIslandExt&hgsid=l 14645567)
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2.1.4 Identifying genes with susceptibility to hypermethylation and/or 

reduced expression in prostate cancer.

2.1.4.1 Microarray studies

A number o f published microarray studies that compared gene expression 

between different stages and grades o f prostate cancer were examined for 

selection o f genes with evidence o f decreased gene expression levels in 

prostate cancer (Cho-Vega et al., 2005; Ernst et al., 2002; Yu et al., 2004a).

2.1.4.2 Literature review

Meta-analysis and extensive review of the literature was performed using 

PubMed (http://pubmed.gOv/~). iHOP (http://www.ihop-net.org/UniPub/iHOP/) 

and Google (www.google.ie) to 1) identify apoptotic genes, which show 

evidence of promoter hypermethylation in both prostate cancer and/or 

additional cancers and 2) review the literature o f individual genes of interest 

for evidence o f downregulation o f gene expression in both prostate cancer 

and/or additional cancers.

2.1.5 Candidate prioritising

Apoptotic-related genes containing 5’ CpG island(s) identified from our in 

silico approach were pooled with genes identified from searching the candidate 

gene bank. Firstly, genes were organised by predicted function and importance 

in apoptosis. Candidate genes with evidence o f decreased gene expression in 

prostate cancer and/or evidence o f susceptibility to promoter hypermethylation 

in prostate cancer or other cancers were selected.

2.2 CELL CULTURE 

2.2.1 Solutions and media

A class II laminar flow cabinet (Clean Air Techniek, Woerden, Netherlands) 

was utilised for all cell culture work. All reagents were purchased from 

Invitrogen, Cambridge, UK, unless otherwise stated.

Complete medium (for culture o f LNCaP, PC-3, 22RV1, RC58 and DU145 cell 

lines):
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500 ml RPMI 1640 with Glutamax 

50 ml foetal calf serum (PCS)

5 ml penicillin-streptomycin

Serum free medium (for culture o f PW R-IE and RW PIE cell line):

500 ml keratinocyte, serum free medium with EGF (Bovine pituitary extract)

5 ml penicillin/streptomycin

2.2.2 Prostate cell lines

LNCaP and 22RV1 androgen-dependent prostate cancer epithelial cell lines, 

DU 145 and PC3 androgen-independent prostate cancer epithelial cell lines and 

normal prostate epithelial cell lines (RWPEl and PWRIE) were all obtained 

from the American Type Culture Collection (ATCC, Manassas, VA, USA). 

Prostate cancer epithelial cell line RC58T was a kind gift from Yutaka 

Yasunaga, Centre for Prostate Disease Research, Uniformed Service University 

o f Health Sciences, Bethesda, MD, USA. All cell lines are adherent. Prostate 

cancer cell lines LNCaP, PC-3, DU145, 22RV1 and RC58T were derived from 

human prostate carcinoma xenograft, primary tumour with telomerase, prostate 

cancer bone metastatic sites, Ijmiph node, bone, and brain, respectively. 

Normal cell lines RWPEl and PW RIE were both established from normal 

prostate basal epithelial cells. Doxetaxel resistant PC3-D12 cell line and an 

age-matched control were generated by Dr. Amanda O’Neill (Conway 

Institute, University College Dublin, Dublin, freland).

2.2.3 Colon Cancer cell lines

Colon cancer cell pellets from four cell Unes (HCT116, RKO, LoVo and HT- 

29) were a kind gift from Dr. Daniel Longley (Queen’s University, Belfast, 

Northern Ireland). HCT116, RKO, LoVo and HT-29 were derived from 

colorectal carcinoma, colon carcinoma, colorectal adenocarcinoma derived 

from a left supraclavicular region metastatic site and colorectal 

adenocarcinoma respectively.
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2.2.4 Thawing cells

Cells were stored in liquid nitrogen until required. Frozen cells were thawed at 

room temperature and transferred to a 20 ml sterile tube on ice. Complete 

medium was added, slowly, until twice the original volume. Medium was 

added to a final volume o f 10 ml is reached. Cells were centrifiiged for 5 

minutes at 1200 rpm in a Centra GPS centrifuge (lEC, USA). The supernatant 

was discarded and cells resuspended in 10 ml medium (complete or serum free, 

depending on cell type) and transferred to a 75cm^ culture flask.

2.2.5 Culturing cells

LNCaP, PC3, DU145, 22RV1, RC58T, PC3-D12 and PC3 age-matched control 

cell lines were cultured in 20 ml complete medium. PWRIE and RWPEl cells 

were cultured in 20 ml keratinocyte, serum-free medium with EOF. All Cells 

were cultured in 75 cm  ̂ flasks (NalgeNunc, UK) and incubated at 37°C, 5% 

CO2 (Forma Scientific, USA). Medium was replaced twice/week as required 

with 20 ml fresh medium. Colon cancer cell lines HCT116, RKO, LoVo and 

HT-29 were cultured in 20ml o f  complete medium.

2.2.6 Passaging cells

Cells were passaged when they reached 70% confluence and were split into 

new 75cm^ flasks. This was performed by removing spent medium and 

washing the cells twice with 2mls o f  d-PBS (GIBCO d-PBS, contains CaCb, 

MgCb, Invitrogen, Cambridge, UK). 5ml o f  trypsin, 1:250 dilutions, in 

GIBCO solution A (Invitrogen, Cambridge, UK) was added to each flask. Cells 

were incubated at 37°C for 2-5 minutes. The flasks were swirled gently to 

minimise clumping during cell detachment. Trypsin was inactivated with 5ml 

o f complete medium. Trypsinised cells were transferred to new 50ml tubes and 

centrifuged (Thermo Fisher Scientific Inc, lEC Centra GPS, Waltham, MA, 

USA,) ) at 1500rpm for 3 minutes. The supernatant was discarded and cell 

pellets resuspended in 10 ml o f  fresh medium and spHt either 1:3, 1:4 or 1:5 

into new 75 cm  ̂ flasks, depending on confluency/cell count. The medium was 

brought to a final volume o f 20 ml with fresh medium. All medium, trypsin and 

PBS was pre-warmed to 37°C before use.

58



CHAPTER 2

2.2.7 Freezing cells

Cells were trypsinised as outlined in 2.2.6. Cell pellets were resuspended in 3.6 

ml complete medium. The medium was split into 2 cryovials (NalgeNunc, 

Rochester, NY, USA) and placed immediately on ice. While on ice, 200 }il of 

dimethyl sulfoxide (DMSO) was added. Cells were immediately stored at - 

80°C in a polystyrene box (previously at room temperature), to allow cooling at 

-1°C per minute. For long-term storage, cells were stored in liquid nitrogen.

2.2.8 Drug Treatment to induce DNA hypomethylation

PCS cells (1 X 10^) were seeded in 75 cm^ culture flasks. 24 hours after plating 

(day 1), the cells were treated with 1 jxM 5aza2'deoxycytidine (5-Aza-CdR) 

(Sigma, Dublin, Ireland) to induce demethylation. Treatment was repeated on 

day 3 and day 5. Cells were harvested on day 6.

2.2.9 Preparation of cells for nucleic acid extractions

To harvest cells for DNA and RNA isolation, cells were first washed twice 

with IX PBS. Cells were trypinsinised as described previously and 

subsequently centrifuged at 1500 rpm for 5 minutes. The supernatant was 

discarded and the pellet resuspended in 10 ml of complete media. Cells were 

counted using ethidium bromide acridine orange (ETAO). 100 |o,l of cells were 

diluted 1:3, 1:5 or 1:10 (depending on confluency) with ETAO and placed 

immediately on ice. 7 |il was transferred onto a haemocytometer glass slide 

(volume: 1 x 10“̂  cm^) and viewed under a Leitz Dialux 20 EB fluorescent 

microscope (Leitz Instruments). Using the 20X objective, living cells were 

visualised by the green fluorescent stain o f acridine orange. Dead cells were 

stained orange by ethidium bromide, which cannot enter viable cells. Viable 

cells were counted in four different grids o f the haemocytometer. A mean 

viable cell count was calculated by multiplying the number o f viable cells by 

the volume o f the haemocytometer (1 x 10“̂ ), which gives the number of 

cells/ml. This number is multiplied by the dilution factor (3, 5 or 10); this gives 

the number cells/ml in our stock solution (10ml).
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In order to isolate DNA and RNA from the same culture, the cell suspension 

was divided in two and centrifiiged at 1,500 rpm for 5 minutes. Supernatant 

was discarded and resuspended in 50^1 o f PBS for DNA isolation. For the 

purpose of RNA isolation, 10 volumes of RNA/a/er RNA stabilization reagent 

(QIAGEN Ltd., West Sussex, UK) were added to cell pellets resuspended in 50 

|j,l PBS/ 5 X 10  ̂ cells. Cells were stored at -80°C for future nucleic acids 

extractions.

2.3 PROSTATE TISSUE SAMPLES 

2.3.1 Ethical approval

A proposal requesting the collection o f retrospective patient prostate material 

for the purpose of our epigenetic research was submitted to St. James’s 

Hospital (SJH) Pathology Department. Ethical approval for use o f patient 

material in prospective genetic and epigenetic research had been previously 

granted by the St James’s Hospital and Adelaide and Meath incorporating the 

National Children’s Hospital (AMNCH) Tallaght Ethics Committee.

2.3.2 Retrospective sample collection 

2.3.2.1 Patient Selection

Prostate tissue samples were sought from patients:

1) Treated by radical prostatectomy for primary (either clinically localised or 

locally advanced) prostate cancer.

2) With BPH who underwent transurethral resection (TURP) o f the prostate 

and who had no histological diagnosis o f prostate cancer.

3) With a histological diagnosis o f HGPIN, with or without prostate cancer.

The Biobank Information Management System (BIMS) was utilised to identify 

patients within the Prostate Cancer Research Consortium (PCRC) which met 

the above criteria. The BIMS consists o f a central biobank data repository for 

the storage of clinical, pathology, sample information and analytical research 

data from consenting patients diagnosed as having prostate cancer. The 

purpose o f the BIMS is to facilitate research into prostate cancer. Data are held
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in the BIMS for each patient in relation to some or all o f the following 

categories:

- Patient Information

- Pre-op/Biopsy

- Radical prostatectomy

- Pre/post operational PSA

- Patient outcome

- Sample collection blood, plasma, serum, DNA, RNA

- Sample collection (tissue)

- Sample collection (urine)

Data held in the BIMS are made available to the hospitals and research 

institutes participating in the PCRC.

Pathology reports were sourced through the PCRC with the help of Dr. Linda 

Sullivan and Dr. Antoinette Perry to collect information regarding disease 

stage, grade, TNM classification, age o f diagnosis, gland confinement, pre- and 

post- procedure PSA levels and family history. Four patients (IMMOOOl, 

IMM0058, IMM0075, IMM0084) had a positive family history of prostate 

cancer (with a least one first degree relative also having a diagnosis of prostate 

cancer).

2.3.2.2 Specimen retrieval

Tissue specimens from radical prostatectomy, TURP procedures carried out at 

AMNCH and SJH are formalin-fixed and paraffin-embedded (FFPE) and are 

archived within the pathology department. Pathology numbers and medical 

record numbers were obtained fi'om pathology reports and used together to 

retrieve all of the histology slides for the FFPE surgical specimens.

The slides were reviewed by pathology registrar Dr. Ciara Barrett, SJH to 

identify areas o f tumour, normal prostate glands, HGPIN and BPH 

respectively, which were then marked on the slides. The Gleason grades were 

also marked on each slide. The corresponding paraffin blocks for these slides 

were recovered fi'om the pathology archives. Nine serial 5 ^m sections were
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cut from blocks on a microtome by an experienced technician. The first and 

last tissue section from each block was stained with haematoxylin and eosin 

(H&E), cover-slipped and compared with the pathologically evaluated slide, to 

ensure a consistent percentage o f target cells. All slides were labelled with their 

PCRC code and contained no patient identifiers.

In addition, additional patient material was available from AMNCH, from a 

cohort o f patients previously collected by Dr. Antoinette Perry, in the 

laboratory. This cohort consists o f 40 cases o f prostate cancer (with 

histologically benign tissue available in 39/40 cases and HGPIN available in 14 

cases) and 37 cases o f BPH. H&E slides were reviewed by Dr. Perry with 

consultant histopathologist Dr. Barbara Loftus (AMNCH) to identify and mark 

out target cells (Tumour, benign, BPH or HGPIN). AMNCH tissue samples 

were anonymised with a unique 4-element laboratory code, to protect patient 

confidentiality and to facilitate rapid sample identification. Each code started 

with the letters AM, which identified the source of the tissue as AMNCH, 

followed by two digits, which identified the year the procedure was carried out 

(-98 to -03), a unique 3 digit number, which was used for all samples from an 

individual case (for example, tumour, normal and HGPIN) and finally a single 

letter, which identified the type o f sample as either tumour (T), normal (N), 

BPH (B) or HGPIN (P).

The PCRC bio-resource collects prostate tissue from patients with suspected 

organ-confined or locally advanced prostate cancer who are undergoing a 

radical retropubic prostatectomy. Specimens are also collected from patients 

with benign prostatic hyperplasia who are undergoing a transurethral resection 

o f the prostate. The PCRC has put in place Standard Operating Procedures 

(SOP) for the collection, handling, processing and storage o f biospecimens 

which are consistently followed across all sites to generate uniformly high 

quality biospecimens and to avoid introducing variables into research studies. 

Sample information including time o f collection; time elapsed from collection 

to processing and sample usability are recorded on the consortium’s Bio­

resource Information Management System (BIMS). Each sample aliquot is 

labelled with a unique alphanumeric code and transferred to a local cryogenic
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Storage facility. The precise physical location o f each sample is mapped and 

documented on BIMS.

In collaboration with the surgical staff, the prostate gland is collected from 

theatre and transported to the hospital pathology department, (by the research 

nurse), as rapidly as possible to minimise warm ischemic time and maintain the 

integrity of the DNA/RNA. As prostate cancer develops as independent foci 

within the gland and is usually not visible macroscopically, the patient biopsy 

report is used to inform the most likely site o f tumour and normal tissue. 

Prostate tissue that is surplus to diagnostics, as determined by the pathologist, 

is then excised from the gland and immersed in KNAlater, for nucleic acid 

preservation, and stored at -80°C until further use. Prior to DNA/RNA 

extraction from fresh tissue, additional pathology characterisation of suspected 

tumour and normal prostate tissue is required.

2.4 NUCLEIC ACID ISOLATION 

2.4.1 Nucleic acid isolation from cultured cell lines

Prostate cancer cell lines were cultured for the purposes of DNA and RNA 

extraction, as described in section 2.2.6.

2.4.1.1 DNA extraction

Total DNA was isolated from cell lines by use of a QIAamp DNA blood mini 

kit (QIAGEN Ltd., West Sussex, UK), according to the manufacturer’s 

instructions. Briefly, 5 x 1 0 ^  cells were digested with 20 |j,l QIAGEN protease. 

Appropriate binding conditions were achieved by adding 200 |j.l of buffer AL 

and incubated for 10 minutes at 56°C, followed by the addition of 200 fxl of 

100% ethanol. The lysate was transferred to the QIAamp spin column, 

whereby the DNA becomes adsorbed onto the silica-gel membrane during 

centrifugation. The DNA was washed to remove protein and other 

contaminants with Buffer AW l and AW2. DNA was eluted in 300 p-l Buffer 

AE (10 mM TrisCl, 0.5 mM EDTA; pH 9.0) and stored at -20°C until required. 

The concentration (absorbance at 260 nm) and purity (ratio o f absorbance at
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260 nm to absorbance at 280 nm) of DNA was measured using a NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies, Inc.).

2.4.1.2 RNA extraction

Total RNA was isolated using the RNeasy mini kit (QIAGEN Ltd., West 

Sussex, UK), following the manufacturers protocol. Briefly, 5 x 1 0 ^  cells were 

disrupted in a guanidine isothiocyanate- containing buffer (Buffer RLT and |3 -  

Mercaptoethanol), to inactivate RNases, which can result in RNA degradation. 

Disrupted cells were homogenized by pipetting the lysate directly into a 

QIAshredder spin column and centrifiaged for 2 minutes at fiall speed. To 

ensure appropriate RNA binding conditions to the silica-gel membrane one 

volume of 70% ethanol was added to the homogenized lysate and the sample 

was mixed by pipetting. Residual DNA was removed by addition o f an on- 

column DNase I digestion step. Two centrifuge wash (with Buffer RW l and 

RPE) steps were added to remove any remaining contaminates. Purified RNA 

was eluted into 60 )il DNase and RNase-free molecular grade water (Sigma- 

Aldrich, Dublin, Ireland) and stored at -80°C until further use. The 

concentration (absorbance at 260 nm) and purity (ratio o f absorbance at 260 

nm to absorbance at 280 nm) of RNA was measured a NanoDrop ND-1000 

spectrophotometer.

2.4.1.3 cDNA Synthesis

After RNA isolation, reverse transcription was performed to generate cDNA 

for real-time PCR. cDNAs were synthesised fi'om between 2.5-5 )j,g o f RNA 

using the applied biosystems High-Capacity cDNA Reverse Transcription kit. 

Between 2.5- 5|j,g o f RNA was diluted into a final volume o f 25|j,l in RNase 

fi'ee water and incubated at 70°C for 10 minutes to remove any secondary 

structures, and cooled immediately on ice. The 2X reverse transcription master 

mix was prepared as follows.
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Reagent Volume/ reaction (iil)
lOXRT Buffer 2

25X dNTPs Mix

(lOOmM) 2

lOX RT Random

prim ers 5

Multiscribe Rev.

Transcriptase 2.5

N u c lese -F ree  H 20 10.5

Total 25

Table 2,1: 2X Reverse Transcription master mix

The denatured RNA was added to the mixture and vortexed gently. The 

reaction was placed in a DNA engine Peltier Thermal Cycler-200 (MJ 

Research) and cDNA synthesis performed under the following cycling 

conditions; 25°C for 10 minutes, 37 °C for 2 hours, followed by 5 seconds 

incubation at 85 °C. Synthesised cDNA was stored at -20°C until required.

2.4.2 Nucleic acid isolation from formalin fixed paraffin embedded (FFPE) 

tissue

2.4.2.1 Deparifinization o f FFPE tissue

In a fume hood, a Shandon staining station (Thermo Electron Corporation, 

Cheshire, UK) was prepared with three troughs o f xylene (Sigma-Aldrich, 

Dublin, Ireland), two o f 100% ethanol, two o f 95% ethanol, 1 with 70% 

ethanol and 1 with PBS. Slides were deparaffmised by placing in xylene with 

gentle agitation in each solution for five minutes and then rehydrated in the 

decreasing concentrations of ethanol, by gentle agitation in each solution for 

two minutes, and 30 seconds in the 70% ethanol wash. Finally, slides were 

washed in PBS for 3 minutes. Slides were air dried in the fume hood. A sterile 

razor blade was used to scrape off tissue fi"om within the pathologically marked 

areas. Using the blade together with a 20 [x\ pipette tip, the tissue was 

transferred to a 2 ml microcentrifiige tube with screw-top lid.
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2.4.2.2 DNA extraction

DNA was extracted using Recover All Total nucleic acid isolation kit (Applied 

Biosystems, Warrington, UK) according to manufactures instructions. In brief, 

200 p.1 o f Digestion Buffer and 2 )il protease was added to each sample. The 

tube was swirled gently to mix. Half the sample was removed after 3 hour 

incubation at 50°C (stored at -80°C for RNA extraction at a later date) and the 

remaining sample was incubated for 72 hours for DNA isolation. Samples were 

topped up with 10 |o,l of Qiagen protease after 24 hours following incubation. 

240 |il of isolation additive was added to each tube and vortexed. 550 |nl of 

100% molecular grade ethanol (Sigma-Aldrich, Dublin, Ireland) was also 

added to each sample and mixed by pipetting. A filter cartridge was placed in a 

pre-labelled collection tube. 500 jxl o f the sample/ethanol mixture was pipetted 

onto the filter cartridge and the lid closed. To prevent clogging o f the filter, 

pipetting large pieces o f undigested tissue onto the filter cartridge was avoided. 

The tubes were centrifuged at 10,000 x g for 60 seconds to pass the mixture 

through the filter and the tlow through discarded. This was repeated until all 

the mixture had passed through the filter.

700 |j,l of Wash 1 was added to the filter cartridge and centrifuged for 30 

seconds at 10,000 x g to pass the mixture through the filter and the flow 

through was discarded. 500 |j,l of Wash 2 was added to the filter cartridge and 

centriftiged for 30 seconds at 10,000 x g. This was repeated with Wash 3. A 

master mix of 10 p.1 RNase A and 50 |o,l of Nuclease-fi-ee water was prepared. 

60 |xl o f the mix was added to the centre o f each filter cartridge and incubated 

for 30 minutes at room temperature. 700 |o,l of Wash 1 was added to the Filter 

Cartridge and incubated for 30-60 seconds at room temperature. The tubes 

were centrifuged for 30 seconds at 10,000 x g. Two more wash steps were 

performed with Wash 2 and 3 as described above. The tube was centrifuged for 

1 minute at 10,000 x g to remove residual fluid fi-om the filter. The Filter 

Cartridge was then transferred to a fi'esh collection tube and labelled. 25 |al o f 

pre-heated (95°C) nuclease-fi'ee water was applied to the centre o f the filter and 

the cap closed. The sample was incubated at room temperature for 1 minute 

and centriftiged for 1 minute at maximum speed to pass the mixture through 

the filter. This step was repeated with a second 25 |xl aliquot o f elutant. The
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DNA yield and quality was assessed using the Nanodrop spectrophotometer. 

The DNA was stored at -20°C.

2.5 METHYLATION TECHNIQUES 

2.5.1 Methylation Controls

A fully methylated positive control (CpGenome Universal Methylated DNA) 

and fully unmethylated negative control (CpGenome Universal Unmethylated 

DNA A, CpGenome Universal Unmethylated DNA B) (Chemicon 

International, Temecula, CA, USA) were used for PCR, DHPLC and 

sequencing analysis. CpGenome Universal Methylated DNA (MC) is 

enzymatically methylated human male genomic DNA. Two separate 

unmethylated genomic DNA controls were used to ensure that each assay had a 

negative methylation control. CpGenome Universal Unmethylated DNA A 

(UMA) represents unmethylated human genomic DNA. CpGenome Universal 

Unmethylated DNA B (UMB) is genomic DNA isolated from a human fetal 

cell line. In the case of certain genes, such as TMSl (see Section 4.4.1), where 

both unmethylated controls were methylated, a cell line (RWPEl) which was 

unmethylated for TMSl, was employed as an alternative negative methylation 

control.

2.5.2 Partial Methylation Control

A partial methylation control (PMC) was made by treating CpGenome UMA 

DNA with varying concentrations of 5&I methylase (New England Biolabs, 

London, England). Briefly, in order to generate a fully methylated, 

unmethylated and two partially methylated controls (varying levels of 

methylation), a 5&I methylase mix was prepared as follows, 10 |j.l lOX 

NEBuffer 2, 640 |^M/160 |j.M of S-Adenosyl methionine, 4, 2 ,1 or 0 units of 

SSsl methylase, 5 ^g DNA to a final volume of 100 |il. The reaction was 

incubated at 37°C for 2 hours and heat inactivated for 20 minutes.

2.5.2.1 Restriction digestion ofSSsI methylase treated DNA

The 5551 methylase treatment of urmiethylated DNA was analysed by 

restriction digestion. Utilising the freely available NEBcutterV2.0
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(http://tools.neb.coiTi/NEBcutter2/index.php) the restriction enzyme BsiE\ 

(New England Biolabs, London, England) was identified to analyze 

methylase treated DNA. BsiEl cuts the DNA at unmethylated cytosines but is 

blocked by the presence o f a 5-methyl-cytosine in its restriction site 

5’...CG RY CG ...3’, where R and Y represent ambiguous nucleotides (see 

Appendix 4, table A4.6) and therefore will not cut a fully methylated DNA 

sequence, allowing comparison o f the fially methylated and unmethylated 

sequence to the PMC. The restriction digest was performed according to 

manufacturer’s instructions.

2.5.3 Bisulfite modification

Bisulfite modification o f genomic DNA was first employed for the detection of 

varying methylation patterns in individual strands o f particular genomic 

sequences (Frommer et al., 1992). In this reaction, a bisulfite ion is added to 

the 5-6 double bond of the cytosine molecule, which is converted to a uracil- 

bisulfite derivative by hydrolytic deamination. The final alkali treatment o f the 

DNA removes the sulphonate group to give uracil (Shapiro et al., 1973; 

Shapiro et al., 1974; Wang et al., 1980). Under these conditions, 5- 

Methylcytosine (5-mC) remains unchanged. During PCR amplification, with 

primers designed to anneal with bisulfite-converted DNA only, all uracil and 

thymine nucleotides are amplified as thymine, whereas only 5-mC is amplified 

as cytosine (Figure 2.2).

Bisulfite modification was performed according to a protocol kindly provided 

by Dr Karen Woodson (National Cancer Institute, MD, USA). This method 

was adapted from the EZ DNA methylation kit (Zymo Research, Orange, 

USA) and all components were used from this kit unless otherwise stated. All 

bisulfite reactions were performed in 0.2 ml PCR strip tubes (Axygen 

Scientific, Union City, CA, USA). Up to 2 |o,g o f DNA was denatured (double 

stranded DNA prevents cytosine dinucleotides from reacting with sodium 

bisulfite) by adding 5 [il M-dilution buffer (contains NaOH), 1 p,g salmon 

sperm DNA as a carrier and molecular grade dH20 (both supplied by Sigma, St. 

Louis, USA) to a final reaction volume of 50 |o,l, and incubated at 37°C for 15 

minutes in a DNA engine Peltier Thermal Cycler-200 (MJ Research, Waltham,
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MA, USA). Meanwhile, the bisulfite reagent was prepared by adding 210 jil of 

M-dilution buffer and 750 |il dH20 to 1 vial o f Ct conversion reagent (contains 

hydroquinone and sodium bisulfite) and mixed for 10 minutes using a Vortex 

Genie 2 (Scientific Industries Inc., Bohemia, NY, USA). 100 |xl of freshly 

prepared bisulfite reagent was added to each DNA sample and incubated in a 

DNA engine Peltier Thermal Cycler-200 (MJ Research) for 12 -16 hours.

The bisulfite treated reactions were purified using microcon ym-100 filters 

(Millipore, Cork, Ireland). Filters were labelled and placed into a Microcon-96 

filtrate assembly 96 well plate (Millipore, Ireland). A counter balance was 

prepared by adding 300 fxl into the lower chamber of a Microcon-96 filtrate 

assembly plate, which had been set up similarly to our sample plate. 150 1̂ of 

dH20 was added to the upper chambers of our sample plate. The bisulfite 

reaction was added to the filters. The sample plate and counter balance was 

centrifuged at 500 xg  for 20 minutes at 25°C. The filtrate was discarded and the 

sample washed with 300 |̂ 1 of dH20. The plates were centrifuged at 500 xg  for 

20 minutes at room temperature. This wash step was repeated and filtrate 

discarded after each wash. Next, an alkali treatment was performed to remove 

the sulphonate group to give uracil. 300 |al o f freshly prepared O.IM NaOH 

was applied to the filter and centrifuged and filtrate discarded as before. The 

bisulfite treated DNA was eluted first adding 50|xl Ix Tris EDTA (Sigma, St. 

Louis, MO, USA) to the filter and gently mixing on a STR6 platform shaker 

(Stuart Scientific, UK) for 1 minutes and then allowed to stand at room 

temperature for 5 minutes. The filter columns were carefully removed fi'om the 

tray and placed with the reservoir upside down in a newly labelled 1.5 ml 

microcentrifuge tube. The filter columns were centrifuged at lOOOxg for 3 

minutes in order to transfer the concentrate to the vial.

Successful bisulfite conversion was determined by one or both o f the following 

methods 1) bisulfite treated DNA was amplified with primers designed to 

amplify bisulfite-converted DNA only, using unmodified DNA template as a 

control as per protocol in secfion 2.5.3 and 2) bisulfite sequencing, outlined in 

section 2.5.5.
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Figure 2.2.

Bisulfite conversion reaction of DNA. The initial step involves the addition of 

bisulfite to the 5-6 double bond o f cytosine. In step 2, cytosine sulphonate 

undergoes hydrolytic deamination to give uracil sulphonate. Step 3 involves 

treatment with an alkali to remove the bisulfite adduct, resulting in uracil. A 

slow reaction within 5-mC and bisulfite can occur, however the equilibrium 

favours 5-mC rather than the deaminated product thymine (Adapted fi'om 

Clark etal., 1994).

2.5.4 Bisulfite Polymerase chain reaction

A total o f 47 PCR assays were designed to screen part o f or the entire promoter 

CpG island o f the 22 apoptotic-related genes identified through the in silico 

screen. Each gene contained only one 5 ’ CpG island (the target o f promoter 

hypermethylation) except CFLAR, which contained two distinct islands. 

Primers were designed as follows:

- Avoid CpG dinucleotides within the primer oligonucleotide 

hybridisation sites, to ensure amplification o f bisulfite modified DNA 

irrespective o f methylation status.
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Sequences to contain a maximum number of non-CpG cytosine 

nucleotides to bias amplification against incompletely modified DNA. 

All PCR assays were designed to be less than 500bp, since bisulfite 

modification can cause DNA strand breakage (Li and Dahiya, 2002).

A list of all primers is given in Table 2.2. Primers (synthesised by MWG- 

Biotech, Ebersberg, Germany) were rehydrated in molecular grade water 

(Sigma, St. Louis, USA) to a stock concentration of 100 |xM and 1/10 dilution 

made to generate a working stock concentration o f 10 fxM.

HotFIREPOL Hotstart PCR reactions (Solis Biodyne., Tartu, Estonia) were 

performed according to the manufacturer’s instructions. Each primer set was 

optimised by an MgCl2 concentration curve (final concentration: 1.5 mM to 3 

mM) and an annealing temperature curve (55°C to 62°C). Briefly, a 50|il PCR 

reaction of lOx Buffer BD (detergent free), 10 )xM each primer (MWG- 

Biotech, Ebersberg, Germany), lOmM dNTPs (Promega, Hampshire, UK), 

1.5mM- 3mM MgCb and 1 unit o f HotFIREPOL Taq polymerase was prepared 

in 0.2 ml strip tubes (Axygen Scientific, Union City, CA, USA). All reactions 

were performed in a DNA engine Peltier Thermal Cycler-200 (MJ Research, 

MA, USA) under the following thermal cycling conditions: 95°C for 15 

minutes, followed by 35 cycles of 95°C for 30 seconds, AT°C (Table 2.2) for 

30 seconds, 72°C for 1 minute, and a final extension step at 72°C for 10 

minutes. After amplification, samples were analysed by gel electrophoresis.
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Table 22 : PCR primer sets andassay conditions

Gene Forvrardprim er(5 '-3 ') Reverse Prim er (5 '-3 ')
Annealing
Tmfq

Location of 
Assay*

Denaturation
T m fQ

APAFl 

Assay ] GTGGGAOTTTAA.ATAOTAGGGGGTT CCACaaCCTAAAAAA.ACTATA.AAACTA.AC 58 -141810-960 56

Assay 2 A G nG TT A G TTT TA T A C rT TT TTT A G G A G A G C TG G ACCCA.AACTCCCCACCTCTAATT 58 -995 to -553 58

Assay 3 AATTAGAGGTGGGGAGTTTGGG TCCACCAAA.AATTAAAAATACAAAACTC 55 -525 10-138 57

BAD

Assay I GGACrAGTTAATTAGTAGTAGTTATTATGGAGG C T T C a C T A C a A A A T T C C T A T C NA +18510+485 NA

Assay 2 GATAOGAATTTGGGTAGGGGAAG CAATAAATaTTaAAA.ACAAAACCC NA + 46210 +957 NA

e c u GTOGGATGAGGGAGATGTGG TCCaAAAAAAaCCTCCACCAC NA +8310+416 NA

BIK

Assay 1 GATAAAATAAGTTTCTAGAATAOTAGGGGGTAG CAAAAAAACCACCCC.ATTAC.ACA 56 -1349110-12940 57

Assay 2 TG rG rA A TG G G G TG G TTTTTTTG CACCTCCAATTT.ACCAAACAAAAT 52 -12963 10-12532 60

Assay 3 ATTTTGTTTGGTAA.ATTGGAGGTG AAAACTACAACA^TAACATCAACAACCA 56 -1255610-12334 NA

BM P3 A G G TTTTTA CG TTA G G ITG G TTTTTA AAACCaTCTTTCCATCCTACT.AAT 51 -103710 -536 55

CASP3

Assay 1 GGGOTTTACrTTGGGGTTGG CaaCCaA AATCAA A AA CaiA!\C 55 +19710 -251 61

Assay 2 GTTAAGGTTTTTGATTTAGGGAGAGG TTTCCCAAaiACaCTACCTTC NA +46210 +684 NA

CASP8 GGGCTTGTTTTCTCTGTATAGAT.AAGGTAT AACAACCACC.AATCACCTTCTTC 58 +534 10 +198 52

CASP9 GCrAGGrTTTGGGGAGGGG TCTCCAAATCTATAATCAAa.ACaAACCT.\A NA -9910+187 NA

CDKN2A

Assay 1 CTTTTTTTAGAGGATTTGAGGGATAGG CCCAAAAAACCTCCCCTTTTT 52.3 +16210-267 60

Assay 2 GITTTTTTAGAG&ATTTGAGGGATAGG CCCAAAAA.ACCTCCCCTTTTT NA -163 10+267 NA

CFLAR 
(cFUP) 

CpGl assay 
1 GATTMGOGAGGAGGTCTAGGAGAG .AAACa.ACAA.AAa.AAATCAA.ATTCCAAA 55 -1355410-13155 56
CpGl assay 
1 TTTG G A A TTTG A TTTA G TTTTG rA GG T ACCCCA.\AA.ATTAAAaaCAAAATC 52 -1318410-12854 55.5
CpG2 assay 
1 TAGTTTTTAGTAGGTGCrGGGGG CAAACCAAAATT.AAAAATAaCC.AA.AT AAA 53 -1148610-11090 55.5
CpGl assay 
2 TTTATTTG C A G TA TTTTTA .A TTTTG O TTTTG Caa.AAAAAaCAAAAAAACaA.AAACC 54 -1108110-10817 54.5

DAPk

Assay 1 GAGGGTAGrTTAGTAATGTGTTATAGGTGG CCaCaCGAAAAAAACAAAATC NA -64810-279 NA

Assay 2 TTTGTTTTTTTCGCGGAGGGGAT AACCCCaCAI.ACATCAATaCC NA -30210-81 NA

Note:* base pairs from ATG sta rt site, NA = Not applicable: Tliese Prim er sets/ Denaturing temperatures could not be optimised

Table 2.1 : PCR primer set and assay conditions. A list o f all primers, 

annealing temperature, location relevant to ATG start site and denaturing 

temperature o f assay for DHPLC analysis.
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TaUe 22  C ontd: PC R  prim er sets and assay conddons

Gene F o n w d p r im e r(5 * -3 ') Reverse P rim er (S '-3 ')
Annealing 
Tm f q

Location of 
Assay*

D enaturadon
T m f Q

DCRI

, ^ y  1 T.ACKjGATGTTTG G TTTTGG TTATTT A T .A .U T T C acaT A A C rC C C T C C C NA -281 10 +334 57.5

A « a y  2 TAGGGATOTTTGGTTTTGGTTATTT AT.AAATTCCACaTA ACTCCCTCCC 55 +133 t o +343 NA

DCR2

Assa\' 1 .A.ATTAGATTATG(jrTTTTGGATTTTAAGATT CTATTCTAAAACTTCCTa.AA.A.ACA.ACrCAAT NA .1 9 4 1 0 + 1 0 8 56.5

, ^ y  2 AATT.AGATTAT(3GTTTTTGGATTTT,AAGATT aA T T aA A A A C T T C C T a.A A .A A C A A C T C A A T 55 +77 t o +423 NA

DR4

Assay 1 .ATTTTAGTTATTTAGGAGGTTGAGGTAGaA aA T T .A A a.A A C C aA A .A aT C C T T C C rC T A NA -559 to -1 1 1 NA

,\ssay 2 T.AGAGGAAGGAAGTTTAGGGTTAGTTMTAG A A aaC C C A A A A A A C T .A T A T T C C C A NA -127 t o +387 NA

DR5

Assay 1 GTTTTTGGGAAGGGGAaA.AGA C.A.AATCCAATATACAACTAC.AA.ATTCCAC 54 -532 t o -202 57

Assay 2 GTGGAATTTGTAGTTCTATATTGGATTTG CA.\ACTCAACTA.AAACC.UCAACAAAAC NA -231 to  +153 NA

F \D D

Assay 1 GrA.ATTTTGCTTATTA.ATAGATGTGACjGGr ACCrACACTCaATACCT.A.ATTCACTACA.A.A 56 -497 t o -106 55

Assay 2 TTTCTACTGAATTAGCjTATAGaAGTGrAGCjr aA C A CA C A A A TC rraT CC C CA A NA -1 2 9 1 0 + 1 5 8 NA

FAS TTTGUGTGACrrATCjrT.ACjrTATTGrAGGAA CCAAA.AATAA.AAAAATCC.A.AATACCC NA -445 to  +31 NA

HRK

Assa\ 1 ATTTAGGAA.AAGGGGAAGGAGAA C C TC C T C TC C C TC C TA C aC TA NA +124 t o -308 NA

Assay 2 TAGAGGTAGGAGGGAGAC3GAGG CCAACCCAACTTQCCAATACC NA -286 t o -429 NA

PAR4

.Assay 1 T A.A.AAGGAAGAOTG(jrGGGAGAAG .AACTCCAAACAATCCCAAAACAA NA +703 t o +263 NA

Assay 2 TTGrTTTGGGATTGTTTGGAGTT CTTCCA aC aC C .A .A .A .A .\A TC TA TA A TA C NA +286 t o -69 NA

Assay 3 GTATTATAGATTTTTTGGAGGAGTGGAAG TT C A T C A T C T T C T T A C T C A T C T A A A C A C ra NA •40 to  • 540 NA

P lG P C l

Assay 1 .AA.ATAAGrGrATATGTTGffrGA(jrT.AGGAAG ACCCCACCTAAATTCCTAT.A.AaCAA 56 -378 t o -156 55.5

Assay 2 TTGrACjTTGGATTTTGTTTTTGT C.A.A.ACATTCTAAAAAACAaAACTCCCC 53 -181 t o +49 56

Assay 3 TTGAGrTATCGGA.ATTT.AGGrGGGGr AC.A.A.A.A.ACAAAATCCA.ACTACAA 53 +27 to  +335 56

1MS1

Assay 1 .AATTGrGGGAGAGGATTTTAAGGTT CCTTCCTCCCACrCTAATCTCC 57 -451 t o -92 55

Assay 2 GGAGATTAGAGTGGGAGGAAGG ACAA.AACATCCAACAACCACTCA NA +228 t o +349 NA

\ U P

.Assay I TGGTTTTGAAGAATTCirTGGGA .A.A.AAATT.AAAACCATCCrMCC.A.ACAC NA -2175 to  *1664 NA

Assay 2 GTGTTGCjrTAGGATGGrTTTAATTTTT CCTTa.AACCCTCACTACXCACTC NA -1691 to -1 2 1 9 NA

.Assay 3 GAGTGOGrAGfTGAGGGrTAGAAGG CCrCCAAACAAACTa.AA.AATTCAAAC NA -1243 t o -744 NA

.Assay 4 GTTTGAATTTTAGAGTTTGTTTGGAGG CCCTCACCa.AACT.A.ACTAACTTCTCrC NA -771 to  -298 NA

Note:* base pairs from ATG sta rt site, N.A =  Not applicaUe: These P rim er se ts/ Denaturing tem peratures could not be optimised

Table 2.2 Contd: PCR primer set and assay conditions. A list of all primers, 

annealing temperature, location relevant to ATG start site and denaturing 

temperature of assay for DHPLC analysis.
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2.5.5 Denaturing High Performance Liquid Chromatography (DHPLC)

DHPLC was first described for the detection of DNA sequence variation by 

(Oefher and Underhill, 1995). DHPLC allows for the detection o f single base 

substitutions and small insertions/deletions based on denaturing temperature 

differences between mutant (heteroduplex) and wild type (homoduplex) 

sequences. DHPLC has been reported as a highly sensitive and specific tool in 

detecting mutations (O'Donovan et al., 1998).

Recently, DHPLC has been used to discriminate between differentially 

methylated regions o f genes subject to parental imprinting (Baumer, 2002; 

Couvert et al., 2003). Following PCR amplification of bisulfite modified DNA, 

a methylated template has a dramatically higher GC % and therefore a higher 

melting temperature than an unmethylated form of the same sequence. This 

results in different column retention time under partially denaturing (DHPLC) 

conditions. More recently, DHPLC has been developed as a methylation 

screening platform, whereby CpG islands can be rapidly screened for 

methylation (Perry et al., 2007).

In contrast to SNP detection, which uses heteroduplex analysis, here we 

perform homoduplex analysis only. As a result a heteroduplex step, whereby 

the DNA is denatured and cooled rapidly to allow reannelling of single 

stranded (ss)DNA resulting in heteroduplex formation, was not added. Using 

homoduplex analysis, 100%, 0% and various intermediate levels of partial 

methylation can be detected.

DHPLC was performed on an automated DHPLC instrument (WAVE®, 

Transgenomic Inc, Cambridge, MA, USA) and the column was a 

Transgenomic DNASep® cartridge. The DNASep® cartridge is composed of 

alkylated non-porous polystyrene-divinylbenzene particles 2-3 microns in 

diameter and allows for nucleic-acid separation via ion-pair reversed-phase 

liquid chromatography (Couvert et al., 2003). After the PCR product was 

analysed by gel electrophoresis (described in Section 2.5.4), the remaining 

PCR product was stored at -20°C, until required for DHPLC analysis.
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2.5.5.1 Optimisation o f DHPLC assay: Choosing the best partially 

denaturing temperature.

The partially denaturing temperature o f the fully methylated and fully 

unmethylated sequence for each assay was determined using the Stanford 

DHPLC Melt Program (http://insertion.stanford.edu/melt.html). This melt 

program uses parameters obtained by the simple simulated annealing 

algorithms used to fit melting temperature predictions to experimental data for 

10 mutations. Temperatures 1 and 2 degrees lower than the temperature(s) 

predicted by the DHPLC Melt program for the methylated template and 1 and 

2 degrees higher than the temperature(s) predicted for the unmethylated 

template were selected for assay optimisation. These predicted temperatures 

were optimised using methylated and unmethylated controls. The partially 

denaturing temperature that gave the best separation of unmethylated and 

methylated sequences was chosen.

2.5.5.2 Analysis o f PCRproducts using DHPLC

Prior to sample analysis, a series o f standards (supplied by Transgenomics) 

were run on the DHPLC according to manufactures guidelines to ensure 

accuracy of the DHPLC DNASep cartridge. Furthermore, a daily maintenance 

program was performed according to the manufacturer’s instructions.

A volume of 10 |il o f PCR product was analysed. The samples were run at a 

linear gradient of 2% buffer B (a mixture o f 25% acetonitrile and 100 mM 

triethyl ammonium acetate) at 0.9 ml per minute flow rate over 16 minutes 

starting at 40% buffer B. Results were analyzed using Client Software supplied 

by Transgenomics.

2.5.6 Bisulfite sequencing

Bisulfite sequencing is the “gold standard” for methylation studies and utilises 

traditional sequencing methods on bisulfite-modified genomic DNA to 

determine methylation status at individual CpG dinucleotides. Primer sets used 

for amplification of CpG islands o f interest, outlined in section 2.5.4, were also 

used to amplify our template DNA for bisulfite sequencing. In some cases 

(CpGl cFLIP, CpG2 cFLIP, DCRl and DCR2), the number o f PCR assays
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required could be lowered by amplification o f the whole CpG island using the 

forward primer o f assay 1 and the reverse primer Jfrom its final assay.

In order to obtain unambiguous data on methylation patterns, PCR assay 

products were cloned prior to bisulfite sequencing.

2.5.6.1 Cloning PCR products 

Agar Plates with Ampicillm:

16g of lucia agar (Sigma, St. Louis, USA) was dissolved into 400|il of distilled 

water and autoclaved. Agar was melted in the microwave and allowed to cool 

to 60°C. In a sterile laminar flow cabinet, 400|j,l o f Ampicillin (50mg/ml) was 

added to the warm agar. Approximately 25mls o f agar/Ampicillin was poured 

into sterile plates and allowed to set for 30 minutes. The plates were stored 

upside down at 4°C, until required.

Prior to cloning, PCR products were purified using a PCR purification Kit 

(QIAGEN Ltd., West Sussex, UK) according to manufactures instructions. 

Purified PCR products were cloned using TOPO TA cloning kit for sequencing 

(Invitrogen, Cambridge, UK). All reagents were supplied with this kit unless 

otherwise stated. In order to ensure the presence of 3 ' poly A-overhangs on 

PCR products prior to cloning, the following step was performed. 0.5 units of 

Solis Biodyne HotFIREPOL taq and 0.4)al o f 10|liM dATP (Promega, 

Southampton, UK) was added to 3.5 }il o f PCR product and incubated at 72 °C 

for 15 minutes.

The PCR product was first ligated into a plasmid vector (Figure 2.3). The 

following ligation reaction consisted of 4 [xl PCR product (with 3 ' A- 

overhangs), 1 [0.1 salt solution, 1 |o.l pC R4-T0P0 vector; this was set up in the 

laminar flow cabinet and gently mixed and incubated at room temperature for 

ten minutes. In addition, a vector only control reaction (with no DNA) was 

performed in parallel. The ligation reaction was used for transformation 

directly or stored at -20 °C overnight.
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T3 priming site
LacZu initiation ccxJon 

M13 Reverse ptiming site I
I- - - - - - - - - - - - - - - - - - -   1 - - - - - - - - - 1 I

201 CACACAGGAA ACAGCTATGA CCATGATTAC GCCAAGCTCA GAATTAACCC TCACTAAAGG 
GTGTGTCCTT TGTCGATACT GGTACTAATG CGGTTCGAGT CTTAATTGGG AGTGATTTCC

261

311

S p e l P t f l  Pm sI EcoRIr I I I
GACTAGTCCT GCAGGTTTAA ACGAATTCGC C C T T |
CTGATCAGGA CGTCCAAATT TGCTTAAGCG GGAI

T7 [«n ing  site

EcoRI N od 
I I lAGGGC GAATTCGCGG 

ITTCCCG CTTAAGCGCC

Ml 3 Foiwanj (-20) priming sito

CCGCTAAATT CAATTCGCCC TATAGTGAGT CGTATTACA.ei TTCA'CTGGCC GTCGTTTTAC' 
GGCGATTTAA GTTAAGCGGG ATATCACTCA GCATAATGTT AA.GTGACCGG CAGCAA.AATG

pCR®4-T0P0®
3956 bp

Com m ents for pCR®4-T0P0®
3956 nucleotides

lac promoter region: bases 2-216 
CAP binding site: bases 95-132 
RNA polymerase binding site: bases 133-178 
Lac repressor binding site: bases 179-199 

Start of transcription: base 179 
M l3 Reverse priming site: bases 205-221 
LacZa-ccc/6 gene fusion: bases 217-810 

LacZa portion of fusion; bases 217-497 
ccdB portion of fusion: bases 508-810 

T3 priming site: bases 243-262 
TOPO® Cloning site: bases 294-295 
T7 priming site: bases 328-347 
f\i113 Fonward (-20) priming site: bases 355-370 
Kanamycin promoter: bases 1021-1070 
Kanamycin resistance gene: bases 1159-1953 
Ampicillin (Wa) resistance gene: bases 2203-3063 (c) 
Ampicillin {bla) promoter: bases 3064-3160 (c) 
pUC origin: bases 3161-3834 

(c) = complementary strand

Figure 2.3:

Genetic map of vector pCR4-TOPO. Map of pCR4-T0P0 and the sequence 

surrounding the TOPO cloning site. Restriction sites and gene loci are listed. 

The arrows indicate the start of transcription for the T7 polymerase. Image 

obtained from Invitrogen (http://www.invitrogen. com).
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The pCR4-TOPO plasmid was transformed into TOPO 10 one Shot chemically 

competent E.Coli cells. Cells were thawed on ice and SOC medium was 

warmed to room temperature. 2\i\ of the ligation reaction was added to one vial 

of competent E.Coli cells and mixed gently. Similarly, 2|il of the vector-only 

ligation control reaction was added to one vial of competent E.Coli cells. A 

positive transformation control was also carried out by transforming 1 vial of 

cells with 10 pg of pUC19 plasmid. The cells were incubated on ice for 10 

minutes and heat shocked for 30 seconds at 42 °C in a water bath. Cells were 

immediately placed back on ice and 250 |o.l of SOC medium was added to each 

tube of cells. The tubes were secured in a rack and shaken horizontally at 

200rpm at 37 °C for 1 hour in G25 shaker incubator (New Brunswick Scientific 

Co., Edison, NJ, USA). In the laminar hood, 50 |il of each transformation was 

spread onto a pre-warmed selective agar plate (1% Amp). Plates were wrapped 

in parafilm and incubated upside down at 37 °C overnight.

The following day, the plates were removed from the incubator. The vector- 

only control was analysed for absence of colonies. The pCR4-TOPO vector 

contains a lethal E.Coli gene, ccdB, which is fused to the C-terminus of the 

LacZa fragment (Figure 2.3). Ligation of the PCR product disrupts expression 

of the lacZa-ccdB gene fusion, permitting growth of only positive 

recombinants upon transformation in cells. We would expect the vector-only 

ligation control to contain no colonies. The transformation efficiency was 

calculated by comparing the total number of colonies/plate with that of the 

pUC 19 plate.

Between four and ten colonies were selected for sequencing. A “patch-plate” 

was prepared using a sterile agar plate (1% Amp) with a 10 square-grid drawn 

on the base. Using a 20 )xl Gilson pipette tip, individual colonies were picked 

from the plate and transferred firstly to a square in the “patch-plate” and 

secondly into a 20 )o,l prepared PCR master mix (according to the protocol 

outlined in 2.5.4, substituted with an M13 primer set; M13 Fwd 5’- 

ACACAGGAAACAGCTATGA-3’; M l3 Rev 5’-GTAAACGACGGCCAG- 

3’). Patch plates were incubated upside down at 37°C overnight to allow the
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colonies to grow. PCRs were performed under the following thermal cycling 

conditions: 95°C for 15 minutes, followed by 35 cycles o f 95°C for 1 minute, 

55°C for 1 minute, 72°C for 1 minutes, with a final extension step at 72°C for 

10 minutes in a DNA engine Peltier Thermal Cycler-200 (MJ Research). Gel 

electrophoresis of PCR products was performed to determine if  colonies 

contained the ligated plasmid.

The following day, positive clones were selected from the patch plates and 

transferred into 20 |j.l of dHaO. The bacteria were lysed by incubation at 98°C 

for 20 minutes. Lysed samples were stored at -20°C, until required for 

sequencing.

2.5.6.2 Bisulfite Sequencing

Bisulfite sequencing was performed using the ABI Prism BigDye Terminator 

v3.1 Cycle Sequencing kit (Applied Biosystems, Warrington, UK) according to 

manufacturer’s instructions. The sequencing reactions and pGEM control 

sequencing reaction were set up as shown in Table 2.3. Samples were 

sequenced using both the M l3 forward and M l3 reverse primer to obtain a 

consensus sequence.

Reagents Samples ( Î) Control (fil)*
Tenplate (~35ng) 3 1
Primer (2 pmoles) 0.4 2
Big Dye terminator Mix
v3.1 2 2
Buffer (5X) 4 4
dH20 10.6 13
Total Volume 20 20
*Control reaction used pGEM as a template and forward Ml 3 Primer

Table 2.3: Bisulfite Sequencing Reaction

Reactions were amplified on the GeneAmp PCR System 2400 (Applied 

Biosystems, Warrington, UK) as follows; 94°C for 30 seconds, followed by 25 

cycles of 96°C for 10 seconds, 50°C for 10 seconds and 60°C for 4 minutes.
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Removal o f unincorporated dye terminators directly from sequencing reactions 

was performed using DyeEx 2.0 spin kit (QIAGEN Ltd., West Sussex, UK). 

Briefly, the sequencing reaction (20|j.l) was gently applied to the resuspended 

gel-filtration resin in the spin column and centrifuged at SOOOrpm for 3 

minutes. The flow-through (containing the purified DNA) was collected in a 

1.5 ml microcentrifuge tube. The column was removed and sample dried in a 

DNA 100 SpeedVac (Savant, UK) at medium heat. The pellet was resuspended 

in lOfil of HiDi formamide. (Applied Biosystems, Warrington, UK) and 

transferred to a 96-well reaction plate in a vertical direction and sealed with a 

septa strip (Applied Biosystems, Warrington, UK). All empty wells, in 

multiplies o f 16 wells, were filled with HiDi Formamide. HiDi is a highly 

deionised formamide used to resuspend samples prior to electrokinetic 

injection in a capillary array.

Sequencing was performed on an automated ABl PRISM 3100 DNA Sequence 

Detection System (Perkin-Elmer, Foster City, USA). The samples were passed 

through the 50 cm capillary array with Pop? polymer (Applied Biosystems, 

Warrington, UK). Operation of the instrument is described in detail in its 

manual (ABI Prism 3100 Genetic Analyser Users manual. Applied 

Biosystems).

The sequencing data were analysed by Mutation Surveyor'^'^ (SoftGenetics, 

PA, USA). Methylation was analysed at individual CpG sites by the presence 

o f a cytosine (methylated site) or a thymine (unmethylated site) compared to 

methylation controls. Percentage methylation at individual CpG sites was 

calculated by analysis o f multiple clones (4-10).

2.5.7 Quantitative methylation specific PCR

Eads and colleagues first introduced the high-throughput technology known as 

MethyLight or quantitative methylation specific PCR (QMSP) for the analysis 

o f DNA methylation that utilises fluorescence-based real-time PCR 

(TaqMan®) technology (Eads et al., 2000).
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2,5.7.1 Real-Time (TaqMan) PCR

Bisulfite treated genomic DNA is amplified by fluorescence-based real-time 

quantitative PCR using PCR primers flanking a probe with a 5 ’flourescence 

reporter dye (6FAM) and a 3 ’ non-fluorescent quencher dye with a minor- 

groove binding (MGB) moiety, which enhances the melting temperature 

disparity between matched and mismatched probes. The Taq polymerase 5 ’ to 

3 ’ nuclease activity cleaves the probe, thereby releasing the reporter, whose 

fluorescence can be detected by a laser (Figure 2.4). The initial template 

quantity can be derived from the cycle number (threshold cycle, C j) at which 

the fluorescent signal crossed a threshold in the exponential phase o f the PCR 

reaction. The higher the starting copy number o f the nucleic acid target, the 

earlier in the reaction (as judged by Cycle number) a significant increase in 

fluorescence is observed (Figure. 2.5).
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Polymerisation

Fwd Primer

S '--------------------
3 ' ------------------------------------

Strand displacem ent

Fwd Primer

5 ' ---------------------------------

3 ' ---------------------------------

Q eavage

Fwd Prim«r

5’ ------------
3 ' -------------------------------

Polymerisation
C om pleted

Fwd Primer

S ’ ----------------
3 ' -----------------------------

Figure 2.4.

Chemistry of Taqman Real-time PCR. Once the probe remains intact, the 

location of the quencher significantly reduces the fluorescence emitted by the 

reporter dye by fluorescence resonance energy transfer (FRET). If the target 

sequence is present, the probe anneals downstream of the forward primer site. 

The probe is then cleaved by the 5’ to 3 ’ nuclease activity of the Taq 

polymerase as primer extension continues. Finally, probe cleavage results in 

release of the reporter dye from the quencher dye, hence increasing the reporter 

dye signal. The probe is also removed from the target strand allowing primer 

extension to finish. With each subsequent cycle, additional reporter dye 

molecules are cleaved from their probes resulting in an increase in fluorescence 

intensity, which is proportional to the amount of amplicon produced. Adapted 

from (http://www3.appliedbiosvstems.com/AB Home/index.htm), Applied 

Biosystems essentials o f Real-Time PCR.

t}
Rev Primer

CD R eporter

f ^ \  Q uencher

Minor Groove Binder 

Fluorescing R eporter

Rev Primer

A passive reference dye ROX, which does not take part in the PCR reaction, is 

used to normalise the reporter dye signal, by correcting for fluorescence 

fluctuations that result from changes in reaction concentration or volume; this
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normalised reporter is known as the Rn. After each experiment, the cycle 

number at which an increase in fluorescence was first detected (baseline) was 

set by examining the linear view o f the amplification plot. ARn is the 

normalization o f the Rn obtained by subtracting the baseline (ARn = Rn - 

baseline). The threshold (a level o f ARn used for the C, determination) was 

selected for each experiment by adjusting the level within the exponential 

phase, to give the best slope (-3 .32) and R^ (>0.98) using the absolute standard 

curve. The quantity o f unknown samples was automatically interpolated fi'om 

the standard curve by the ABI Prism Sequence Detection software.
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Figure 2.5.

Real-time TaqMan PCR A: Illustrates Rn versus cycle number. Rn is the 

reporter signal normalised to the fluorescence signal of ROX. The baseline is 

highlighted, this is the point at which an increase in fluorescence was first 

detected B; ARn versus the cycle number, whereby Rn is normalised by 

subtracting the baseline to give ARn. The threshold is also illustrated and is the 

line whose intersection with the amplification plot defines the C j (threshold 

cycle.) The C j is the fractional cycle number at which the fluorescence passes 

the threshold. C; Amplification plot shows the Log (ARn) graphed versus cycle 

Adapted:AppliedBiosystems (http://www3.appliedbiosvstems.com/AB Ho 

me/index.htm) Applied Biosystems Real-Time PCR: Understanding C j
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Relative quantitation using the standard curve method was employed to 

quantify differences in methylation levels o f a target gene between samples. A 

quantity o f product for each reaction was calculated by interpolating from a 

standard curve, constructed from five reference samples representing fold 

dilutions (10 ng/|il, 1 ng/|il, 0.1 ng/|^l, 0.05 ng/|il, 0.01 ng/fxl) of bisulfite 

modified, universal methylated DNA (Chemicon International, Temecula, CA, 

USA).

Designing primers and probes to target and amplify small regions of frilly 

methylated bisulfite-modified DNA of the promoter CpG island o f interest and 

analysing the ratio between this reaction and an endogenous control reaction 

(ACTS), which is impartial to methylation status, provides a measure for the 

frequency o f methylated molecules at a given locus.

2.5.7.2 QMSP primer and probe design

Oligonucleotides were custom designed using Primer Express software version 

2.1 (Applied Biosystems, Warrington, UK) and tailored to conventional 

TaqMan primer and probe assay development guidelines:

Amplicon length between 50 and 150bp

Melting temperature o f probe 10°C higher than that of primers (58 - 

60°C).

- No guanine on the 5’ end of the probe due to the ability of a guanine 

residue adjacent to the reporter dye to quench the reporter fluorescence, 

even after cleavage.

In addition, QMSP primers and probes were designed to amplify 

bisulfite modified DNA specifically and to permit sequence 

discrimination (between methylated and unmethylated target) to occur 

at both the PCR amplification and the probe hybridisation according to 

the guidelines below:

Target to contain a maximum number of non-CpG cytosine nucleotides 

to bias amplification against incompletely modified DNA.

85



CHAPTER 2

Assess a number o f CpGs, with at least one CpG dinucleotide at the 3’ 

end of each primer to facilitate maximum discrimination between 

methylated and unmethylated DNA.

A primer/probe optimisation experiment was completed to determine the 

appropriate concentration o f primer/probe required to yield the highest ARn 

value and lowest C j value. Six combination optimisation assays were set up at 

the following concentrations: Combination 1: 900 [Primer (nm)], 100 [Probe 

(nM)]

Combination 2: 900 [Primer (nm)], 200 [Probe (nM)]

Combination 3: 900 [Primer (nm)], 300 [Probe (nM)]

Combination 4: 300 [Primer (nm)], 100 [Probe (nM)]

Combination 5: 300 [Primer (nm)], 200 [Probe (nM)]

Combination 6: 300 [Primer (nm)], 300 [Probe (nM)]

Each assay was optimised on methylated control DNA and assessed for the 

best primer/probe concentration combination. QMSP primers and probes and 

their relative concentrations are listed in Table 2.4.

T illt 2.4: QMSP prim m  and in k t

Gene FonrardPrim er(S '-3') Rewrse Primer (5 '-3 ') Probe (6FAM5'-3'MGB) Location of Assay*
(PriiMr|, 

[Prole] (dM)
A c re GGrGGAGTAGITAGGGnTATrrGrA CCACA CCACA AAATCACACrrAACaCAnr C A C m T A nC A A C T A A T C rC +3370 to +3468 300.100

BIK ACGrrcCTGrroGGCGrAG GAACGCGAAATCCCGAACTA AGCGACGTACGGGATA -13483 to -13327 900H0

BNTP3 CG m A TCG rA O G A ncG nrcG CACAAAACAAAACGAAACCGAA CGrACGrGrrATACGrATn ■285 t o -150 900JOO

CDK2NA nAnAG^GGGFGGGGCGGATCGC GACCCCGAACCGCGACCGTAA AGrAGTATGGAGTCGGCGGCGGG -171 t o -35 300,300

CFU PCpG l TCGCGAATAGCGATCCnTAG GCGACOGAAaaCCTAOCG G rrcG rm T A G G m rc G G -13524 t o -13393 300.100

C flJPC pG 2 GOGrCGTACGTAACGGmTG A A T C aA T Q A C Q iA A niX C O G GrcG rrrG m A CG TA TG G -11383 t o -11248 900.100

DCRl TrACGCGTACGUrrrAGrrAACGAT CGCACCCTACCrCGACCA AGAGCGnTCOGTCGlT -17910-96 900.100

DCR2 CGG AGG A G rA O G m TA nTrG G r GCTOGAAACGATCGAAACG TGTACGCGrATAAAnACGG •116 to 36 90OJO

TMSl nGGCG m rrcGA CG GT TaAATQCCCGAaCCCCG GGAGGGTAACGGATCG -228to-lM 300.100
Genome CO- ordinates are fn e n  in relation to the ATG stait site. Abbtcv iations: FAM: 6 -  caiboxyftioiescein. MCB: ninor pioove binder

The primer and probe set for the endogenous control ACTB were kindly 

provided by Dr K. Woodson (National Cancer Institute, USA). Since neither 

the primers nor the probe overlie any CpG dinucleotides, this reaction

8 6



CHAPTER 2

represents unbiased amplification and serves to normalise results for the 

differing amounts o f bisulfite modified DNA between samples.

2.5.7.3 QMSP reactions

Real-time PCR assays were performed in a reaction volume o f 10 |il, 

consisting o f l |i l  bisulfite-modified DNA, primers (concentration calculated 

from optimisations reactions, see Table 2.4) (MWG Biotech, Ebersberg, 

Germany), fluorescent labelled probe (concentration calculated from 

optimisations reactions, see Table 2.4) (Applied Biosystems, Warrington, UK) 

and 2 X TaqMan® Universal PCR master mix, no Amp Erase Uracil N- 

Glycosylase (Applied Biosystems, Warrington, UK). Each assay was 

performed in triplicate in a 96 well plate under normal real time cycling 

conditions on a 7500 Real-Time PCR System (Applied Biosystems, 

Warrington, UK) for both primer/probe optimisation and for QMSP analysis in 

prostate cell lines.

The large number o f patient samples analysed necessitated the use o f the 7900 

to allow high through-put analysis o f methylation using 384-well plates. For 

QMSP analysis o f FFPE prostate tissue samples, each assay was performed in 

a 384 well plate on a 7900 Real-Time PCR System (Applied Biosystems, 

Warrington, UK) with the aid o f the Matrix Hydrall (Thermo Fisher Scientific 

Inc., Waltham, MA 02454, USA).The Matrix Hydra II is a syringe-based liquid 

handling system that provides high-speed aspirating and dispensing o f 

microliter volumes into 96-well or 384-well format plates. Bisulfite modified 

DNA from primary tumour, normal prostate, HGPIN and BPH were 

randomised, plated and stored in 96 well plates (Figure. 2.6). These plates were 

utilised with the matrix Hydrall for accurate pipetting o f DNA o f the 96 well 

sample plates in triplicate into 384-well optical reaction plates for real-time 

PCR analysis.

A set o f standards, representing fold dilutions (10 ng/^1, 1 ng/^il, O.I ng/^il, 

0.05 ng/|il, 0.01 ng/^1) o f bisulfite modified, universal methylated DNA, were
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run in triplicate on each TaqMan plate. In addition, each plate contained 

reference samples to verify plate-plate consistency, multiple water blanks and 

non-template controls (NTCs).

PROSTATE PLATE1:AMNCHflMM

1 2 3 4 5 6 7 8 9 10 11 12

A mm. AM02026T AM02037N mm W AIF! AM02027P AM02045T mm tiW0011N hWOOITT WATK umm
B AM03029T AM02026N AM03016P AM03009P mm AM01010P AM03014T AM02006P RWD013T M «017N mm STN10

C AM02058B AM99038N AM03052B AM02004N AM01010N mm WAT® AM02007N WM0013P IM 0 1 8T tmni STN1

D AM02059B AM02001P AM00066B AM03082B AM03085N AM03086B mm AM02047T KN0013N IM0018N WAT® STN0.1

E AM02012N AM01065B AM02081B AM01072B AM01023N AM03020N AM01028T mm hWOOUT HW0019T »M )22N STM),05

F WATe? AM00032P AM00054B AM02025N AM32012T AM00027N mm AM03013P W A im tM0019N IM )2 5 T STN0.01

G AM02075B WATK AM01022P AM02004T AM03029N AM01028N AM99038T AM02036T M D014P WATK hMX)25B M 0032N

H AM02040T AM02036N mm AM03009N AM02030N AM02018T mm M 0)11T M M 14B WATK WAT® W m S IT

PR0STATEPLATE2:IMM

1 2 3 4 5 6 7 8 9 10 11 12

A tWOOIT tlOOSB m 2 0 N M 0018B RW0056T t«n056N »M)076B WAT® KM0084B rM)083B tM 0 8 4 T WAT®

B MinOIN tWOOTT MiC36T MD052B RW0056P tmi2& WAT® tmm WAT® WM0085T AM02045N WAT®

C IM 1 1 B M\«07B hM336B MD052N M ^ 1 9 B WAT® hM0058B imm M fi078T WAT® AM02042P STO10

D IM I02T tW008T IM 7 2 T IM )3 7 T WAT® IM1068P hW0068B hM0068T tvM)078N IM0085N WAT® STN1

E fM ) 2 P RW009N rW0022B WAT® WM0038B MiC075P fcM)070T r*«072N MiC082T HW0085B AM02031T STO0.1

F RW005T IM109T WAT® l\M)037B r « ) 1 1 B MJ0076N l*C056B MTO58T t**»82N riC 086T AM02037T STN0.05

G MD05N WAT® M M 37N tM)038N M M 52T Mi(0076T »M 075T AM02007T rW0083T hUI086N AM02039T STN0.01

H WAT® hW020T HW0037P IM0013B IM )2 0 B «M )75N M 0058N AM01023T hW0083N M 0)38T IM 084N WAT®

Figure 2.6.

Layout of 96-well tissue sample plate. 96 well plate plans for bisulfite 

modified DNA from prostate cancer, normal prostate, HGPIN, BPH. 

Abbreviation: STN = Standard, IMM = Samples from Institute of Molecular 

Medicine section of bioresource, AMNCH = Samples from Adelaide and 

Meath National Children’s Hospital section of bioresource.

2.5.7.4 Quantitation o f methylation levels

The target and endogenous control mean quantities and standard deviations for 

each unknown sample for target and endogenous control {ACTE) are 

automatically interpolated from the standard curves by the ABI PRISM 

Sequence Detection software.
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The level of methylation o f target genes was determined by calculating the 

normalised index of methylation (NIM), defined as the ratio o f the normalised 

amount of methylated target template to the normalised amount o f the 

endogenous control {ACTB) in any given sample (Yegnasubramanian et al., 

2004). The NIM was calculated by applying the formula:

[ (m e a n  Target quantity(Sam pie/ m e a n  Target quantity(Methyiation control) /  (m ea n  

ACTB  quantity(sampie) / m e a n  ACTB quantity(Methyiationcontrol)) * 1000].

A normalised target value is calculated by dividing the average target value 

(mean o f replicate target results) by the average endogenous control value 

(mean o f replicate endogenous results); Target m e an  q u a n ti ty  /Reference m ean

q u a n tity

The standard deviation o f the normalised target value is calculated from the 

standard deviations of the target and endogenous control mean quantities. The 

coefficient o f variation (cv) must be calculated for both target and endogenous 

controls. Firstly, the standard deviation is divided by the mean quantity:

C V j endogenous control s ta n d a rd  d ev ia tio n  /  endogenOUS control m e a n  q u a n ti ty  

CV2 target s ta n d a rd  d e v ia tio n  ! target m ean  q u a n ti ty

The cv o f the quotient is next calculated by applying the formula: 

cv = V(cvi  ̂+CV2^)

Finally, since the cv and mean are known, the standard deviation of the 

quotient is calculated:

cv = standard deviation / normalised mean target value

Therefore,

Standard deviation = (cv)(normalised mean target value)
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If the mean target quantity could not be normalised, an alternative score for 

methylation quantification was utilised known as the relative methylation score 

(RMS) (Jeronimo et al., 2004b). The RMS is calculated by applying the 

formula:

(Target mean quantity ± cv • Reference mean quantity ± cv) X 1000

2.6 EXPRESSION ANALYSIS IN PROSTATE CANCER CELL LINES 

2.6.1 Relative quantitation using the comparative Ct method

Expression levels of target genes were measured by real-time TaqMan PCR 

(described in 2.5.7.1). Relative quantification by the comparative C t method 

was performed according to the manufacturer’s instructions (Applied 

Biosystems, User Bulletin 2; (Livak and Schmittgen, 2001)). This method 

applies arithmetic formulas to determine gene expression. As a result, the use 

of standard curves for relative quantification is eliminated, providing the PCR 

efficiencies between target and endogenous control are equivalent. The amount 

of target, normalised to an endogenous control and relative to a calibrator, is 

given by; 2' '̂^ '̂, whereby ACT is defined as the difference in C, values for 

target and endogenous control, AAC, is the value obtained by subtracting the 

AC, of the calibrator fi-om the AC, of our target gene. The full derivation of the 

formula is outlined in User Bulletin #2: ABI Prism 7700 sequence detection 

system.

2.6.2 Quantitative RT-PCR assay design

Phosphoglycerate kinase 1 (PGKl) TaqMan Pre-Developed Assay was 

employed as an endogenous control in relative quantitation gene expression 

studies. PGKl was analysed for consistent expression in cell lines, comparing 

the Ct levels across identical amounts of cDNA fi-om different samples.

TaqMan gene expression assays for mRNA transcripts of interest and PGKl 

are summarized in Table 2.5. Where possible, assays were selected that 

detected all gene transcripts and spanned exon-intron boundaries. Non­

inventoried gene expression assays (TMSl and CDKN2A) were designed using
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primer express software 3.0 (Applied Biosystems, Warrington, UK), TMSl; 

Forward primer 5'-caccgggctgcgctta-3', reverse primer 5'-agcatccagcagccactca - 

3', probe 6FAM 5'-cgcgagggtcacaaa-3'; CDKN2A\ Forward primer 5'- 

cctccgagcactcgctca-3', reverse primer 5'-cttcctccggtgctggc-3', probe 6FAM 5'- 

agataccgcggtccct-3'. Primers (synthesised by MWG-Biotech, Germany) were 

rehydrated in molecular grade water to a concentration of 100 )j,M. The optimal 

primer and probe concentrations for each gene were determined as outlined in 

section 2.5.6.1. The efficiencies o f non-inventoried assays were determined 

prior to analysis o f gene expression by real-time PCR by a validation 

experiment, to ensure that the efficiencies o f the target and endogenous control 

assay are approximately equal. The target assay efficiency was calculated by 

using relative quantification using the standard curve method similar to the 

standard curve method used for the methylation analysis. The efficiencies are 

automatically calculated by the ABI 7500 software. Once the efficiencies are 

determined they can be manually set and corrected for during design of 

experiment.

T able 2.5: TaqMan G ene Expression a ssa y s

Entrez G en e A ssay
TaqM an A ssay  ID S ym b ol G en e  N am e s iz e  (bp)

HS00969289 m1 BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 85
HS00609635 m1 BIK BCL2-interacting killer 97

tumor necrosis factor receptor superfamily, member
81

H s00182570 m1 TNFRSF10C 10c, decoy without an intracellular domain

tumor necrosis factor receptor superfamily, member
93

HS00388742 m1 TNFRSF10D lOd, decoy with truncated death domain
H s00354474 m1 CFLAR short CA SP8 and FADD-like apoptosis regulator 69
HS00236002 m1 CFLAR long CA SP8 and FADD-like apoptosis regulator 104
H s99999906 m1 PGK1 phosphoglycerate kinase 1 (Endogenous control) 75

Table 2.5

Taqman Gene expression assays. Inventoried TaqMan assays are listed with 

there ID number, gene symbol, gene name and size of assay.

2.6.3 Quantitative RT-PCR reactions

cDNA (lOOng) was used as a template for real-time TaqMan reactions. Real­

time PCR assays were performed in a reaction volume of 20 |j.l, consisting of 

9)J,1 cDNA (lOOng) and RNAase free water, 1 |o,l 2X TaqMan® Gene 

Expression Master Mix (Applied Biosystems, Warrington, UK) and 10 p,l
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TaqMan® Universal PCR Master Mix (Applied Biosystems, Warrington, UK). 

Each assay was performed in triplicate under normal real time cycling 

conditions on a 7500 Real-Time PCR System (Applied Biosystems, 

Warrington, UK). The target and endogenous control reactions were performed 

in separate wells of the same plate along with a non-template control for each 

assay.

2.7 STATISTICAL ANALYSIS

Statistical analysis was performed using MINITAB 15 statistical software. A 

paired T test was performed to determine if the changes in gene expression 

observed in PCS cells and PCS cells treated with a methylation inhibitor was 

significant for each gene with evidence of methylation in its PCS cells {BIK, 

CDKN2A, DCRl, DCR2 and TMSl).

QMSP analysis yielded relative methylation scores (RMS). For each gene, the 

frequency of methylation, as well as the median and range of the RMSs for 

each groups of tissue samples, was determined. Differences in frequencies of 

methylation between prostate cancer, HGPIN, normal and BPH tissue groups 

were assessed using Fisher’s Exact Test. Association of methylation status of 

our gene panel and clinicopathological features of prostate cancer, including 

Gleason score, PSA levels and TNM stage were also assessed using the 

Fisher’s exact T test. The p-value from Fisher's exact test is accurate for all 

sample sizes, whereas results from the chi-square test that examines the same 

hypotheses may be inaccurate when cell counts are small.

The RMSs for each gene were compared between the four groups of tissue 

samples (prostate cancer, HGPIN, histologically benign prostate and BPH) 

using the nonparametric Kruskal-Wallis alternative to one-way ANOVA test. 

In addition, the Tukey all-pairwise test was used to perform multiple 

comparisons to assess the significance of differences among means. The 

multiple comparisons are presented as a set of confidence intervals rather than 

as a set of hypothesis tests. This allows examination of the practical 

significance of differences among means, in addition to statistical significance.
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Prior to analysis, an Anderson-Darling normal probability plot was performed 

to determine if  age and PSA levels o f prostate cancer patients and BPH patients 

were normally distributed. An Unpaired 2 sample T Test was used to calculate 

the differences in age and PSA between patient groups.

For all o f the tests, significance was ascribed at P  < 0.05.
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CHAPTER 3 

IN SILICO IDENTIFICATION OF 

POTENTIAL APOPTOSIS-RELATED GENE 

TARGETS OF PROMOTER

HYPERMETHYLATION IN PROSTATE 

CANCER.
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3.1 INTRODUCTION

Cancer cells exhibit a number o f  genetic defects in their apoptotic machinery 

that impair programmed cell death. Downregulation or loss o f 

expression/activity o f  pro-apoptotic genes during prostate carcinogenesis may 

be involved in the evolution o f an apoptotic-resistant pro-survival carcinogenic 

phenotype. We hypothesised that silencing o f important apoptotic genes in 

prostate cancer, through epigenetic changes such as DNA methylation, could 

affect pathways integral to the apoptotic cascade. Furthermore, understanding 

which apoptotic pathways become altered and deciphering the molecular 

mechanisms underlying the atypical expression o f key apoptotic genes may 

provide valuable insight into disease progression and therapeutic responses in 

prostate cancer.

Recent studies strongly support a role for DNA hypermethylation in 

deregulating programmed cell death in cancer. To date, the majority o f 

methylation studies on apoptotic genes have focused on cancers o f the bladder, 

stomach, colon and breast. The information available on the methylation status 

o f apoptotic genes in prostate cancer is limited (Reviewed in Murphy et al., 

2008). The challenge is to rapidly identify novel targets o f methylation in 

prostate cancer and rigorously evaluate these potential markers using 

standardised techniques and to test their limit o f detection and specificity for 

prostate cancer over other cancers and benign urological diseases.

Here we employed an in silico strategy to identify a bank o f potential 

apoptotic-related gene targets o f promoter hypermethylation for methylation 

screening in prostate cancer cell lines with a view to generate a “methylation 

signature” for early detection o f prostate cancer.

3.2 EXPERIMENTAL STRATEGY

In this study, the upstream regions o f genes important for apoptosis regulation 

were screened for the presence o f a 5 ’ promoter CpG island utilising the UCSC 

human genome browser, identifying genes which are potentially deregulated in 

cancer as a result o f promoter hypermethylation. Meta-analysis o f published 

methylation and microarray studies, which compared gene expression between
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different stages and grades of prostate cancer (Cho-Vega et al., 2005; Ernst et 

al., 2002; Yu et al., 2004a) identified a number of apoptotic-related genes with 

evidence of promoter hypermethylation and/or downregulation in prostate and 

other cancers. A bank of gene candidates for methylation analysis, previously 

generated by Antoinette Perry (Ph.D Thesis, Investigating novel targets of 

DNA methylation for the early detection of prostate cancer, Oct 2006) was 

searched for candidate apoptotic gene targets of methylation (Figure 3.1). In 

total, a bank of 22 apoptotic-related genes was identified as possible targets of 

promoter hypermethylation in prostate cancer (Table 3.4).

/-------------------------------------s
liletitify f t n «  imfiortant for apofrtosls rtpilatfon
- Pubmed |hnp;//iiw«uidiu4mjift{0«/p(i)ned/)
■ ItlOp (m w jniH K L ore/)

V -/

1
Scfwn fen w  for presence of a 5'Cd6  island 
-200( Itonan {Hwme browser |littp ://em n ejK s^^

r  ’s I (  ^
Microarray studies in > 1 <

Meta-analysis of
prostate cancer 1 methylation studies in

cancer

Priofitia candidates
-A |»ptolicfanctlai
- D o n r e i i W n  in p n x U c  o n o r
- fn m < « li|ip e m c lti |(b lio n  in i r a t a h  V  oUicr o n c c r

 ̂ '  
Searching a previously generated bank of 
gene candidates for apoptotic genes for 
methylation analysis

r
Bank of 22 apoptotic-related genes 
Identified as possible targets of promoter 
hypermethylation in prostate cancer

Figure 3.1

In silico selection o f apoptotic-related gene targets o f promoter 

hypermethylation in prostate cancer.
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3.3 IDENTIFYING APOPTOTIC GENE TARGETS OF 

HYPERMETHYLATION IN PROSTATE CANCER.

3.3.1 Searching a methylation candidate gene bank

An in silico approach to identify potential targets o f promoter 

hypermethylation in prostate cancer was employed by Dr. Antoinette Perry in 

our laboratory. This approach yielded a methylation candidate gene bank 

(N=338). Within this bank, genes were sorted based on their known or 

predicted function. A total of 9 candidate gene targets o f methylation, whose 

predicted function was listed as apoptosis, were selected from this gene bank 

(Table 3.1).

Table 3.1. Apoptotic gene identified from a 

methylation candidate gene bank.

Gene Symbol Gene description

BCL2 B cell CLL/lymphoma 2
CFLAR CASP8 and FADD-like apoptosis regulator
CLU Clusterin

SMAD4 Mothers against DPP homolog 4
DAP Death associated protein

RAGA Ras-related GTP binding protein

IER3 Immediate early response 3

PIGPCl p53-induced protein PIGPCl

SPHK2 Spinosine Kinase 2

3.3.2 Identifying key apoptotic genes

A number o f freely available online resources; (PubMed ('http://pubmed.gov/'). 

Information Hyperlinked Over Proteins (IHOP; http://www.ihop- 

net.org/UniPub/iHQP/) and BioCarta (http ://www .biocarta. com)) were 

exploited to identify key genes involved in apoptosis regulation. A list o f genes 

deemed important for apoptosis regulation was compiled (n= 30). (Table 3.2)
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T a U e  3 .2  D s t  o f  K ey  A p o p to t ic  g e n e s

In tr in s ic
pathw ay

G ene d esc rip tio n  (full 
n am e)

E xtrinsic
pathw ay

G ene desc rip tio n  (fu ll 
n am e) C ro ss ta lk

G ene  desc rip tio n  
(fu ll n am e)

BIM Bcl2-interacting mediator o f  
cell death

FAS Fas (TNF receptor 
superfamily, member 6)

lAP Integrin-associated
protein

BID BH3 interacting domain death FASL 
agonist

FAS ligand CASP3 Caspase 3

BAD BCL2-associated agonist o f  
cell death

C A SP8 Caspase 8 C A SP7 Caspase 7

PUMA p53 up-regulated modulator 
o f  apoptosis

C FO S v-fos FBJ murine 
osteosarcoma viral 
oncogene homolog

CDKN2A Cyclin-dependent 
kinase inhibitor 2A

PM AIPI Phorbol-12-m yristate-13- 
acetate-induced protein 1

CAD (DFF40) Carbamoyl-phosphate 
synthetase 2, aspartate 
transcarbamylase, and 
dihydroorotase

BAX BCL2-associated X protein ICAD
(DFF45)

Inhibitor o f  CAD

DIABLO Diablo homolog (Drosophila) FADD Fas (TNFRSF6)- 
associated via death 
domain

C Y C S Cytochrome C TRADD TNFRSFl A-associated via 
death domain

AIF Apoptosis inducing factor
TNFSFIO Tumor necrosis factor 

(ligand) superfamily, 
member 10

APAFl A poptotic peptidase 
activating factor

PAR4
(PAW R)

Prostate apoptosis 
response 4 protein 
(PRKC apoptosis W T 1 
regulator)

C A SP9 Caspase 9 TM Sl Target o f  methylation- 
induced silencing I

HRK Harakiri SPHK2 Sphingosine kinase 2

XAFl XIAP Inhibitor o f  apoptosis 
factor 1

DAPk Death-associated protein 
kinase 1

3.3.3 Screening for 5’CpG islands

The thirty selected genes were screened in silico for the presence o f  a CpG 

island 1 OOObp upstream o f the transcriptional start site using the March 2006,
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UCSC Human Genome Browser (http://genome.ucsc.edu) (described in section 

2.1.2). For example, FAS was successfully screened for a 5’ promoter CpG 

island shown in Figure 3.2. A total o f 25/30 apoptotic-related genes contained a 

5’ promoter CpG island (Table 3.3).

J Chrl8: I 9674008e| 907450901 907500001 90755000| 90760000| 90765000] 90770000| 
STS Markers on Genetic (b lue) and Radiation Hybrid (b lack) Maps 

STS Markers | |  |  I I I I I ■  I
UCSC Gene Predictions Based on RefSeq^ UniProt, GenBank, and Cofiiparative Genomics

fiCTFlS
FflS^
FflS^
F flS l^
FftSî
FflSil-
F f lS ^ -
FflS^
W ih

RefSeq Genes 

Human itiRNPis ■

4-
RefSeq Genes

-H -
Human mRMfls from GenBank

 1 h + +
I CpG Islands (Islands < 300 Bases are Light Green)

CPG; 6 2 1

Figure 3.2

UCSC Human genome Browser graphical representation o f FAS. A number o f 

annotation tracks can be displayed. NCBl RefSeq genes, human mRNA 

prediction based from GenBank are illustrated. Coding exons are illustrated by 

the thickest part o f the Refseq and GenBank tracks, the thin lines with 

arrowheads represent introns and the direction o f transcription and the UTRs 

are represented as thinner portions at 3’ and 5’ end o f the track. The CpG 

island track shows the position o f the CpG island in the genome (green box). 

The number o f CpG dinucleotides in the island is displayed to the left o f the 

green box.
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Table 3 3 . lis t  o f  apoptotic genes with a 5' 
promoter CpG island

Intrinsic Extrinsic
pathway pathway Cross talli

BIM FAS CASP3
BID MAPK8 CASP7
BAD CAD(DFF40) CDKN2A

PUMA ICAD (DFF45)

PM A IP 1 FADD
BAX TRADD

CYCS PAR4
(PAWR)

AIF TMSI
APAFl SPHK2

CASP9 DAPk

HRK CFOS
XAFl

3.3.4 Identifying genes with susceptibility to hypermethylation and/or 

reduced expression in prostate cancer.

3.3.4.1 Microarray studies

Literature review of published microarray studies that compared gene 

expression between different stages and grades of prostate cancer were 

examined for possible selection o f apoptotic genes with evidence of decreased 

gene expression levels in prostate cancer compared to normal prostate and 

benign prostatic hyperplasia (BPH) (Cho-Vega et al., 2005; Ernst et al., 2002; 

Yu et al., 2004a). Two genes, CFOS and FAS were identified from our 

literature search.

3.3.4.2 Literature review

Apoptotic genes identified to contain at least one CpG island (identified from 

Section 3.23) were investigated for evidence of methylation in 1) prostate 

cancer and 2) other cancers using PubMed (http://www.pubmeth.org/) and 

iHOP (http://www.ihop-net.Org/UniPub/iHOP/y Next, a literature review of 

methylation studies in cancer was performed using PubMed and Google 

(www.google.ie) to identify apoptotic genes, which show evidence o f promoter 

hypermethylation in cancer but may not have a CpG island as predicted by
1 0 0
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UCSC human genome. In this way, CASP8 and X A Fl were identified as 

candidate apoptotic gene targets o f methylation. Using the criteria set in the 

UCSC human genome browser, both genes did not contain a CpG island, 

however the literature suggested its promoter region was a target of 

hypermethylation in certain cancers (Byun et al., 2003; Hopkins-Donaldson et 

al., 2003).

Individual genes o f interest were investigated for evidence of downregulation 

in both prostate cancer and/or additional cancers using extensive review of the 

literature via PubMed.

3.3.5 Candidate prioritising

Apoptotic-related genes containing 5’ CpG island(s) identified from our in 

silico approach (n=25) were pooled with genes identified fi'om searching the 

candidate gene bank (n= 9). Firstly, genes were organised by predicted 

function and importance in apoptosis. Candidate genes with evidence of 

decreased gene expression in prostate cancer and/or evidence o f susceptibility 

to promoter hypermethylation in prostate cancer or other cancers were selected. 

Upon further investigation, 3/9 genes identified fi’om the candidate gene bank 

{BCL2, CFLAR and PIGPCl) were selected for further studies. Finally, genes 

without a predicted USCS CpG island but with evidence o f promoter targeted 

methylation as determined from our literature search (n=2) were also added. A 

short list of 22 apoptotic-related genes was complied (Table 3.4).
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C H A P T E R  3

TaMe 3.4: In siKco identification o f potential apoptotic-related gene taijets of promoter hypermethylation in prostate cancer.

G en e descrip tion
G en e  sym b ol (fu ll n a m e) N C B I U n lG e n e  A p optotic Function M eth y la tio n  in  can cer R eferen ces

In tr in s ic  pathw ay

BCL2

PIG PCl

BAD

A PA Fl

CASP9

XAFI

BIK.

BNIP3

B-cell CL L/lym phom a N P _0 00 62 4.2  A n ti-apo p to tic  molecule; Bladder cancer; Non-Small Friedrich el al. 2004; Friedrich et

PE R P, T P 53  apoptosis H s.520421 
effecto r

BCL2-antagonist o f  H s.370254 
cell death

A p op to tic  peptidase H s.70 81 I2  
ac tiva tin e  facto r

Caspase 9, apoptosis- H s.329502
related cysteine
peptidase

X IA P-associated  fac to r H s .44 l9 75  
I

B C L 2-interacting  k iller H s4 7 5 0 5 5

B C L 2/ad eno v irasE lB  H s.l4 48 73  
19kDa in teracting
pro tein  3_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

control m itochondrial 
permeability by stim ulation 
A D P/A TP exchanse

Cell L une cancers al, 2 00 7; N agatake et al, 1996

p53 effecto r gene (in itia tes  N ot found 
apoptosis involved in DNA 
damage to  th e  cell)

Binds to  BH3 domain o f  BCL2 M ultiple M yelom a K.AS-6/1 P o m p e iae t al, 2004
cells

P a n  o f  th e  apo ptosom e; .Acute Leukemia, Bladder C hristoph et al, 2 007a; W ang et a
com plex com prising o f  cancer, Clear Cell Renal Cell 2 00 7; Christoph et al, 2007b;
cytochrom e c and .ATP involved carcinom a. Gastric cancer, Furuka«a et al, 2005; Fu et al,
in activation  o f  caspase-9 AM L, CML, ALL 2003

Part o f  th e  apoptosom e; N ot found 
com plex com prising o f  
cytochrom e c and A T P involved 
in activation  o f  caspase-9

Inhibits an inhibitor o f  apoptosis P ro sta te  cancer; Colorectal 
protein  LAP and facilitated  cancer; Renal Cell
apoptosis carcinom as. Gastric cancer

BH -3-onh BIK fu ic tio n s  at th e  Renal Cell Carcinom a; 
endoplasm ic reticulum to  M alignant Q io m a
stim ulate c; tochro m e c release 
from  m ito ch on dria

Interacts  with anti apo p tostic  Pancreatic, H aem atopoietic , M urai ei a l. , 2005a. Murai el a l ..
Bcl-2 family pro te ins Gastric and Colon cancer 2005b , Okami e ra /,  ,2 0 0 4

Fang et a l , 2006, Lee el a l ,2 0 0 6 ;  
C h irg  et al, 2007; K em pkensteffen  
et al, 2007; B; un et al„ 2003, Jang 
et al., 2005

Kim  et al, 2006; Sturm et al, 2006

PE R P, p53 apoptosis  e ffec to r related  to  PM P -2 2, A T P , Adeonsine triphosphate , ,AML, acute m yeloid leukeamia, CML, chronic m yeloid  leukaemia,

ALL, acute lym phoblastic leukemia, T rail, tum our necrosis fac to r (TN F)-related  apoptosis-induced ligand, CAD, carbam oyl-phosphate  s y n th e ta se , IC.AD, 

Inh ib itor o f  CAD, M D M 2, M ouse Double M inute 2 , BH, Bcl-2 hom ologj', LAP, Inh ib itor o f  Apoptosis P ro tein . X IA P, X -L inked lA P , PRKC, P ro tein  Kinase C,
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TaUc 3.4 Contd: In silico identification of potential apoptotic-related gene taijets ofproniaterhypemiethylation in prostate cancer.

G e n e  sym bol
G e n e  d e sc r ip t io n

( fu l l  n a m e )  N C B lU n iG e n e  A p o p to tic  F u n c tio n M e th y la t io n  in  c a n c e r R e fe re n c e s

E x tr in s ic  p a th w ay

FAS Fas (T N F  recep tor H s.244138 
superfam ily, m em ber 6)

D eath re ce p to r fo r th e  Fas ligand P ros ta te  and Colon 
and induces apop tosis v ia  carcinom a 
indirect cleavage o f  caspase 8

Santourlidis et al., 2001: P e tak  et 
a L 2003 ;

CFLAR (c-FLIP) C A S P 8andF A D D -like  H s .2 4 4 I3 9  
apoptosis regulator 
(cellular-Flice Like 
Inhibitor} p ro tein )

Inhibits FAS in itia ted  cleavage o f  Neuroblastom a 
c a ^ a s e  8

van Noesel e t al. 2003 & M argetts
c ta l ,  2005

CASP8 Caspase 8. apop tosis- H s.655983
related cysteine
peptidase

Induces apop tosis v ia  its death 
recep to r pathw ay upon cleavage 
activation

Neuroblastom a. Glioblastom a 
M ultiform e. 
Medulloblastomas, 
R etinoblastom as, Small Cell 
Lung cancer cell lines, 
H epatocellu lar carcinom a

Nishida et al. 2008: M ichalouski et 
al, 2008; M artinez e t al, 2007; 
Harada et al, 2002; Hopkins- 
Donalson et al, 2003

FADD Fas (TNFRSF6)- H s .2 4 4 l3 9
associated v ia  death
dom ain

A daptor m olecule fo r  Fas 
m ediated cleavage o f  Caspase-8

N o t found

PA R4 (PA W R) P ros ta te  apop tosis H s .6 4 3 l3 0  
response 4 p rotein  
(PR K C  apoptosis W T 1 
regulator)

Par-4  regulates Bcl-2 through a 
W T  1 -binding site on th e  bcl-2 
p rom o te r

R as-transform ed epitheilal 
cells

Pruitt et al. 2005

T M Sl T arget o f  m eth y la tio n - H s.499094 
m duced silencing 1

Induces apop to sis in caspase- 
dependent m anner

Breast. C olorectal, Gastric 
cancer, P ro s ta te  cancer. 
Glioblastom a M ultiform e, 
H epatocellu lar carcinom a 
cells, C harian. M elanom a

M artinez et al, 2007 ; R io jase t al. 
2007; K ato  et al, 2008; Suzuki et 
al., 2006: M irza et al, 2007; Zhang 
et al, 2007 ; T am  et al, 2007; Guan 
et al, 2003

HRK H arakiri H s.87247 P ro -a p o p to tic  m olecule; inhibits 
bcl-2 a n ti-apop to tic  behaviour

Gastric and Colorectal, 
Primar> Central N ervous 
% stem  L ym phom as, 
Glioblastom as

Higuchi et al, 2008 ; Nakam ura et 
al, 2006; N akam ura et al, 2005; 
Obata et al. 2003;

DR4 T um or necrosis fa c to r H s .5 9 l8 3 4  
recep to r superfam ily, 
m em ber lOa

R ecep tor fo r  TRA IL N euroblastom a, P rosta te  
cancer, Ovarian cancer. Von 
H ippel-L indau and Sporadic 
Phaeochrom ocytom as.

Suzuki et al, 2006 ; Horak et al, 
2005; M argetts et al, 2005: Van 
Noesel e t al. 2003

DR5 T um or necrosis fa c to r H s.521456 
rece p to r superfam ily, 
m em ber 10b

R eceptor fo r  TRAIL N euroblastom a, Von Hippel- 
Lindau and Sporadic 
Phaeochrom ocytom as.

Van Noesel e t al, 2003; M argetts et
al, 2005

DCRI T um or necrosis fac to r H s,655 801 
rece p to r superfam ily, 
m em ber 10c, decoy 
\\ith o u t an intracellular 
domain

A n ti-apop to tic . Decoy recep tor 
>vhich do no t induce apoptosis 
upon TRA IL binding

Ovarian cancer, P rosta te  
cancer, Gallbladder 
carcinom a and Chronic 
cholecystitis. 
N euroU astom a, Lung

9)ivapurkar et al., 2004; Suzuki et 
al., 2006; Van Noesel et al, 2003; 
S iivapurkar et al., 2007; T akahashi 
cl al, 2004

DCR2

DA Pk

T um or necrosis f a a o r  H s ,2 13467
rece p to r superfam ily,
m em ber lOd, decoy
with trunca ted  death
domain
D eath-associated H s.380277 
p ro te in  k inase I

A n ti-apop to tic .D ecoy  recep tor 
wiiich do not induce apoptosis 
upon TR.AIL binding

Invo lved  in apoptosis initiated  
b) TN Falpha

Ovarian cancer. P rosta te  
cancer. Gallbladder 
carcinom a and Chronic 
C holecystitis, 
N euroblastom a, Lung 
Oral Squamous Cell 
carcinom a. Bladder cancer. 
Cervical cancer, Non-& nall 
Cell Lung cancers. Kidney 
cancer

Shivapurkar e t a l., 2004; Suzuki et 
al.. 2006; Van Noesel et al. 2003; 
Siivapurkar e t al., 2007; Takahashi 
et al, 2004

Leung et al. 2008: W ang et al. 
2008; E llinger e t al, 2008: Kulkami 
et al. 2004; Christoph et al. 2006

P E R ? . p53 apoptosis c ffec to r related to  PM P -22 , A T P , Adeonsine triphosphate . AM L. acute m yelo id  leukeam ia, CML. chronic m yeloid leukaemia,

A L L . acute lym phoblastic  leukem ia. Trail, tum our necrosis fa c to r (T N F)-re lated  apoptosis-induced ligand. CAD. carbam oyl-phosphatc s) n th c ta s e , ICAD, 

Inh ib ito r o f  CAD, M D M 2, Mouse Double M inute 2. BH, Bcl-2 hom olog \’. LAP, Inh ib ito r o f  A pop tosis P ro te in . XIA P, X -L inked lA P . PRKC. P ro te in  Kinase C.
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Table 3.4 Contd; In silico identifcation o f  potential apoptotic-related gene (aigets ofpromoter hypemiethylation in prostate cancer.
G e n e  d e s c r ip tio n  

G en e  sym bo l (fu ll n a m e ) N C B IU n iC e n e .4pop to tic  F u n c tio n M e th y la tio n  in  ca n c e r R e fe re n c e s

B o th  I n tr in s ic  & 
E itr in s ic
CASP3 Caspase 3, apoptosis- 

rclated c \ s te in t 
peptidase

H s.141125 Cleaves ICAD in to  CAD 
a l lo ™ g  translocation  to  the  
nucleus and induction o f  
apoptosis

Breast cancer M im ori et al, 2005

CDKN2A Cyclin-dependent 
kinase inhibitor 2A

H s.512599 Inhibits MDM2 and 
consequently increases stability 
o fP 5 3

C olorectal, Lung, Breast. 
Bladder, H epatocellular 
carcinom as. P rostate , 
K idney, Oral Squamous Cell 
carcinom a.

Ogi et al, 2002; Noda et al, 2002, 
la rm alite  et al, 2003; Dominguez et 
al. 2003 , A n z o la e ta l ,  2004; 
K onishi et al, 2002; Cairns et al, 
2004;

PERP, p53 apoptosis e ffec tor re la te d to  P M P-22, A T P , Adeonsine tn p h o sp h a te , AM L, acute m veloid leukeamia, CM L, chronic m yeloid  leukaemia,

A LL, acute lym phoblastic leukemia, T ra il, tum our necrosis fac to r  (TN F)-related apoptosis-induced ligand, CAD, carbam oyl-phosphate s y n th e ta se , ICAD. 

Inhibitor o f  CAD. MDM2, Mouse Double M inute 2, BH, Bcl-2 hom ology. lA P . Inh ib ito r o f  A poptosis P ro tein , X IAP, X -Linked lA P , PRKC, P ro te in  Kinase C.

3.4 DISCUSSION

Our objective in this part o f the study was to employ a bioinformatics strategy, 

similar to one previously developed in the laboratory, to identify a bank of 

candidate apoptotic-related gene targets o f methylation for investigation in 

prostate cancer.

We exploited a number o f freely available online software to generate a list of 

candidate genes. Identifying key genes important for apoptosis can prove 

difficult. Many genes can be indirectly linked to apoptosis, resulting in a large 

number o f genes labelled as apoptotic. We choose genes directly involved in 

apoptosis regulation by extensively reviewing the fianction o f individual 

apoptotic genes using PubMed, iHOP and BioCarta bioinformatics research 

tools.

Once key apoptotic genes were identified, they were screened for the presence 

o f a 5’UTR CpG island using the UCSC Human Genome Browser. The exact 

definition o f a CpG island is somewhat arbitrary (Takai and Jones, 2002). 

Hence a number o f different algorithms can be used to predict CpG islands. We 

choose the default Gardiner-Garden and Frommer, (2002) algorithm used by 

the UCSC genome browser, as it is a traditional CpG island prediction 

algorithm frequently used in methylation studies (Ehrich et al., 2008; Oakes et 

al., 2007; Perry et al., 2007). However, this algorithm has its limitations.
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whereby non-repeat portions of the genome only are searched for presence of 

CpG islands in order to avoid identifying false positive Alu repeats, which 

often meet the criteria o f a CpG island. The majority of genes for which the 

algorithm did not predict the presence of a 5’ CpG island were eliminated.

An additional step in our selection process was added, whereby a review o f the 

methylation literature o f apoptotic genes was conducted, to prevent omission of 

key apoptotic genes whose promoters are known targets of methylation but do 

not contain a 5’ CpG island according to the algorithm used in the Human 

Genome Browser. For example, extensive review o f the methylation literature 

identified a 5’ promoter region of CASP8 as a target o f methylation in cancer. 

The CASP8 gene contains a 5’ CG rich regulatory region (Teitz et al., 2000). 

However, this CG rich region did not meet the Gardiner-Garden and Frommer 

defined criteria for a CpG island. The 364bp region we investigated in our 

study had a 49% CG content but the ratio o f observed number o f CG 

dinucleotides to the expected number of Gs and Cs present in the segment was 

only 0.34. Further review of the literature revealed this 5’ CG rich region to be 

a target of methylation in certain cancers (Banelli et al., 2002). As a result, 

CASP8 was identified as a potential target of methylation in cancer and 

included in our study.

Similar to CASP8, the USCS human genome browser did not predict a CpG 

island in the promoter region of XAFl. Review of the literature identified two 

5’ upstream regions of the XAFl gene, which encompassed only 200 bp 

(region 1) and 380 bp (region II) and satisfied the Gardiner-Garden and 

Frommer defined criteria for CpG island. Hence, these two CG rich regions 

and surrounding CG dinucleotides were included in our study (Byun et al., 

2003).

Investigation into the methylation status o f individual genes was conducted 

using PubMed and Google. This work was conducted before PubMeth 

(http://www.pubmeth.org/) became available. PubMeth contains more than 

5000 records, built from over 1000 literature sources and would help to quickly
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answer the question we asked “is this gene already described in the Hterature as 

methylated and in which cancer types?” (Ongenaert et al., 2008).

A number of microarray studies were analysed to identify apoptotic-related 

genes downregulated in prostate cancer compared to normal tissue or benign 

urological diseases. Only a small number o f apoptotic genes were identified as 

being downregulated in prostate cancer tissue. The microarray studies analysed 

in the study were not specific to apoptotic genes but rather listed genes 

important in a wide range o f important pathways. It was necessary, therefore, 

to also research genes individually to determine if there was evidence of their 

downregulation in prostate or other cancers.

A bank o f 22 apoptotic-related genes was identified as possible targets of 

promoter hypermethylation in prostate cancer. The majority o f genes identified 

(18/22) are pro-apoptotic (Table 3.4), cFLIP has dual fiinctionality with 

evidence suggesting it has both anti and pro-apoptotic action (Chang et al., 

2002), while the remainder (BCL2, D CRl and DCR2) are anti-apoptotic. As 

anti-apoptotic genes are usually up-regulated in cancer (Hanahan and 

Weinberg, 2000), their methylation status in prostate cancer is o f great interest. 

We identified 8 genes {BCL2, PIGPCl, BAD, APAFl, CASP9, XAFl, BIK, 

BNIP3) which are intimately involved in the mitochondrial apoptotic pathway 

(Intrinsic pathway), 12 genes {FAS, cFLIP, CASP8, TMSl, FADD, DAPk, 

DR4, DR5, DCRl, DCR, PAR4, HRK) important in the death receptor pathway 

(Extrinsic pathway) and 2 genes involved in crosstalk between the two 

pathways {CDK2NA and CASP3) (Table 3.4).

To the best o f our knowledge, this is the first investigation o f the methylation 

o f CASP9, FADD  and PIGPCl in cancer. CASP9 and FADD play a central role 

in apoptosis induction by propagating the mitochondrial and death signal 

respectively and PIGPCl is an important p53 effector gene and is 

downregulated in prostate cancer (Ashida et al., 2004).

The 22 apoptotic-related gene bank provides the basis of our investigation into 

the role of methylation as a key controller o f aberrant cell death in prostate 

cancer. Analysis o f the methylation status of these genes could help generate
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an “apoptotic methylation signature” for early detection and prognosis of 

prostate cancer, the results o f which are presented in subsequent chapters.
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4.1 INTRODUCTION

An in silico strategy, applied in the last chapter, identified a bank o f 22 

potential apoptotic-related gene targets of promoter hypermethylation in 

prostate cancer. A wide range o f methylation techniques are now available, 

such as bisulfite sequencing, methylation specific PCR (MSP) and Combined 

Bisulfite Restriction Analysis COBRA, which are effective in detailed 

methylation studies but have limited merit as a rapid screening technique 

(Perry et al., 2007). COBRA and MSP for example can only evaluate small 

regions within the CpG island, whilst bisulfite sequencing can be arduous, 

hence we require a rapid screening tool for our methylation analysis.

Recently, a denaturing high performance liquid chromatography (DHPLC) 

approach has been developed in our laboratory as an effective screening 

platform for detecting DNA methylation in cancer (Perry et al., 2007). DHPLC 

was first developed as a highly sensitive, highly specific rapid mutation 

screening tool, based on denaturing temperature differences between mutant 

and wild type sequences (Lai et al., 2005; O'Donovan et al., 1998). In the last 

number o f years, DHPLC has been successfially used to discriminate between 

differentially methylated regions o f imprinted genes (Baumer et al., 2001). 

This technology is based on the detection of “multi mutations” in target 

sequences following bisulfite modification. Bisulfite modificafion o f DNA 

converts unmethylated cytosine to uracil but leaves 5-methylcj^osine 

unaltered. Following PCR amplification, a methylated template has a 

significantly greater GC content and therefore a higher melting temperature 

than an unmethylated form of the same sequence, resulting in different column 

retention times under DHPLC conditions (Perry et al., 2007) (Figure 4.1).

The primary aim o f the current study was to profile the methylation status of 

apoptotic-related genes in prostate cancer, which may help identify novel 

diagnostic and prognostic biomarkers and elucidate novel therapeutic targets. 

Utilising a DHPLC screening strategy, we aimed to identify a number of novel 

apoptotic-related gene targets of promoter hypermethylation in a panel of 

prostate cancer cell lines (22RV1, DU145, RC58, LNCaP and PC3) 

representing different stages o f disease progression (Table 4.1).
109



CHAPTER 4

Table 4.1: Summary of prostate cell lines
Cell line Origin Androgen repsonsive

RWPEl Normal basal epithelial NA

PWRIE Normal basal epithelial NA

22RV1 Primary: Human prostate 
carcinoma xenograft

Androgen Sensitive

Du 145 Metastatic: Brain Androgen Independent

RC58 Primary Androgen Sensitive

LNCaP Metastatic:left 
supraclavicular lymph node

Androgen dependent

PC3 Metastatic: Bone Androgen Independent
NA= not applicable
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Figure 4,1:
Methylation profiling by DHPLC, Following bisulfite modification and PCR 

amplification, the methylation status can be determined by the time at which 

the DNA fi'agment elutes from the column. A fially methylated template has a 

significantly higher GC% and therefore a higher melting temperature than an 

unmethylated form of the same sequence. As a result, a fully methylated 

sequence will have a later elution time than an unmethylated form of the same 

sequence (A and B). The DHPLC profile of a hemi-methylated sequence, 

whereby only one strand is fully methylated and the other is fiilly 

unmethylated, has two peaks one which resolves at the same time as the 

methylation control coupled with a second peak at the elution time of the 

unmethylated control (C). A DNA sequence which is partially methylated, 

whereby only some o f the CG sites are methylated, resolves at a time-point in 

between that of the unmethylated and methylated form of the same sequence 

(D). Adapted from (Perry et al., 2007).

We next validated DHPLC results by bisulfite sequencing of methylated genes 

and generated promoter methylation maps.
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A secondary aim of this study was to utilise our pre-optimised DHPLC 

screening platform to investigate the underlying epigenetic changes in 

apoptotic-related genes potentially associated with a docetaxel resistant 

phenotype in prostate cancer cells.

4.2 METHYLATION UNBIASED PCR

For each gene, the consensus promoter CpG island sequence was downloaded 

from the UCSC Human Genome Browser (http://genome.ucsc.edu/). The CpG 

islands were bisulfite modified in silico to represent a fully methylated bisulfite 

modified sequence. Only one promoter CpG island was analysed for each gene 

except in the case of cFLIP. cFLIP has a number of splice variants (Irmler et 

al., 1997). Interestingly, cFLlP contains two 5’ CpG islands, one which over 

laps the 5’UTR of the Long (L) cFLIP isoform and a second which contains 

the 5’UTR for the Short (S) cFLIP isoform. In order to investigate the role of 

methylation in cFLlP splice variation, both 5’UTR CpG islands were analysed. 

PCR primers were designed to walk the length of the CpG islands at the 5’ end 

of the 22 apoptotic-related genes. Primers were designed to amplify bisulfite 

modified DNA irrespective of methylation status (described in section 2.5.4).

In total, 47 PCR assays were synthesised. PCRs were optimised on methylation 

controls (MC & UMA ) and optimised genes amplified in a panel of prostate 

cancer cell lines (LNCaP, DU145, PC3, 22RV1, RC-58T) and normal prostate 

cell lines (PW Rl-E, RWPE-1) (Appendix 2.1). Approximately 50% of our 

PCR assays were successfully optimised; despite primer redesign, the 

remaining assays could not be optimised {BAD, BCL2, BNIP3 Assay 2 and 3, 

CASP3 assay 2, CASP9, DAPk, D CRl assay 1, DCR2 assay 1, DR4, DR5 assay 

2, FADD assay 2, FAS, HRK, PAR4, TMSl assay 2, XAFl).

4.3 METHYLATION SCREEN USING A DHPLC PLATFORM

In this study, we investigated the methylation status of apoptotic-related genes 

using a DHPLC screening platform. In total, 23 PCR assays were optimised to 

amplify the 5’ CpG islands of 13 apoptotic-related genes identified in the in 

silico analysis. The partially denaturing temperature o f the fully methylated 

and fully unmethylated sequence for each assay was determined using the
1 1 2
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Stanford DHPLC Melt Program (http://insertion.stanford.edu/melt.htmn. 

Experimentation revealed that the predicted denaturing temperature(s) 

recommended by the Stanford DHPLC Melt Program were too high for the 

methylated template and too low for the unmethylated template. Temperatures 

one and two degrees above and below the temperature(s) recommended for the 

unmethylated and methylated template were used respectively as starting 

temperatures for assay optimisation using methylated and unmethylated 

controls. All 23 PCR assays were successfully optimised on the DHPLC Wave 

instrument with the exception o f BIK  assay 3. A denaturing temperature, which 

allowed for adequate separation o f the fully methylated and unmethylated BIK  

templates, could not be determined.

4.3.1 Screening genes for methylation in prostate cell lines using DHPLC

We first screened the genes in a panel o f prostate cancer cell lines. These are 

very useful because they are an abundant source o f DNA, representing 

different stages o f the disease, primary (22RV1 and RC58) and metastatic 

(LNCaP, PCS and DU 145) and both androgen sensitive (22RV1 and RC58), 

dependent (LNCaP) and independent (PC3 and DU 145).

The methylation status o f the thirteen genes studied is summarised in Table 

4.2. Six genes showed no evidence of methylation in prostate cancer cell lines 

(Figure 4.2). The elution profiles o f APAFI, CASP3, CASP8, BIK  (assay 2), 

FADD, PIGPCl and DR5 are similar to that o f their respective unmethylated 

control, providing strong evidence that this part o f the CpG island o f these 

genes are unmethylated in all prostate cell lines examined. We identified seven 

genes {cFLIP, BNIP3, TMSI, BIK, DCRl, DCR2, and CDKN2A) with evidence 

o f fiall or partial methylation in their promoter CpG island (Figure 4.3).

BIK  assay 1 appeared largely unmethylated, except in DNA from the androgen- 

independent PC3 cell line, which eluted at a time-point in between those of the 

methylated and unmethylated controls, suggesting “partial” methylation at 

certain CpG sites within the island (Figure 4.3 Panel A). Similarly, BNIP3 

appeared partially methylated in three prostate cancer cell lines (22RV1, 

DU 145 and LNCaP) (Figure 4.3 Panel B).
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CDKN2A showed evidence of methylation in PC3, 22RV1 and LNCaP cell 

lines (Figure 4.3 Panel K). For BIK, BNIP3 and CDKN2A, there was no 

evidence of methylation in any of the other cell lines examined (Appendix 

A2.1).

cFLIP, a key controller of death receptor induced apoptosis, contains two 

5’UTR CpG islands. DHPLC analysis o f the first CpG island revealed lack of 

methylation in all of the cell lines, except the androgen-dependent LNCaP, 

which eluted at two time points, corresponding to both the methylated and 

unmethylated controls, which suggests cFLIP is hemi-methylated or 

methylated on one allele only (Figure 4.3 Panel C and D). In contrast, DHPLC 

analysis of the second CpG island revealed partial methylation in LNCaP and 

full methylation in the primary prostate cancer cell line 22RV1 (Figure 4.3 

Panel E and F). There was no evidence of methylation in all other cell lines 

examined (Appendix A2.1). These results demonstrate differential methylation 

of these CpG islands in prostate cancer cell lines 22RV1 and LNCaP.

For TMSl and DCRl, all prostate cell lines (except RWPEl in the case of 

TMSl) showed evidence of fiill methylation (Figure 4.3 Panel G and H). 

Analysis of DCR2 CpG island shows partial hypermethylation in 22RV1 and 

PC3 cells, with peaks present at both the methylated and unmethylated control 

(Figure 4.3 Panel J).
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Table 4.2: Summary of DHPLC Methylation screen in ]X'ostate cancer cell lines
Gene Symbol Chromosomal location Methylation status Prostate Cancer Cell line

APAFl

A ssay 1 

A ssay 2 

A ssay 3

12q23.1

Unmethylated

Unmethylated

Unmethylated

All

All

All

CASP3 4q35.1 Unmethylated All

CASP8 2q33.l Unmethylated All

FADD llq l3 .3 Unmethylated All

PlGPCl

A ssay 1 

A ssay 2 

A ssay 3

6q23.3

Unmethylated

Unmethylated

Unmethylated

All

All

All

DR5 8p2l.3 Unmethylated All

BIK

A ssay 1 

A ssay 2

22ql3.2

Partially Methylated 

Unmethylated

PC3

All

BNIP3 I0q26.3 Partially Methylated DU145, LNCaP,22RVl,

CpGl CFLIP
A ssay 1 

A ssay 2

2q33.1

Hemi-Methylated

Hemi-Methylated

LNCaP

LNCaP

CpG2 CFLIP

A ssay 1 

A ssay 2

2q33.l
Partially/ Fully 
M ethylated 

Partially/ Fully 
M ethylated

LNCaP, 22V1 

LNCaP, 22V1

TMSl 16pll.2
Partially/ Fully 
M ethylated

DU 145, LNCaP, 22RVI, PC3, 
RC58

DCRl 8p21.3
Partially/ Hemi- 

methylated
DU 145, LNCaP, 22RVI, PC3, 

RC58

DCR2 8p21.3 Fully Methylated 22RVI, PC3

CDKN2A 9p2l.3
Partially/ Fully 
M ethylated PC3, 22RVI, LNCaP

Note: In the case o f  some genes more than one PCR assay was analysed.

The Chromosomal location o f  the promoter CpG island under investigation
and the prosate cancer cell lines with evidence o f  promoter hypermethylation are listed
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APAF1 APAF1

PIGK1 PIGPC1

FADO

MC
  UNA
— f?WP£1 
—  PWR1E
  22RV1
  R C «
  0 ( J U 5
  LNCAP
  PC3

Figure 4.2:

DHPLC chromatograms of promoter CpG Islands of unmethylated genes 

in prostate cancer cell lines. Methylated control is illustrated by a dashed 

brown line and the unmethylated control represented by a full green line. Each 

coloured line represents a prostate cell line, all of which have eluted at the 

same time as the unmethylated control. An assay-dependant experimentally 

determined optimal temperature for methylation detection is illustrated in 

brackets for each assay.
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Figure 4.3:

DHPLC chromatograms of promoter CpG Islands of methylated genes in 

prostate cancer cell lines. Methylated control is illustrated by a dashed brown 

line and the unmethylated control represented by a full green line. Each 

coloured line represents a prostate cell line. An assay-dependant 

experimentally determined optimal temperature for methylation detection is 

illustrated in brackets for each assay.
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4.4 VALIDATION OF DHPLC METHYLATION PROFILES USING 

BISULFITE SEQUENCING

Previously, it has been demonstrated that DNA methylation is not universal 

throughout a CpG island and can target specific transcription factor binding 

sites (Griswold and Kim, 2001; Perry et al., 2007). Therefore, we next 

sequenced the PGR assays in order to (i) validate our DHPLC screening results 

and (ii) generate promoter methylation maps and identify methylation hotspots. 

Fully methylated genes D CRl (LNCaP cell line) and CDKN2A (PCS cell line) 

and partially methylated genes cFLIP (CpGl and CpG2 in LNCaP cell line), 

DCRl (22RV1 cell line), CDKN2A (LNCaP and 22RV1 cell lines) were cloned 

and sequenced. For control purposes, we also sequenced a fully unmethylated 

gene cFLIP (CpGl in 22RV1 cell line).

Bisulfite sequencing results confirmed our DHPLC methylation screening 

results in all the cell lines analysed (Figure 4.4- 4.6). In CDKN2A for example, 

the DHPLC profile for PC3 shows a single peak at the same elution time as the 

fully methylated control, suggesting 100% methylation of this sequence. The 

corresponding bisulfite sequencing analysis showed -94%  of CG sites 

methylated for all PC3 clones, hence confirming our DHPLC results (Figure 

4.4). In contrast, for more complex DHPLC elution profiles (22RVI and 

LNCaP) that showed various levels of methylation present, the corresponding 

sequencing analysis showed different clones with varying levels o f methylation 

that represented the different peaks observed in the DHPLC elution profile, 

again showing close correlation between both techniques.
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Figure 4.4.
Validation of DHPLC methylation results for CDKN2A. (i) CDKN2A gene 
structure, transcriptional start site (red arrow) and CpG island (green bar), (ii) 
CDKN2A sequencing results from 3 cell lines (LNCaP, PC3 and 22RV1) with 
evidence of methylation from DHPLC screening results. Between 4 and 8 
clones were sequenced for each cell line. Each line represents an individual 
clone. Black and white squares signify methylated and unmethylated individual 
CpG sites respectively, (iii) DHPLC chromatogram of CDKN2A for 3 cell 
lines with corresponding sequencing data. The methylated control is indicated 
by a dashed brown line, labelled M and representing the profile of a fully 
(100%) methylated sequence. The unmethylated control is represented by a full 
green line, labelled UMC and is indicative o f a profile of a sequence that has 
0% methylation. The elution profile o f the individual cell lines is illustrated in 
blue.
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Figure 4.5.
Validation of DHPLC methylation results for cFLIP: (i). cFLlP gene 
structure illustrating transcriptional start site (red arrow), exons (grey boxes) 
and two 5’CpG island (green bars labelled 1 and 2). (CpGl) Bisulfite 
sequencing results of CpG 1 cFLIP with evidence of methylation (LNCaP) and 
with no methylation (22RV1) and corresponding DHPLC chromatogram. 
(CpG2) Bisulfite sequencing results of CpG 2 cFLIP in cell line LNCaP and 
DHPLC chromatogram. Between 4 and 8 clones were sequenced for each cell 
line. Each line represents an individual clone. Black and white squares signify 
methylated and unmethylated individual CpG sites respectively. A line through 
a clone represents unsequenced dinucleotides.
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Figure 4.6.
Validation of DHPLC methylation results for DCRl'. (i) DCRl gene 
structure and (ii) bisulfite sequencing, (iii) DHPLC chromatograms results for 
cell lines LNCaP and 22RV1. Between 4 and 8 clones were sequenced for each 
cell line. Each line represents an individual clone. Black and white squares 
signify methylated and unmethylated individual CpG sites respectively. A line 
through a clone represents unsequenced dinucleotides.

4.5 GENERATING A PARTIAL METHYLATION CONTROL

In a homogenous population of either methylated or unmethylated DNA, the 

DHPLC elution profile occurs at single time points, hi practice, our sample 

often represents a heterogeneous population, whereby DNA peaks will elute at 

multiple time-points. In this way, partial methylation (at certain CpG sites 

within the island) will produce peak(s) in between that of the fully methylated 

and unmethylated sequences. As a result, we aimed to generate a partial
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methylation control (PMC) for inclusion in our DHPLC screen. Unmethylated 

human placental DNA was treated with SSsI methylase using decreasing 

concentrations of the enzyme to generate controls with varying levels of 

methylation.

Utilising the freely available NEBcutterV2.0

(http://tools.neb.com/NEBcutter2/index.php) the restriction enzyme BsiEl was 

identified to analyze SSsI methylase treated DNA. BsiEl cuts the DNA at 

unmethylated cytosines but is blocked by the presence of a 5-methyl-cytosine 

and therefore will not cut a fully methylated DNA sequence, allowing 

comparison of the fiilly methylated and unmethylated sequence with the PMC.

We experienced on-going difficulty with optimisation of both SSsl methylase 

treatment of unmethylated DNA and our BsiEl restriction digest. After 

treatment with BsiEl, unmethylated control DNA was partially cut by BsiEl 

(Figure 4.7). However, restriction digestion o f the SSsI treated PMC was not 

observed. Furthermore, a SSsI no enzyme control DNA sample, whereby the 

HPU DNA was treated as normal but without the addition of SSsI methylase, 

could not be digested by BsiEl (Figure 4.7). These results suggest that SSsI 

methylase treatment of the HPU DNA is inhibiting the reaction in some way. 

Next, the sample was purified prior to restriction digestion. Unfortunately, no 

improvement of the restriction digest reaction was observed (Figure 4.7)

As a result, we were unable to differentiate between the methylation controls 

and PMC using restriction digestion. Despite numerous troubleshooting 

experiments, the restriction digest could not be optimised on the SSsI 

methylase treated DNA. Unfortunately, the DHPLC methylation screen, which 

we hoped to have the PMC for, was completed before our PMC was 

successfully characterised. As an alternative, we validated our DHPLC results 

by bisulfite sequencing.
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Figure 4.7

Gel electrophoresis of DNA treated with restriction enzyme BsiEl.

Untreated human placental DNA (HPU) was partially digested by BsiEl.The 

following DNA samples were not cut by treatment with BsiEl overnight HPU 

DNA treated with 6 units of SSsI methylase (SSsI Fully Meth), HPU DNA 

treated with 1 and 2 unit of SSsI methylase (1 unit SSsI PMC/ 2 unit SSsI 

PMC), SSsI non enzyme control (SSsI control) and SSsI non enzyme control 

after purification (SSsI control AP).

4.6 INVESTIGATING THE METHYLATION STATUS OF cFLIP IN 

COLON CANCER SAMPLES.

Previously, the long and short cFLIP isoforms were shown to be differentially 

expressed in colon cancer (Longley et al, unpublished data). In collaboration 

with Dr. Dan Longley and Dr. David Waugh in Queen’s University, Belfast, 

we investigated the possible role o f methylation in alternative splicing of both 

the long and short cFLIP isoforms in both prostate and colon cancer cell lines. 

We examined the methylation status of cFLlP in colon cancer cell lines 

(HCT116, RKO, LoVo and HT2G), in which Dr. Longley’s group had 

previously obtained isoform specific expression data. Our DHPLC screening 

results suggest that cFLlP  is unmethylated in the four colon cancer cell lines 

analysed (Figure 4.8). Therefore, it is unlikely that methylation plays a 

significant role in splice variation in colon cancer cells.
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Figure 4.8:

DHPLC chromatogram of the promoter CpG Islands 1 and 2 of cFLIP in 

colon cancer cell lines. In each chromatogram (A-D) the methylated control is 

illustrated by a dashed brown line (labelled M) with the unmethylated control 

represented by a ftill green line (labelled UnM). Chromatogram A and B 

illustrates methylation screening results of the first CpG island (CpG 1) in the 

cFLIP gene. Chromatograms C and D illustrates the methylation screening 

results of the second CpG island (CpG 2) in the cFLIP gene. Each coloured 

line represents a colon cancer cell line (RKO, HT29, LoVo and HCT116), all 

of which have resolved at the same time as the unmethylated control.

4.7 INVESTIGATING THE METHYLATION STATUS OF 

DOCETAXEL RESISTANT PC3 PROSTATE CANCER CELL LINE 

(D12-PC3) AND AN AGE-MATCHED PC3 CONTROL.

A docetaxel resistant PC3 prostate cell line was generated by Dr. Amanda 

O ’Neill in Professor Bill Watson’s group (University College Dublin, Dublin). 

Low Density Array (LDA) data was performed by this group on a number of 

important apoptotic genes in the D12-PC3 and age-matched PC3 control
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(AMC-PC3), which was a PC3 cell line grown alongside the D12-PC3 cells. 

Results showed downregulation o f BIK  in the docetaxel resistant cell line 

compared to the PCS age-matched control. In order to investigate whether 

promoter hypermethylation correlated with the observed downregulation of 

BIK  in the resistant cell line, its promoter CpG Island was screened for 

methylation in both cell lines. Results suggest that BIK  is methylated in both 

PC3 and the D12-PC3 cell line. These results are consistent with our previous 

DHPLC results, where BIK  appears to be partially methylated in PC3 prostate 

cancer cell line. Both cell lines resolved at various time points in between that 

o f the unmethylated and methylated control, suggesting partial methylation. 

However they produced different elution patterns suggesting a slight difference 

in methylated CG sites, which suggests that the methylation pattern is altered 

in some way in the docetaxel resistant cell line.

UnM

AMC-PC3

Figure 4.9.

Investigating the methylation status of BIK  in docetaxel resistant D12-PC3 

cells and an age-matched PC3 control (AMC-PC3). The methylated control 

is illustrated by a dashed brown line (labelled M) with the unmethylated 

control represented by a fiill green line (labelled UnM). Both cell lines elute at 

various time points in between that o f the unmethylated and methylated 

control, suggesting partial methylation.

4.8 DISCUSSION

In total, 23 PCR assays were successfully optimised to amplify the 5 ’ CpG 

islands o f 13 o f the 22 apoptotic-related genes identified in the in silico 

analysis (Discussed in Chapter 3). Despite primer redesign, the remaining 24 

PCR assays could not be optimised. Often poor reproducibly and low yields o f 

the PCR reactions was observed. A number o f reasons may be responsible;
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firstly, it may in part be due to the Hmitations of our primer design options 

(described in section 2.5.4). Due to the strict criteria by which bisulfite 

specific, methylation insensitive primers are designed, annealing sites are 

relatively restricted. Selection of primers can be further constrained by the 

large number of closely spaced CG dinucleotides, resulting in primer sites too 

short to achieve a desirable Tm. Secondly; regions that are methylated can often 

contain mutations, especially in cancer derived samples. This can lead to an 

inability of primers binding to their annealing sites in the DNA. Finally, Poly T 

sequences in bisulfite converted DNA can result in nonspecific primer 

annealing and poor amplification due to polymerase slipping (Methylation 

analysis by bisulfite sequencing: Chemistry, Products and Protocols. Applied 

Biosystems: http://www.appliedbiosvstems.com').

In this study, thirteen genes, integral to apoptosis, were successfully screened 

for evidence of methylation using DHPLC. Our screen has identified seven 

genes {cFLIP, BN1P3, TMSl, BIK, DCRl, DCR2 and CDKN2A) methylated in 

their promoter CpG regions in one or more prostate cancer cell lines. At 

present, there is no published data on the methylation status o f cFLIP, BNIP3, 

BIK, CASP3, CASP8, PIGPCI and FADD in prostate cancer. APAFI has been 

reported to be unmethylated in 3 prostate cancer cell lines (PC3, DU145 and 

LNCaP) (Lodygin et al., 2005). Suzuki et al, 2006, described methylation of 

DR5 at low levels (1%) in prostate tissue, while TMSI, CDKN2A and D CRl/2  

have recently been reported methylated in prostate cancer (Suzuki et al., 2006).

Our DHPLC results suggest that APAFl, CASP3, CASP8, FADD, PIGPCI and 

DR5 promoter CpGs are unlikely targets of methylation in prostate cancer. 

However, it is possible that aberrant methylation can indirectly cause atypical 

expression of these important apoptotic genes. Transactivating regulators, such 

as enhancers or miRNAs, could be targets o f methylation silencing. Such 

enhancer-related methylation events have been described for the imprinting of 

H19 and Igf2 genes (Bell and Felsenfeld, 2000; Hark et al., 2000). 

Interestingly, a study by Lodygin et al, 2005 showed that APAFI expression 

was induced by 5-aza-2’deoxycytidine in prostate cancer cell lines PCS and 

DU145, suggesting DNA methylation may play a role in APAFI expression in
1 2 6
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prostate cancer. However, bisulfite sequencing of the promoter CpG of APAFl 

showed no evidence of methylation, which is in accordance with our data. It is 

possible therefore that a regulatory element is a target of hypermethylation, 

which indirectly effects the expression o f APAFl. Such a possibility cannot be 

ruled out for other genes.

BIK  (BCL2-interacting killer)

Bik is a potent pro-apoptotic bcl-2 homology (BH3)-only member of the BCL2 

family of proteins and plays a key role in mitochondrial-mediated apoptosis. 

Loss of Bik appears to be a common feature o f renal cell carcinoma (Sturm et 

al., 2006). It is thought that BIK  may act as a renal tissue-specific tumour 

suppressor gene. BIK  has been reported to be hypermethylated in 59% of 

primary brain tumours (10/17). Furthermore, hypermethylation o f BIK  

correlated with downregulation o f BIK  gene expression (Kim et al., 2006). Our 

study is the first report on the methylation status o f BIK  in prostate cancer. 

DHPLC analysis revealed partial methylation in androgen independent cell line 

PC3. Interesfingly, BIK  CpG island only showed evidence o f methylation in its 

first assay, which encompasses the 5’UTR and a number o f transcriptional 

elements associated with promoter regions. This result suggests that 

methylation at individual CG sites rather than the entire CpG island may be 

important for dysregulation of BIK  in prostate cancer.

BNIP3 (BCL2/adenovirus ElB  19kDa interacting protein 3)

BNIP3 is a pro-apoptotic member o f the bcl-2 family of proteins. Bnip3 is not 

an ubiquitously expressed protein but rather its expression can be induced 

during hypoxia or hypoxia-like conditions (Lee and Paik, 2006). A number of 

studies have implicated aberrant BNIP3 expression in a wide range o f cancers 

(Lee and Paik, 2006). Increasingly, evidence suggests that BN1P3 promoter 

hypermethylation contributes to gene silencing in a number o f cancers such as 

pancreatic, haematopoietic, gastric and colon cancer (Abe et al., 2005; Okami 

et al., 2004). Methylation induced gene silencing is hypothesised to confer a 

survival advantage to cancer cells by evading hypoxia induced cell death. 

DHPLC analysis of the BNIP3 promoter CpG revealed partial methylafion in 

prostate cancer cell lines 22RV1, DU 145 and LNCaP.
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The promoter of BNIP3 contains hypoxic inducible factor (H IF)-la responsive 

element (HRE), determining whether this HRE was aberrantly methylated in 

the prostate cell lines would help elucidate the role o f aberrant methylation of 

BNIP3 in prostate cancer. Bisulfite sequencing o f BNIP3 promoter CpG island 

would reveal the pattern o f methylation within the promoter region and 

surrounding the HRE. Unfortunately, we were unable to clone the BNIP3 CpG 

island for bisulfite sequence due to difficulties incurred during cloning. 

However, alternative methylation technique, discussed in next chapter, known 

as quantitative methylation specific PCR (QMS?) will be used to assess the 

methylation status o f the HRE site in the CpG island o f BNIP3.

CDKN2A

The CDKN2A gene encodes proteins important for regulation of cell cycle 

regulatory pathways p53 and retinoblastoma (RB). The gene contains 

alternative reading frames and hence encodes two major proteins pl6INK4, an 

important cyclin-dependent kinase inhibitor and P14ARF, which binds the p53 

stabilizing protein MDM2 (Robertson and Jones, 1999). Aberrant expression of 

CDKN2A gene has been illustrated in a wide range o f cancers. DNA 

hypermethylation of the CDKN2A promoter region is also frequently observed 

in a wide range o f tumours, including prostate cancer (Konishi et al., 2002). 

Promoter methylation o f the CDKN2A gene has been illustrated in 3-25% of 

prostate carcinomas and 0% of normal prostate tissue (Konishi et al., 2002; 

Yao et al., 2006). DHPLC methylation screening revealed evidence of 

hypermethylation in the CDKN2A promoter region important for expression of 

P16INK4, in the primary prostate cell line 22RV1 and in two metastatic 

prostate cell lines LNCaP and PCS. Previous studies have shown promoter 

methylation in prostate cancer cell lines PCS, 22RV1, PPCl and TSUPRl 

(Jarrard et al., 1997; Yegnasubramanian et al., 2004). In contrast, the Jarrard 

(1997) study showed no evidence of promoter methylation in LNCaP cells. 

However, this study utilised methylation sensitive restriction enzyme digests, a 

technique which only provides information on a small number o f CG sites and 

is less sensitive than DHPLC (Dahl and Guldberg, 2003). Bisulfite sequencing 

confirmed our DHPLC methylation findings for CDKN2A, revealing high
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levels o f methylation in PC3 and LNCaP cell lines at transcriptional elements, 

which suggests methylation of CDKN2A, may have functional significance.

FLICE-like inhibitory protein (cFLIP/CFLAR)

cFLIP has two major splice variants, a short variant (cFLIPS) containing two 

death effector domains (DED) and a longer (cFLIPL) variant containing an 

additional caspase-like domain, whereby the active centre cysteine residue is 

substituted by a tyrosine residue. cFLIPS competes with caspase 8 for binding 

to adaptor molecule Fadd and inhibits caspase activation (Yang, 2002). The 

role of cFLIPL has remained one o f controversy (reviewed in (Krueger et al., 

2001a)). In brief, Chang et al (2002) showed at low expression levels 

(representative of normal cellular expression) cFLIPL enhances Death 

Inducing Signalling Complex (DISC) activity, facilitating activation o f caspase 

8. Interestingly, at intermediate levels (indicative of levels observed in certain 

tumour cells and macrophages) cFLIPL can inhibit caspase 8 activation by 

blocking its recruitment to the DISC complex (Chang et al., 2002). 

Furthermore, cFLIP'^' mice show developmental defects resembling CASPS'^' 

and FAD U  ' mice (Yeh et al., 2000), suggesting complete silencing results in 

loss o f its mild pro-apoptotic function, therefore mimicking an anti-apoptotic 

phenotype.

cFLIP has been shown to be hj^ermethylated in 8/22 (36%) of neuroblastoma 

cell lines and 0/6 (0%) o f normal tissues (van Noesel et al., 2003). A study by 

Margetts et al, 2005 reported cFLIP methylation in 3/39 (8%) of 

phaeochromocj^oma and 1/20 (5%) o f neuroblastoma tumour samples 

(Margetts et al., 2005). Curiously, our data indicates differential methylation of 

the two 5’UTR CpGs in the prostate cancer cell lines 22RV1 and LNCaP. The 

first CpG island (CpGl) over laps the 5’UTR of the long cFLIP Splice variant 

and the second (CpG2) which contains the 5’UTR for the short cFLIP splice 

variant. Our bisulfite sequencing analysis confirmed our DHPLC results, 

revealing absence o f methylation in the first CpG island in 22RV1 cells and 

high levels of methylation for the second CpG island in 22RV1 cells, hemi and
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partial methylation for the first and second CpG islands, respectively for 

LNCaP cells.

DcRl and DcR2

The decoy receptors contain extracellular domains which compete with those 

of the death receptors DR4 and DR5 for TNF-related apoptosis-inducing ligand 

(Trail) binding, but fail to propagate the death signal via their non-functional or 

missing death domains (Ashkenazi and Dixit, 1999). Aberrant methylation of 

DCRl and DCR2 genes has been reported in a number of tumour types 

(Takahashi et al., 2004). DCRl and DCR2 were both methylated in 50% of 

prostate tumours (25/50 and 23/46, respectively) and 60% of prostate cancer 

samples had either DCRl or DCR2 methylated. Shivapurkar et al, 2004 showed 

that methylation of either DCRl or DCR2 correlated with improved prognosis 

in prostate cancer and a subsequent study showed that lack of methylation of 

both genes predicted a poorer disease free survival rate (Suzuki et al., 2006). 

Our results indicate that DCRl and DCR2 promoter CpGs are targets of 

methylation in all prostate cancer cell lines for DCRl and in 22RV1 and PC3 

foxDCR2.

TMSl (target of methylation induced silencing)

TMSl is a pro-apoptotic tumour suppressor gene. Two reports have implicated 

methylation as a mechanism of TMSl down-regulation in prostate cancer cell 

lines (Caldas et al., 1994; Collard et al., 2006). Biallelic hypermethylation and 

silencing of TMSl has been shown in the LNCaP prostate cell line. TMSl 

promoter hypermethylation has been implicated as an early event in prostate 

cancer development, detected at significantly higher frequencies in primary 

tumours (47-65%) and pre-invasive HGPIN (64% (7/11)) than non-malignant 

prostate (3-28%) (Caldas et al., 1994; Collard et al., 2006; Suzuki et al., 2006). 

Our results are consistent with these previous findings; we demonstrated that 

TMSl is fully methylated in all prostate cancer cell lines examined (LNCaP, 

DU145, RC58, 22RV1 and PC3). It is interesting to note that TMSl and DCRl 

were the only genes we examined that were methylated in all prostate cancer
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cell lines, suggesting they may have an important role in prostate 

carcinogenesis.

O f interest, analysis of the chromosomal locations (listed in Table 4.2) o f the 

13 genes screened for methylation did not support regional spreading of 

methylation in prostate cancer. For example, cFLIP maps adjacent to CASP8 

on chromosome band 2q33.1. These two genes have previously been shown to 

correlate in their methylation status suggesting clustering o f de novo 

methylation (van Noesel et al., 2003). However, our results in prostate cancer 

indicate absence o f methylation in CASP8 and differential methylation in the 

two 5’UTR CpG islands o f cFLIP. Similarly, DR5, D CRl and DCR2 co- 

localise to chromosome band 8p21.3, again these genes show different 

methylation profiles in the various cell lines examined.

In addition to our methylation profiling o f prostate cell lines, we examined the 

methylation status o f one gene, cFLIP, in colon cancer cell lines. Interestingly, 

both 5’UTR CpG islands of cFLIP were unmethylated in all four colon cancer 

cell lines examined, suggesting methylation of cFLIP may have a degree of 

specificity in prostate cancer.

Resistance to chemotherapy, especially to docetaxel, has emerged as a major 

obstacle in the treatment of advanced prostate cancer (Gopisetty et al., 2006). 

Deciphering the molecular mechanisms, which disrupt key apoptotic pathways 

and contribute to chemotherapy resistance, is an important area o f research. We 

first examined the methylation status o f BIK  in a docetaxel resistant cell line 

and control. Our methylation screen using DHPLC illustrated partial 

methylation in both cell lines with a slight difference in the elution profile. To 

establish the actual methylation difference between the cell lines, the CpG 

island requires bisulfite sequencing. This was not possible due to BIK  CpG 

island cloning difficulties encountered.

In summary, this work demonstrates the utility o f a DHPLC methylation

screening strategy to identify novel targets o f aberrant methylation in prostate

cancer. Furthermore, our apoptotic methylation profile of prostate cancer cell
I 3 1
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lines has identified a panel of apoptotic genes {BIK, BNIP3, cFLIP, TMSl, 

DCRl, DCRl and CDK2NA) showing aberrant DNA methylation. Determining 

the expression levels of the apoptotic genes, which we have identified as 

methylated from our DHPLC screen, is required to establish the silencing 

effect of promoter hypermethylation in prostate cancer. As a result, functional 

studies are necessary to determine the effect of the methylation status of our 7- 

gene panel at the mRNA level. This will be investigated in the next chapter.
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CHAPTER 5 

QUANTIFYING METHYLATION AND GENE 

EXPRESSION LEVELS OF APOPTOTIC- 

GENE TARGETS OF METHYLATION IN 

PROSTATE CANCER CELL LINES
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5.1 INTRODUCTION

In the last chapter, we demonstrated the utility o f a DHPLC methylation 

screening strategy to identify novel targets o f aberrant methylation in prostate 

cancer. We identified a panel o f apoptotic genes {BIK, BNIP3, cFLIP, TMSl, 

D C Rl, DCR2 and CDK2NA) showing aberrant DNA methylation. In this 

chapter, we selected this 7-gene panel for further investigation, with a view to 

assessing the functional significance associated with methylation of these 

genes.

We aimed to characterise the promoter CpG islands o f each gene o f interest in 

order to identify biologically significant regions o f the island and to determine 

the most relevant areas to locate quantitative methylation specific PGR 

(QMSP) primers and probes. QMSP is the method of choice for quantitative 

analysis o f methylation in tissue samples and represents a highly sensitive, 

rapid (does not require gel electrophoresis), high-throughput (can be performed 

on a 384 well plate) teclmology. This technology utilises TaqMan fluorescence 

based real-time PCR (described in section 2.5.7). First, we utilised this high- 

throughput technology for the semi-quantitative analysis o f DNA methylation 

and to investigate the methylation status at individual GG site for the 7 genes of 

interest in our panel o f prostate cell lines, prior to analysis in tissue samples 

(Chapter 6).

Promoter hypermethylation is associated with decreases in gene expression. 

However, methylation alone is often not sufficient to cause transcriptional 

silencing alone (Bird and Wolffe, 1999). Thus, in order to establish the effect 

o f the methylation status o f our 7-gene panel at the mRNA level, quantitative 

real-time PCR (QRT-PCR) was performed for each gene in prostate cell lines 

and in PC3 cells treated with a methylation inhibitor using the comparative Ct 

method (described in section 2.6).

5.2 IN SILICO PROMOTER CPG CHARACTERISATION

Studies have shown that methylation at single CG sites within transcription

factor binding sites is sufficient to prevent a transcription factor binding to its

recognition site, leading to inhibition of gene transcription (Griswold and Kim,
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2001; Perry et al., 2007). Hence, methylated CpG islands for each gene of 

interest were fully characterised for transcription factor binding sites (TFBS) 

and promoter elements using the freely accessible online software Promoter 

Scan (http://www-bimas.cit.nih.gov/molbio/proscan/). The software predicts 

regions of DNA that contain significant numbers of transcriptional elements 

associated with polymerase II promoter sequences (Prestridge, 1995). 

Furthermore, each CpG island of interest was screened for the presence of an 

androgen-response element (ARE) using ConSite (http://asp.ii.uib.no:8090/cgi- 

bin/CONSlTE/consite/), a freely available online resource which allows you to 

predict various transcription factor binding sites. No ARE sites were predicted 

in each CpG island except for cFLIP CpG 1, which contains a ioiown ARE 

(Hsieh et al., 2007).

The transcriptional and translational start sites, exon/intron boundaries and 

5'UTR were mapped (if present) onto the CpG island using information from 

the human genome browser (http://genome.ucsc.edu/) (Figure 5.1). The second 

CpG island of cFLIP, D CRl and DCR2 contained no predicted transcriptional 

elements associated with promoter regions. A list of all the transcriptional 

elements, their binding sequences and position within the CpG island is 

outlined in Appendix 3.
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Figure 5.1.

Promoter CpG island characterisation. CpG promoter region are indicated 

by green arrows. Forward and reverse primers for PCR and bisulfite 

sequencing are labelled by black arrows. QMS? primers and probes are 

highlighted in purple and red, respectively. The 5'UTR is underlined in navy 

text. Translational start site (ATG) is highlighted in blue. Predicted 

transcriptional elements are marked in pink and labelled in green.
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cFLIP CpG 1

r-jj>rr->-̂ ta<ic«roaaacaaCGaCTctt<ica«rcctcacQGaCGaotct^^^^*^^^^w wractccCeaaioct
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Q c t : t . tG 6 9 t t t : c t t : t g c c t : c c a t d . t q f q i g 't g G G c c 't . t c c C G g C G t : . c b a i g g i g q a g C G a a i g g d g ^ a g g 1:.g<3 <:a

aCB0i0TlffHfĤ «̂;*̂ 3̂aranHnGaca<raaCGQtaCGtacccCGCGctCGa.ccccCGCGctac|CGqCGc;CGQa

gctgtcccagaccccaagcccCGaCGccCGgccctgagtcagcattgcagcaggccctgCGcCGcCGCGcc

cCGCXJtcccacccCGCGcCGctcctcacagccctgCGctcCGggaaactgcaggtgqcCGgcagtqgccag
Sfn.nBU Î Ag

gggatggCGggggCGcttctggaacctgactcagttttgtaggttccttatctCG^ttgtttalcCGCGggc
S(|1

tttgCGgaatgcccxjCGcttcCGtttcCGccCGgctcCGaaccccCGaaccccttctaccCGcaactcCGc 

_L*»_
ccCGgat.t:cccag'aaa^qqC0acct.gggcx:acagCGgtacaagct.gcacccCGatggacct,gagagacCG 

gaagtaacccttggccaactctggcCGccc^ctgcagcCGcagccccagaggcccaccCGCGagcttcagt 

ggCGggccctcagCGtCGtgtaaactttgcttaaaatgatcttgagagttcaattcttggggt
<   *•-----------------------------------------------------

cFLIP CpG 2

cagctcctagt:aqgtggtgggg^CGcagCGqc;tgt.ccc:cact:cagtc:ctggtc)yyyl.CX;caC
 >

S ta aC Gg t:cc t  gagctatg ca ta ag cCGt 'ttzga.ocaCGca'tgigaig'aa.'t't-t.t:.aicca.occaga9 

aca .O G C G ag t.^ g icc x z t^ tjg c iaa^ tttx z taac ti.g C G C G g ig ig ig ig ^ ^ G g p g 'g aa 't 'tcC iG caq a .ca ig i^ a . 

^ ± c tM ig » M .t,t: .t^ ± iq t .c .t . t jg ± g tig q t.a n .c a .t , 't .b c ti ig (d O B g ± g g ig tjg c iC G g [ g q tL t.t:a !g ig C G b g [ tL  

a g C G q ^ ttc ia x jc a x jq ^ c a fja q x jttc tX X J g a C G c jc c tc C G q C G a a x jc c ia c c tK jtt^ a tg c ttttg  

a c t  t t c t g t c c  t t g t  tcctCG tcoca.tctggagca. 11 tc c a a t  t c  tqxjt 11 tgCGqa^cagc 

a jg g tx 2 .t jg a g c t . t jg tx : C G g C G a jc [ g c [ tx j^ y ^ /^  L tgg^^ccCGqCGgajgatocag tggigaagagcC 

GgCGg’ctgccjCGgigCGtgagtagacCGagaatcctgccCGQtcccCGcccctgggctggtgt. 

CGccctgggctcctgggaCGtCGgggcactgtccccCGatactggcagaaaaggattgagtc
< -----------------

ctCGctttt^gccctaggtctccttgagcctccagag

Figure 5.1.

Promoter CpG  island characterisation. CpG promoter region are indicated 

by green arrows. Forward and reverse primers for PCR and bisulfite 

sequencing are labelled by black arrows. QMSP primers and probes are 

highlighted in purple and red, respectively. The 5'UTR is underlined in navy 

text. Translational start site (ATG) is highlighted in blue. Exons are marked by 

red arrows. Predicted transcriptional elements are marked in pink and labelled 

in green.
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CDKN2A

qqqqctqqctqqtcaccaqaqqqtqqqqCGqacCGCGtqCGctCGqCGqctqCGqaqaqqqqqaqaqcaq

© Spl
agcCGgC'GgCt^gagcagcatggagccttCGgctgactggctg 

UUlZ SptKROX24
gccaCmgcOiDGgccCGgggtCGggtagaggaggtgCGggCGctgctggaggCGggggCGctgcccaaCG

GCF Spl
cacCGaatagttaCGgtCGgag^cCGatcQaggtgggtagagggtctgcagCGggagcaggggat ĝCGg 

qCGactctqqaqqaCGaaqtttqcaqqqqaattqqaatcaqqtaqCGcttCGattctcC^aaaaaqqqq 

aggcttcctggg  
<---------

D CRl

g g a a g tg a c tg c tg c a a g tg a c a a g tg a ^ aC G ccttttccccC G C G ggtataaattcagaggC G ctgC G c 

tcC G attctqigr!a>yfa7f!atfctataQaaaraT«-.f^|m^5Bt^rij|^jp^>j^^|t^|r e a tttc tq a ta a a tt  

tttqqqaqtttqaccaaaqatacaaaqqqtqaaaqajqCCcttcctacCGttaaigQaflctctQqqqacaoaa 

CGcccCGqcCCcctaa|

gccC G gat^cccaflgacxJctaaagttC G tC G tC G tcatC G tC G C G gtcctgctgccagtgagtccC G gcC G  

Exon 1
CGgtccctggctggggaagagCG cacctggCG cCG ggagggggcagggagaCG gggacaCG gcagggatgc

ctggccctggtcacctgC G gcC G ggcatgtcC G ggcaggaC G aactC G cC G tC G gagtcaggggaagaact

gggtcccCG ggctgggcaggagggaccCG gcCG CG agggagcagagaggCG gtccccctggctgcccCG ag

ccC G C G aaqqqaqqqaaqttccagaatC G agaga^ g a g g g a g tc a a g g tg g a a c c c a t

Emn 1

Figure 5.1 Contd.

Promoter CpG island characterisation. CpG promoter region are indicated 

by green arrows. Forward and reverse primers for PCR and bisulfite 

sequencing are labelled by black arrows. QMSP primers and probes are 

highlighted in purple and red, respectively. The 5'UTR is underlined in navy 

text. Translational start site (ATG) is highlighted in blue. Exons are marked by 

red arrows. Predicted transcriptional elements are marked in pink and labelled 

in green.
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DCR2

gagacccagcctgagtgcctggaagtgactgC G ggaagggagtacaactgaccaC G ccttttttcC G gggtataa
 ►  >

aaqCGqaqqaqcaCGttctattctqqcaigtgtagctqCGaqaacctttqcaC6CGcar.aaar.taOGqgqfaOGatt

tc tg a ttg a tttttg g C G c tttC G a to c a c o c tc c to c c ttc t ^ a t ^ g a c t t t ggggacaaagjCGtccCGacCG
E jc o r il

cctCGaqCGctCGagcaqqgCGctatccaqgagccaggacagCGtCGggaaccagaccatggctcctggacccca

agatccttaagttCGtCGtcttcatCGtCGCGgttctgctgcCGgtgagtctcCGcCGCGgtccctggctgggga

agagCGcacctggCGcCGggagtgggcagggagagagggggacaCGgtggggatgcttggccCGggtCGcctgCG

gcCGggcatgtctgggcaggaCGaaccCGcCGtCGgagtcaggggaagagtggggtgccCGggctgggcaggagC

qacCGqqcCGCGaqqqaqcaqaqCGCGCGctccccctqqctqtccCGtqCGqCGaqqacCG^actqaqctqcccc

agaggaagttccag

E jfo n l

TMSl

acatgtgggagaggatcctaaggttCGgggaacCGCGgaggtttCGgggttctagaaatcCGaggttctaagcctaggtgctccaataaac 
► t * i 5  GCF.W I.1

ccagtgagagccagcccaggtttcCGgtctgtaccCGctggtgcaagcccagagacaagcaggCGccacccitgagcccctct;gl‘(jgcccc

ctcoCGgjtcccacctCGcaggccagctqaagqgCGCGatcctqqCBtocooCGaCSgcctqggqccccaatccagaggcctgggtgggag

gggaccaagggtgtagtaaggaaqCGccttttqctgqaggqcaaCGqa)j< ĝilO^OTiqtCGggagaccagagtgggaggaaggCGggg

E«^HSV.EXV.SPt
agtccaggttoCGcc<!CGgagcCGacttcctcctqgtC6gCGqctgcaqC£gggtgaqCGqCCgcagCGgoCGg'gigatcctqgagctet(|g

ggCGCGCGCGCGaCGccatcctggatgCGctggagaacctgacCGcCGaggagctcaagaagttcaagctgaagctgctgtCGgtgcCGct
 ►

fxcnl
gCGCGagggctaCGggCGcatccCGCGgggCGCGctgctgtccatggaCGccttggacctcacCGacaagctggtcagcttctacctggag

acctaCGgCGcCGagctcacCGctaaCGtgctgCGCGacatgggcxtgcaggagatggcCGggcagctgcaggCGgccaCGcaccaggg
 ►

^_Dco|J_

Figure 5.1 Contd.

Promoter CpG island characterisation. CpG promoter region are indicated 

by green arrows. Forward and reverse primers for PCR and bisulfite 

sequencing are labelled by black arrows. QMS? primers and probes are 

highlighted in purple and red, respectively. The 5'UTR is underlined in navy 

text. Translational start site (ATG) is highlighted in blue. Exons are marked by 

red arrows. Predicted transcriptional elements are marked in pink and labelled 

in green.
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5.3 QMSP ASSAY VALIDATION

In addition to data obtained from our bisulfite sequencing analysis (discussed 

in Chapter 4), the promoter CpG island maps o f the 7 genes were employed to 

design informative quantitative methylation specific PCR (QMSP) assays in 

order to measure the levels of methylation in prostate cell lines. One QMSP 

assay was designed for each gene, with the exception of cFLIP, where one 

QMSP assay was designed for each 5’UTR CpG island. All QMSP assays were 

designed to encompass CO sites overlapping transcriptional elements and/or 

the 5’UTR.

Primer and probe concentrations for each QMSP assay were optimised using 

methylated DNA as a control (described in Appendix A4.1), apart from ACTB, 

which was previously optimised by Dr. Antoinette Perry in our laboratory. 

Assays showed similar efficiencies, defined by the slopes o f the standard 

curves (ranging from: -3.124 to -3.832) (Figure 5.2). Standard curves were 

generated by plotting C j versus quantity of methylated DNA using serial 

dilution (lOng, Ing, 0.1 ng, 0.05ng, 0.0 Ing) o f methylated control DNA. A 

slope close to -3.32 represents a 2-fold increase in PCR product per cycle 

during the exponential phase of real-time PCR.
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Figure 5.2.

Standard curve of QMSP assays. A standard curve was generated by plotting 

Ct versus quantity of methylated DNA (lOng, Ing, 0.1 ng, O.OSng, 0.0 Ing). m= 

slope of the standard curve, R2= correlation co-efficient. Red dots represent 

individual standards (lOng-O.Olng).
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1 he specificity of our QMSP assay was determined using unmethylated DNA 

(UCA). All QMSP assays, with the exception of TMSl, failed to amplify UCA 

DNA, showing 100% specificity for methylated DNA. TMSJ was previously 

shown methylated in our UCA and as an alternative, the normal prostate cell 

line RWPEl DNA was used as an unmethylated control for this assay. Our 

QMSP assay for TMSl did not generate a signal for RWPEl DNA (Table 5.1). 

In addition, the specificity of each assay for bisulfite modified DNA was tested 

by using unmodified MC DNA as a template, which did not generate a signal 

for each of our 7 targets, confirming specificity of the assay.

5.4 QUANTITATIVE METHYLATION ANALYSIS OF A 7-GENE 

APOPTOTIC PANEL

A TaqMan PCR assay designed to amplify bisulfite modified DNA irrespective 

of methylation status was designed within the b-actin (ACTB) gene and used to 

normalise the amount of bisulfite modified template in each cell line. Results 

are presented in Figure 5.3 and Table 5.1. The level of methylation of a 7-gene 

apoptotic panel was determined by calculating the normalised index of 

methylation (NIM). This score reflects the ratio of the normalised amount of 

methylated target template to the normalised amount of the endogenous control 

{ACTB) in any given sample (Yegnasubramanian et al., 2004).

Amplification Plot

0.01

c
CC< 0.001

0.0001

0.00001

0.000001

Cycle

Figure 5.3
Amplification plot of ACTB. The amplification plot of ARn versus cycle 
number for endogenous control, ACTB, for all prostate cell lines, standards and 
methylation controls is illustrated. All samples amplified successfully and their
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mean C j values are used to calculate the normalised target value for each assay 
in individual cell lines.

5.4.1 Methylation frequency of the 7- gene apoptotic panel

Quantifying the methylation levels of the 7-gene panel in various prostate cell 

lines provides information on the methylation status at individual CG sites, 

which may be embedded within transcription factor binding sites. Such 

information is essential for understanding the functional significance of 

aberrantly methylated promoter CpG islands. Furthermore, our QMSP analysis 

allows fiarther validation of our DHPLC methylation screening results.

A QMSP summary and heat map of methylation levels for each gene for each 

of the seven prostate cell lines are illustrated in Table 5.1 and Figure 5.4, 

respectively. cFLIP methylation was detected only in LNCaP (CpG island 1) 

and LNCaP and 22RV1 (CpG island 2), BNIP3 was methylated in 3 cell lines 

(PWRIE, DU 145 and LNCaP). Methylation of TMSl CpG island was detected 

in all 5 tumour cell lines and the PW RIE normal cell line. CDKN2A was 

methylated in three prostate cancer cell lines (22RV1, LNCaP and PC3). D CRl 

was also methylated in all cell lines, and showed a very high methylation score 

in 22RV1 and PCS cells, indicating very high levels o f methylation. 

Methylation of DCR2 was detected in 22RV1 and PC3 cell lines and normal 

cell line RWPEl. A NIM score of >1000 was observed in PC3 cells suggesting 

high levels o f methylation in this prostate cancer cell line.

Our QMSP results largely concurred with our DHPLC methylation results, 

except for BIK  and SNIPS in 22RV1 cells. QMSP did not detect any BIK  

methylation in PC3 cells, although there was low level partial methylation 

observed in our DHPLC analysis. A second QMSP assay was designed 

encompassing different CG site but this also failed to detect methylation in 

PC3 cells. In the case o f BNIP3, the QMSP assay was designed to encompass a 

hypoxic inducible factor (HIF)-la responsive element (HRE) embedded within 

the BNIPS promoter CpG island. This region of the promoter CpG island was 

not screened for methylation in our DHPLC screen and may account for the 

differences observed in QMSP analysis and DHPLC results.
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The five tumour cell lines showed varying degrees of methylation across the 7 

gene panel. Overall, 22RV1 was methylated at 5 loci, RC58 at 2 loci, DU 145 at 

3 loci, LNCaP at 6 loci and PCS at 4 loci. Methylation of certain genes was 

detected in the “normal” cell lines RWPEl and PWRIE, although only DCRl 

appeared methylated in both.

Normal P rosta te  P rosta te Cancer cell lines

RWPEl PWREl 22RV1 RC58 DU145 LNCAP PC3
cFLIPfQiGIj 
cFLIPfQje2j 

BNIP3 
7M51 
BIK

comA
DCRl 

DCR2

10-99 100499 500-1000 1000+

NIM

Figure 5.4.

Methylation levels of the 7-gene panel determined by QMSP. A summary 

of the QMSP results is illustrated as a heat map for our panel of prostate cell 

lines. The scale represents the normalised index of methylation (NIM).
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Table S.l: SinnniaiTr ofQIVESP results ,

Gene Cell line Mean Ct ± SE Mean quantity ± SE NIM

ACTB RW PEl S1.26±0.S5 2.34 ±0.48 N/A

PW REl 31.15±0.11 2.47 ±0.17 N/A

22RV1 31.18±0.22 2.45 ± 0.35 N/A

RC58 S1.72±0.17 1.74±0.19 N/A

DU 145 S1.75±0.15 1.71 ±0.16 N/A

LNCAP S1.51 ±0.05 5.32 ±0.19 N/A

PCS 29.92 ± 0.05 1.98 ±0.07 N/A

CpGl cFLIP RW PEl 0 0 0

PW REl 0 0 0

22RV1 0 0 0

RC58 0 0 0

DU 145 0 0 0

LNCAP 36.8 ±0.04 0.09 ± .08 20.31± 0.04

PCS 0 0 0

CpG2 cFLIP RW PEl 0 0 0

PW REl 0 0 0
22RV1 34.42 ± 0.48 1.39 ±0.43 112.83 ±0.003

RC58 0 0 0

DU 145 0 0 0

LNCAP 36.07 ±0.22 0.23 ± 0.04 36.07 ± 0.004

PCS 0 0 0

BNIP3 RW PEl 0 0 0

PW REl 33.85 ±0.82 0.04 ± 0.02 5.44 ±0.11

22RV1 0 0 0

RC58 40.23 ± 0.84 0.0005 ± 0.0003 0.04 ± 0.34

DU 145 30.49 ±0.06 O.S7± 0.015 34.54 ±0.002

LNCAP 32.28 ±0.28 0.11 ±0.02 31.58 ±0.006

PCS 0 0 0

TMSl RW PEl 0 0 0

PW REl 35.56 ±0.80 0.034 ±0.01 10.14±0.05

22RV1 38.67 ±0.76 0.0049 ±0.002 1.46 ±0.35

RC58 33.40 ±0.47 0.13 ±0.04 53.29 ±0.006

DU 145 33.40 ±0.38 0.13 ±0.03 53.57 ±0.005

LNCAP 29.59 ±0.43 1.38 ±0.34 188.06 ±0.001

PCS 34.32 ±0.30 0.07 ±0.02 26.18 ±0.009
Note; Abbreviations; NIM; Normalised index o f methylation, SE; 
Standard error
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Table 5.1 Contd.: Summary of QMSP 
results

Gene Cell line Mean Ct ± SE Mean quantity ± SE NIM
BIK RWPEl 0 0 0

PWREl 0 0 0
22RV1 0 0 0
RC58 0 0 0

DU 145 0 0 0
LNCAP 0 0 0

PCS 0 0 0

CDK2NA RWPEl 0 0 0
PWREl 0 0 0
22RV1 S5.59±0.01 0.01S± 0.004 2.S1 ±0.13
RC58 0 0 0

DU 145 0 0 0
LNCAP 31.68 ±0.04 0.18 ±0.04 67.13 ±0.003

PCS 27.61 ±0.42 2.67 ± 0.42 375.30 ± 0.0004

DCRl RWPEl 37.49 ± 1.23 0.03 ± 0.02 8.34 ±0.08
PWREl 29.57 ±0.09 2.75±0.16 810.81 ±0.0001
22RV1 30.S2±0.4 1.77 ±0.36 526.53 ± 0.0005
RC58 32.18 ±0.66 0.59 ±0.21 247.75 ±0.001

DU 145 36.13 ± 1.27 0.06 ± 0.05 27.15 ±0.03
LNCAP 32.96 ±0.55 0.37±0.13 50.05 ± 0.007

PCS 29.62 ±0.14 2.67 ±0.23 985.52 ±0.00001

DCR2 RWPEl 37.93 ±0.65 0.12 ±0.04 36.63 ±0.01
PWREl 0 0 0
22RV1 34.02 ±0.04 1.39 ±0.03 412.57 ±0.0003
RC58 0 0 0

DU 145 0 0 0
LNCAP 0 0 0

PCS 32.90 ±0.41 2.91 ±0.73 1071.46 ±0.0002
Note: Abbreviations: NIM: Normalised index of methylation, SE: 
Standard error

5.5 GENE EXPRESSION ANALYSIS OF 7-GENE PANEL

Next, we quantified the expression o f the 7-gene panel to examine whether 

promoter hypermethylation is having a functional effect on silencing apoptotic 

genes in prostate cancer. Gene expression levels were studied in our panel of 

prostate cancer cell lines and in 5aza2'deoxycytidine treated PCS cells by QRT- 

PCR using the comparative Ct method. The amount o f target cDNA,
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normalised to an endogenous control (PGKl) and relative to a calibrator 

(normal prostate cell line RWPEl) was determined.

5.5.1 Validation of TMSl and CDKN2A gene expression assays.

All assays were inventoried TaqMan gene expression assays, with exception of 

TMSl and CDKN2A, both of which required in house design of primers and 

probes (described in section 2.6.2). The optimal primer and probe 

concentrations for each gene were determined (Appendix A4.1.9 and A4.1.10). 

The efficiencies of non-inventoried assays were defined prior to analysis of 

gene expression by real-time PCR in a AACt validation experiment and 

efficiency test (described in Appendix 4.2.1 and 4.2.2). Once the efficiencies 

are determined, there is an option to manually adjust the efficiency of a 

particular target in the ABI 7500 software during design of experiment.

5.5.2 Gene expression analysis in prostate cancer cells

In order to investigate the potential role of methylation in splice variation in the 

gene cFLIP, the expression of both the long and the short isoforms in each 

prostate cell line were measured and compared to normal cell line RWPEl. 

Both long (L) and short (S) cFLIP isoforms are downregulated in LNCAP and 

PCS cells and up-regulated in DU145. In contrast, cFLlPS is almost 10 fold up- 

regulated in RC58 cells (Figure 5.5). These results suggest differential 

expression of cFLIP isoforms in different prostate cancer cell lines.

BN1P3 expression was reduced in all cell lines compared to RWPEl. Both 

22RV1 and PCS cell lines showed the greatest decrease in BNIP3 expression. 

Results for BIK showed a twofold decrease in gene expression in the androgen 

independent PCS cell line and this loss of expression was significantly 

upregulated (P=0.001, 2 sample T test) by treatment of the PCS cells with a 

methylation inhibitor (5aza2'deoxycytidine). Both TMSl and CDKN2A showed 

an overall decrease in gene expression in all prostate cancer cell lines examined 

when compared to RWPEl. A significant up regulation of both TMSl and 

CDKN2A gene expression was observed in PCS cells treated with a 

methylation inhibitor (P=0.002 and P=0.001, respectively, 2 sample T test) 

(Figure 5.5 & all statistical analysis is presented in Appendix 5).
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Gene expression analysis for DCRl showed a decrease in gene expression in 

all cell lines tested except RC58 and LNCAP. A 0.75 fold upregulation in 

DCRl expression was observed in the methylation inhibitor treated PCS cells, 

but this expression change failed to reach significance with a p-value of 0.055. 

In contrast, DCR2 showed approximately a four-fold downregulation in PC3 

cells (P<0.0001) and a smaller decrease (1 fold downregulation) in expression 

in 22RV1 cells (P<0.0001). Strikingly, treatment of PC3 cell with 

5aza2'deoxycytidine significantly increased gene expression of DCR2 

approximately three fold (p<0.0001).

A comparison between methylation status of all cell lines defined by QMSP 

analysis and gene expression is illustrated in Figure 5.5, whereby a decrease in 

gene expression can be identified for a corresponding increase in methylation 

levels in a particular cell line.
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Figure 5.5.
Comparison of promoter methylation and gene expression. (A) Gene 
promoter methylation status as determined by QMSP for each gene and each 
cell line tested. The methylation levels are calculated using the normalised 
index o f methylation (NIM). NIM score (vertical axis) is plotted against cell 
line (horizontal axis). A high NIM score represents a high quantity of 
methylation in that cell line. (B) Fold changes in gene expression are 
illustrated for each gene tested in each cell line relative to normal prostate cell 
line RW PEl. LoglO [RQ] values (Vertical axis) are plotted against Cell lines. 
A low LoglO [RQ] value represents a decrease in gene expression compared to 
RWPEl. Methylation levels for our 7-gene panel can be viewed and evidence 
of a corresponding decrease in gene expression assessed in each cell line. The 
expression level o f genes with evidence of methylation in PC3 cells was also 
determined in PCS cells treated with methylation inhibitor 5aza2'deoxycytidine 
(PC3T).*Methylation levels were not determined for PC3T cells.
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Figure 5.5.
Comparison of promoter methylation and gene expression. (A) Gene 
promoter methylation status as determined by QMSP for each gene and each 
cell line tested. The methylation levels are calculated using the normalised 
index of methylation (NIM). NIM score (vertical axis) is plotted against cell 
line (horizontal axis). A high NIM score represents a high quantity of 
methylation in that cell line. (B) Fold changes in gene expression are 
illustrated for each gene tested in each cell line relative to normal prostate cell 
line RWPEl. LoglO [RQ] values (Vertical axis) are plotted against Cell lines. 
A low LoglO [RQ] value represents a decrease in gene expression compared to 
RWPEl. Methylation levels for our 7-gene panel can be viewed and evidence 
of a corresponding decrease in gene expression assessed in each cell line. The 
expression level of genes with evidence of methylation in PCS cells was also 
determined in PCS cells treated with methylation inhibitor 5aza2'deoxycytidine 
(PC3T).*Methylation levels were not determined for PCST cells.
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Figure 5.5 Contd.
Comparison of promoter methylation and gene expression. (A) Gene 
promoter methylation status as determined by QMSP for each gene and each 
cell line tested. The methylation levels are calculated using the normalised 
index of methylation (NIM). NIM score (vertical axis) is plotted against cell 
line (horizontal axis). A high NIM score represents a high quantity of 
methylation in that cell line. (B) Fold changes in gene expression are 
illustrated for each gene tested in each cell line relative to normal prostate cell 
line RWPEl. LoglO [RQ] values (Vertical axis) are plotted against Cell lines. 
A low LoglO [RQ] value represents a decrease in gene expression compared to 
RWPEl. Methylation levels for our 7-gene panel can be viewed and evidence 
of a corresponding decrease in gene expression assessed in each cell line. The 
expression level of genes with evidence of methylation in PCS cells was also 
determined in PC3 cells treated with methylation inhibitor 5aza2'deoxycytidine 
(PC3T).*Methylation levels were not determined for PC3T cells.
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Figure 5.5 Contd.
Comparison of promoter methylation and gene expression. (A) Gene 
promoter methylation status as determined by QMSP for each gene and each 
cell line tested. The methylation levels are calculated using the normalised 
index of methylation (NIM). NIM score (vertical axis) is plotted against cell 
line (horizontal axis). A high NIM score represents a high quantity of 
methylation in that cell line. (B) Fold changes in gene expression are 
illustrated for each gene tested in each cell line relative to normal prostate cell 
line RWPEl. LoglO [RQ] values (Vertical axis) are plotted against Cell lines. 
A low Log 10 [RQ] value represents a decrease in gene expression compared to 
RWPEl. Methylation levels for our 7-gene panel can be viewed and evidence 
o f a corresponding decrease in gene expression assessed in each cell line. The 
expression level o f genes with evidence o f methylation in PCS cells was also 
determined in PC3 cells treated with methylation inhibitor 5aza2'deoxycytidine 
(PC3T).*Methylation levels were not determined for PC3T cells.
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5.6 DISCUSSION

In this chapter, we quantified methylation levels of a 7-gene panel, identified in 

chapter 4, in prostate cancer cells representing different stages o f the disease. 

The expression levels for each gene were also examined in all cell lines and in 

PCS cells treated with a methylation inhibitor.

A detailed map of the promoter CpG regions under investigation was created, 

which allowed QMSP assays to be designed to encompass CG sites within 

regions o f biological significance. DHPLC analysis o f BIK  revealed partial 

methylation in androgen independent cell line PC3, however this was not 

detected by QMSP. BIK  shows a 2-fold decrease in gene expression in PC3 

cells compared with RWPEl and a significant increase (P=0.001) in gene 

expression is observed in PC3 cells treated with a methylation inhibitor 

(5aza2'deoxycytidine). Taken together, these results suggest that low level 

partial methylation at certain CG sites within the promoter CpG island of BIK  

is sufficient to cause transcriptional silencing o f the gene. Sequencing of the 

BIK  promoter CpG island is required to identify the methylated CG sites 

associated with its transcriptional silencing in PCS cells. Unfortunately, using 

current cloning and bisulfite sequencing methods, we were unable to 

successfully sequence the gene. An alternative method known as 

pyrosequencing is currently under investigation in the laboratory.

BNIP3

QMSP results for BNIP3 illustrated methylation at a single CG dinucleotide 

present in a HRE site in both LNCaP and DU145 cell lines, both o f which 

showed evidence of methylation in our DHPLC screen. In contrast, 

methylation in 22RV1 cells was not detected, despite evidence of promoter 

methylation from our DHPLC results. However as discussed previously, the 

QMSP assay designed to encompass the HRE site is downstream of the BNIP3 

promoter CpG region screened using DHPLC.

Our gene expression analysis illustrated a corresponding decrease in BNIP3 

expression in DU145, LNCAP and 22RV1 cells. BNIP3 is induced by hypoxia 

and increased levels o f H IF-la (an important transcription factor), and is
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important for apoptosis induction in response to prolonged oxygen deprivation 

(Bruick, 2000). Many solid tumours, including prostate cancer, contain regions 

o f hypoxia, however these cells survive and continue to grow (Semenza, 1999). 

Here, we hypothesis that promoter hypermethylation o f BNIP3 and in 

particular the HRE site, may prevent upregulation o f BN1P3 in response to 

hypoxia, hence conferring a survival advantage to cancer cells by evading 

hypoxia induced apoptosis. Investigating the levels o f BNIP3 expression in our 

panel o f prostate cell lines under hypoxic conditions and assessing how the 

methylation status o f HRE element effects hypoxia induced SNIPS expression 

may help elucidate the role o f promoter hypermethylation and aberrant hypoxia 

induced cell death. SNIPS expression was also downregulated in PCS and 

RC58 cells compared to the normal prostate cell line RW PEl, suggesting 

methylation may not be the only mechanism o f SNIPS downregulation in 

prostate cancer.

CDKN2A

QMSP results for CDKN2A were consistent with our DHPLC results, showing 

methylation in 22RV1, PC3 and LNCaP cell lines. Bisulfite sequencing 

revealed high levels o f methylation in the PCS cell line at transcriptional 

elements, which is consistent with the dramatic loss of CDKN2A expression 

observed. PCS cells treated with the methylation inhibitor showed a striking 3- 

fold increase in CDKN2A expression, suggesting a major role o f DNA 

promoter hypermethylation induced gene silencing in the prostate cancer cell 

line PCS and perhaps to a lesser extent in LNCAP cells.

cFLIP

To investigate the role o f methylation in splice variation o f cFLIP, we 

determined the expression o f both cFLIP variants using QRT-PCR. Both splice 

variants show the greatest decrease in expression in LNCAP cells compared to 

RW PEl, which is consistent with partial methylation observed in the promoter 

CpG of cFLIP in LNCAP cells. In contrast, the methylation status of 22RV1 

cells does not support our gene expression findings, suggesting DNA 

methylation may not play a major role in cFLIP splice variation in prostate 

cancer. However, the second CpG island of cFLIP contained no predicted
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transcription factors or promoter elements and hence methylation at this region 

may not affect transcription of the cFLIP gene. It is interesting to speculate that 

within this methylated region of the CpG island, regulatory elements (such as 

miRNAs and/or enhancers) may reside, which could indirectly affect the 

regulation of other genes. Of interest, expression analysis showed differential 

expression of the splice variants in various prostate cancer cell lines. Relatively 

higher levels of cFLIPL are observed in DU 145 cells with a decrease in 

expression seen in LNCAP and PC3 cells. In contrast, cFLlPS is upregulated in 

RC58 cells and again downregulated in LNCAP and PCS cells. These findings 

provide the impetus for further studies to address the role of differential 

expression of cFLIP splice variants and their role in prostate cancer.

DCRl andDCRl

Our results illustrate that DCRl is methylated in all prostate cancer cell lines 

and DCR2 in 22RV1 and PCS cells. QMSP analysis showed a significantly 

greater level of DCRl methylation in PCS and 22RV1 cell lines compared to 

other prostate cancer cell lines. Furthermore loss of both DCRl and DCRl 

gene expression was observed in 22RV1 and PCS cells, which was partially 

rescued by pharmacological demethylation. Taken together, our findings agree 

with the literature on a putative role for DCR1/DCR2 hypermethylation in 

prostate cancer development.

TMSl

The QMSP assay for TMSl encompassed a number of important transcription 

factor binding sites, UCE.l, T-Ag and Spl, all of which are important for 

regulation of gene expression. QMSP analysis suggests therefore that TMSl 

promoter methylation may be associated with transcriptional silencing. 

Furthermore, a corresponding decrease in TMSl gene expression was observed 

in all prostate cancer cell lines compared to normal and unmethylated cell line 

RWPEI. It is interesting to note that TMSl and DCRl were the only genes we 

examined that were methylated in all prostate cancer cell lines, suggesting they 

may have a pivotal role in different stages of prostate carcinogenesis.
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To the best of our knowledge, concordance between DHPLC methylation 

analysis and QMSP has not been previously investigated. Our data indicated 

that methylation status assessed by both techniques were largely in agreement, 

with the exception o f BIK. The greatest advantage o f DHPLC is that it provides 

a snapshot o f the methylation status o f the entire PCR amplified sequence. In 

the case o f BIK, the DHPLC assay spans 551bp encompassing 60 CpG sites, 

whereas the QMSP assay targets 9 specific CpG sites (within the primer/probe 

hybridisation sites). Thus, it is quite possible that the discrepancy in 

DHPLC/QMSP results for BIK  is due to methylation at specific CpG sites not 

contained within the QMSP oligonucleotides. Furthermore, QMSP will only 

amplify sequences that are 100% methylated at all o f the CpG sites within the 

primer/probe binding sites, in accordance with the chemistry o f this technology 

(12). This serves to highlight the usefulness and sensitivity o f DHPLC as a 

methylation screening platform, for its ability to detect varying degrees of 

methylation (i.e. partial methylation) across a large number o f CpG sites.

In this study, only PCS cells were treated with a methylation inhibitor, due to 

time constraints. Treatment o f LNCaP and 22RV1 cell with a methylation 

inhibitor would help further elucidate the role of DNA methylation and 

aberrant gene expression in the remaining genes, cFLIP and BNIP3, neither of 

which were methylated in PCS cells. It is important to note, that in some cases, 

promoter hypermethylation alone is not sufficient for transcriptional silencing. 

Histone methylation at distinct residues such as H3K9, H3K27 and H4K20 can 

also have repressive effects on gene expression (Klose and Zhang, 2007). 

Histone deacetylase (HDAC) inhibitors have been used synergistically with 

demethylating agents to activate expression o f methylated genes (Cameron et 

al., 1999). Studies suggest that this combined drug administration is more 

potent than either DMNT inhibitors or HDAC inhibitors alone (Teodoridis et 

al., 2004a). For example, co-treatment o f androgen receptor-negative cell line 

DU 145 with 5-azacytidine (5-aza-CR) and histone deacetylase (HDAC) 

inhibitor Trichostatin A is most effective in restoring fiinctional expression o f 

the AR gene and its downstream targets, compared with either agent alone 

(Jarrard et al., 1997; Nakayama et al., 2000).
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In summary, our apoptotic methylation profile of prostate cancer cell lines has 

identified a panel of apoptotic genes {cFLIP, BIK, BNIP3, TM Sl, D CRl, DCR2 

and CDK2NA) showing aberrant DNA methylation and in some cases 

concurrent downregulation in gene expression. Three o f the genes {TMSl, 

DCRl and DCR2) identified in our study, have previously shown utility as 

potential new biomarkers of risk prediction in prostate cancer (Suzuki et al., 

2006). CDKN2A has previously been identified as aberrantly methylated in 

prostate cancer but it’s utility as a biomarker has yet to be examined, while for 

the remaining three genes (cFLIP, BIK, and BNIP3), the data presented here is 

novel, indicating for the first time the potential involvement o f methylation of 

these genes in prostate cancer. Using these pre-optimised QMSP assays, this 

seven gene panel can be rigorously evaluated for its potential as a biomarker 

for specific detection of prostate cancer.
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CHAPTER 6 

INVESTIGATING THE METHYLATION 

STATUS OF A PANEL OF SEVEN 

APOPTOTIC-RELATED GENES IN 

PROSTATE CANCER TISSUE SAMPLES.
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6.1 INTRODUCTION

In the previous chapters, we identified a 7-gene apoptotic panel {cFLIP, BIK, 

BNIP3, TMSl, CDKN2A and DCRl/2) with evidence o f aberrant methylation 

in a number o f prostate cancer cell lines, representing different stages of 

disease progression (Chapter 4 and 5). In accordance with our methylation 

data, expression o f these genes was also reduced in multiple cell lines. 

Furthermore, treatment of PCS cells with the methylation inhibitor, 

5aza2'deoxycytidine, causes a moderate to strong increase in expression in 

BIK, TMSl, CDKN2A and DCRl/2. Thus, we propose that DNA 

hypermethylation o f these genes could be an “apoptotic methylation signature” 

of prostate cancer.

To verify that methylation o f these genes occurs in primary tumours and is not 

a phenomenon limited to cultured cells, we evaluated a panel o f prostate tissue, 

representing, prostate cancer (n=50), histologically benign prostate (n=43), 

High-Grade Prostatic Intraepithelial Neoplasia (HGPIN: n=17) and Benign 

Prostate Hyperplasia (BPH: n=35). Normal tissue adjacent to prostate cancer 

was included in this study to examine the difference in methylation frequency 

and levels between normal and tumour prostate tissue and to assess the effect 

of age-related DNA methylation in normal tissue adjacent to tumour, a 

phenomenon reported for certain genes such as lysl oxidase (LOX), runt-related 

transcription factor 3 (RUNX3) and tazarotene induced gene 1 (TIM l) in non­

neoplastic epithelial cells (So et al., 2006). HGPIN is a precursor lesion to 

many intermediate to high grade prostate carcinomas. Hence, inclusion of 

HGPIN tissue samples (N=17) is necessary to elucidate the role of DNA 

methylation in early stages of prostate cancer development and progression. In 

addition, BPH (N=35) samples were included to compare methylation 

frequencies and levels in prostate cancer to this benign disease o f the prostate. 

Moreover, BPH serves as a very useful control population because it involved 

proliferation o f the stromal and epithelial cells, which rarely progress to 

malignancy.

Previously optimised QMSP assays were chosen to evaluate the frequency and

quantitative level o f methylation at each promoter CpG island o f the 7-gene
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panel in all tissue groups, in order to generate an “apoptotic methylation 

signature”. Methylation differences between each tissue group and correlations 

with various clinicopathological features were determined utilising multiple 

statistical tests. Finally, correlation between methylation in this panel of 

apoptotic genes and GSTPl, the most frequently methylated gene in prostate 

cancer (Jeronimo et al., 2004a), was also examined.

6.2 CLINICAL AND PATHOLOGICAL FEATURES OF STUDY 

POPULATION

Fifty prostate cancer tissue samples were used in this study (Figure 6.1). The 

cohort consisted o f 33 tumours, sourced through the prostate cancer research 

consortium (PCRC) and reviewed by pathology registrar Dr. Ciara Barrett and 

17 tumours available from the Adelaide and Meath Hospital incorporating the 

Children’s Hospital (AMNCH), a cohort o f patients previously collected by Dr. 

Antoinette Perry in the laboratory. The majority o f samples were Gleason score 

6 or 7 (n=46), TNM stage T2 (n=33) and from patients with a PSA level 

>4ng/ml (n=40) (Table 6.1). Due to the small number of individual Gleason 

scores for patients samples, Gleason scores were divided into two groups, 

moderately differentiated (Gleason score < 6) and poorly differentiated 

(Gleason score >7). Moreover, a major prognostic shift is documented between 

Gleason score 6 and 7 (DeMarzo et al., 2003). To obtain approximately equal 

numbers in each group, PSA levels were divided into two groups a “low PSA” 

level (<8ng/ml) and “high PSA” level (>8ng/ml) for examination of 

correlations between methylation status o f genes and PSA levels. Furthermore, 

these subgroups o f PSA levels have been utilised in studies correlating 

methylation frequencies o f genes with clinicopathological features (Maruyama 

et al., 2002; Suzuki et al., 2006).
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Figure 6.1.

Prostate tissue samples. A workflow and breakdown o f the different prostate 

tissue samples used in the study (Prostate cancer, histologically normal 

adjecent prostate tissue, HGPIN and BPH). All tissues were sourced from the 

Institute o f molecular medicine, St. James hospital (IMM) or The Adelaide and 

Meath National Children’s Hospital, Tallaght (AMNCH).
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TaUe 6.1. Characteristics o f  AMNCH & IMM prostate cancer groups

AMNCH IMM Combined Total
Prostate cancer sam[des,n 17 33 50

Mean age (yrs) 58.35 59.94 59,4

Range 49-69 44-69 44-69

Mean PSA (ng/ml) 6.7 9.2 8.26

Range 2 .2-12 3 . 1-17 2 .2-17

<4 ng/ml 4 1 5

4-8ng/ml 8 10 18

>8 ng/ml 5 17 22

Gleason score

5 (3+2 or 2+3) 0 2 2

6 (3+3) 9 4 13

7 (4+3 or 3+4) 8 25 33

8 (4+4) 0 2 2

9 (5+4 or 4+5) 0 0 0

TNM classification
pTlc 0 1 1

pT2a 0 3 3

pT2b 11 0 11

pT2c 2 17 19

pT3a 3 5 8

pT3b 1 3 4

pT3c 0 0 0

A cohort o f 43 histologically normal prostate tissue samples and 17 HGPIN 

foci were also included in this study. All histologically normal and HGPIN 

samples were sourced from patients with a concurrent tumour diagnosis. In the 

case o f 10 normal and 10 HGPIN samples however, the corresponding tumour 

sample was not included, due to removal of several tumour samples from our 

analysis as described previously. In addition, 35 patients with a diagnosis o f 

BPH were included in our analysis. Due to early diagnosis of prostate cancer as 

a consequence of increased PSA screening, the mean average age of the 

prostate cancer cohort was significantly lower than the BPH cohort (P = 0.024, 

Cl = (-7.88, -0.57), unpaired two sample T test). Pre-operative PSA levels were 

not significantly different for the two cohorts (P < 0.883, CI= (-2.44, 2.11), 

unpaired two sample T test). Data is summarised in Table 6.2 and a

1 6 2



CHAPTER 6

comprehensive table of individual patient data and statistical analysis is 

presented in Appendix 6 and 5, respectively.

TaUe 6.2. Summary data for patient groups

Prostate
Cancer HGPEV

Normal
Prostate BPH

Sample, n 50 17 43 35
Mean Age (yrs) 59.4 63.14 59 63.79

Range 44-69 56-70 44-74 44-87
Mean PSA (ng/ml) 8.26 8.34 9.18 7.98

Range 2.2-17 0.7-14 0.7-13.6 0,7-21

Qeason score

<6 15
>7 35
TNM clas s ification

pTl 1
pT2 33
pT3 12

6.3 METHYLATION STATUS IN PROSTATE TISSUE SAMPLES

Previously optimised QMSP assays used to calculate the methylation levels in 

prostate cancer cell lines (discussed in chapter 5) were also employed to 

quantify the methylation levels o f a 7-gene apoptotic panel in a cohort of 

prostate tissue samples (n=145, representing prostate cancer (n = 50), HGPIN 

(n = 17), normal adjacent prostate (n = 43) and BPH (n=35) prostate tissue 

samples). A relative methylation score (RMS) was calculated for each sample 

by normalising the amount of target to the amount o f bisulfite modified DNA 

in the sample. This scoring method has been utilised in a number o f studies 

(Jeronimo et al., 2004b; Perry et al., 2007).

Samples were considered positively amplified when a C j <50 was detected in 

at least two of the replicates. A number of problems were encountered with our 

CDKN2A and D CRl TaqMan assays. The efficiency of these assays varied and 

amplification failed on our first tissue sample plate. The assays were both 

repeated once but unfortunately due to the limited quantity and precious nature 

of the tissue samples, the assays could not be successftilly analysed on plate 

one. In addition, the inifial screening o f the 2 QMSP cFLIP assays illustrated 

no evidence o f methylation in any prostate tissue samples, consequently these
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assays were not examined on the second plate, in order to retain tissue samples 

for those with evidence of methylation on the first plate. A list of all slopes 

and R values for standard curves generated for each gene on both plates is 

presented in Table 6.3.

TaMe 6 3 .  Slope and correlation co-efficient o f  standard curves

Gene Plate 1 Plate 2

ACTB Slope -3.67 -2.93
0.995 0.96

BIK Slope -3.59 -5.14
0.954 0.99

BNIP3 Slope -4.41 -3.17
R^ 0.94 0.91

CDKN2A Slope NA -2.93
R^ NA 0.9

CpGl cFLIP Slope -3.43 NA
R^ 0.97 NA

CpG2cFLIP Slope -3.06 NA
R^ 0.97 NA

DCRl Slope NA -3.43
R^ NA 0.94

DCR2 Slope -3.46 -3.03
R ^ 0.92 0.94

TMSl Slope -3.41 -2.94
R^ 0.99 0.75

R~ = C orrelation Co-efficient. NA = Not applicable, plate failed.

6.3.1 Methylation frequency of a 7-gene apoptotic panel.

The methylation frequency for all seven genes is illustrated in Table 6.4 and 

Figure 6.2. Hypermethylation of BIK  and both CpG island assays of cFLIP was 

not detected in any tumour samples examined (0/50) and (0/22), respectively.
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thus results are considered for our remaining 5-gene panel (BNIP3, CDKN2A, 

DCRl, DCR2 and TMSl).

BN1P3

BNIP3 hypermethylation was detected in 8/50 (16%) of tumour samples and 

0% of normal tissue adjacent to prostate cancer, HGPIN and BPH. The 

difference in methylation frequency between tumour and both normal and BPH 

tissue groups was statistically significant (P=0.007 (Normal), P=0.02 (BPH); 

Fisher’s exact test). Differences in methylation frequency between tumour and 

HGPIN failed to reach significance, which may be due to the small HGPIN 

sample size.

CDKN2A

DNA hypermethylation o f CDKN2A was detected in 8/29 (27.59%) of tumour 

samples and 0/28 (0%), 1/13 (6.67%), 2/16 (9.52%) o f normal, HGPIN and 

BPH samples, respectively. 7/17 HGPIN samples had an adjacent tumour 

sample included in the current study. The HGPIN sample with evidence o f 

CDKN2A methylation was also methylated in the adjacent tumour sample. A 

statistically significant difference in methylation fi'equency was observed 

between tumour tissue group and the normal prostate tissue group (P=0.004, 

Fisher’s exact test).

DCRl and

The methylation frequency of D C Rl and DCR2 in tumour samples was 11/29 

(37.93%) and 19/50 (38%), respectively. No methylation was detected in the 

remaining tissue groups for both genes, with the exception o f BPH in the case 

of DCR2 2/35 (5.88%). The difference in methylation frequencies between 

tumour and normal prostate tissue was statistically significant for both DCRl 

and DCR2 (P<0.0001 and P<0.0001, respectively; Fisher’s exact test). In fact, 

the difference in methylation frequencies between tumour and HGPIN/BPH 

were also statistically significant for both genes (P=0.009 (DCRl), P=0.001 

(DCR2) and P=0.004, P<0.0001, respectively; Fisher’s exact test).
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TMSl

TMSl methylation was detected in 22/50 (44%) o f prostate cancer samples and 

was completely unmethylated in normal prostate tissue. Evidence o f  

methylation was present in both HGPIN and BPH tissue samples 2/17 

(11.76%) and 2/35 (2.94%), respectively. One o f the 2 HGPIN samples with 

evidence o f  TMSl methylation had concurrent methylation information on its 

adjacent tumour, this tumour sample was also methylated. The difference in 

methylation frequency between tumour and all three tissue groups was 

statistically significant (P<0.0001 (Normal), P=0.020 (HGPIN), P<0.0001 

(BPH); Fisher’s exact test).

Approximately, 69% o f tumour samples were methylated in at least one o f  our 

5-gene panel {BNIP3, CDKN2A, D C R l, DCR2 and TMSl).

All statistical tests are presented in Appendix 5. In addition, methylation levels 

for GSTPl were also determined on the tissue cohort used in this study by Dr. 

Antoinette Perry in the Laboratory. Combination o f  this 5-gene panel with 

GSTPl increased the frequency o f  methylation detected in prostate cancer to 

89.4% compared to 80.5% if  GSTPl was used alone (P=0.259).

Table 6.4. Methylation frequency o f  a 7-gene apoptotic gene panel in prostate cancer, normal prostate, HGPIN and BPH

BIK  BNIP3 CDKN2A C pG I cFU P C p G IcF L IP  D C R l DCR2 IM S l
n (% )  n (% )  n (% )  n (% )  n (% ) n (% ) n (% )  n (% )

P ro sta te  C an ce r 

N orm al 

HGPIN 

BPH

(0/50)0  (8/50) 16 ( 8/29) 27.59 ( 0 /22 )0  ( 0 /22)0 11/29) 3 7 .9 3 1 (1 9 /5 0 )3 8  (22/50) 44 

(0/43) 0 (0 /43)0  (0/28) 0 (0 /24)0  (0/24) 0 (0/28) 0 (0 /43)0  (0/43)0  

(0 /17)0  (0 /17)0  (1 /13)7 .69  (0 /11)0  (0/11)0  (0/13)0  (0 /17)0  (2/17)11.76 

(0 /35)0  (0/35) 0 (2/16) 9.52 (0/13)0 (0/13) 0 (0/16) 0 (2/35) 5.88 (2/35)2.94
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■ Tumour

■ HGPIN

■ Normal prostate

■ BPH

Figure 6.2

Methylation frequencies for 7-gene panel in prostate cancer, HGPIN, Normal 

adjacent prostate and BPH, illustrated in this order. Methylation was not 

detected in our 7-gene panel in all normal adjacent prostate tissue samples. 

Significance levels for differences between prostate cancer and HGPIN, 

Normal adjacent prostate and BPH are illustrated, respectively. Significance 

levels are indicated by P<0.1 = *, P<0.05 = **, P<0.001 = ***, P<0.001 = 

****. For significance levels not shown between tissue groups the significance 

level was P>0.1.

6.3.2 Methylation levels in prostate cancer

The quantitative methylation levels for genes with evidence of methylation 

(BN1P3, CDKN2A, DCRl, DCR2 and TM Sl) were also compared between the 

different tissue sample groups. A comprehensive list of RMS scores is 

presented in Appendix 7. In the current study, the methylation scores (RMS)
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for each gene was compared between different tissue groups using the Kruskal- 

WaUis test. For all genes, with the exception of CDKN2A, differences in RMS 

scores between tissue groups were statistically significant (all have a P value 

<0.0001). In addition, a Tukey pairwise multiple comparison test was 

performed to elucidate which groups are significantly different from one 

another. In the case o f all genes, except CDKN2A, the difference between 

methylation levels in prostate cancer compared to normal and BPH is 

statistically significant, whereby their confidence interval does not contain zero 

(all statistical data is presented in Appendix 5). Methylation levels of DCR2 in 

prostate cancer were also significantly different from HGPIN samples. No 

statistically significant differences o f methylation levels between other groups 

were detected.

6.3.3 Correlation between methylation of genes

A methylation heat map of a 5-gene apoptotic panel {BNIP3, CDKN2A, DCRl, 

DCR2 and TMSl) is illustrated in Figure 6.3. Methylation of both TMSl and 

DCR2 was detected in significantly more tumours than methylation of BN1P3 

(P=0.004, P=0.023, respectively; Fisher’s exact test). The frequency of TMSl 

methylation in tumour samples is higher than all other genes. However, this 

difference was not statistically significant (P value >0.05, Fisher’s exact test, 

for all comparisons). Methylation frequencies obtained for DCRl and DCR2 in 

prostate cancer were approximately equal (38%).

Interestingly, methylation of SNIPS correlated with methylation of the 

remaining 4 apoptotic genes, with 8/8 prostate cancer samples hypermethylated 

in BNIP3 revealed concurrent hypermethylation in at least one other gene of 

the 5-gene panel. In addition, correlation between methylation of DCR2 and 

TMSl was evident, whereby 14/19 tissue samples with evidence of DCR2 

methylation were also methylated in TMSl. The 9 prostate cancer samples 

methylated in D CRl also had evidence of methylation in DCR2 (Figure 6.3). 

O f interest, 55% (16/29) of prostate cancer samples were methylated in either 

DCRl or DCR2.

As discussed previously, methylation levels for GSTPI were also determined 

on the tissue cohort used in this study. Correlation between our 5 gene panel
1 6 8
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and GSTPl, the most frequently methylated gene in prostate cancer (Henrique 

and Jeronimo, 2004), was examined. Intriguingly, four prostate cancer samples 

(IMM0G72T, IMM0084T, IMM0018T and 1MM0025T) with evidence of 

methylation in all five apoptotic gene analysed were also methylated in GSTPl. 

Moreover, evidence suggests that two previously investigated genes by our 

group IGFBP3 and SFRP2 (Appendix 8) are also methylated in these four 

prostate cancer samples. Curiously, 9/46 tumour samples were unmethylated 

for GSTPl, 5 of which were also unmethylated for all apoptotic genes 

examined (Figure 6.4). Interestingly, 3 of these samples (IMM005, IMM009 

and IMM0017) are also unmethylated in IGFBP3 and SFRP2 (Appendix 8).
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Methylation Heat map o f  5-gene apoptotic panel in Tumour, HGPIN, Benign 

prostate and BPH.
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Figure 6.4

Methylation Heat Map of 5-gene apoptotic panel and GSTPl in prostate 

cancer. Tissue samples methylated in all genes analysed are highlighted in 

pink and samples unmethylated in all genes analysed are highlighted in blue.
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6.3.4 Associations with clinicopathologic features

Results for associations between methylation status of our 5-gene panel and 

clinicopathological features of prostate cancer, including Gleason score, PSA 

levels and TNM stage are summarised in Table 6.5 and illustrated in Figure 

6.5.

All genes, with the exception of BN1P3, were more frequently methylated in 

prostate cancer with a Gleason score >7 compared to tumours with a Gleason 

score <6 and TNM stage 2 compared to TNM stage 3. Unfortunately, these 

observations failed to reach statistical significance, which is likely a result of 

the small sample size used. All genes, with the exception of DCRl, were more 

frequently methylated in tumours with a high (>8ng/ml) PSA level than those 

with low (<8ng/ml) PSA Level. The difference in PSA level was statistically 

significant for TMSJ only (P= 0.01, Cl (-0.65, -0.138); Fisher’s exact test).

Finally, the methylation status of all 5 genes was investigated for correlations 

with clinicopathological factors (Table 6.5 and Figure 6.6). Upon analysis, 

77.3% of prostate cancer samples with Gleason score >7 had at least one gene, 

from our 5-gene panel, methylated compared to only 42.8% of prostate cancer 

samples with a Gleason score of <6 methylated in at least one gene; 

unfortunately, due to the small number of samples with information on the 

methylation status of all 5 genes (n=29) statistical significance was not 

achieved. (P=0.158, Fisher’s exact test). Similarly, 76.1% of these prostate 

cancer samples with TNM staging of 2 were methylated in at least one gene 

compared to 50% with a TNM staging of 3 (P=0.548, Fisher’s exact test). No 

difference between PSA levels and methylation of our 5-gene panel was 

observed (P= 1.000, Fisher’s exact test).
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Table 6.5. Summary of metfa^iation status of 5-gene Panel and relations hip to clinicopatfaologic factors

BNIP3
n (% )

CDKN2A

n ( % )

DCRl
n(%)

DCR2
n ( % )

TMSl
n ( % )

All genes 
n (% )

Prostate Cancer 
Gleason Score 

<6 
>7  

P

PSA (ng/ml)

<8
>8
p

TNM stage 
pT2 
pT3 
P

8/5 0 ( 16) 8/2 9 (27 .59) 11/2 9 (37 .93) 19/ 5 0 (38) 22/ 5 0 (44) 20/2 9 (68.97)

3/ 1 5 (20) 1/ 7 ( 14.29)

5/ 3 5 ( 14.29) 7/2 2 (31.81)

0.683

3/2 0 ( 15)

4/2 4 ( 16.67)

0.635

3/ 13 (23 .07) 

3/11 (27 .27)

2/ 7 (28 .57) 4/ 1 5 (26 .67) 4/ 1 5 (26 .67) 

9/ 2 2 (40 .9) 15/ 3 5 (42 .86) 17/ 3 5 (48 .57) 

0.3510.386 0.215

5/ 13 (38 .46) 5/2 0 (25) 3/2 0 ( 15)

2/11 ( 18. 18) 10/2 4 (41 .67) 13/ 2 4 (54.17)

0.386 0.342 0.01

3/ 7 (42 .86) 

17/22 (77.27) 

0.158

7/ 1 4 (50) 

6/11 (54.55) 

1

5/ 3 3 ( 15.15) 7/ 2 2 (31 .82) 10/2 2 (45 .45) ( 12/ 33) 36.36 16/ 3 5 (45 .71) 16/21 (76. 19) 

2/ 12 ( 16.67) 1/6 ( 16.67) 1/6 ( 16.67) 4/ 12 (33.33) 4/ 1 1 (36 .36) 2/4 (50)
1 0.64 0.355 1 0.732 0.548

A bberviations: T N M =  Tum our, Node and M etstases, PSA= P ro s ta te  %)eciflc A ntigen. 

P=  P value, statistical signifcance was set at P<  0 .05 .
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Figure 6.5

Correlation of promoter hypermethylation with clinicopathological features of 

prostate cancer. Correlation with A) Gleason score, B) TNM stage and C) PSA 

level.
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90 T

GS<=6 GS>=7 ^ng/m l ^8ng/ml pT2 pT3

Gleason Score PSA Level TNM Stage

Figure 6.6

Correlation o f hypermethylation o f all 5 apoptotic gene and clinicopathological 

features; Gleason Score, PSA level and TNM stage.

6.4 DISCUSSION

In this study, we comprehensively examined the methylation profile o f CpG 

islands at 7 apoptotic-related genes in prostate cancer, HOP IN, normal adjacent 

prostate and BPH using QMSP. Five genes (BNIP3, CDKN2A, DCRl, DCR2 

and TMSl) had a significantly higher frequency o f methylation in their 

promoter CpG islands than normal prostate (P=0.02, P=0.004, P<0.001, 

P<0.001, respectively). BIK  and both CpG islands o f cFLIP showed no 

evidence o f promoter hypermethylation in all prostate cancer tissue samples 

examined.

This is the first report o f atypical methylation of BNIP3 in prostate cancer. 

BN1P3 hypermethylation was detected in 16% of prostate cancers but was not 

detected in any normal, HGPESf or BPH samples. The methylation frequency of 

BNIP3 found in prostate cancer is lower than the methylation frequencies 

observed for primary colorectal (66%) and primary gastric (49%) cancers.

175



CHAPTER 6

However, the frequencies observed are comparable to the methylation 

frequencies o f BNIP3 observed in both acute lymphocytic leukaemia (15%) 

and acute myelogenous leukaemias (17%).

CDKN2A promoter hypermethylation has previously been observed at a 

moderate frequency in prostate cancers (3-25%) (Noda et al., 2007; Yao et al., 

2006; Yegnasubramanian et al., 2004). In the current study, CDKN2A was 

detected at a slightly higher frequency of 27.6%. CDKN2A methylation was 

not associated with any clinicopathological features. Methylation was not 

detected in normal prostate tissue consistent with previous reports (Maruyama 

et al., 2002). Moderate levels o f promoter hypermethylation o f CDKN2A were 

detected in HGPFN and BPH (7.69% and 9.52%, respectively), in contrast to a 

previous report by Jeronimo et al, 2004, which documented the methylation 

frequency o f CDKN2A in 81.6% and 83.4% of HGPIN and BPH samples, 

respectively. However, in the Jeronimo study, CDKN2A methylation is 

reported in 77% of prostate cancer samples, a significantly higher methylation 

frequency than reported in ours and other studies (Noda et al., 2007; Yao et al., 

2006; Yegnasubramanian et al., 2004). Moreover, the author notes that for all 

genes analysed (n=9) in their study, a higher methylation frequency is reported 

than observed in previous studies (Jeronimo et al., 2004a). Taken together, the 

methylation frequency of CDKN2A in both HGPIN and BPH in the Jeronimo 

study may be over estimated. O f interest, in our study, the adjacent tumour 

sample to the HGPIN sample with evidence o f methylation was also 

methylated, suggesting CDKN2A methylation may be an early event in prostate 

cancer. However, a larger cohort o f tumour and matched adjacent HGPIN is 

required to test this hypothesis.

The methylation frequencies o f D CRl and DCR2 in prostate cancer were 

approximately equal (-38% ) and are consistent with previous reports of 

DCR1/DCR2 methylation in 37-50% prostate cancers (Shivapurkar et al., 2007; 

Suzuki et al., 2006). No hypermethylation was detected in normal prostate 

tissue for both genes. In agreement with the findings in this study, methylation 

frequencies of between 0-3% and 0-16% have been reported in normal tissue 

for DCRl and DCR2, respectively (Shivapurkar et al., 2007; Suzuki et al..
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2006). In the case of both genes, methylation was not detected in HGPIN 

samples or BPH samples for DCRl but was detected in 5.88% of BPH samples 

for DCR2. To the best of our knowledge this is the first report of the 

methylation status of these genes in HGPIN or BPH.

TMSl promoter hj^ermethylation has been implicated as an early event in 

prostate cancer development, detected at significantly higher frequencies in 

primary tumours (47-65%) and pre-invasive HGPIN (64% (7/11)) than non- 

malignant prostate (3-28%) (Caldas et al., 1994; Collard et al., 2006; Suzuki et 

al., 2006). Methylation of TMSl was detected in 44% of prostate cancer 

samples, which is in keeping with these previous studies, however TMSl 

hypermethylation was detected in significantly less HGPIN cases (12%>) in our 

study compared to 64% of HGPIN samples in previous studies. This 

discrepancy may in part be due to lack of methylation data on adjacent tumour 

in 10/17 HGPIN samples. Moreover, the HGPIN sample with evidence of 

methylation was also methylated in the adjacent tumour sample. TMSl 

methylation was not detected in any normal prostate tissues in contrast to 

previous findings whereby a wide range of methylation frequencies (3-28%>) 

have been observed in non-malignant tissue (Caldas et al., 1994; Collard et al., 

2006; Suzuki et al., 2006). Suzuki et al, 2006 found a significant correlation 

between TMSl hypermethylation and Gleason score > 7 and PSA level >8. 

This was validated in the current study, in that TMSl methylation was 

significantly associated with a PSA level >8 and a higher proportion of 

tumours, with evidence of TMSl methylation, had a Gleason score > 7, 

however this difference was not statistically significant.

6.4.1 Cell lines versus prostate cancer: Similar methylation patterns?

The methylation pattern observed in prostate cell lines and primary prostate 

cancer tissue were similar, whereby only two genes {BIK and cFLIP) had no 

evidence of promoter hypermethylation in prostate tissue despite evidence in 

cell lines. In the case of BIK, the QMSP assay utilised in the current study did 

not detect methylation in PC3 cell lines (discussed in Chapter 5) and therefore 

it is not unusual that methylation was not detected in primary tissue. The CpG 

island of BIK requires sequencing to elucidate the location of methylation
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within the CpG island. This could not be achieved using conventional bisulfite 

sequencing techniques but may be successful using pyrosequencing, a method 

currently under investigation in the laboratory. The remaining 5 genes showed 

methylation levels comparable to those found in the cell line analysis; in the 

majority of genes the methylation levels observed in cell line analysis varied 

greatly, this was also the case for the observed methylation levels obtained 

during primary tissue analysis. The quantitative methylation levels obtained for 

BNIP3 in various prostate cancer cell lines (0.04- 34.54) were relatively low 

and this was also found to be true during analysis o f primary prostate tissue 

(0.04- 48.55). Furthermore, methylation of TMSI was detected in all prostate 

cancer cell lines examined; in keeping with these findings prostate cancer 

tissue analysis identified TMSI as the most frequently methylated gene. These 

similarities suggest prostate cancer cell lines are a good model system for 

screening genes for aberrant methylation and have relevancy to prostate 

carcinogenesis in vivo. Our findings are in agreement with a previous report on 

the similarities o f hypermethylation profile between cell lines and prostate 

cancer tissue (Yegnasubramanian et al., 2004). This study illustrated a striking 

similarity between prostate cancer cell lines and both primary and metastatic 

prostate cancer.

6.4.2 The 5-gene panel in a diagnostic and prognostic setting

The methylation status o f all 5 genes was investigated for correlations with 

clinicopathological factors. A higher methylation frequency of 77.3% was 

observed for prostate cancer samples with a Gleason score >7 compared to 

only 42.8% with a Gleason score o f < 6, however this association was not 

statistically significant. The small number o f samples with information on the 

methylation status o f all 5 genes (n=29) reduced the power o f this study and it 

is likely that analysis in a larger cohort o f prostate tissue samples may detect a 

statistically significant result. Hence, we introduce the idea that these 5 

apoptotic-related gene targets o f aberrant methylation may represent an 

“apoptotic methylation signature” o f prostate cancer, which may have utility in 

a diagnostic and prognostic setting and may also inform us more fiilly about 

the biology of the disease.
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The correlation between methylation of our 5-gene panel and GSTPl was also 

examined. Interestingly, four prostate cancer samples with evidence of 

methylation in all five apoptotic gene analysed were also methylated in GSTPl 

and in two other genes IGFBP3 and SFRP2, which have been investigated by 

our group. This suggests that in these samples, a methylator phenotype may 

exist. The concept of a CpG island methylator phenotype (CIMP) first emerged 

in studies on colon cancer (Toyota et al., 1999), whereby a number of sporadic 

tumours with microsatellite instability (MSI) had increased frequencies of 

promoter methylation of multiple genes. The definition of CIMP remains 

controversial (Herman et al., 1995), but two requirements are crucial. Firstly, 

use of a quantitative method for methylation study and secondly, avoidance of 

genes with high levels of methylation in benign tissue (Herman et al., 1995). 

The current study satisfies both requirements. In addition, the methylation 

status of CDKN2A, which is included in our study, is widely used in 

combination with other genes, to define the CIMP in colon cancer (Riojas et 

al., 2007). This study therefore provides the impetus for further investigation of 

a CIMP in prostate cancer, by examining the methylation status of a panel of 

genes (namely, GSTPl, BNIP3, CDKN2A, DCRl. DCR2, TMSl. IGFBP3 and 

SFRP2) in a larger cohort of patient samples.

Intriguingly, 9/46 tumour samples lack methylation in GSTPl, 5 of which were 

also unmethylated for all apoptotic genes examined (Figure 6.4). Moreover, 3 

of these samples lacked methylation in both IGFBP3 and SFRP2. A number of 

transcription factors have been shown to convey protection against DNA 

methylation ((Boumber et al., 2008; Seguin-Estevez et al., 2009). However 

genes that confer protection against de novo methylation have so far not been 

identified.

The current study had a number of limitations. Firstly, ideally a larger number 

of tissue samples would help increase the overall power of the study. 

Furthermore, as only a small number (n=7) of HGPIN samples had adjacent 

prostate cancer samples included in the study, the role of aberrant methylation 

of apoptotic-related genes in early stages of disease initiation could not be 

adequately examined. Therefore, analyses of additional tumour samples would
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be beneficial and allow formal assessment of the relevancy of our 5-gene panel 

during early disease progression.

In summary, approximately 69% of tumour samples and 0% of normal tissues 

were methylated in at least one of our 5- apoptotic gene panel. Of interest, this 

5 gene “apoptotic methylation signature” is more frequently methylated in 

tumours with a higher Gleason score associated with a worse prognosis 

(Gleason score >7; P=0.158). Moreover, combination of this panel of genes 

with GSTPl increased the frequency of methylation detected in prostate cancer 

by approximately 9% than if GSTPl were used alone. Hence, investigation of 

this “apoptotic methylation signature” is warranted in a larger cohort of 

patients to fiirther access its role in a diagnostic and prognostic setting.
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7.1 GENERAL DISCUSSION

Cancer cells display a number o f acquired genetic defects in their apoptotic 

machinery that impair programmed cell death. In prostate cancer, tissue 

microarray studies have determined that a number o f central apoptotic 

molecules such as, BCL-2, CLU, SMAD4, DAP  and PlGPCl (PERP) are 

down-regulated in prostate cancer (Ernst et al., 2002; Yu et al., 2004a). 

Progression to more aggressive androgen-independent prostate cancer is 

associated with resistance to apoptosis and aberrant apoptotic-related gene 

expression (McEleny et al., 2002). Downregulation or loss o f expression o f 

proapoptotic genes during prostate carcinogenesis may allow evolution of an 

apoptotic-resistant pro-survival carcinogenic phenotype (Murphy et al., 2008). 

Understanding the molecular mechanisms underlying atypical expression of 

genes integral to apoptosis may provide valuable insight into prostate 

carcinogenesis and therapeutic responses in prostate cancer. Consequently, a 

combined in silico candidate gene selection approach and a novel DHPLC 

methylation screening strategy was applied to identify new targets o f aberrant 

promoter methylation in prostate cancer.

7.1.1 In Silico analysis and DHPLC screening strategy identifies novel 

apoptotic gene targets of aberrant promoter hypermethylation in prostate 

cancer

Our first objective was to employ a bioinformatics strategy to generate a list o f 

candidate apoptotic-related gene targets o f methylation, which may have 

relevancy in prostate cancer diagnosis and disease progression. This 

comprehensive in silico strategy, utilising a number o f different approaches 

and sources, generated a candidate bank o f 22 genes which had the potential to 

undergo promoter hypermethylation in prostate cancer. Next we developed and 

successfully optimised PCR and DHPLC assays for 13 genes which were then 

screened for methylation in a panel o f prostate cancer cell lines using a high- 

throughput DHPLC methylation screening platform. Using this approach a 

panel of genes were identified which showed potential as novel apoptotic 

methylation biomarkers.

1 8 2



CHAPTER 7

DHPLC offers several important advantages over more conventional 

techniques, providing a snapshot o f the methylation status o f a whole PCR 

amplified sequence. Moreover, DHPLC can detect varying degrees o f 

methylation (i.e. partial methylation) across a large number o f CpG sites in a 

given sequence. In this way, DHPLC surpasses screening techniques based on 

methylation sensitive restriction enzymes or methylation specific PCR, where 

only a limited number o f CpG sites are amendable to analysis (Perry et al., 

2007). DHPLC is significantly more rapid and cost effective than bisulfite 

sequencing, which involves a number of cloning and optimisation steps. In 

addition, DHPLC has been shown to be equally sensitive as other methods to 

small quantities o f methylated DNA present within a heterogeneous sample 

(Perry et al., 2007).

A crucial step required for DHPLC analysis is the need for careful design of 

primers during PCR amplification o f target sequences. Design of successful 

bisulfite specific, methylation insensitive PCR primers is difficult (discussed in 

Chapter 4) and can limit the number o f sequences under investigation. 

Furthermore, screening patient tissue samples for methylation using DHPLC 

requires fresh fi'ozen tissue and not the more readily available paraffin 

embedded tissues. However, at the time o f commencement o f this study, 

DHPLC represented a novel methylation screening platform for screening and 

thus was employed successfully to identify putative targets o f promoter 

hypermethylation.

Since starting this study, a number o f advances in DNA methylation profiling 

techniques have emerged and as a result a number o f alternatives to the 

methylation screening strategy applied in this study are available. Lodygin et 

al, 2005 implemented a combined approach of pharmacologic inhibition of 

DNA methylation and histone deactylation, coupled with gene expression 

profiling in prostate. Such an approach could be tailored towards profiling of 

apoptotic genes only, similar to the approach taken in our study. Re-expressed 

genes containing a promoter CpG island with known function in DNA repair, 

negative cell cycle regulation, induction of apoptosis, detoxification, 

differentiation or transcriptional regulation were examined. This yielded 50
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genes for methylation screening using bisulfite sequencing, 12 o f which were 

identified as aberrantly methylated in various prostate cancer cell lines.

Our approach yielded 22 candidate gene targets o f promoter methylation, 13 of 

which were subsequently screened for methylation, significantly less than the 

Lodygin study, however given that our selection process was limited to 

apoptotic genes only, this is not surprising. The in silico selection method 

applied in this study had a good success rate. O f the 13 genes screened for 

methylation using DHPLC, 7 genes were identified as aberrantly methylated in 

prostate cancer cell lines. Furthermore, since this candidate methylation gene 

bank was generated, 2 out o f the remaining 4 genes {HRK and BCL2), with no 

information on their methylation status in prostate cancer in the timeframe o f 

our study, have subsequently been identified as targets o f methylation in 

prostate cancer by other groups (Cho et al., 2007; Higuchi et al., 2008), thus 

illustrating the accuracy of the in silico approach used in this study.

In recent years, we have witnessed an explosion o f technological advancements 

in genome-wide approaches to studying DNA methylation. These studies 

combine global approaches, such as DNA microarrays or high-throughput 

sequencing, and traditional methylation detection techniques like genomic 

mapping o f methylation sensitive restriction enzyme cleavage sites, bisulfite 

sequencing, affinity purification with methylcytosine DNA-binding domain 

(MBD) proteins and MeDIP, a method based on immunoprecipitation of DNA 

with an antibody that recognises 5-methyl cytosine (Schones and Zhao, 2008).

The choice of methylation technique utilised in a study is greatly dependent on 

the question the researcher wants to ask or the information they wish to obtain. 

In this study, we aimed to identify a panel o f apoptotic genes with a view to 

generate an “apoptotic methylation signature” which may have efficacy in a 

diagnostic and prognostic setting. Our combined in silico and DHPLC 

screening approach allowed relatively inexpensive rapid identification of a 

panel o f apoptotic genes aberrantly methylated in prostate cancer cell lines, 

which was further investigated for aberrant methylation in a larger cohort o f 

prostate cancer tissue samples (n=50).
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Recently, a number of techniques have become available which surpass the 

rapid and high-throughput capability of DHPLC by generating large amounts 

of data in only one experiment. Nimblegen arrays for example allow for whole 

genome DNA methylation analysis. This technology is based on MeDIP 

(Weber et al., 2005; Weber et al., 2007; Zilberman et al., 2007) or the MBD 

protein method (Rauch et al., 2007). After preparation of DNA samples, using 

a Nimblegen supplied MeDIP or MBD protocol, Nimblegen analyse samples on 

an array design of choice. Nimblegen offers a wide range of array designs, such 

as whole genome analysis, promoter and/or CpG island targeted arrays. There 

is also an opportunity to customise an array to your specific experimental 

design. Nimblegen’s nimblescan software generates a list of methylated regions 

fi'om the raw data from each array, allowing you to map methylated regions to 

specific gene promoters. Nimblegen is a highly sensitive technique and can 

readily detect as few as two or three 5-methyl cytosines per CpG island. This 

technology has been utilised by a number o f research groups, the results of 

which have been published in high impact journals (Rauch et al., 2007; Weber 

et al., 2007; Zilberman et al., 2007). Nimblegen technology is significantly 

more costly than DHPLC. However, it could be utilised to screen a panel of 

prostate cancer cell lines and a small cohort of patient samples to identify 

candidate regions for fiarther investigation, similar to the approach taken in our 

study.

7.1.2 Quantification of methylation levels using quantitative methylation 

specific PGR

In this study, we utilised a high-throughput technology, known as quantitative 

methylation specific PCR (QMSP) for the semi-quanfitative analysis of DNA 

methylation and to investigate the methylation status at individual CO site for 

the 7 genes o f interest in our panel prostate cell lines prior to analysis in a 

larger cohort o f tissue samples (n=145). QMSP represents a highly sensitive, 

high-throughput (can be performed on a 384 well plate) technology and relies 

on fluorescence based real-time PCR. This approach allowed us to identify 

significant promoter hypermethylation levels for a number o f our target genes, 

validating the DHPLC strategy that we employed and allowing us to propose
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the existence o f a putative apoptosis methylation gene panel which could be 

tested in primary prostate tissue. Precise mapping of the relevant 

transcriptional control elements in the different genes also allowed us to 

pinpoint specific methylation hotspots within genes that could be relevant to 

abrogating transcription. In addition, the testing o f pharmacological 

demethylation o f genes in the PCS prostate cancer cell line allowed further 

functional validation o f potential epigenetic control in prostate cancer.

One disadvantage of the QMSP technique used is that only the proportion o f 

methylated target and not unmethylated target is quantified. A variation o f this 

technique has been devised, whereby the levels of methylated and 

unmethylated product for a target sequence are determined (Lo et al., 1999). 

Furthermore, as discussed in Chapter 5, QMSP will only amplify sequences 

that are 100% methylated at all o f the CpG sites within the primer/probe 

binding sites, in accordance with the chemistry o f this technology (Eads et al., 

2000), and thus represents a semi-quantitative assay. A fully quantitative 

version o f QMSP technology can be achieved, whereby separate probes for 

each sequence variant resulting fi-om different methylation patterns can be 

designed (Eads et al., 2000). A disadvantage o f this technology is the 

requirement for a greater number o f probes, which can be costly.

Very recently, microarray-based DNA methylation profiling using universal 

BeadArrays has been reported (Bibikova et al., 2006; Martin-Subero et al., 

2009). This technology exploits innovations in high-throughput SNP 

genotyping systems (Fan et al., 2003) for DNA methylation detection, based on 

genotyping bisulfite modified DNA. Utilising this technology Martin-Subero et 

al, 2009 characterised the DNA methylation profile o f a range o f different 

haematological neoplasm subtypes and identified 220 genes hypermethylated 

in at least one haematological neoplasm entity (Martin-Subero et al., 2009). 

This technology represents a high-throughput quantitative measurement o f 

DNA methylation and probes can be specifically designed for most o f the CpG 

sites in the genome. This approach could be utilised to screen the methylation 

status of hundreds of pre-selected genes simultaneously and to identify 

methylation signatures that distinguish normal prostate fi'om prostate cancer 

tissue samples, thus generating information on a wide number o f putative
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cancer biomarkers. Evaluation o f this technique is in its infancy, although this 

approach leads to less genomic coverage than other array-based techniques 

(e.g. Nimblegen) it’s utility as a cost effective, high-throughput screening 

method in a large number o f samples is promising.

7.1.3 Identification of a 5 gene “apoptotic methylation signature”

In this study, we systematically examined the methylation profile o f CpG 

islands at 7 apoptotic-related genes in a cohort o f prostate tissue samples, 

representing prostate cancer, HGPIN, histologically benign prostate and BPH 

using QMSP. Employing this approach, we found that BNIP3, CDKN2A, 

DCRl, DCR2 and TMSl had a significantly higher frequency o f methylation in 

their promoter CpG islands than normal prostate, while BIK  and both CpG 

islands o f cFLIP showed no evidence of promoter hypermethylation in all 

prostate cancer tissue samples examined. Results demonstrated that 69% 

(20/29) o f tumour samples were methylated in at least one of our 5-gene 

apoptotic panel. Strikingly, our 5-gene panel was completely unmethylated in 

all histologically normal tissue. This provides strong evidence that methylation 

of this 5-gene panel is highly specific to prostate cancer. Moreover, this 5 gene 

“apoptotic methylation signature” is more frequently methylated in tumours 

with a higher Gleason score associated with a worse prognosis (Gleason score 

>7). Thus our 5 gene panel shows evidence of significant promoter 

hypermethylation in prostate cancer and merits further study in a larger cohort 

of patient samples.

To date, a number o f studies have highlighted the potential o f methylation 

profiling in a diagnostic and prognostic setting. A large number o f these studies 

have focused on the GSTPl gene. The high prevalence o f GSTPl promoter 

hypermethylation in early prostate carcinogenesis has lead to the development 

of a GSTPl hypermethylation assay for the detection o f prostate cancer 

(Henrique and Jeronimo, 2004). However, the effectiveness o f GSTPl alone as 

an early detection biomarker is limited and increasing evidence suggests that 

combining GSTPl with other genes shown to be methylated in prostate cancer 

could be more powerftil as a diagnostic and prognostic biomarker (Ellinger et 

al., 2008; Soengas et al., 2001). An extensive study that quantified methylation
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of 16 different genes, described a 4 gene panel of GSTPl, APC, PTGS2 and 

NDRl that could accurately distinguish primary prostate cancer from benign 

prostate tissue with 92% specificity (Yegnasubramanian et al., 2004). Thus, we 

investigated the “apoptotic methylation signature”, identified in this study, in 

combination with the methylation status of GSTPl. The frequency of 

methylation detected in prostate cancer was increased from 80.5 to 89.4%, than 

if GSTPl were used alone. Hence, further examination of this “apoptotic 

methylation signature” is warranted in a larger cohort of patients to access its 

role in a diagnostic and prognostic setting.

The present study has a number of limitations, which have been addressed in 

Chapter 6 but warrant further discussion. Ideally, a larger cohort of tissue 

samples should be utilised to increase the power of the study. The role of 

aberrant methylation of apoptotic-related genes in early stages of disease 

initiation could not be adequately examined, due to the small number of 

HGPIN samples (n=7), which had concurrent adjacent tumour samples 

included in the study. Therefore, analyses of these additional tumour samples 

and the addition of more prostate cancer tissue samples would greatly enhance 

the power of the current study and allow formal assessment of the relevancy of 

our 5-gene panel during early disease progression.

In this study, histologically classified tissue was macrodissected, whereby 

tumour, HGPIN, BPH and histologically normal tissue, as classified and 

marked by a pathologist, were removed from surrounding tissue. We recognise 

that in using this method the possibility of admixture of cell types and 

inclusion of stromal cells cannot be ruled out and hence may obscure the 

tumour cell-specific methylation profile of these samples. The combination of 

laser capture microdissection, a microscope based technique that permits the 

attainment of a homogeneous population of cells from tissue sections in one 

step (Emmert-Buck et al., 1996) and bisulfite modification would be 

advantageous. Previously in the laboratory, this technique of tumour 

acquisition was investigated. However, the technique was unsuccessful when 

combined with bisulfite modification in formalin fixed paraffin embedded 

prostate cancer. Currently, more sophisticated techniques of DNA extraction
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from small quantities of tissue have become available. We hope in future 

studies to perform LCM on our retrospective prostate tissue cohort to obtain 

pure samples of tumour from individual patients.

7.1.3.1 Methylation o f 5-gene apoptotic panel in metastatic prostate cancer

Hitherto, our investigation into the frequency and levels of apoptotic-related 

gene methylation has focused on primary prostate cancer. A major cause of 

treatment failure and mortality for prostate cancer patients is metastases to 

lymph nodes and bone and progression from androgen-dependence to 

androgen-independent growth (Arnold and Isaacs, 2002). Currently androgen 

ablation therapy is the primary treatment for metastatic prostate cancer. 

However, ablation therapy alone does not eliminate androgen-independent 

cells. Several lines of evidence suggest progression to androgen-independent 

disease is associated with resistance to apoptosis and altered expression of key 

apoptotic genes, such as Bcl2 and inhibitor of apoptosis proteins (lAPs) 

(Furuya et al., 1996; McEleny et al., 2002).

There is evidence to support investigation of our 5-gene apoptotic panel in 

metastatic disease. In a follow-up disease free survival study, Suzuki et al, 

2006, found that patients with TMSl methylation had a significantly worse 

disease free survival than patients without TMSl methylation. In addition, 

aberrant expression of both CDKN2A and BNIP3 has been implicated in 

progression towards a metastatic phenotype in breast and metastatic squamous 

cell carcinoma of the skin (Kusters-Vandevelde et al., 2009; Manka et al., 

2005). Analysis therefore of an “apoptotic methylation signature” in prostate 

cancer may help elucidate some of the molecular mechanisms underlying 

progression to androgen resistant disease and metastases and help sfratify 

patients into low and high-risk groups.

7.1,4 Methylation and therapeutic targeting

Could an “apoptotic methylation signature” of prostate cancer help elucidate 

novel therapeutic targets for drug resistant disease? Recently, evidence 

suggests that hypermethylation of pro-apoptotic genes may result in 

conventional chemotherapeutic drug resistance. Methylation of the potent pro-
189



CHAPTER 7

apoptotic gene APAFl for example, in malignant melanoma cells, has been 

shown to enhance cell survival during chemotherapy (Eeles et al., 2008). 

CASP8 represents another gene whose methylation may contribute to 

chemoresistance. Pharmacological demethylation of cancer cell lines exhibiting 

aberrant caspase-8 expression due to hypermethylation o f the CASP8 gene, 

sensitized cells to both death receptor triggered apoptosis and drug-induced 

apoptosis (Fulda et al., 2001). Methylation o f other genes implicated in the 

control o f apoptosis may also have the potential to confer chemoresistance.

Methylation o f our 5 gene panel may contribute to altered responses to drug 

induced apoptosis in a number o f ways. Methylation and concurrent silencing 

of TMSl may contribute to inhibition of caspase 8 mediated, death receptor 

induced apoptosis (Hasegawa et al., 2009). TMSl is known to indirectly induce 

caspase 8 activation (Parsons and Vertino, 2006). In contrast, BNIP3 inhibition 

via methylation, is likely to contribute to resistance to hypoxia induced, 

mitochondria mediated cell death and may have relevance in the therapeutic 

effect of certain drugs in hypoxic regions of prostate cancer. Loss of CDKN2A 

by aberrant promoter hypermethylation may result in reduction o f p53 induced 

cellular death and increased cell proliferation. Finally, the role o f DNA 

methylation o f anti-apoptotic D C Rl and DCR2 in cancer progression is not 

fully understood. Indeed, studies have shown that methylation o f these decoy 

receptors are associated with a better prognosis in prostate cancer patients 

(Suzuki et al., 2006). Therefore, patients with D CRl and DCR2 promoter 

methylation may respond better to chemotherapeutic drugs. However, these 

genes may also be involved in other pro-survival cancer pathways such as NF- 

kB pathways (Shivapurkar et al., 2004).

In this setting, determining the methylation status o f our panel o f apoptotic 

genes could be used to design novel therapeutic strategies for individual patient 

groups (Teodoridis et al., 2004b). Although our studies in prostate tissue are 

preliminary, future studies could include stratifying both patient samples and 

cell lines into 3 subgroups. One group “Group M”, would be composed of 

patient samples and cell lines, which exhibit methylation in all apoptotic genes 

examined (8% of tumours and prostate cancer cell lines: 22RV1, LNCAP,
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PC3) ; the second group “Group Mm” would have less than 5 but greater than 

one apoptotic gene methylated (61% tumours & prostate cancer cell lines: 

DU 145, RC58), while the group “Group m” would consist o f  genes with no 

evidence o f  methylation in the 5 apoptotic genes in the panel (31% tumours, no 

prostate cell lines were unmethylated in all genes but normal cell line RW PEl 

had the least number o f methylated apoptotic genes) (Figure 7.1).

In this way, the apoptotic phenotype o f these 3 subgroups could be further 

dissected to investigate if  they are more sensitive/resistant to apoptosis. From a 

therapeutic point o f view, tumours with greater resistance to apoptosis may 

respond poorly to chemotherapeutic inter\'ention (Fulda et al., 2001) and thus 

require more aggressive therapy.

From a treatment point o f view, the use o f both methylation inhibitors in 

combination with chemotherapeutic agents may prove beneficial in the 

treatment o f resistant disease (Plumb et al., 2000; Strathdee et al., 1999). 

Currently a number o f  studies have focused on the development o f small 

molecular inhibitors o f methylation and have produced a number o f drugs, such 

as 5-azacytidine, 5-aza-2'-deoxycytidine, procaine, hydralazine and zebularine 

(Brueckner and Lyko, 2004). These DNMT inhibitors, once incorporated into 

DNA, complex with and inactivate all 3 forms o f DNA methyltransferase 

(Teodoridis et al., 2004b). In this way, reversal o f the apoptotic methylation 

phenotype has the potential to render patients more responsive to 

chemotherapeutic approaches.

However, as discussed, DNA methylation alone is often insufficient for gene 

silencing, with strong evidence supporting an integral role for histone 

deacetylation and chromatin remodelling in the silencing process (Bird and 

Wolffe, 1999). Interestingly, recent studies have identified a compound, known 

as sulforaphane (SFN) found in cruciferous vegetables, which inhibits HDAC 

activity in human colorectal and prostate cancer cells. Sulforaphane 

administration to prostate cells enhanced histone acetylation, derepression o f 

P21 and Bax, and induction o f cell cycle arrest and apoptosis.
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Figure 7.1

Hypothetical sub grouping of prostate cancer by “apoptotic resistant 

phenotype”, based on the methylation status o f a panel of apoptotic genes. M 

represents an “apoptotic resistant” phenotype, which shows evidence of 

methylation in all apoptotic genes examined; Mm, represents an intermediate 

apoptotic resistant phenotype, whereby less than 5 but more than 1 apoptotic 

gene is methylated; m represents an “apoptotic sensitive” phenotype showing 

no methylation in all apoptotic genes. Accumulation of methylated pro- 

apoptotic genes contributes to an apoptotic resistant phenotype, thus increasing 

resistance to chemotherapy.
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7.2 FUTURE DIRECTIONS 

7.2.1 Future investigation into possible apoptotic-related gene targets of 

methylation in prostate cancer.

To date, only 13 out o f a possible 22 genes from the candidate gene panel have 

been screened for methylation. Firstly, we would like to update our list of 

potential apoptotic-related gene targets o f methylation, which could be 

achieved easily by utilising the newly available methylation literature mining 

tool PubMeth, discussed in Chapter 3. Moreover, genes important for 

alternative mechanisms of cellular fate, such as autophagy and cellular 

senescence could also be added. Tumour suppressor genes like p53, PTEN  and 

DAPl kinase have been shown to stimulate autophagy when mutated or 

epigenetically silenced (Mizushima et al., 2008). Furthermore, a number o f key 

members o f the apoptotic machinery are 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 can be triggered by multiple mechanisms including 

epigenetic derepression of ink4a/ARF locus, hence contributing to aberrant 

cellular proliferation (Collado et al., 2007). Inclusion of genes important in 

alternative cellular fate pathways would better our understanding o f cellular 

fate in prostate cancer.

Next, the remaining and newly identified candidate genes could be screened for 

methylation using DHPLC. Alternatively, a custom made apoptosis microarray 

coupled with universal BeadArrays could be employed to profile methylation 

of a large number of apoptotic genes in prostate cancer samples, hi this way, 

we intend to develop a larger panel o f apoptotic genes aberrantly methylated in 

prostate cancer, allowing the most appropriate apoptotic candidate methylation 

bank to be generated.

7.2.2 CpG island methylator phenotype in prostate cancer

In recent years, perplexing data has emerged indicating that in some tumours, 

groups of genes had consistently increased methylation in their promoter 

regions (Herman et al., 1995). The phenomenon of a so called “CpG island 

methylator phenotype” (CIMP) was first proposed by Jean-Piere Issa, based on
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his studies in colon cancer (Toyota et al., 1999). Colon tumours with increased 

microsatellite instability (MSI) had increased frequency of promoter 

methylation affecting multiple genes, such as CDKN2A (Riojas et al., 2007). 

Subsequent studies showed that CIMP defined a group of cancers with a 3-5 

fold increased frequency of aberrant gene methylation (Li et al., 1992). Indeed, 

70-80% of sporadic MSI-positive colon cancers could be attributed to CIMP 

and associated methylation of the DNA repair gene, mutL homolog 1 (MLHl). 

Thus, sporadic colon cancer could be divided into 4 genetically distinct 

subgroups (CIMP^ M Sf, CIMP^ MSF, CIMP' M Sf, CIMP MSF). Similar 

“CIMP” phenotypes have been confirmed in various other cancers, such as 

gastric (Toyota et al., 1999), ovarian (Strathdee et al., 2001) and liver cancers 

(Shen et al., 2002). On the other hand, some studies have failed to identify 

CIMP in these cancers. This may result fi'om using less quantitative 

methylation techniques such as MSP. The definition of CIMP remains 

controversial, but two requirements are deemed crucial; firstly, use of a 

quantitative method for methylation study and secondly, avoidance of genes 

with high levels of methylation in benign tissue (Herman et al., 1995).

To date, a methylator phenotype or “CIMP” has not been identified in prostate 

cancer. In this study, we examined the correlation between our 5-gene panel 

and three genes previously investigated in the laboratory (GSTPl, IGFBP3 and 

SFRP2). Interestingly, four prostate cancer samples with evidence of 

methylation in all apoptotic genes analysed were also methylated in GSTPl, 

1GFBP3 and SFRP2. Thus 4/50 (8%) tumours showed methylation in all genes 

analysed, supporting the existence of a CIMP in prostate cancer. The number 

of methylated loci which defines CIMP in tumours can vary greatly (Herman et 

al., 1995). Hence comparison of CIMP frequency between studies and indeed 

cancers is difficult. Nevertheless the fi’equency observed in these prostate 

cancer samples in general is higher than in liver cancer (2%, methylation of >7 

loci) but lower than frequencies reported in colorectal cancer (19%, 

methylation of >6 loci) (Ogino et al., 2009; Zhang et al., 2007).

Interestingly, we also identified 3 tumour samples that lacked methylation in

all 8 genes, suggesting a CIMP' subgroup or methylation resistant tumours.
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This warrants further investigation, in a larger cohort o f patients. In addition, it 

would be interesting to investigate whether microsatellite instability is a 

common feature of CIMP"^ tumours. It is our hope that, similar to studies in 

colon cancer, identification of CIMP"  ̂ and CIMP' tumours may help define 

distinct prostate cancer subgroups allowing further characterisation o f the 

genetic/epigenetic abnormalities associated with these subgroups. In the future, 

this could have utility in tailoring individual treatments.

7.2.3 The 5-gene “apoptotic methylation signature”: putative cancer 

biomarker?

7.2.3.1 DNA methylation: a promising new cancer biomarker 

Identifying biomarkers that can distinguish between clinically indolent and 

more aggressive prostate cancers is the holy grail o f prostate cancer research. 

CpG hypermethylation has emerged as a biomarker in many cancers, including 

prostate cancer. DNA hypermethylation at various gene loci has been detected 

in prostate cancer and other urological malignancies. Furthermore, the unique 

methylation signatures, which have been identified in specific tumour types 

(Costello et al., 2000; Soengas et al., 2001) further increases its utility as a 

biomarker, given that a major concern for an early detection biomarker is its 

ability to distinguish prostate cancer from other tumour types. Most studies 

have primarily focussed on prostate tissue, as we have in this study, but some 

have studied urine with and without prostatic massage (Cairns, 2004; Goessl et 

al., 2001; Jeronimo et al., 2002) whilst others have successfully detected 

specific hypermethylation in serum (Ellinger et al., 2008; Roupret et al., 2007). 

Recent technological advancements in cost effective, high-throughput 

quantitative measurement of DNA methylation, such as QMSP and DNA 

methylation profiling using universal BeadArrays may encourage widespread 

use of methylation analysis in clinical practice. Recently, a methylation 

technique known as Meth-DOP-PCR, a combination between modified 

degenerate oligonucleotides primered PCR (DOP-PCR) and traditional MSP, 

has been identified as a candidate high-throughput methylation analysis of 

trace amounts o f circulating DNA. The authors suggest that coupling this 

technique with QMSP may prove more effective and hence may represent a 

cost effective methodology for the development o f novel assays for early
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diagnosis of many types of cancer and for patient follow-up (Di Vinci et al., 

2006).

7.23.2 Detection o f hypermethylation in biopsies

A problem facing diagnosis of prostate cancer from histological review of 

biopsy specimens is the false negative rate of ultrasound-guided core-needle 

biopsy. Methylation markers may complement histological review of biopsies 

by providing information on the epigenetic signature of the specimen, which 

could help distinguish between aggressive disease and clinically indolent 

prostate cancer.

To date most studies have focussed on GSTPl methylation to improve the 

sensitivity of standard histology for prostate cancer detection in needle 

biopsies. Harden et al, 2003, demonstrated that QMSP analysis of GSTPl in 

conjunction with histological review of needle biopsy specimens improved the 

sensitivity of tumour detection in pathologically reviewed, resectcd prostates 

by 11%, without compromising on specificity (Harden et al., 2003). 

Investigation of a multi-gene methylation panel identified four loci (GSTPl, 

APC, TlGl and RARfil) which were aberrantly methylated in prostate cancer. 

This panel improved the sensitivity of prostate cancer diagnosis by 33% over 

histology alone (Tokumaru et al., 2004). It would be interesting, therefore, to 

evaluate the power or our 5-gene apoptotic panel in conjunctions with GSTPl, 

in correctly identifying men with prostate cancer based on biopsy specimens.

7.2.3.3 Detection of hypermethylation in bodily fluids

For a biomarker of prostate cancer to become clinically usefiil, ideally it should 

be detectable in easily accessible sites, such as peripheral blood, urine or 

ejaculate. Peripheral blood specimens are already routinely collected as part of 

current prostate cancer screening and detection protocols. DNA from prostate 

cancer can be detected in blood as a result of the presence of cell-free 

circulating DNA and of phagocytic cells that have ingested prostate cancer 

cells and/or intravascular apoptosis of prostate cancer cells (Ellinger et al., 

2008). Jeronimo and colleagues detected GSTPl hypermethylation in the 

plasma of 36% of men with organ confined prostate cancer (Jeronimo et al.,
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2002). Recently, however studies have begun to examine gene-panels for 

promoter hypermethylation in blood. The methylation status o f a panel of 

genes {MDRl, EDNRB, CD44, NEP, PTGS2, RASSFIA, RAR-p and ESRl) was 

determined in serum from 192 men with clinically locaHsed prostate cancer 

and 18 with hormone refractory metastatic disease. Promoter hypermethylation 

o f M D Rl only was detected in 38.3% of localised prostate cancer. Strikingly, 

promoter hypermethylation was detected in M DRl (83.3%), EDNRB (50%), 

RAR-P (38.9%) and both NEP and RASSFIA  in (16.7%) in serum of a different 

cohort o f patients with metastatic disease (Ellinger et al., 2008). This study 

suggests that promoter hypermethylation may play a pivotal role in the 

detection of metastatic prostate cancer.

Alternative bodily fluids, such as urine and ejaculate can also be collected and 

examined for the presence of CpG hypermethylation. DNA is present in fluids 

o f the urinary tract by cellular shedding into the prostatic ducts (Ellinger et al., 

2008). A study by Roupret et al, 2007, examined the methylation status o f 10 

genes {GSTPl, RASSFla. ECDHl, APC, DAPK, MGMT, P14, PI6, RARp and 

TIMP3) in urine samples, collected after prostatic massage, from 95 patients 

with localised prostate cancer undergoing radical prostatectomy. The 

methylation frequency for genes ranged from 6.3% {P14) to 83.2% {GSTPl) in 

prostate cancer patients. The authors reported that at least one gene was 

hypermethylated in 93% of cancer patients (Roupret et al., 2007). This begs the 

question: “What bodily fluid should be routinely tested for aberrant 

methylation biomarkers?” In 2009, a study by Payne et al, formally addressed 

this question. Using QMSP they measured four DNA methylation biomarkers, 

GSTPl, RASSF2, HIST1H4K and TFAP2E in matched plasma and urine 

collected from 142 patients with prostate cancer. Analysis o f these biomarkers 

in urine DNA significantly discriminated prostate cancer from biopsy negative 

patients. GSTPl methylation was detected in 81% of urine samples after 

prostatic massage and in only 39% of plasma samples. Methylation o f the 

remaining three genes, were found in 92-100% of prostate cancer urine 

samples and in 18-31%> of prostate cancer plasma samples (Payne et al., 2009). 

Taken together, this study suggests that detection o f CpG hypermethylation
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biomarkers are more readily detected in urine than plasma DNA. However, 

farther studies are required.

The Prostate Cancer Research Consortium (PCRC), from which tissue samples 

were sourced fi'om in our study, also routinely collect blood and urine samples 

from patients undergoing radical prostectomy. Furthermore, an initiative to 

collect urine after prostate massage is underway. It would be interesting to 

examine the methylation status o f the 5-gene apoptotic panel present in this 

study, in conjunction with other genes tested in our laboratory (GSTPl, IGFB3, 

SFRP2) in both urine and blood and to examine the potential o f this panel o f 

genes as a non-invasive novel biomarker in prostate cancer.

7.2.4 The cFLIP paradox: Examining the role of differential expression of 

cFLIP splice variants in prostate cancer

cFLIP has two major splice variants, a short variant (cFLIPS) and a longer 

(cFLIPL). Intriguingly, expression analysis performed in this study illustrated 

differential expression of the splice variants in various prostate cancer cell 

lines. Relatively higher levels of cFLIPL are observed in DU 145 cells with a 

decrease in expression seen in LNCAP and PCS cells. In contrast, cFLIPS is 

upregulated in RC58 cells and again downregulated in LNCAP and PC3 cells.

The apoptotic fiinctionality o f cFLIPL has remained one of controversy and is 

discussed in Chapter 4. O f interest, a study by Shimada et al, 2006, found 

cFLIPL played an important role in development o f metastatic prostate cancer 

by inhibiting proteasomal degradation of P-catenin. In contrast however, 

reduction of cFLIPL rendered metastatic cancer cells highly resistant to 

proteaosome inhibitor MG132-induced growth arrest and apoptosis. The 

authors report that cFLIPL is stabilised by MG132 and facilitates its mild pro- 

apoptotic function (Nakamura et al., 2006). Taken together, results suggest that 

cFLIPL has dual oncogenetic and anti-oncogenetic effects in prostate cancer 

cells. This dual fiinctionality in prostate cancer may account for the differential 

expression o f cFLIPL observed in prostate cancer cells in this study. cFLIPS 

does not appear to have dual fiinctionality (Krueger et al., 2001b) and the 

significance o f differential expression observed in prostate cancer cells is
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unknown. In colon cancer, studies suggest that cFLIPL may have more 

significance in cancer progression than cFLIPS. However, this is not the case 

in all colon cancer cell lines (Wilson et al., 2007), whereby some cell lines may 

exhibit more efficient recruitment o f one splice form over another.

It is clear that cFLIP expression, although hugely complex, is pivotal to cancer 

progression. Understanding why some cells preferentially express one isoform 

over another will help further our understanding o f this intriguing gene in 

prostate cancer progression. Elucidating the functionality o f both cFLIP 

isoforms at basal levels observed in normal and cancerous cells is essential to 

foiTnally establish its contribution to prostate carcinogenesis and progression to 

metastatic disease.

7.2.5 Investigating the methylation status of Docetaxel resistant PC3 

prostate cancer cell line (D12-PC3) and an age-matched PC3 control using 

a nimblegen array

In collaboration with Professor John O ’Leary (IMM, TCD) and Professor Bill 

Watson (Conway Institute, UCD), we aim to investigate the global methylation 

status of the D12-PC3 cell line compared to its age-matched control utilising 

Nimblegen technology. Nimblegen CpG island-plus promoter methylation 

analyses would allow for rapid identification of methylated regions and 

comparisons o f methylated patterns between the docetaxel resistant cell line 

(PC3-D12) and the PCS age-matched control. We could exploit this high- 

throughput technique to decipher the underlying epigenetic changes associated 

with the docetaxel resistant phenotype. CpG island-plus promoter arrays cover 

all UCSC- annotated CpG island and promoter regions for all known Refseq 

genes.

It is likely that deregulation o f apoptotic genes through aberrant promoter 

hypermethylation may confer resistance to docetaxel. Thus, elucidating the 

methylation profile o f our 5-gene apoptotic panel would be advantageous. 

Furthermore, a recent study reported reversal o f TMSl methylation with 5- 

azacytidine increased sensitivity to docetaxel treatment in two breast cancer 

cell lines, indicating that TMSl methylation may contribute to docetaxel
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resistance in breast cancer (Gordian et al., 2009). In this study, we detected 

TMSl methylation in 44% of primary tissue. Therefore it would be interesting 

to fiarther elucidate the role of TMSl and other apoptotic genes in docetaxel 

resistance in prostate cancer.

7.2.6 Investigating racial differences among men with prostate cancer

Men of sub-Saharan African ancestry are sfrongly associated with more 

aggressive prostate cancer (Burks and Littleton, 1992). African American men 

have the highest prostate cancer morbidity and mortality rates than any other 

racial or ethnic group in the US (Burks and Littleton, 1992). It is likely 

therefore, with an increasing Irish population of African descent and adaptation 

to a more westernised “Irish” diet, prostate cancer incidences and mortality 

rates in our population will increase. Understanding the aetiology of the more 

aggressive disease associated with men of African descent is essential. Indeed, 

it has been shown that differences in promoter hypermethylation exist for 

certain genes between different racial groups (Woodson et al., 2004; Woodson 

et al., 2003). Differences with respect to apoptosis have also been reported 

whereby apoptosis in malignant prostate cells were significantly higher in 

African Americans than Caucasian men (Guo et al., 2000). Furthermore, down- 

regulation of anti-apoptotic Bcl2 expression was observed in prostate tumours 

from African-American men compared to Caucasians (Guo et al., 2000).

Here we ask the question “are black men of sub-Saharan African decent more 

susceptible to environmentally induced epigenetic changes that contribute to 

prostate cancer progression”? Comparing a prostate cancer methylation profile 

of apoptotic-related genes in Caucasians, Asians and Africans may help to 

elucidate some of the molecular differences underlying the more aggressive 

prostatic tumour phenotypes associated with patients of African ethnicity.

7.2.7 DNA methylation, miRNAs and histone modifications: Linking it all 

together.

Epigenetics can be defined as the mechanisms that initiate and maintain 

heritable patterns of gene expression without altering the sequence of the 

genome. There are several layers of epigenetic complexity including histone
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modifications, chromatin remodelling, micro RNAs and DNA methylation. 

DNA methylation has been the most thoroughly studied to date (Esteller, 

2006). The focus o f this study is deciphering the methylation o f apoptotic 

genes in prostate cancer. However, the role miRNAs and histone modifications 

are being implicated in different forms of cancer. Increasingly it is also 

becoming clear that these three modes of epigenetic regulation are intimately 

linked.

7.2.7.1 Methylation o f  miRNA

MicroRNAs (miRNAs) represent a class o f small non-coding RNAs that 

regulate gene expression (Filipowicz et al., 2008). MiRNAs are themselves 

epigenetic regulators (by altering gene expression without changing the genetic 

code) and interestingly have recently emerged as targets o f epigenetic 

regulation, in that they are subject to promoter hypermethylation in 

oncogenesis.

Most miRNAs play a crucial role in cell proliferation, apoptosis and 

differentiation during development (Ambros, 2004; Bartel, 2004). Hence, it is 

not surprising that deregulation o f miRNAs has been observed in many 

tumours. Advancements in miRNA microarray technology and qRT-PCR have 

encouraged the analysis o f global miRNA expression profiles (Shi and Chiang, 

2005). Moreover, miRNA expression profiling in cancer tissue has been 

utilised to define molecular subgroups in breast cancer (Blenkiron et al., 2007).

A number o f miRNAs have been shown to target and regulate genes important 

for apoptosis. MiR-15/16 targets the Bcl2 protein and is deleted in 65% of 

chronic lymphocytic leukaemias (Calin and Croce, 2006) and may account for 

the increased expression of Bcl2 observed in these tumours. In addition, recent 

studies have identified the miR-34 family as direct p53 targets. Increased levels 

of miR-34 have been shown to induce apoptosis and cell cycle arrest (Figure 

7.2) (Chang et al., 2007; Comey et al., 2007). Intriguingly, a study by Lodygin 

et al, 2008, identified miR-34 as a target o f DNA hypermethylation. CpG 

methylation o f miR-34a promoter was detected in 79.1% of primary prostate 

carcinomas and at a lower frequency in many other cancers (Lodygin et al..
2 0 1



CHAPTER 7

2005). This study is an excellent example o f how DNA methylation and 

miRNAs are intimately involved in the deregulation o f apoptosis in prostate 

cancer. To date, a clear prostate cancer miRNA profile has not been established 

(Coppola et al., 2009). Profiling miRNAs, whose gene targets are integral to 

control of apoptosis, via epigenetic or genetic mechanisms, would better our 

understanding o f aberrant cell death and its role in prostate carcinogenesis.

DNA damage 
(y-IR. 

chemotherapy)

enh£uiced 
induction of 

pro-apoptotic 
target genes: 

PUMA etc.

SIRT1

miR-34

p53 mutation CpG methylation 
17p deletion of miR-34aA)/c 
viral proteins promoters

cancer-specific alterations

^  apoptosis

Figure 7.2.

P53/miR-34 pathway regulation of apoptosis. Mir-34 is a p53 target gene. 

miR-34 activation promotes apoptosis in two ways; 1) Inhibition o f SIRTl, 

decreasing its deacetylation activity leads to increased transcription o f p53 and 

2) suppression o f Bcl-2 and other anti-apoptotic proteins (NN). In cancer, the 

miR-34 promoter is often hypermethylated. As a result, the induction of 

apoptosis is diminished in response to p53 and this aids tumour growth and 

invasion of apoptosis. (Lodygin et al., 2005).

7.2.7.2 Histone modifications

Histone proteins are subject to a number of covalent modification at their N- 

terminal tails, including methylation, acetylation, phosphorylation, 

ubiquitylation and ADP-ribosylation (Schones and Zhao, 2008). Major 

advancements in genome-wide approaches for studying histone modifications 

have dramatically increased our knowledge about the function o f these histone 

modifications.
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The most established technique used to map histone modifications at a 

genomic scale has been the combination of Chromatin immunoprecipitation 

(ChIP) technology with DNA microarray, so called (ChlP-chip). Using this 

technique a number of functional enhancers and regulatory regions have been 

identified (Roh et al., 2006; Roh et al., 2007). Heintzman and colleagues have 

identified a signature of enhancers based on the pattern of histone 

modifications (Heintzman et al., 2007). Recently, utilising ChlP-chip 

technology, a genome-wide profile of histone H3 lysine 4 and lysine 27 

trimethylation, histone modifications associated with transcriptional activation 

and repression, respectively, identified an epigenetic signature in prostate 

cancer (Ke et al., 2009). They found that loss and/or gain of these histone 

modifications were strongly associated with differential gene expression, 

including numerous miRNAs, between prostate cancer and normal cells.

In prostate cancer, profiling of histone modifications is in its infancy. Profiling 

a range of modifications, coupled with DNA methylation and miRNA profiling 

will provide a complete epigenetic picture in prostate cancer and help to fiirther 

our understanding of coordinate deregulation of gene expression in prostate 

cancer.

7.3 CONCLUSION

In conclusion, DNA methylation is a rapidly advancing field of research in 

prostate cancer. While investigation into the methylation status of genes as 

biomarkers for diagnostic, prognostic and therapeutic approaches are at an 

early stage, a number of genes have been identified which show significant 

promise. The work presented in this thesis demonstrates the value of a 

combined in silico candidate gene selection approach and a novel DHPLC 

methylation screening strategy to identify new targets of aberrant methylation 

in prostate cancer. This comprehensive approach has identified a panel of 

apoptotic genes {BIK, BN1P3, TMSl, DCRl, DCR2, cFLlP and CDK2NA) 

showing aberrant DNA methylation and concurrent downregulation in gene 

expression. Three of these genes {BIK, BNIP3, cFLIP) are novel in relation to 

their methylation status in prostate cancer. Three genes {TMSl, DCRl and 

DCRl) identified in our study have previously shown utility as potential new
203



CHAPTER 7

biomarkers o f risk prediction in prostate cancer (Suzuki et al., 2006), while 

CDKN2A has previously been identified as aberrantly methylated in prostate 

cancer but whose utility as a prostate cancer biomarker was unknown. Further 

examination of the methylation profile o f these 7 apoptotic-related genes in 

prostate cancer, HGPIN, normal adjacent prostate and BPH using QMSP 

identified 5 genes (BNIP3, CDKN2A, DCRl, DCR2 and TM Sl) which had a 

significantly higher fi-equency o f methylation in their promoter CpG islands 

than normal prostate. Approximately 69% of tumour samples and 0% of 

normal tissues were methylated in at least one o f our 5- apoptotic gene panel. 

Furthermore, this 5 gene “apoptotic methylation signature” is more frequently 

methylated in prostate cancer with higher Gleason score associated with a 

poorer prognosis. Moreover, combination o f this panel o f genes with GSTPl 

increased the frequency of methylation detected in prostate cancer from 80% to 

89% than if  GSTPl were used alone. Thus, we conclude that future 

examination of this “apoptotic methylation signature” in a larger cohort o f 

patients to fiarther access its role in a diagnostic and prognostic setting is 

justified, while study of the functional relevance o f promoter hypermethylation 

“silencing” of these genes may also have relevance to therapeutic targeting in 

prostate cancer.
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APPENDIX 1: PCR PRODUCTS GENERATED AND ANALYSED BY 

GEL ELECTROPHORESIS FOR EACH OF THE TARGET GENES IN 

THE PROSTATE CELL LINES

A 1.1 PCR agarose gel analysis for the 7 prostate cell lines 

APAFl

DL 1 2 3 4 5 6  7 8 9  10

Assay 1

Assay 2

Assays

458b p

492b p

—  387bp

Figure A l.l

Gel analysis of APAFl PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RWPEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PC3, MC (methylated 

control), Umeth A (unmethylated control A), water control. Bp= base pairs.
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BIK

DL 1 2 3 4 5 6 7 8 9 10 11

Assayl —  582bp

431bp

Figure A1.2

Gel analysis of BIK PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

R W PE l, PW RIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), w ater control. Bp= base pairs.
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BNIP3

DL 1 2 3 4 5 6 7 8 9 10 11

Assays

Figure A 1.3

Gel analysis of BNIP3 PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PWRIE, 22RV1, RC58, DU 145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.

Assayl
339bp

501bp
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CFLIP

DL 1 2 3 4 S 6 7 8 9 10 11

CpG1c-FU>

399bp

CpGlc-FUP
assay2

330bp

—  368bp

  264bp

Figure A1.5

Gel analysis of cFLIP PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RWPEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.
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CASP8

DL 1 2 3 4 5 6 7 8 9 10 11

Figure A1.6

Gel analysis of CASP8 PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.

CASP3

DL 1 2 3 4 5 6 7 8 9 10 11

—  4 5 1 b p

’ • I '

Figure A1.7

Gel analysis of CASP3 PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PC3, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.
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DCRl

DL 1 2 3 4 5 6 7 8 9 10 11

Assay2

—  2 1 0 b p

Figure 1.8

Gel analysis of DCRl PCR products. DL== 50Kb DNA Ladder. Lane 1-10; 

RW PEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.

DCR2

DL 1 2

A ssayl

3 4 5 6 7 8 9 10

3 0 5 b p

Figure A1.9

Gel analysis of DCR2 PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), water control. Bp= base pairs.
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DR5

1 2 3 4 5 6 7 8 9 10 11

Assay 1
330bp

Figure Al.lO

Gel analysis of DR5 PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PW RIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.

FADD

2 3 4 5 6 7 DL 8 9

Assay 1
—  378bp

Figure A l . l l

Gel analysis of FADD PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RW PEl, PW RIE, 22RV1, RC58, DU145, LNCaP, PCS, MC (methylated 

control), Umeth A (unmethylated control A), water control. Bp= base pairs.
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PIGPCl

_  218bp

Assay2
233bp

Assays —  309bp

Figure A1.12

Gel analysis of PIGPCl PCR products. DL= 50Kb DNA Ladder. Lane 1-10: 

RWPEl, PWRIE, 22RV1, RC58, DU145, LNCaP, PC3, MC (methylated 

control), Umeth A (unmethylated control A), Umeth B (unmethylated control 

B), water control. Bp= base pairs.
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T M Sl

DL 1 2 3 4 5 S 7 8 9 10

Assayl _  3 5 9 b p

Figure A1.13

Gel analysis of TM Sl PCR products, DL= 50Kb DNA Ladder. Lane 1-10: 

R W PEl, PW RIE, 22RV1, RC58, DU145, LNCaP, PC3, MC (methylated 

control), Umeth A (unmethylated control A), water control. Bp= base pairs.
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APPENDIX 2. DHPLC CHROMATOGRAMS.

A2.1 DHPLC chromatograms

DHPLC Chromatograms for all cell lines for all genes with evidence of 

methylation except D CRl and TMSl, both of which are methylated in all 

prostate cell lines examined and are illustrated in figure 4.2.

A. BIK assay 1
■nV

All ceil linesUM

MC
PC3

B. BNIP3

PW RIE  
/  22R V 1 M CLNCaP 

Du 1 4 5U M

C. CDKN2A

TlV

UM

22R V1 PC3
LNCaP

Figure A.2.1

DHPLC chromatograms. (A-H) illustrates chromatograms for all cell lines. The 

methylated control is labelled by MC and highlighted by a dashed brown line. 

The unmethylated control is illustrated by a green line. Each coloured line 

represents individual cell line elution profiles. Cell lines with evidence of 

methylation are labelled. All other cell lines elute at the same time as the 

unmethylated control.
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D. cFLIP CpGl assay 1

•n V MC

U M LNCaP

E. cFLIP CpGl assay 2

T l \ /

MC

U M
LNCaP

F. cFLIP CpG2 assay 1

M C

U M  22RV1/ \

Figure A.2.1 Contd.

DHPLC chromatograms. (A-H) illustrates chromatograms for all cell lines. The 

methylated control is labelled by MC and highlighted by a dashed brown line. 

The unmethylated control is illustrated by a green line. Each coloured line 

represents individual cell line elution profiles. Cell lines with evidence o f 

methylation are labelled. All other cell lines elute at the same time as the 

unmethylated control.
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G. cFLIP CpG2 assay 2

■nV

U M
MC 22R V 1

H. DCR2

■nV

UM
MC22RV1 PC3

Figure A.2.1 Contd.

DHPLC chromatograms. (A-H) illustrates chromatograms for all cell lines. The 

methylated control is labelled by MC and highlighted by a dashed brown line. 

The unmethylated control is illustrated by a green line. Each coloured line 

represents individual cell line elution profiles. Cell lines with evidence o f 

methylation are labelled. All other cell lines elute at the same time as the 

unmethylated control.
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APPENDIX 3: TRANSCRIPTIONAL ELEMENTS ASSOCIATED 

WITH PROMOTER REGIONS

Below is a list o f  transcriptional elements associated with promoter regions for 

each gene. The transcriptional elements are predicted using promoter scan 

software (http://www-bimas.cit.nih.gov). Table A3.1- A3.5 lists transcription 

factors, their binding site and sequence and location for our 7-gene panel. 

Table A3.6 outlines the lUB ambiguity code. Symbols for describing mixed 

base position in an oligonucleotide sequence are given in the ambiguity code 

(Nomenclature Committee o f  the Intemational Union o f Biochemistryl985).

Table A3.1. Predicted transcription factor binding sites for BIK that cover CpG sites

Transcription

factor
Binding site Binding sequence* Location (bp)*

AP-2 AP-2 CS6 CCCCTCG -13550

HSV IE repeat HSV IE repeat GCGGAA -13418

UCE.2 UCE.2 GGCCG -13417

Spl Spl CSl GGGGCGGACC -13382

T-Ag T-Ag-SV40.3 GGGGC -13382

Spl Spl-SV40.1 GGGGCGGG -13370

Spl Spl-SV40.4 GGGCGG -13364

Spl Spl-hsp70 (1) GGCGGG -13363

AP-2 AP-2 CS6 CCCCGCC -13366

APRT APRT-mouse US GCCCCGCC -13367

GCF GCF CS GCGGGGC -13354

Spl Spl-DHFR.3 GGGGCGGGGC -13357

* Relative to the ATG translational start site # See lUB ambiguity codes
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Table A3.2. Predicted transcription factor binding sites for BNIP3 that cover CpG sites 

Transcription
Binding site Binding sequence Location (bp)*

factor

AP-2 AP-2 CS4 CCCCCACGCC -1033

AP-2 AP-2CS6 CCCCACGC -1032

UCE.2 UCE.2 CGGCC -987

EARLY-SEQl EARLY-SEQl CTCCGCCC -973

Spl Spl-IE-3.4 CCGCC -971

T-Ag T-Ag-SV40.3 GGGGC -958

SIF SIF core RS CCCGTC -956

Spl Spl-IE-3.3 GGGCGT -952

AP-2 AP-2 CS6 CCCGGGG -940

Spl Spl-IE-3.3 CCCGCC -936

Spl Spl-SV40.1 CCCGCCCC -929

GCF GCF CS GCGCGCC -883

Spl Spl-SV40.4 GGGCGG -800

AP-2 AP-2 CS6 CCCMNSSS -477

AP-2 AP-2 CS4 YCSCCMNSSS -445

Spl Spl-IE-3.4 CCGCCC -445

SPl Spl-IE-3.3 CCCGCC -445

TTR_inverted

repeat TTR inverted repeat CGCCGCG -431

PEBP2 PEBP2 RS GACCGC -428

GCF GCF CS SCGSSSC -406

Ap-2 AP-2 CS3 CCSCRGGC -396

UCE.2 UCE.2 GGCCG -384

AP-2 AP-2 CS4 YCSCCMNSSS -358

Spl Spl-IE-3.4 CCGCCC -358

APRT-mouse_US APRT-mouse US GCCCCGCC -353

EARLY-SEQl EARLY-SEQl YYCCGCCC -333

(Spl) (Spl)-TK.l CCCCGCCC -332

Spl Spl-IE-3.3 CCCGCC -331

Spl Spl-hsp70(l) GGCGGG -326

Spl Spl-SV40.1 GGGGCGGG -324

AP-2 AP-2 CS3 CCSCRGGC -300

Ap-2 AP-2 CS4 YCSCCMNSSS -267

GCF GCF CS SCGSSSC -259

GCF GCF CS SCGSSSC -535

* Relative to the ATG translational start site # See lUB ambiguity codes
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Table A3.3. Predicted transcription factor binding sites for CDK2NA that cover CpG sites

Transcription

factor
Binding site Binding sequence* Location (bp)*

SPl Spl-hsp70 GGCGGG +9

UCE.2 UCE.2 GGCCG +51

KROX.24 KROX24 CS GCGSGGGCG +96

SPl Spl-hsp70 GGCGGG +97

GCF GCF CS SCGSSSC + 139

SPl Spl-hsp70 GGCGGG +181

* Relative to the ATG translational start site # See lUB ambiguity codes

Table A3.4. Predicted transcription factor binding sites for CpGl CFLIP that cover CpG 

sites

Transcription

factor
Binding site Binding sequence* Location (bp)*

Spl Spl-hsp70(l) GGCGG -13195

KROX24 KROX24 CS GCGGGGGCG -13194

T-Ag T-Ag-SV40.3 GGGGC -13191

AP-2 AP-2 CS3 CCGCGGGC -13137

EARLY-SEQl EARLY-SEQl TTCCGCCC -13105

Spl Spl-IE-3.4 CCGCCC -13103

T-Ag T-Ag-SV40.3 GGGGC -13042

UCE.2 UCE.2 GGCCG -12965

Spl Spl-IE-3.4 CCGCCC -12963

* Relative to the ATG translational start site # See lUB ambiguity codes
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Table A3.5. Predicted transcription factor binding sites for TMSl that cover CpG sites

Transcription factor Binding site Binding sequence* Location (bp)*

c-fos.5 c-fos.5 GCGCCACC -297

GCF GCFCS SCGSSSC -273

UCE.2 UCE.2 GGCCG -271

UCE.l UCE.l GTCCGT -167

T-Ag T-Ag-SV40.3 GGGGC -129

Spl Spl-SV40.1 GGGGCGGG -127

Spl Spl-SV40.4 GGGCGG -126

Spl Spl-hsp70(l) GGCGGG -125

Spl Spl-IE-3.4 CCGCCC -121

Spl Spl-IE-3.3 CCCGCC -120

AP-2 AP-2 CS6 CCCMNSSS -119

EARLY-SEQl EARLY-SEQl YYCCGCCC -119

(Spl) (Spl)-TK.l CCCCGCCC -119

EARLY-SEQl EARLY-SEQl YYCCGCCC -78

Spl Spl-IE-3.4 CCGCCC -76

HSV_IE_repeat HSV IE repeat GCGGAA -73

JCV repeated GGGNGGRR

JCV_repeated_sequenc sequence -71

Spl Spl-SV40.4 GGGCGG -71

* Relative to the ATG translational start site # See lUB ambiguity codes
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Table A4.6. lUB Ambiguity code

Symbol Mixed Base composition Origin of designation
R A + G puRine

M A + C aMino

W A + T W eak interation (3 H
bonds)

Y C + T pYrimidine

S C + G Strong interation (3H
bonds)

K G + T Keto

V A + C + G not-T  (not-U), V follows
U

H A + C + T not-G, H follows G in the
alphabet

D A + G + T not-C, D follows C

B C + G + T not-A , B follows A

N A + G + C + T aNy

lUB: International Union o f  Biochemistry
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APPENDIX 4. TAQMAN REAL-TIM E PCR PRIMER AND PROBE 

OPTIMISATION AND VALIDATION

A4.1 QMSP primer/probe optimisation

A primer/probe optimisation experiment was performed using universal 

methylated DNA in triplicate (described in Section 2 .5 .1 2 ) . The primer/probe 

concentration, which yielded the highest ARn value and lowest C j value were 

chosen for analysis o f levels o f expression o f the genes in prostate cell lines.

A4.I.1 BIK QM SP primer and probe optimisation

Table A4.1 BIK Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 29.489 0.737

300,200 29.734 0.083

300,300 29.608 0.237

900,100 29.419 0.164

900,200 29.388 0.075

900,300 29.447 0.249

Amplification Plot

0,01ccco 0,001

0,0001

0.00001

0.000001

Cycle

Figure A4.I

BIK  QMSP primer/probe optimisation. Amplification plot o f  ARn versus 

PCR cycle. The primer/probe combination, which gives the highest ARn and 

lowest Ct value was chosen.

2 2 2



APPENDIX 4

A final primer and probe concentration o f 900nM and 200nM, respectively, 

was selected for optimal reaction conditions for BIK  methylation analysis using 

QMSP.

A4.1.2 BNIP3 QM SP primer and probe optimisation

Table A4.2 BNIP3 Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 30.556 0.247

300,200 30.057 0.78

300,300 29.959 0.135

900,100 29.855 0.062

900,200 29.491 0.173

900,300 29.739 0.181

Amplificartion Plot
10 

1

0.1 

0.01
n:
^  0.001 

0.0001 

0.00001 

0.000001

C ycle

Figure A4.2

BNIP3 QMSP primer/probe optimisation. Amplification plot o f ARn versus 

PCR cycle. The primer/probe combination, which gives the highest ARn and 

lowest Ct value was chosen.

A final primer and probe concentration o f 900nM and 200nM, respectively, 

was selected for optimal reaction conditions for BNIP3 methylation analysis 

using QMSP.
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A4.1.3 CDKN2A QMSP primer and probe optimisation

Table A4.3 CDK2NA Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 27.561 0.131

300,200 27.678 0.113

300,300 27.777 0.125

900,100 27.307 0.393

900,200 27.799 0.116

900,300 27.991 0.09

Amplification Plot
10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

Cycle

Figure A4.3

CDKN2A QMSP primer/probe optimisation. Amplification plot of ARn 

versus PCR cycle. The primer/probe combination, which gives the highest ARn 

and lowest Ct value was chosen.

A final primer and probe concentration of 300nM and BOOnM, respectively, 

was selected for optimal reaction conditions for CDKN2A methylation analysis 

using QMSP.
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A4.1.4 CpGl cFLIP QMSP primer and probe optimisation

Table A4.4

optimisation

CpG 1 cFLIP Primer/Probe

[Primer,

Probe] (nM) Mean CT SD

300,100 30.722 0.113

300,200 31.567 0.578

300,300 30.890 0.678

900,100 32.990 0.908

900,200 33.680 0.976

900,300 32.900 0.890

10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

Amplification Plot

/

2 i  6 a 10 1 2 U 1 6  18 20 22 2 i 2 6  28 30 a 2 3 i 3 e a a « l 4 2 4 j d 6 « « 5 0

C yc le

Figure A4.4

CpGl cFLIP QMSP primer/probe optimisation. Amplification plot of ARn 

versus PCR cycle. The primer/probe combination, which gives the highest ARn 

and lowest Ct value was chosen.

A final primer and probe concentration of 300nM and lOOnM, respectively, 

was selected for optimal reaction conditions for CpGl cFLIP methylation 

analysis using QMSP.
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A4.1.5 CpG2 cFLIP QMSP primer and probe optimisation

Table A4.5

optimisation

CpG 2 cFLIP Primer/Probe

[Primer, 

Probe] (nM) Mean CT SD

300,100 30.06739426 0.113

300,200 32.06759996 0.342

300,300 32.80807257 0.781

900,100 32.09906592 0.564

900,200 31.79794257 0.342

900,300 32.06770809 0.213

10 1'-
A m plification Plot

0.1

£ -  0,01 
a:

0.001 

0.0001 

0.00001 

0.000001
2 4 6 a 10 1 2 U 1 6 i a 2 0 2 2 2 i 2 6  28 X  32 M 3 S 3 a « « 2 t 4 « M a )

Cycle

Figure A4.5

CpG2 cFLIP  QMSP primer/probe optimisation. Amplification plot of ARn 

versus PCR cycle. The primer/probe combination, which gives the highest ARn 

and lowest Ct value was chosen.

A final primer and probe concentration of 900nM and lOOnM, respectively, 

was selected for optimal reaction conditions for CpG2 cFLiP methylation 

analysis using QMSP.
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A4.1.6 DCRl QMSP primer and probe optimisation

Table A4.6 DCRl Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 28.209 0.104

300,200 28.452 0.123

300,300 29.077 0.041

900,100 28.056 0.118

900,200 28.409 0.256

900,300 28.565 0.101

A m p lifica tio n  P lot
10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

C ycle

Figure A4.6

DCRl QMSP primer/probe optimisation. Amplification plot o f ARn versus 

PCR cycle. The primer/probe combination, which gives the highest ARn and 

lowest Ct value was chosen.

A final primer and probe concentration of 900nM and lOOnM, respectively, 

was selected for optimal reaction conditions for DCRl methylation analysis 

using QMSP.
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A4.1.7 DCR2 QMSP primer and probe optimisation

Table A4.7 DCR2 Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 30.904 0.024

300,200 30.691 0.136

300,300 31.038 0.064

900,100 30.84 0.173

900,200 30.524 0.047

900,300 30.761 0.054

Amplification Plot
10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

C yc le

Figure A4.7

DCR2 QMSP primer/probe optimisation. Amplification plot o f ARn versus 

PCR cycle. The primer/probe combination, which gives the highest ARn and 

lowest Ct value was chosen.

A final primer and probe concentration of 900nM and 200nM, respectively, 

was selected for optimal reaction conditions for DCR2 methylation analysis 

using QMSP.
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A4.1.8 TM Sl QMSP primer and probe optimisation

Table A4.8 TMSl Primer/Probe optimisation

[Primer,

Probe] (nM) Mean CT SD

300,100 27.501 0.153

300,200 27.908 0.215

300,300 28.411 0.285

900,100 27.284 0.154

900,200 27.359 0.465

900,300 27.285 0.095

Amplification Plot
10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001

C ycle

Figure A4.8

TMSl QMSP primer/probe optimisation. Amplification plot of ARn versus 

PCR cycle. The primer/probe combination, which gives the highest ARn and 

lowest Ct value was chosen.

A final primer and probe concentration o f 300nM and lOOnM, respectively, 

was selected for optimal reaction conditions for TMSl methylation analysis 

using QMSP.
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A4.1.9 TM Sl QRT-PCR primer and probe optimisation

Table A4.9

optimisation

TMSl QRT-PCR Primer/Probe gene expression

[Primer,

Probe] (nM) Mean CT SD

300,100 25.439 0.113

300,200 25.678 0.781

300,300 24.9867 0.564

900,100 26.2066 0.278

900,200 27.789 0.342

900,300 29.657 0.245

Amplification Plot
10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001
2

Cycle

Figure A4.9

TMSl QRT-PCR primer/probe optimisation. Amplification plot of ARn 

versus PGR cycle. The primer/probe combination, which gives the highest ARn 

and lowest Ct value was chosen.

A final primer and probe concentration of 300nM and 300nM, respectively, 

was selected for optimal reaction conditions for TMSl gene expression 

analysis.
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A4.1.10 CDKN2A QRT-PCR primer and probe optimisation

Table A4.10 CDKN2A QRT-PCR Primer/Probe gene expression 

optimisation

[Primer, 

Probe] (nM) Mean CT SD

300,100 31.68 0.113

300,200 30.867 0.896

300,300 31.572 0.652

900,100 29.316 0.277

900,200 27.208 0.289

900,300 27.51 0.141

Amplification Plat
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0.00001
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Figure A4.10

CDKN2A QRT-PCR primer/probe optimisation. Amplification plot of ARn 

versus PCR cycle. The primer/probe combination, which gives the highest ARn 

and lowest Ct value was chosen.

A final primer and probe concentration of 900nM and 300nM, respectively, 

was selected for optimal reaction conditions for CDKN2A gene expression 

analysis.
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A4.2 Validation of AACt and efficiency test for non-inventoried primers 

and probes

A4.2.1 Validation of AACt of gene targets

For comparative Cy analysis, the efficiency of the target amplification and the 

efficiency of the endogenous control must be approximately equal. Expression 

of PGKl is similar in all cell lines, except PWRIE, and is not affected by 

treatment with 5aza2'deoxycytidine (Table A4.11). We can conclude that 

PGKl is a suitable endogenous control for our studies. Due to the higher levels 

of PGKl expression detected in PWREl cell line, RWPEl was used as a 

calibrator for the experiment.

Table A4.11. Average value for PGKl in various cell lines 
and after trea tm en t with 5-Aza-CdR

Input cDNA (lOOng)

PGKl 
average Cj

RWPEl 20.87± 0.79
PWRIE 23.96±0.04
22RV1 19.3± 0.08
RC58 19.7410.08
DU145 19.11±0.04
LNCaP 18.73± 0.14
PC3 16.89±0.8
PC3 + ln M  5-Aza-CdR 17.08± 0.04
Note: 5-Aza-CdR: 5aza2 'deoxycytidine, PGKl P h osphog lyce ra te  k inase  1

AACT validation experiment for targets TMSl and CDKN2A was performed 

(Figure 411 and 4.12). If the efficiencies of the two targets are approximately 

equal, the Log of input cDNA versus ACT has a slope of approximately zero. 

The Log of input cDNA versus ACT for TMSl and CDKN2A has a slope of 

0.74 and -0.099, respectively, suggesting the efficiencies are approximately 

equal.
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AACT validation for target TMSI
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R2= 0.7464072

1 0 

Log pnput cDNA]

Figure 4.11.

AACT validation for T M Sl. CT values (Vertical axis) are plotted against the 

log[input cDNA], M= Slope, R^= Correlation Co-efficient.

AACT validation for target CDK2NA

M = -0.0992
R2= 0.009306554

L^pnputcDNA]

Figure 4.12.

AACT validation for CDKN2A. CT values (Vertical axis) are plotted against 

the log[input cDNA], M= Slope, R^= Correlation Co-efficient.
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A4.2.2 Individual efficiency test for non-inventoried primers and probes

Individual target assay efficiencies were calculated by using relative 

quantification using the standard curve method. The percentage efficiencies are 

automatically calculated by the ABI 7500 software, using an algorithm 

designed by applied biosystems. Once the efficiencies are determined, there is 

an option to manually adjust the efficiency o f a particular target (detector) in 

the ABI 7500 software during design of experiment.

Efficiency of TMS1

M= -3.298 
R^= 0.999
Efficiency (%) = 101.021

37.5

35.0

O 32.5

30.0

27.5

0001 0002 001 002 100 200

Q uantity

Figure A4.13.

Efficiency of TMSI reactions over fold dilutions (10 ng/|il, 1 ng/|nl, O.I ng/|u,l, 

0.05 ng/fil, 0.01 ng/^il) of PWRIE DNA. The slope (M), correlation co­

efficient (R2) and % efficiency was determined.
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Efficiency of CDK2NA

M = -4.65 
R̂ = 0.98
Efficiency (%) = 64.081

•40.0

37.5

35.0

h -o
32.5

30.0

27.5

OOt 0 0 2 2 3 * 5 10 20 X 100 10M01 02

Quantity

Figure A4.14

Efficiency o f CDKN2A reactions over fold dilutions (10 ng/|al, 1 ng/|il, 0.1 

ng/(il, 0.05 ng/p.1, 0.01 ng/|al) o f PW RIE DNA. The slope (M), correlation co­

efficient (R2) and % efficiency was determined.
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APPENDIX 5 STATISTICS 

A5.1 Paired T test.

A5.1.1 Difference in gene expression levels between PC3 cells and PC3 

cells treated with a methylation inhibitor 5aza2'deoxycytidine.

A paired T test was performed to determine if the changes in gene expression 

observed in the two cell lines was significant for each gene with evidence of 

methylation in its PCS cell line.

Paired T-Test and 95% Cl: BIK PC3 - BIK PC3 Treated 

(5aza2'deoxycytidine)

N Mean StDev SE Mean 

BIkPC3 3 0.004071 0.000479 0.000276 

BIKPC3T 3 0.020294 0.001478 0.000853 

Difference 3 -0.016223 0.001068 0.000617

95% Cl for mean difference; (-0.018876, -0.013571)

T-Test of mean difference = 0 (vs not = 0): T-Value = -26.31 P-Value = 0.001

Paired T-Test and 95% Cl: CDKN2A PC3 -  CDKN2A PC3 Treated 

(5aza2'deoxvcytidine)

N Mean StDev SE Mean 

p l6 p c3  3 0.01108 0.00058 0.00034 

p l6 p c3 t 3 0.04526 0.00249 0.00144 

Difference 3 -0.03419 0.00190 0.00110

95% Cl for mean difference: (-0.03892, -0.02945)

T-Test of mean difference = 0 (vs not = 0): T-Value = -31.08 P-Value = 0.001

Paired T-Test and 95% Cl: DCRl PC3 - DCRl PC3 Treated 

(5aza2'deoxvcytidine)

N Mean StDev SE Mean
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DCRl PC3 2 3 0.1504 0.0067 0.0039 

DCRl PC3T 2 3 0.5144 0.1564 0.0903 

Difference 3 -0.3639 0.1543 0.0891

95% Cl for mean difference: (-0.7473, 0.0194)

T-Test of mean difference = 0 (vs not = 0): T-Value = -4.08 P-Value = 0.055

Paired T-Test and 95% Cl: DCR2 PC3 - DCR2 PC3 Treated 

(5aza2*deoxycvtidine)

N Mean StDev SE Mean 

DCR2 PC3 3 3 0.000049 0.000012 0.000007 

DCR2PC3T 3 3 0.026313 0.000849 0.000490 

Difference 3 -0.026264 0.000850 0.000491

95% Cl for mean difference: (-0.028377, -0.024152)

T-Test of mean difference = 0 (vs not = 0): T-Value = -53.49 P-Value = 0.000

Paired T-Test and 95% Cl: TM Sl PC3 - TMSl PC3

Treated (5aza2*deoxycvtidine)

N Mean StDev SE Mean 

TMSl PC3 4 3 0.01913 0.00070 0.00040 

TMSl PC3T_4 3 0.05466 0.00331 0.00191 

Difference 3 -0.03553 0.00266 0.00154

95% Cl for mean difference: (-0.04214, -0.02893)

T-Test of mean difference = 0 (vs not = 0): T-Value = -23.14 P-Value = 0.002

The results of the paired T test showed that in case of all genes (P<0.05), 

except for DCRl (P=0.055), the null hypothesis (no difference in gene 

expression between PC3 cell and PC3 treated cells) could be rejected. 

Therefore, in all genes, with the exception of DCRl, treated with a methylation
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inhibitor significantly upregulated gene expression, suggesting that methylation 

plays a key role in decreasing the expression of these genes in PC3 cells.

A5.2 Unpaired T- Test

A5.2.1 Age of tumour sample versus BPH sample

An Anderson-Darling normal probability plot illustrated that the age of prostate 

cancer patients and BPH patients was normally distributed (Figure A5.1 and 

A5.2). An unpaired two sample T test showed that a difference in the mean age 

of tumour and BPH samples was statistically significant (P < 0.024).

Probability Plot of PCa- Age
Norm al

99

95 ■

90 -

80 ■

70 - 
60 - 
50 - 

V  4 0 -  
30 -

ca;u

2 0 -

1 0 -

40 50 60 65 7045 55 75

Mean 59.4
StDev 6.027
N 50
AD 0.353
P-Va)ue 0.451

PCa- A ge

Figure A5.1

Normal probability plot of age o f tumour samples

238



APPENDIX 5

P ro b ab ility  P lo t o f  BPH-Age
Norm al
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Figure A5.2

Normal probability plot of age of BPH samples

Two-Sample T-Test and Cl: Prostate cancer- Age versus BPH-Age

N Mean StDev SE Mean 

PCa-Age 50 59.40 6.03 0.85

BPH-Age 35 63.63 9.53 1.6

Difference = mu (PCa- Age) - mu (BPH-Age)

Estimate for difference: -4.23 

95% Cl for difference: (-7.88, -0.57)

T-Test of difference = 0 (vs not =): T-Value = -2.32 P-Value = 0.024 DF = 52

A5.2.2 PSA level of tumour sample versus BPH sample

An Anderson-Darling normal probability plot illustrated that the age of prostate 

cancer patients and BPH patients was normally distributed (Figure A5.3 and 

A5.4). An unpaired two sample T test showed that a difference in the mean 

PSA level of tumour and BPH samples was not statistically significant (P < 

0.883).
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P ro b ab ility  P lo t o f  PCa- PSA
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Figure A5.3

Normal probability plot of PSA of tumour samples
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Figure A5.4

Normal probability plot of PSA of BPH samples

Two-Sample T-Test and Cl: BPH-PSA versus Prostate Cancer- PSA

N Mean StDev SE Mean 

BPH-PSA 26 8.09 4.93 0.97

PCa-PSA 45 8.26 3.91 0.58
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Difference = mu (BPH-PSA) - mu (PCa- PSA)

Estimate for difference: -0.17 

95% Cl for difference: (-2.44, 2.11)

T-Test of difference = 0 (vs not =):T-Value = -0.15 P-Value = 0.883 DF = 43 

A5.3 Fisher’s Exact test.

A5.3.1 Difference in methylation frequency between tissue groups

Differences in methylation frequencies between normal, BPH, HGPIN and 

prostate cancer were calculated using Fisher’s Exact Test. This Test is good 

when expected cell counts are low.

BNIP3: Prostate cancer versus Normal

Test and Cl for Two Proportions

Sample X N Sample p

1 8 50 0.160000

2 0 43 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.16

95% Cl for difference: (0.0583839, 0.261616)

Test for difference = 0 (vs not = 0): Z = 3.09 P-Value = 0.002

Fisher's exact test: P-Value = 0.007

BNIP3: Prostate cancer versus HGPIN

Test and Cl for Two Proportions

Sample X N Sample p

1 8 50 0.160000

2 0 17 0.000000
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Difference = p (1) - p (2)

Estimate for difference: 0.16

95% Cl for difference: (0.0583839, 0.261616)

Test for difference = 0 (vs not = 0): Z = 3.09 P-Value = 0.002

Fisher's exact test: P-Value = 0.103

BNIP3: Prostate cancer versus BPH

Test and Cl for Two Proportions

Sample X N Sample p

1 8 50 0.160000

2 0 35 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.16

95% Cl for difference: (0.0583839, 0.261616)

Test for difference = 0 (vs not = 0): Z = 3.09 P-Value = 0.002

Fisher's exact test: P-Value = 0.019

CDKN2A: Prostate cancer versus Normal

Test and Cl for Two Proportions

Sample X N Sample p

1 8 29 0.275862

2 0 28 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.275862
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95% CJ for difference: (0.113193, 0.438531)

Test for difference = 0 (vs not = 0): Z = 3.32 P-Value = 0.001

Fisher's exact test: P-Value = 0.004

CDKN2A: Prostate cancer versus HGPIN 

Test and Cl for Two Proportions

Sample X N Sample p

1 8 29 0.275862

2 1 13 0.076923

Difference = p (1) - p (2)

Estimate for difference: 0.198939

95% Cl for difference: (-0.0188759, 0.416754)

Test for difference = 0 (vs not = 0): Z = 1.79 P-Value = 0.073

Fisher's exact test: P-Value = 0.232

CDKN2A: Prostate cancer versus BPH

Test and Cl for Two Proportions

Sample X N Sample p

1 8 29 0.275862

2 2 16 0.125000

Difference = p (1) - p (2)

Estimate for difference: 0.150862

95% Cl for difference: (-0.0787491, 0.380473)

Test for difference = 0 (vs not = 0): Z = 1.29 P-Value = 0.198
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Fisher's exact test: P-Value = 0.292 

DCRl: Prostate cancer versus Normal 

Test and Cl for Two Proportions

Sample X N Sample p

1 11 29 0.379310

2 0 28 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.379310

95% Cl for difference: (0.202713, 0.555907)

Test for difference = 0 (vs not = 0): Z = 4.21 P-Value = 0.000

Fisher's exact test: P-Value = 0.000

DCRl: Prostate cancer versus HGPIN 

Test and Cl for Two Proportions

Sample X N Sample p

1 11 29 0.379310

2 0 13 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.379310

95% Cl for difference: (0.202713, 0.555907)

Test for difference = 0 (vs not = 0): Z = 4.21 P-Value = 0.000

Fisher's exact test: P-Value = 0.009
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DCRl: Prostate cancer versus BPH 

Test and Cl for Two Proportions

Sample X N Sample p

1 11 29 0.379310

2 0 16 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.379310

95% Cl for difference: (0.202713, 0.555907)

Test for difference = 0 (vs not = 0): Z = 4.21 P-Value = 0.000

Fisher's exact test: P-Value = 0.004

DCR2: Prostate cancer versus Normal 

Test and Cl for Two Proportions

Sample X N Sample p

1 19 50 0.420000

2 0 43 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.42

95% Cl for difference: (0.283195, 0.556805)

Test for difference = 0 (vs not = 0): Z = 6.02 P-Value = 0.000

Fisher's exact test: P-Value = 0.000
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DCR2: Prostate cancer versus HGPIN 

Test and Cl for Two Proportions

Sample X N Sample p

1 19 50 0.420000

2 0 17 0.000000

Difference = p (1) - p (2)

Estimate for difference; 0.42

95% Cl for difference: (0.283195, 0.556805)

Test for difference = 0 (vs not = 0): Z = 6.02 P - Value = 0.000

Fisher's exact test: P-Value = 0.001

DCR2: Prostate cancer versus BPH

Test and Cl for Two Proportions

Sample X N Sample p

1 19 50 0.420000

2 2 35 0.057143

Difference = p (1) - p (2)

Estimate for difference: 0.362857

95% Cl for difference: (0.205921, 0.519793)

Test for difference = 0 (vs not = 0): Z = 4.53 P-Value = 0.000

Fisher's exact test: P-Value = 0.000
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TM Sl: Prostate cancer versus Normal 

Test and Cl for Two Proportions

Sample X N Sample p

1 22 50 0.440000

2 0 43 0.000000

Difference = p (1) - p (2)

Estimate for difference: 0.44

95% Cl for difference: (0.302411, 0.577589)

Test for difference = 0 (vs not = 0): Z = 6.27 P-Value = 0.000

Fisher's exact test: P-Value = 0.000

TMSl; Prostate cancer versus HGPIN

Test and Cl for Two Proportions

Sample X N Sample p

1 22 50 0.440000

2 2 17 0.117647

Difference = p (1) - p (2)

Estimate for difference: 0.322353

95% Cl for difference: (0.116470, 0.528235)

Test for difference = 0 (vs not = 0): Z = 3.07 P-Value = 0.002

Fisher's exact test: P-Value = 0.020
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TMSl: Prostate cancer versus BPH 

Test and Cl for Two Proportions

Sample X N Sample p

1 22 50 0.440000

2 2 35 0.057143

Difference = p (1) - p (2)

Estimate for difference: 0.382857

95% Cl for difference: (0.225237, 0.540477)

Test for difference = 0 (vs not = 0): Z = 4.76 P-Value = 0.000

Fisher's exact test: P-Value = 0.000

The results o f the Fisher exact test showed that in case of all genes (P<0.05), 

the null hypothesis (no difference between methylation frequencies of prostate 

cancer and normal tissue) could be rejected.

A5.3.2 Correlation with Clinicopathological features

BNIP3 Gleason score < 6 Versus Gleason score > 7

Test and Cl for Two Proportions

Sample X N Sample p

1 3 15 0.200000

2 5 35 0.142857

Difference = p (1) - p (2)

Estimate for difference: 0.0571429
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95% Cl for difference: (-0.176128, 0.290413)

Test for difference = 0 (vs not = 0): Z = 0.48 P-Value = 0.631

Fisher's exact test: P-Value = 0.683

BNIP3 PSA

<8ng/ml Versus >8ng/ml 

Test and Cl for Two Proportions

Sample X N Sample p

1 3 4 0.750000

2 20 24 0.833333

Difference = p (1) - p (2)

Estimate for difference: -0.0833333

95% Cl for difference: (-0.533110, 0.366443)

Test for difference = 0 (vs not = 0): Z =-0.36 P-Value = 0.717

Fisher's exact test: P-Value = 1.000

BNIP3 TNM staging pT2 V pT3 

Test and Cl for Two Proportions

Sample X N Sample p

1 5 33 0.151515

2 2 12 0.166667

Difference = p (1) - p (2)

Estimate for difference: -0.0151515
2^
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95% Cl for difference: (-0.258927, 0.228624)

Test for difference = 0 (vs not = 0): Z = -0.12 P-Value = 0.903

Fisher's exact test: P-Value = 1.000

CDKN2A Gleason score < 6 Versus Gleason score > 7

Test and Cl for Two Proportions

Sample X N Sample p

1 1 7 0.142857

2 7 22 0.318182

Difference = p (1) - p (2)

Estimate for difference: -0.175325

95% Cl for difference: (-0.499482, 0.148833)

Test for difference = 0 (vs not = 0): Z = -1.06 P-Value = 0.289

Fisher's exact test: P-Value = 0.635

CDKN2A PSA 

<8ng/ml Versus >8ng/ml

Test and Cl for Two Proportions

Sample X N Sample p

1 3 13 0.230769

2 3 11 0.272727

Difference = p (1) - p (2)

Estimate for difference: -0.0419580

95% Cl for difference: (-0.390846, 0.306930)
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Test for difference = 0 (vs not = 0): Z = -0.24 P-Value = 0.814 

Fisher's exact test: P-Value = 1.000 

CDKN2A TNM staging pT2 V pT3 

Test and Cl for Two Proportions

Sample X N Sample p

1 7 22 0.318182

2 1 6 0.166667

Difference = p (1) - p (2)

Estimate for difference: 0.151515

95% Cl for difference: (-0.204579, 0.507610)

Test for difference = 0 (vs not = 0): Z = 0.83 P-Value = 0.404

Fisher's exact test: P-Value = 0.640

DCRl Gleason score < 6 Versus Gleason score > 7

Test and Cl for Two Proportions

Sample X N Sample p

1 2 7 0.285714

2 9 22 0.409091

Difference = p (1) - p (2)

Estimate for difference: -0.123377

95% Cl for difference: (-0.516067, 0.269314)

Test for difference = 0 (vs not = 0): Z = -0.62 P-Value = 0.538
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Fisher's exact test: P-Value = 0.677 

DCRlPSA

<8ng/ml Versus >8ng/ml 

Test and Cl for Two Proportions

Sample X N Sample p

1 5 13 0.384615

2 2 11 0.181818

Difference = p (1) - p (2)

Estimate for difference: 0.202797

95% Cl for difference: (-0.146331, 0.551926)

Test for difference = 0 (vs not = 0): Z = 1.14 P-Value = 0.255

Fisher's exact test: P-Value = 0.386

DCRl TNM staging pT2 V pT3

Test and Cl for Two Proportions

Sample X N Sample p

1 10 22 0.454545

2 1 6 0.166667

Difference = p (1) - p (2)

Estimate for difference: 0.287879

95% Cl for difference: (-0.0757348, 0.651492)

Test for difference = 0 (vs not = 0): Z=1 . 55  P-Value = 0.121

Fisher's exact test: P-Value = 0.355
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DCR2 Gleason score < 6 Versus Gleason score > 7 

Test and Cl for Two Proportions

Sample X N Sample p

1 4 15 0.266667

2 15 35 0.428571

Difference = p (1) - p (2)

Estimate for difference; -0.161905

95% Cl for difference: (-0.439322, 0.115512)

Test for difference = 0 (vs not = 0): Z = -1.14 P-Value = 0.253

Fisher's exact test: P-Value = 0.351

DCR2 PSA

<8ng/ml Versus >8ng/ml 

Test and Cl for Two Proportions

Sample X N Sample p

1 5 20 0.250000

2 10 24 0.416667

Difference = p (1) - p (2)

Estimate for difference: -0.166667

95% Cl for difference: (-0.440377, 0.107044)

Test for difference = 0 (vs not = 0): Z = -1.19 P-Value = 0.233

Fisher's exact test: P-Value = 0.342
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DCR2 TNM staging pT2 V pT3 

Test and Cl for Two Proportions

Sample X N Sample p

1 12 33 0.363636

2 4 12 0.333333

Difference = p (1) - p (2)

Estimate for difference; 0.0303030

95% Cl for difference; (-0.282867, 0.343473)

Test for difference = 0 (vs not = 0); Z = 0.19 P-Value = 0.850

Fisher's exact test; P-Value = 1.000

TMSl Gleason score < 6 Versus Gleason score > 7

Test and Cl for Two Proportions

Sample X N Sample p

1 4 15 0.266667

2 17 35 0.485714 

Difference = p (1) - p (2)

Estimate for difference; -0.219048

95% Cl for difference; (-0.497432, 0.0593367)

Test for difference = 0 (vs not = 0); Z = -1.54 P-Value = 0.123

Fisher's exact test; P-Value = 0.215
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TMSl PSA

<8ng/ml Versus >8ng/ml 

Test and Cl for Two Proportions

Sample X N Sample p

1 3 20 0.150000

2 13 24 0.541667

Difference = p (1) - p (2)

Estimate for difference: -0.391667

95% Cl for difference: (-0.645096, -0.138237)

Test for difference = 0 (vs not = 0): Z = -3.03 P-Value = 0.002

Fisher's exact test: P-Value = 0.011

TNM staging pT2 V pT3

Test and Cl for Two Proportions

Sample X N Sample p

1 16 35 0.457143

2 4 11 0.363636

Difference = p (1) - p (2)

Estimate for difference; 0.0935065

95% Cl for difference: (-0.235202, 0.422215)

Test for difference = 0 (vs not = 0): Z==0.56 P-Value = 0.577

Fisher's exact test: P-Value = 0.732
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Analysis of 5-gene panel

Gleason score < 6 Versus Gleason score > 7

Test and Cl for Two Proportions

Sample X N Sample p

1 3 7 0.428571

2 17 22 0.772727

Difference = p (1) - p (2)

Estimate for difference: -0.344156

95% Cl for difference: (-0.750432, 0.0621204)

Test for difference = 0 (vs not = 0); Z = -1.66 P-Value = 0.097

Fisher's exact test; P-Value = 0.158

PSA

<8ng/ml Versus >8ng/ml 

Test and Cl for Two Proportions

Sample X N Sample p

1 7 14 0.500000

2 6 11 0.545455

Difference = p (1) - p (2)

Estimate for difference: -0.0454545

95% Cl for difference: (-0.439386, 0.348477)

Test for difference = 0 (vs not = 0): Z =-0.23 P-Value = 0.821

Fisher's exact test: P-Value = 1.000
256



A P P E N D I X  5

TNM staging pT2 V pT3 

Test and Cl for Two Proportions

Sample X N Sample p

1 16 21 0.761905

2 2 4 0.500000

Difference = p (1) - p (2)

Estimate for difference; 0.261905

95% Cl for difference: (-0.260852, 0.784662)

Test for difference = 0 (vs not = 0): Z = 0.98 P-Value = 0.326

Fisher's exact test: P-Value = 0.548

A5.4 Krustal-Wallis test and one-way ANOVA Tukey pairwise.

A5.4.1 Difference in methylation levels (RMS) between tissue groups

The Krustal-Wallis test offers a nonparametric alternative to the one-way 

analysis o f variance and was utilised in the current study to compare the 

methylation scores (RMS) of each gene between different tissue groups.

BNIP3: Kruskal-Wallis Test:

Kruskal-Wallis Test on Response

Treatment N Median Ave Rank Z 

BPH 35 0.000000000 69.5 -0.72

HGPIN 18 0.000000000 69.5 -0.48

Normal 43 0.000000000 69.5 -0.82

Tumour 51 0.000000000 82.5 1.76

Overall 147 74.0

H = 3.09 DF = 3 P = 0.378 

H = 17.90 DP = 3 P = 0.000 (adjusted for ties)
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One-way ANOVA: Tumour, HGPIN, BPH, Normal

Source DF SS MS F P 

Factor 3 287.8 95.9 3.30 0.022 

Error 143 4154.1 29.0 

Total 146 4442.0

S = 5.390 R-Sq = 6.48% R-Sq(adj) = 4.52%

Individual 95% CIs For Mean Based on 

Pooled StDev

Level N Mean StDev —+---------+---------+--------- +-----

Tumour 51 2.940 9.115 (-------*------ )

HGPIN 18 0.000 0.000 (------------ *------------ )

BPH 35 0.000 0.000 (--------*-------- )

Normal 43 0.000 0.000 (......... *------- )
. . .+  +  +  + -------

-2.0 0.0 2.0 4.0

Pooled StDev = 5.390

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons

Individual confidence level = 98.98%

Tumour subtracted fi'om:

Lower Center Upper —+............+---------+---------- +-----

HGPIN -6.785 -2.940 0.905 (------------ *------------ )

BPH -6.018 -2.940 0.139 (---------*----------)
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Normal -5.843 -2.940 -0.036 (-------- *----------)

-6.0 -3.0 0.0 3.0

HGPIN subtracted from:

Lower Center Upper —+--------- +--------- +---------+-

BPH -4.068 0.000 4.068 (.................. *...................)

Normal -3.937 0.000 3.937 (-------------*------------- )

— + -------------+ ------------4 .............. .+ ------

-6.0 -3.0 0.0 3.0

BPH subtracted from:

Lower Center Upper —+.......— +--------- +---------+ -

Normal -3.193 0.000 3.193 (---------- *-----------)

— +------------+---------- + ..............+ -----

CDKN2A: Kruskal-Wallis Test;

Treatment N Median Ave Rank Z 

BPH 22 0.000000000 36.9 -0.41

HGPIN 6 0.000000000 39.8 0.15

Normal 19 0.000000000 33.0 -1.25

Tumour 29 0.000000000 43.1 1.42

Overall 76 38.5

H = 2.56 DF = 3 P = 0.464 

H = 6.84 DF = 3 P = 0.077 (adjusted for ties)
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One-way ANOVA: Tumour, HGPIN, BPH, Normal

Source DF SS MS F P 

Factor 3 8.38990E+12 2.79663E+12 1.17 0.325 

Error 72 1.71437E+14 2.38107E+12 

Total 75 1.79827E+14

S = 1543072 R-Sq = 4.67% R-Sq(adj) = 0.69%

Individual 95% CIs For Mean Based on 

Pooled StDev

Level N Mean StDev -------- +--------- +--------- +--------- +-

Tumour 29 144 740 (------- *------- )

HGPIN 6 1539 3770 (------------------*.........................)

BPH 22 732864 2857213 (-------- *----------)

Normal 19 0 0 (--------- *--------- )

-700000 0 700000 1400000

Pooled StDev = 1543072

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons

Individual confidence level = 98.96%

Tumour subtracted from:

Lower Center Upper -------+--------- +--------- +----------+■

HGPIN -1819033 1395 1821823 (------------*------------)

BPH -414875 732721 1880316 (------- *------- )
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Normal -1198149 -144 1197862 (------- *------- )

-1500000 0 1500000 3000000

HGPIN subtracted from:

Lower Center Upper -------+--------- +.............+--------- +—

BPH -1138092 731325 2600742 (-------------*----------- )

Normal -1902318 -1539 1899240 (.................*-................)

-1500000 0 1500000 3000000

BPH subtracted from:

Lower Center Upper ------- +—..........+.............+.......— +—

Normal -2004076 -732864 538347 (------- *............)

 +  +  + +._

-1500000 0 1500000 3000000

DCRl: Kruskal-Wallis Test:

Kruskal-Wallis Test on Response

Treatment N Median Ave Rank Z 

BPH 22 0.000000000 33.0 -1.39

HGPIN 6 0.000000000 33.0 -0.64

Normal 19 0.000000000 33.0 -1.25

Tumour 29 0.000000000 47.4 2.76

Overall 76 38.5

H = 7.64 DF = 3 P = 0.054
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H = 20.41 DF = 3 P = 0.000 (adjusted for ties)

One-way ANOVA; Tumour, HGPIN, BPH, Normal

Source DF SS MS F P 

Factor 3 9987 3329 4.68 0.005 

Error 72 51164 711 

Total 75 61151

S = 26.66 R -Sq= 16.33% R-Sq(adj) = 12.85%

Individual 95% CIs For Mean Based on 

Pooled StDev

Level N Mean StDev — +---------+----------+--------- +-

Tumour 29 23.60 42.75 (------*-— )

HGPIN 6 0.00 0.00 (--------------*-------------- )

BPH 22 0.00 0.00 (-------*------- )

Normal 19 0.00 0.00 (------- *------- )

. . . .+  +  +  +-----

-15 0 15 30

Pooled StDev = 26.66

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons

Individual confidence level = 98.96%

Tumour subtracted from:

Lower Center Upper —+--------- +--------- +----------+•

HGPIN -55.05 -23.60 7.85 (-------------*------------)
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BPH -43.42 -23.60 -3.77 (------- *------ )

Normal -44.29 -23.60 -2.90 (........... *------- )

. .+  +  + +

-50 -25 0 25

HGPIN subtracted from:

Lower Center Upper --+--------- +--------- +--------- +-

BPH -32.29 0.00 32.29 (-------------*-------------)

Normal -32.84 0.00 32.84 (-------------*-------------)

. .+  + . .  +  + --------

-50 -25 0 25

BPH subtracted from:

Lower Center Upper —+--------- +--------- +.............+■

Normal -21.96 0.00 21.96 (-------- *---------)

-50 -25 0 25

DCR2: Kruskal-Wallis Test;

Treatment N Median Ave Rank Z 

BPH 35 0.000000000 67.1 -1.03

HGPIN 17 0.000000000 63.0 -1.09

Normal 43 0.000000000 63.0 -1.94

Tumour 51 0.000000000 90.3 3.51

Overall 146 73.5

H = 12.51 DF = 3 P = 0.006 

H = 33.59 DF = 3 P = 0.000 (adjusted for ties)

263



A P P E N D I X  5

One-way ANOVA: Tumour, HGPIN, BPH, Normal

Source DF SS MS F P 

Factor 3 19231 6410 8.44 0.000 

Error 142 107806 759 

Total 145 127036

S = 27.55 R-Sq= 15.14% R-Sq(adj) = 13.35%

Individual 95% CIs For Mean Based on 

Pooled StDev

Level N Mean StDev -+---------+---------+--------- +--------

Tumour 51 24.93 45.61 (------ *-— )

HGPIN 17 0.00 0.00 (----------*---------- )

BPH 35 2.56 10.56 (-------*......... )

Normal 43 0.00 0.00 (------*------ )

-12 0 12 24

Pooled StDev = 27.55

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons

Individual confidence level = 98.98%

Tumour subtracted from:

Lower Center Upper —+--------+---------- +--------- +-----

HGPIN -45.01 -24.93 -4.85 (-------- *----------- )

BPH -38.10 -22.36 -6.63 (-----*-------- )
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Normal -39.77 -24.93 -10.08 (------- *------ )

. . .+  +  +  -+.

-40 -20 0 20

HGPESI subtracted from:

Lower Center Upper —+.............+............ +----------+•

BPH -18.63 2.56 23.76 (----------*------------)

Normal -20.54 0.00 20.54 (-........... *.............. )

—4 ---------------------------4 - ...............................4 ......................................4 - .................

-40 -20 0 20

BPH subtracted from:

Lower Center Upper —+--------- 4............ +----------+■

Normal -18.88 -2.56 13.76 (------- *------- )

-40 -20 0 20

TM Sl: Kruskal-Wallis Test:

Treatment N Median Ave Rank Z 

BPH 77 0.000000000 83.2 -2.38

HGPIN 17 0.000000000 93.5 -0.08

Normal 43 0.000000000 82.0 -1.72

Tumour 51 0.000000000 122.5 4.30

Overall 188 94.5

H = 19.09 DF = 3 P = 0.000

H = 54.81 DF = 3 P = 0.000 (adjusted for ties)
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One-way ANOVA: Tumour 1, HGPIN, BPH, Normal

Source DF SS MS F P 

Factor 3 140196 46732 11.57 0.000 

Error 212 856349 4039 

Total 215 996545

S = 63.56 R -Sq= 14.07% R-Sq(adj) = 12.85%

Individual 95% CIs For Mean Based on 

Pooled StDev

Level N Mean StDev --------+--------- +--------- +--------- +-

Tumour 1 51 60.82 122.46 (------ *------ )

HGPIN 17 23.14 81.20 (----------- *------------)

BPH 105 0.30 3.07 (— *— )

Normal 43 0.00 0.00 (------- *..........)

0 25 50 75

Pooled StDev = 63.56

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons

Individual confidence level = 98.97%

Tumour 1 subtracted from:

Lower Center Upper --------- +--------- +--------- +----------+

HGPIN -83.75 -37.68 8.38 (-------- *----------)
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BPH -88.60 -60.52 -32.45 (......*-— )

Normal -94.88 -60.82 -26.77 (------*------ )

 +  +  +  +

-50 0 50 100

HGPIN subtracted from:

Lower Center Upper -------- +--------- +-----------+--------- +

BPH -65.84 -22.84 20.16 (------- *-------- )

Normal -70.26 -23.14 23.99 (-------- *----------)

---------- ■+■------------------4“------------------- + ---------------------- +

-50 0 50 100

BPH subtracted from;

Lower Center Upper -------- +............ +-----------+--------- +

Normal -30.08 -0.30 29.48 — )

 + ............. + - ........... + .................+

-50 0 50 100

For all genes except CDKN2A, the null hypothesis that the medians are the 

same for each group is rejected (p<0.05). Tukey’s pairwise comparison 

identified the tumour group to be significantly different (confidence interval 

does not contain zero) from both normal and BPH groups in all genes, except 

CDKN2A.
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APPENDIX 6: PATIENT CLINICOPATHOLOGICAL FEATURES

Table A6.1 Characteristics of AMNCHprostate cancer stndrpopulatioii
Laborator)'

number
Age

(years)
PSA

(ng/ml) score
Gleason

sum T
Classification

N M
AMO 1023 69 2 .2 3+3 6 2 b X X

AMO 1028 61 4.3 3+3 6 2 b 0 X

AM02004 63 5 3+3 6 3a 0 X

AM02007 56 7.8 3+3 6 2 b 0 NA
AM02012 60 10.1 3+4 7 2 b ■ NA NA
AM02018 66 5 3+3 6 3a 0 NA
AM02026 54 12 3+4 7 2 b 0 NA
AM02031 67 5.2 3+4 7 3b NA NA
AM02036 62 10 3+3 6 2c X -- + X

AM02037 50 6.2 3+3 6 2 b NA NA

AM02039 49 2 .2 3+4 7 2 b NA NA
AM02040 65 10 3+4 7 3a NA NA
AM02045 54 10 3+3 6 2b 0 NA
AM02047 58 8.2 3+4 7 2b NA NA
AM03014 55 11.2 3+4 7 2c 0 NA
AM03029 49 2.2 3+4 , 1 2b NA NA
AM99038 54 2.3 3+3 6 2b NA NA
Mean 58.35 6.70 6.470588235

Median 58.00 6.20 6

Range 49-69 2.2-12 6-7 2b-3b

Information collated fi-om pathology reports. NA indicates information not

available because sample was obtained from TURP.* HGPIN sample with no tumour
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Table A6.2 Characteristics of IM M  prostate cancer study popalation
Laborator)-

number
Age

(years)
PSA

Jng^
Gleason 

score sum

Gassification

N M
IMMOOOl 54 3.1 3^4 7 2c NA NA
IMM0002 69 83 3 + 4 7 NA NA NA
EMM0005 44 5.7 3 + 4 7 2a NA NA
EVIM0007 67 4.5 3 + 2 5 2c NA NA
IMM0008 69 9.9 3 + 2 , 5 2c __ NA NA-f--
IMM0009 60 10 3 + 3 3a n a __ NA
IMVtOOll 53 21 4 + 3 7 2 NA NA
IMM0013 58 10.3 3 M 7 NA NA N y ^
milVtt014 63 8.25 3 + 3 3a NA NA
IMM0017 62 6 3 + 4 7 2c NA NA
IMVfOOlS 61 13.6 3 + 3 3a NA NA
IMM0019 61 13 3 + 4 7 3a NA NA
IVIM0020 58 5.3 4 + 3 7 2c NA NA
IMM0022 63 5.03 3 + 4 7 NA NA NA
IMM0025 65 10.1 5 + 3 3b NA NA
IMM0032 58 9 3 + 4 7 2c NA NA
BVIM0036 46 10 4 + 3 7 Ic NA NA
IMM0037 66 11.4 3 + 4 7 3b NA NA

IM!VH)038 59 NA 4 + 3 7 2c NA NA

IMM00S2 56 6.7 3 + 4 7 2c NA NA

IMM0056 56 7.5 3 + 4 7 2c NA NA

IMM0058 58 5.33 3 + 4 7 2c NA NA
IMM0068 66 14 3 + 4 7 2c NA NA

IMM0070 56 NA 3 + 4 3a NA NA

mmKI072 62 6.6 3 + 4 2a NA NA

IMM0075 64 10 3+4 7 2a NA NA

IMM0076 54 17 4+3 7 3b NA NA

IMM0078 61 8 3+4 7 2c NA NA

HMM0082 56 NA 3+4 7 2c NA NA

IMM0083 61 NA 3+4 7 2c NA NA

IMM0084 59 8.6 3+4 7 2c NA NA

IMM0085 68 NA 3+4 7 2c NA NA

IMM0086 65 9.4 3+4 7 2c NA NA

Mean 59.94 9.20 6.82

Median 61.00 8.80 7.00

Range 44-69 3.1-17 6-8 lc-3b

Information collated from pathology reports. NA indicates information not 
available. IMM= Institute o f Molecular medicine
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Table A 63 . HGPIN study population
Laboratory Age PSA

number (years) (ng/ml)
AM00032P* 70 10.4
AMOlOlO* 62 0.7
AM01022P* 68 10
AM02001 58 11.6
AM02006* 63 NA
AM02027P* NA NA
AM02042 69 7
AM03009* 63 7.4
AM03013* 56 5
AM03016* 60 5.2

IMM0013 58 10.3
IMM0014 63 8.25
IMM002 69 8.3
IMM0037 66 11.4
IMM0056 56 7.5
IMM0068 66 14
IMM0075 64 10
Mean 63.1875 8.47
Median 63 8.25

Range 56-70 0 .7-14

Information collated from pathology reports.
NA indicates information notavailable.
*No corresponding tumour specimen was available forthese patients.
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Table A 6.4. Normal s tu d y  popu la tion
Laboratory

number
Age  

(years)
P SA

(ng/m l)
A M 00027* 74 NA
AMOIOIO* 62 0.7
AMO 1023 69 2.2
AMO 1028 61 4.3
A M 02004 63 5
A M 02007 56 7.8
A M 02012 60 10.1
A M 0202S* 56 10.9
A M 02026 54 12
A M 02030* 44 5.3
A M 02036 62 10
A M 02037 50 6.2
A M 02045 54 10
A M 03009* 63 7.4

A M 03014 55 11.2

A M 03029 49 2.2
A M 03085* 60 16

A M 99038 54 2.3
IMMOOl 54 3.1
IMMOOl 1 53 21
IMMOOl 3 58 10.3
IMMOOl 7 62 6
IMMOOl 8 61 13.6
IMMOOl 9 61 13
IMM0022 63 5.03
IM M 0037 66 11.4
1MM0038 59 NA
IMM005 44 5.7
1MM0052 56 6.7
1MM00S6 56 7.5
IM M 0058 58 5.33
IM M 0070 56 NA
IMM007S 64 10
IM M 0076 54 17
IM M 0078 61 8
1MM0082 56 NA
IM M 0083 61 NA
1MM0084 59 8.6
IMM008S 68 NA
IM M 0086 65 9.4
IMM009 60 _ 10
IMM020 58 ■ 5.3
IMM072 62 6.6
Mean
Median
Range

59
59

44-74

9.178
8.3

0.7-13.6
Inform ation collated from pa th o lo g y  reports.
NA indicates information notavailable.
*No co rrespond ing  tu inour specim en was available for th e se  pa tien ts .
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Table A6.5. BPH study population
Laboratory Age PSA

number (years) (ng/ml)
AM00054 74 0.7
AM00066 80 NA
AMO 1065 ' _  77 NA
AMO 1072 59 NA
AM02058 72 NA
AM02059 87 NA
AM02075 65 4.5
AM02081 66 6
AM03052 65 1.3
AM03082 84 1 NA
AM03086 76 0.8
IMMOOl 54 3.1
IMMOOll 53 21
IMMOOl 3 58 10.3
IMM0014 63 8.25
IMM0018 61 13.6
IMMOOl 9 61 13
IMM0020 58 5.3
IMM0022 63 5.03
IMM0025 65 10.1 _
IMM0036 46 10
IMM0037 66 11.4
IMM0038 59 NA
IMM005 44 5.7
IMM0052 56 6.7
IMM0056 56 7.5
IMM0058 58 5.33
IMM0068 66 14
IMM007 67 _ 4.5
IMM0072 62 6.6
IMM0075 64 10
IMM0076 54 17
IMM0083 61 NA
IMM0084 59 8.6
IMM0085 68 NA
Mean 62.81818182 8.3844
Median '' 62 7.5
Range 44-87 0.7-21
Information collated from pathology reports.
NA indicates information notavailable.
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APPENDIX 7: RELATIVE METHYLATION SCORES OF PATIENT 

SAMPLES
Table 7.1: S i W H i r t l i H * ! ! ? o f re s u l t s ,  for  WH$tate tissue.sMiiiAes .

Gene T issue  sam ple Mean C t =fc SE Mean quantity ± SE RMS

ACTB IMMOOIT 34.24 ± 0.24 0.77 ± 0.14 NA
IMM002T 35.61 ± 0.27 0.26 ± 0.05 NA
IMM005T 34.75 ± 0.2 0.51 ± 0.08 NA
IMM007T 34.59 ± 0.09 0.58 ± 0.04 NA
IMM008T 34.8 ± 0.31 0.5 ± 0.13 NA
1MM009T 36.01 ± 0.35 0.19 ± 0.06 NA
IMM020T 33.09 ± 0.06 1.88 ± 0.08 NA
IMM036T 32.78 ± 0.03 2.4 ± 0.06 NA
IMM0037T 35.61 ± 0.44 0.27 ± 0.08 NA
IMM0038T 32.5 ±0.1 2.99 ± 0.24 NA
IMM0052T 36 ± 0.31 0.19 ± 0.04 NA
IMM0056T 32.05 ± 0.09 4.25 ± 0.29 NA
IMM0058T 35.03 ± 0.1 0.41 ± 0.03 NA
IMM0068T 33.19 ± 0.34 1.78 ± 0.47 NA
IMM0070T 34.51 ± 0.32 0.63 ±0.15 NA
IMM072T 31.52 ± 0.03 6.43 ± 0.15 NA
1MM0075T 33.56 ± 0.31 1.33 ±0.35 NA
1MM0076T 35.65 ± 0.2 0.25 ± 0.04 NA
IMM0078T 32.82 ± 0.1 2.32 ± 0.19 NA
1MM0082T 31.36 ± 0.24 7.38 ± 1.48 NA
1MM0083T 32.89 ± 0.08 2.19± 0.15 NA
TMM0084T 30.24 ± 0.07 17.61 ± 1.02 NA
IMM0085T 32.46 ± 0.08 3.07 ± 0.2 NA
IMM0086T 32.1 ± 0.07 4.08 ± 0.21 NA
AM02007T 38.4 ± 0.3 0.03 ±0.01 NA
AM01023T 33.54 ± 0.09 1.32 ± 0.1 NA
AM02031T 36.38 ± 0.35 0.15 ± 0.04 NA
AM02037T 34.26 ± 0.15 0.75 ± 0.09 NA
AM02039T 35.51 ± 0.31 0.29 ± 0.07 NA
IMMOOl IT 33.67 ± 0.02 0.55 ± 0.01 NA
1MM0013T 33.95 ± 0.06 0.47 ± 0.02 NA
IMM0014T 34.63 ± 0.24 0.31 ± 0.05 NA
IMMOOl 7T 36.19 ± 0.07 0.11 ± 0 NA
IMM0018T 32.95 ± 0.04 0.87 ± 0.02 NA
TMM0019T 36.09 ± 0.28 0.12 ± 0.02 NA
IMM0022T (2) 34.63 ± 0.28 0.31 ± 0.05 NA
IMM0025T 33.41 ± 0.07 0.65 ± 0.03 NA
IMM0031T NA NA NA
IMM0032T 36.9 ± 0.35 0.07 ± 0.02 NA
AM02004T 36.95 ± 0.91 0.08 ± 0.04 ^ NA
AM02012T 35.36 ± 0.23 0.19 ± 0.03 NA
AM03014T 33.19 ± 0.07 0.75 ± 0.03 NA
AM02018T 36.31 ± 0.41 0.11 ± 0.03 NA
AM02026T 37.96 ± 0.59 0.04 ± 0.02 NA
AM01028T 36.67 ± 0.3 0.09 ± 0.02 NA
AM03029T 37.61 ± 0.42 0.05 ±0.01 NA
AM02036T 34.49 ± 0.08 0.33 ± 0.02 NA
A M 99038T 34.43 ± 0.03 0.34 ± 0.01 NA
AM02040T 39.3 ±0.17 0.02 ± 0 NA
AM02045T 34.71 ± 0.21 0.29 ± 0.04 NA
AM02047T 35.71 0.19 0.16 ± 0.02 NA

NA= Not applicable

273



APPENDIX?

TaM e 7.1 Cpntd.;jSs6«ii@ atir o f< g |® P  re s u lte  fo r  BUM tate c a n c c r tissueSTO Btee
Gene T issue  sam ple ; M ean C t  ±  SE M ean q u a n tity  ±  SE R M S

B IK  IM M O O IT I 0 0 0
IM M 0 0 2 T 0 0 0
IM M 0 0 5 T 0 0 , ........0
FMMOOTT 0 0 0
IM M 0 0 8 T 0 0 0
IM M 0 0 9 T 0 0 0
IM M 0 2 0 T 0 0 0
IM M 0 3 6 T i 0 0 0
IM M 0 0 3 7 T 0 0 0
IM M 0 0 3 8 T 0 0 0
IM M 0 0 5 2 T 0 0 0
IM M 0 0 5 6 T 0 0 0
IM M 0 0 5 8 T  i 0 0 0
IM M 0 0 6 8 T 0 0 0
IM M 0 0 7 0 T 0 0 0
IM M 0 7 2 T 0 0 0
IM M 0 0 7 5 T 0 0 0
IM M 0 0 7 6 T 0 0 0
IM M 0 0 7 8 T 0 0 0
IM M 0 0 8 2 T 0 0 0
IM M 0 0 8 3 T 0 0 0
IM M 0 0 8 4 T 0 0 0
1M M 0085T 0 0 0
TM M 0086T 0 0 0
A M 02007T 0 0 0
A M 01023T 0 0 0
A M 02031T 0 0 0
A M 02037T 0 0 0
A M 02039T  1 0 0 0
IM M O O llT 0 0 0
IM M 0 0 1 3 T 0 0 0
IM M 0 0 1 4 T 0 0 0
IM M 0 0 1 7 T 0 1

1 hi o

1

0
IM M 0 0 1 8 T 0 0 0
IM M 0 0 1 9 T 0 0 0
1M M 0 02 2T (2 ) 0t ............... 0 0
IM M 0 0 2 5 T 0 0 0
IM M 0 0 3 1 T N A N A N A
IM M 0 0 3 2 T 0 0 0
A M 02004T 0 0 0
A M 02012T 0 0 0

A M 03014T 0 ^ 0 0
A M 02018T 0 0 0

'A M 020 26 T 0 0 0
A M 01028T 0 0 0
A M 03029T 0 0 0
A M 02036T 0 0 0
A M 99038T 0 0 0
A M 02040T 0 _ 0 - .............. 0
A M 02045T " 0 0 0
A M 02047T 0 0 0

N A =  N o t applicab le ! |
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[Table 7.1 C o n td .:S u n m ra i^ o fQ ? ^ V :re su lts  f o r .
Gene T issue  sam ple Mean C t ± SE Mean quantity  ± SE RMS

B N I P 3  IMMOOIT 0 0 0
IMM002T 41.11 ± 0 .9 0.007 ± 0.004 25.774 =b 0.025
IMM005T 0 0 0
IMM007T 0 0 0
IMM008T __ 0 _ 0 ■: 0
IMM009T 0

I
i 0 0

IMM020T 0 0 0
IMM036T 0 0 0
IMM0037T 0 0 0
IMM0038T 0 0 0
IMM0052T 0 0 0
IMM0056T 44.27 ± 1.22 0.001 ± 0.001 0.175 ± 4.498
IMM0058T 0 0 0
IMM0068T 0 0 0
IMM0070T 0 0 0
IMM072T 39.92 ± 0.43 0.216 ± 0.005 2.317± 0.134
1MM0075T 0 0 0
IMM0076T 0 0 0
IMM0078T 39.19 ± 2.43 0.047 ± 0.056 20.029 ± 0.06
IMM0082T 0 0 0
1MM0083T 39.54 ± 1.37 0.024 ± 0.021 10.99 ± 0.078
1MM0084T 36.25 ± 0.33 0.212 ± 0.05 12.033 ± 0.02
TMM0085T 0 0 0
IMM0086T 0 0 0
AM02007T 0 0 0
AM01023T 47.84 ± 0.28 0 ±  0 0.035 ± 6.026
AM02031T 0 0 0
AM02037T 0 1 0 0
AM02039T 0 0 0
IMMOOl IT 0 0 0
IMM0013T 0 0 0
IMM0014T 0 0 0
IMM0017T 0 0 0
IMMOOl 8T 43.77 ± 6.19 0.042 ± 0.059 48.546 ± 0.029
IMM0019T 0 0 0
IMM0022T (2) 0 : 0 0
IMM0025T 42.26 ± 0.68 0.02 ± 0.007 30.028 ± 0.012
IMM0031T NA NA 

0 +
NA

IMM0032T 0 0
AM02004T 0 0 0
AM02012T 0 0 0
AM03014T 0

1
.......0 .......................,,

0
AM02018T 0 0 0
AM02026T 0 0 0
AM01028T 0 0 0
AM03029T 0 0 0
AM02036T 0 0 0
AM99038T 0 0 0
AM02040T 0 0 0
AM02045T 0 0 0
AM02047T 0 0 0

NA= Not applicable
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Table 7.1 Contd-i Summary of QIVISP results for prostate cancer tissue swmISS ..
Gene Tissue sample Mean Ct ± SE IVIean quantity ± SE RMS

CDKN2A IMMOOIT 0 0 _ _ 0
1MM002T 0 0 0
1MM005T 0 0 0
1MM007T 0 0 0
IMM008T 0 0 0
IMM009T 0 0 0
IMM020T 0 0 0
IMM036T 0 __0 0
IMM0037T 32.21 ± 6.6 NA
IMM0038T 38.97 ± 0.98 NA
IMM0052T 0 0 0
IMM0056T 36.27 ± 2.38 NA
IMM0058T 33.29 ± 3.24 NA
IMM0068T 0 0 0
1MM0070T 0 0 0
IMM072T 37.3 ± 0.5 NA
IMM0075T 0 0 0
IMM0076T 0 0 0
1MM0078T 0 0 0
IMM0082T 44.14± 0.15 NA
1MM0083T 0 0 0
IMM0084T 39.01 ± 0.57 NA
IMM0085T 0 0 0
IMM0086T 40.2 ± 1.62 NA
AM02007T 0 0 0
AM01023T 0 0 0
AM02031T 0 0 0
AM02037T 0 0 0
AM02039T 0 0 0
IMMOOllT NA NA NA
IMM0013T NA NA NA
IMM0014T NA NA NA
IMM0017T NA NA NA
IMM0018T NA NA NA
IMM0019T NA NA NA
IMM0022T (2) NA NA NA
IMM0025T NA NA NA
IMM0031T NA NA NA
IMM0032T NA NA NA
AM02004T NA NA NA
AM02012T NA NA NA
AM03014T NA NA NA
AM02018T NA NA NA
AM02026T NA NA NA
AM01028T NA NA NA
AM03029T NA NA NA
AM02036T NA NA NA
AM99038T NA NA NA
AM02040T NA

- j
NA NA

AM02045T NA NA NA
AM02047T NA NA NA

NA= Not applicable
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;TaMe 7.1 C ontd.Sum m ary o f QMS P resuijji for |y<»tate,ca.ncertissae
Gene_______ Tissue sample Mean Ct ± SE Mean quantity ± SE_______ RMS

IMMOOIT 0 0 0
IMM002T 0 0 0
IMM005T 0 0 0
IMM007T 0 0 0
IMM008T 0 0 0
IMM009T 0 0 0
IMM020T 0 0 0
1MM036T 0 0 0
1MM0037T 0 0 0
IMM0038T 0 0 0
IMM0052T 0 0 0
IMM0056T 0 0 0
IMM0058T 0 0 0
IMM0068T 0 0 0
IMM0070T 0 0 0
IMM072T 0 0 0
IMM0075T 0 0 0
TMM0076T 0 0 0
1MM0078T 0 0 0
IMM0082T 0 0 0
1MM0083T 0 0 0
IMM0084T 0 0 0
1MM0085T 0 0 0
1MM0086T 0 0 0
AM02007T 0 0 0
AM01023T 0 0 0
AM02031T 0 0 0
AM02037T 0 0 0
AM02039T 0 0 0
IMMOOl IT NA NA NA
1MM0013T NA NA NA
IMM0014T NA NA NA
IMMOOl 7T NA NA NA
IMMOOl 8T NA NA NA
IMM0019T NA NA NA
IMM0022T (2) NA NA NA
IMM0025T NA NA NA
IMM0031T NA NA NA
IMM0032T NA NA NA
AM02004T NA NA NA
AM02012T NA NA NA
AM03014T NA NA NA
AM02018T NA NA NA
AM02026T NA NA NA
AM01028T NA NA NA
AM03029T NA NA NA
AM02036T NA NA NA
AM99038T NA NA NA
AM02040T NA NA NA
AM02045T NA NA NA
AM02047T NA NA NA

NA= Not applicable
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Table l . \  Contd.: Sum m ary of QlVtSP results fqr.S(a>tate tissue samples
Gene Tissue sample lV leanCt±SE Mean quantity ± SE RMS

CpG2 cF L IP  IMMOOIT 0 0 0
IMM002T 0 0 0
1MM005T 0 0 0
IMM007T 0 0 0
IMM008T 0 0 0
IMM009T 0 0 0
IMM020T 0 0 0
IMM036T 0 0 ! 0
IMM0037T 0 0 0
IMM0038T 0 0 0
IMM0052T 0

— [. 0 0
IMM0056T 0 0 0
IMM0058T 0 0 0
IMM0068T 0 0 0
1MM0070T 0 0 0
TMM072T 0 0 0
IMM0075T 0 0 0
IMM0076T 0 0 0
IMM0078T 0 0 0
nvlM0082T 0 0 0
IMM0083T 0 0 0
IMM0084T 0 0 0
IMM0085T 0 0 0
IMM0086T 0 0 0
AM02007T 0 0 0
AM01023T 0 0 0
AM02031T 0 0 0
AM02037T 0 0 0
AM02039T 0 0 0
IMMOOl IT NA NA NA
IMM0013T NA NA NA
IMM0014T NA NA NA
IMMOOl 7T NA NA NA
IMMOOl 8T NA ______^ NA NA
IMM0019T NA NA NA
IMM0022T (2) NA NA NA
IMM0025T NA NA NA
1MM0031T NA NA NA
IMM0032T NA NA NA
AM02004T NA NA NA
AM02012T NA NA NA
AM03014T NA N A ______ NA
AM02018T NA NA NA
AM02026T NA NA NA
AM01028T NA NA NA
AM03029T NA NA NA
AM02036T NA NA NA
AM99038T NA NA NA
AM02040T NA NA NA
AM02045T NA \ NA NA
AM02047T NA

\
NA NA

NA= Not applicable
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|i-LU^J ip p ^ » y miLUjji...tL ........................................................................... ................................................................................. ...................................
Table 7.1 _0>ntd.j Summary of QIVBP resu|te for prostate cancer tissue samples 

Gene Tissue sample lVIeanCt=tSE Mean quantity ± SE RMS

IMMOOIT 43.3 ± 6.78 0.1 ± 0.142 131.019±0.011
IMM002T 0 0 0
1MM005T 0 0 0
IMM007T 0 0 0
IMM008T 0 0 0
IMM009T 0 0 0
IMM020T 42.83 ± 5.33 0.07 ± 0.097 36.971 ±  0.038
IMM036T 0 0 0
IMM0037T 0 0 0
1MM0038T 39.22 ± 0.09 0.125 ±0.008 41.627 ±  0.002
IMM0052T 0 0 0
IMM0056T 0 0 0
1MM0058T 0 0 0
IMM0068T 0 0 0
1MM0070T 48.2 ±  1.52 0.0004 ± 0 0.611 ±  1.477
r\'IM 072T 36.66 ±0.41 0.708 ±0.179 110.112 ± 0.002
IMM0075T 0 0 0
IMM0076T 0 0 0
IMM0078T 39.22 ± 0.82 0.137 ± 0.065 58.79 ± 0.008
1MM0082T 0 0 0
IMM0083T 39.52 ±0.81 0.113 ±0.065 51.543 ±0.011
IMM0084T 34.63 ± 0.44 2.784 ± 0.796 158.044 ±0.002
IMM0085T 39.17 ±0.67 0.135 ±0.059 43.95 ±  0.01
TMM0086T 38.77 ± 0.58 0.174 ±  0.066 42.647 ± 0.009
AM02007T 0 0 0
AM01023T 43.55 ± 1.95 0.012 ± 0.015 9.044 ± 0.135
AM02031T 0 0 0
AM02037T 0 0 0
AM02039T 0 0 0
IMMOOl IT NA NA NA
1MM0013T NA NA NA
IMM0014T NA NA NA
IMMOOl 7T NA NA NA
IMMOOl 8T NA NA NA

IMM0019T NA NA NA
IMM0022T (2) NA NA NA
IMM0025T NA NA NA
IMM0031T NA NA NA
IMM0032T NA NA NA
AM02004T NA NA NA

AM02012T NA NA NA
AM03014T NA NA NA
AM02018T NA NA NA
AM02026T NA NA NA

AM01028T NA NA NA
AM03029T NA NA NA

AM02036T NA NA NA
AM99038T NA NA NA

AM02040T NA NA NA
AM02045T NA NA NA

AM02047T NA NA NA

NA= Not applicable
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Table 7.1 ContdL: Suniniary of QMSP results for prostate cancer tissue samples
Gene Tissue sample IVIean Ct ± SE IVIean quantity ± SE RMS

DCR2 IMMOOIT 38.98 ± 1.13 0.102 ± 0.078 132.563 ± 0.006
IMM002T 42.58 ± 2.19 0.01 ± 0.012 37.518 ±0.032
IMM005T 0 0 0
IMM007T 0 0 0
IMM008T 42.69 ± 2.23 0.013 ±0.019 25.75 ±  0.057
IMM009T 0 0 0
IMM020T 0 0 0
IMM036T 41.79 ± 0.8 0.011 ± 0.006 4.624 ±0.125
IMM0037T 0 0 0
IMM0038T 37.01 ± 0.44 0.396 ±0.118 132.271 ±0.002
1MM0052T 0 0 0
IMM0056T 0 0 0
IMM0058T 41.17± 1.66 0.026 ± 0.029 64.372 ±0.017
IMM0068T 38.44 ± 0.43 0.133 ± 0.041 74.84 ± 0.005
IMM0070T 39.9 ± 0.83 0.047 ± 0.028 74.939 ± 0.008
IMM072T 44.16± 1.86 0.003 ± 0.003 0.4 ± 2.696
IMM0075T 0 0 0
IMM0076T 0 0 0
IMM0078T 37.78 ± 0.36 0.218 ± 0.056 94.074 ± 0.003
IMM0082T 0 0 0
IMM0083T 42.67 ± 0.83 0.006 ± 0.003 2.6 ±  0.228
TMM0084T 40.2 ± 0.62 0.036 ± 0.014 2.065 ±0.195
1MM0085T 36.72 ± 0.49 0.5 ± 0.17 162.979 ± 0.002
IMM0086T 36.44 ± 0.44 0.613 ±0.184 149.984 ±0.002
AM02007T 0 0 0
AM01023T 0 0 0
AM02031T 44.41 ± 1.58 0.002 ± 0.002 13.135 ± 0.077
AM  02037T 0 0 0
AM02039T 0 0 0
IMMOOl IT 39.66 ± 1.01 0.04 ± 0.025 71.481 ±0.009
1MM0013T 39.02 ± 0.07 0.054 ± 0.002 116.297 ±0.001
1MM0014T 0 0 0
IMMOOl 7T 0 0 0
IMMOOl 8T 40.08 ± 1.94 0.039 ± 0.039 44.332 ± 0.023
IMM0019T 0 0 0
IMM0022T (2) 0 0 0
IMM0025T 40.1 ± 2.32 0.044 ± 0.049 66.997 ± 0.017
IMM0031T NA NA NA
IMM0032T 0 0 0
AM02004T 0 0 ___  0
AM02012T 0 0 0
AM03014T 0 0 0 _
AM02018T 0 0 0
AM02026T 0 0 0
AM01028T 0 0 0
AM03029T 0 0 0
AM02036T 0 0 0
AM99038T 0 0 0
AM02040T 0 0 0
AM02045T 0 0 0
AM02047T 0 0 0

NA= Not applicable
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Tjilble 7.1 Coniiay Suap^tfg^of jQMSP results for prostate cancer tissue sjjB|^e_s 
Gene_______Tissue sample M eanCt±SE  Mean quantity ± SE_______ RMS

IMMOOIT 0 0 0
IM M 002T 0 0 0
IM M 005T 0 0 0
IM M 007T 0 0 0
1MM008T 38.198 ± 1.598 0.072 ± 0.072 142.941 ± 0.007
IM M 009T 0 0 0
1MM020T 0 0 0
IM M 036T 0 0 0
IMM 0037T 0 0 0
IMM 0038T 35.098 ± 0.182 0.577 ±  0.082 193.034 ±0.001
IMM 0052T 0 0 0
IMM 0056T 0 0 0
IM M 0058T 0 0 0
IM M 0068T 36.162 ± 0.701 0.273 ±0.13 153.085 ±  0.004
IM M 0070T 37.562 ± 0.378 0.085 ±  0.025 135.327 ±0.003
1MM072T 33.837 ± 0.073 1.544 ± 0.089 240.004 ± 0
IM M 0075T 0 0 0
IMM 0076T 0 0 0
IM M 0078T 34.216 ± 0.034 1.145 ± 0.03 493.205 ± 0
1MM0082T 38.945 ± 0.637 0.03 ±0.014 4.04 ± 0.129
IMM 0083T 40.27 ± 1.464 0.013 ± 0.013 6.103 ±  0.156
1MM0084T 31.439 ± 0.173 10.175 ± 1.325 577.738 ± 0
IMM 0085T 40.853 ± 1.747 0.009 ± 0.01 0.776 ±  1.367
IMM 0086T 37.711 ± 1.613 0.105 ± 0.106 25.815 ± 0.039
AM02007T 0 0 0
AM01023T 0 0 0
AM 02031T 0 0 0
AM 02037T 0 0 0
AM02039T 41.885 ± 4.405 0.016 ±  0.023 56.554 ± 0.025
IM M OOllT 36.278 ±  0.635 0.078 ± 0.03 140.417 ±0.003
IMM 0013T 41.882 ±  0.943 0.002 ± 0.001 3.955 ±0.151
IMM 0014T 37.001 ± 1.282 0.055 ±  0.034 179.97 ± 0.003
1MM0017T 0 0 0
IMM 0018T 34.522 ±0.167 0.242 ± 0.028 277.524 ±  0
IM M 0019T 0 0 0
IM M 0022T (2) 43.695 ± 6.297 0.005 ± 0.007 16.167 ±  0.088
IMM 0025T 35.385 ± 0.216 0.136±  0.02 207.235 ± 0.001
IM M 0031T NA NA NA
IM M 0032T 0 0 0
AM 02004T 0 0 0
AM02012T 44.958 ± 0.686 0.0002 ±0.0001 1.14± 0.413
AM 03014T 38.886 ± 1.301 0.016 ±  0.01 30.906 ±  0.02
AM 02018T 0 0 0
AM02026T 0 0 0
AM 01028T 0 0 0
AM 03029T 0 0 0
AM02036T 0 0 0
A M 99038T 0 0 0
AM 02040T 0 0 0
AM 02045T 38.324 ± 0.15 0.019 ±0.002 63.822 ±  0.003
AM02047T 38.223 ± 1.204 0.024 ±0.014 152.212 ±0.004

NA= Not applicable
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ll^U e 7.2: S m U to ^ p f  Q ^ P re su lts  fo rfae^ ^ n tissu e  sSBSOles
Gene T issue sample M e a n C t iS E  Mean quantity ±  SE RMS

A C T B  IMMOOIN 34.12 ±0.206 0.843 ±0.137 NA
IMM005N 34.225 ± 0.203 0.776 ±0.128 NA
IMM009N 37.303 ± 0.405 0.071 ±0.02 NA
IMM020N 34.777 ±0.221 0.504 ± 0.091 NA
IMM0037N 36.645 ± 0.666 0.125 ±0.055 NA
1MM0038N 38.27 ±  0.623 0.035 ±0.014 NA
IMM0052N 34.402 ± 0.086 0.671 ±0.046 NA
IMM0056N 34.942 ± 0.256 0.444 ± 0.086 NA
1MM0058N 34.793 ±0.318 0.503 ±0.121 NA
IMM0070N 35.576 ±0.271 0.27 ±  0.059 NA
1MM0072N 32.782 ±0.134 2.399 ± 0.248 NA
IMM0075N 35.487 ±0.166 0.287 ±  0.037 NA
1MM0076N 37.142 ±0.284 0.079 ±0.018 NA
1MM0078N 31.711 ±0.021 5.543 ± 0.093 NA
1MM0082N 32.861 ± 0.27 2.279 ± 0.459 NA
1MM0083N 35.07 ± 0.048 0.397 ±0.015 NA
IMM0084N 32.663 ±0.071 2.627 ±0.145 NA
1MM0085N 32.025 ± 0.085 4.336 ± 0.292 NA
IMM0086N 32.185 ±0.017 3.82 ±0.05 NA
AM02045N 33.659 ±0.25 1.216 ±0.238 NA
IMMOOllN 34.632 ± 0.223 0.306 ±0.041 NA
1MM0013N 38.052 ± 0.653 0.038 ±0.017 NA
IMM0017N 36.591 ±0.162 0.089 ± 0.009 NA
IMM0018N 34.576 ±0.199 0.316 ±0.038 NA
1MM0019N 37.739 ± 0.246 0.044 ±  0.007 NA
1MM0022N 36.477 ± 0.456 0.098 ±  0.026 NA
IMM0032N 38.585 ±  0.087 0.025 ± 0.001 NA
AM02004N 40.361 ± 0.983 0.009 ± 0.006 NA
AM02007N 36.728 ± 0.452 0.084 ±  0.022 NA
AM03009N 36.496 ±0.163 0.095 ±0.01 NA
AMOIOION 36.124 ±0.173 0.12 ±0.013 NA
AM02012N 34.722 ±0.154 0.288 ± 0.028 NA
AM03020N 35.817 ±0.081 0.144 ±0.007 NA
AM01023N 33.66 ±0.127 0.561 ± 0.045 NA
AM02025N 35.544 ± 0.288 0.173 ±0.033 NA
AM02026N 33.087 ± 0.286 0.81 ±0.152 NA
AM00027N 34.658 ±  0.244 0.301 ±0.046 NA
AM01028N 36.305 ± 0.576 0.111 ±0.035 NA
AM03029N 40.162 ±0.119 0.009 ±0.001 NA
AM02030N 35.501 ± 0.284 0.178 ±0.03 NA
AM02036N 34.618 ±0.228 0.309 ±0.042 NA
AM02037N 34.485 ± 0.099 0334 ± 0.02 NA
AM99038N 34.449 ± 0.284 0.344 ± 0.058 NA
AM03085N 37.689 ± 0.79 0.048 ± 0.02 NA

NA= Not applicable

282



APPENDIX?

Tahle.7 J:. ConjA SW M ^ni^of Q P S P results tissue
Gene Tissue sample Mean Ct ± SE Mean quantity ± SE RMS

BIK  IMMOOIN 0 0 0
IMM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
MM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 0 0
IMM0072N 0 0 0
IMM0075N 0 0 0
IMM0076N 0 0 0
IMM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
1MM0084N 0 0 0
IMM0085N 0 0 0
1MM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN 0 0 0
IMM0013N 0 0 0
TMM0017N 0 0 0
1MM0018N 0 0 0
1MM0019N 0 0 0
IMM0022N 0 0 0
IMM0032N 0 0 0
AM02004N 0 0 0
AM02007N 0 0 0
AM03009N 0 0 0
AMOIOION 0 0 0
AM02012N 0 0 0
AM03020N 0 0 0
AM01023N 0 0 0
AM02025N 0 0 0
AM02026N 0 0 0
AM00027N 0 0 1 0
AM01028N 0 0 ^ 0
AM03029N 0 0 0
AM02030N 0 0 0
AM02036N 0 0 0
AM02037N 0 0 0
AM99038N 0 0 0
AM03085N 0 0 0

NA= Not applicable
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1gaWe.7..2 Contd; Siiamwey results, f o r t i s s u e  sjBjifcs
Gene Tissue sample M ea n C tiS E  Mean quantity ± SE RMS

BMPS IMMOOIN 0 0 0
IMM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 ____ 0
IMM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 1 0 0
IMM0072N 0

1
0 0

IMM0075N 0 0 0
IMM0076N 0 0 0
1MM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
IMM0085N 0 0 0
IMM0086N 0 0 0
AM02045N 0 0 0
IMMOOl IN 0 0 0
IMM0013N 0 0 0
IMM0017N 0 0 0
IMMOOl 8N 0 0 0
IMMOOl 9N 0 0 0
IMM0022N 0 0 0
IMM0032N 0 0 0
AM02004N 0 0 0
AM02007N 0 0 0
AM03009N 0 0 0
AMOIOION 0 0 0
AM02012N 0 0 0
AM03020N 0 0 0
AM01023N 0 0 0
AM02025N 0 0 0
AM02026N 0 0 0
AM00027N 0 0 0
AM01028N 0 0 0
AM03029N 0 0 0
AM02030N 0 0 0
AM02036N 0 0 0
AM02037N 0 0 0
AM99038N 0 0 0
AM03085N 0 0 0

NA= Not applicable
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12. Conld: S n ^ f t a ^  of 0! results f o r i& f e t i s s u e  s m i le s

Gene Tissue sample M ean C t± S E  Mean quantity ± SE RMS

CDKN2A IMMOOIN 0 0 0
IMM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 0
1MM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
1MM0058N 0 0 0
1MM0070N 0 0 0
IMM0072N 0 . , ___ 0 0
IMM0075N 0 : 0 0
IMM0076N 0 0 0
IMM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
IMM0085N 0 0 0
1MM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN 0 0 0
IMM0013N 0 0 0
IMM0017N 0 0 0
IMM0018N 0 0 0
1MM0019N 0 0 0
IMM0022N 0 0 0
IMM0032N 0 0 0
AM02004N 0 0 0
AM02007N 0 0 0
AM03009N 0 0 0
AMOIOION 0 0 0
AM02012N 0 0 0
AM03020N 0 0 0
AM01023N 0 0 0
AM02025N 0 0 0
AM02026N 0 0 0
AM00027N 0 0 0
AM01028N 0 0 ___ ^ 0
AM03029N 0 0 0
AM02030N 0 0 0
AM02036N 0 0 0
AM02037N 0 0 0
AM99038N 0 0 0
AM03085N 0 0 0

NA= Not apf^icable
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Gene Tissue sample lVIeanCt±SE Mean quantity ± SE RMS

CpG l cFLIP IMMOOIN 0 0 0
IMM005N 0 0 0
1MM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 0 0
IMM0072N 0 0 0
IMM0075N 0 0 0
IMM0076N 0 0 0

- 1—
IMM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
IMM0085N 0 0 0
IMM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN NA NA NA
1MM00I3N NA NA NA
IMM0017N NA NA NA
IMM0018N NA NA NA
IMM0019N NA NA NA
IMM0022N NA NA NA
IMM0032N NA NA NA
AM02004N NA NA NA
AM02007N NA NA NA
AM03009N NA NA NA
AMOIOION NA NA NA
AM02012N NA NA NA
AM03020N NA NA NA
AM0I023N NA NA NA
AM02025N NA NA NA
AM02026N NA-̂--- NA NA
AM00027N NA NA NA
AM01028N NA NA NA
AM03029N NA NA NA
AM02030N NA NA NA
AM02036N NA : NA NA

— h
AM02037N NA NA NA
AM99038N NA NA NA
AM03085N NA NA NA

NA= Not applicable
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TaMe 7.2'Contd: Sl)pM8WiSfpf QMSP results for tissue s ĵBMles .
Gene Tissue sample MeanCt±SE Mean quantity ± SE RMS

IMMOOIN 0 0 0
IMM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
EMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
1MM0056N 0 0 0

— r
IMM0058N 0 0 0
1MM0070N 0 0 0
IMM0072N 0 0 0
1MM0075N 0 0 0
IMM0076N 0 0 0
1MM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
1MM0085N 0 0 0
IMM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN NA NA NA
1MM0013N ■NA NA NA
IMM0017N NA NA NA
IMM0018N NA NA NA
IMM0019N NA NA NA
IMM0022N NA NA NA
IMM0032N NA NA NA
AM02004N NA NA NA
AM02007N NA NA NA
AM03009N NA NA NA
AMOIOION NA NA NA
AM02012N NA NA NA
AM03020N NA NA NA
AM01023N NA NA NA
AM02025N NA NA NA
AM02026N NA NA NA
AM00027N NA NA NA
AM01028N NA NA NA
AM03029N NA NA NA
AM02030N NA NA NA
AM02036N NA NA NA
AM02037N NA NA NA
AM99038N NA NA NA
AM03085N NA NA NA

NA= Not applicable
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7.2 C o n ^  im n i i i^ o fQ M S P  results fo r^C iiin  tissue s a n i e s
Gene Tissue sample Mean Ct ± SE Mean quantity ± SE RMS

D C R l IMMOOIN 0 0 0
IMM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 0 0
IMM0072N 0 0 0
IMM0075N 0 0 0
IMM0076N 0 0 0
1MM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
IMM0085N 0 0 0
1MM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN NA NA NA
1MM0013N NA NA NA
IMM0017N NA NA NA
IMM0018N NA NA NA
IMM0019N NA NA NA
IMM0022N NA NA NA
IMM0032N NA NA NA
AM02004N NA NA NA
AM02007N NA NA NA
AM03009N NA NA NA
AMOIOION NA NA NA
AM02012N NA NA NA
AM03020N NA NA NA
AM01023N NA NA NA
AM02025N NA NA NA
AM02026N NA NA NA
AM00027N NA NA NA
AM01028N NA NA NA
AM03029N NA NA NA
AM02030N NA NA NA
AM02036N NA NA NA
AM02037N NA NA NA
AM99038N NA NA NA
AM03085N NA NA NA

NA= Not applicable
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^ S W i7 ^ C o n td :S iin ii^ o f4 3 \|S ff tre sn I te ;fo r ,

Gene Tissue sample Mean C t±  SE Mean quantity ± SE RMS

DCR2 IMMOOIN 0 0 0
IMM005N 0 0 0

IMM009N 0 0 0

IMM020N 0 0 0
IMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 0 0
IMM0072N 0 0 0
IMM0075N 0 0 0
IMM0076N 0 0 0
IMM0078N 0 0 0
1MM0082N 0 0 0
IMM0083N 0 0 0
IMM0084N 0 0 0
IMM0085N 0 0 0
IMM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN 0 0 0
1MM0013N 0 0 0
IMM0017N 0 0 0
IMM0018N 0 0 0
1MM0019N 0 0 0
IMM0022N 0 0 0

1MM0032N 0 0 0

AM02004N 0 0 0

AM02007N 0 0 0
AM03009N 0 0 0
AMOIOION 0 0 0
AM02012N 0 0 0

AM03020N 0 0 0
AM01023N 0 0 0

AM02025N 0 0 0
AM02026N 0 0 0

AM00027N 0 0 0

AM01028N 0 0 0
AM03029N 0 0 0
AM02030N 0 0 0
AM02036N 0 0 0
AM02037N 0 0 0
AM99038N 0 0 0
AM03085N 0 0 0

NA= Not applicable
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TaMe 7.2 Contd; SiapM SgofQ M SP results for tissue s m ije s
Gene Tissue sample M ean C tiS E  Mean quantity ± SE RMS

IMMOOIN 0 0 0
1MM005N 0 0 0
IMM009N 0 0 0
IMM020N 0 0 0
IMM0037N 0 0 0
IMM0038N 0 0 0
IMM0052N 0 0 0
IMM0056N 0 0 0
IMM0058N 0 0 0
IMM0070N 0 0 0
IMM0072N 0 0 0
IMM0075N 0 0 0—h-
IMM0076N 0 0 0
IMM0078N 0 0 0
IMM0082N 0 0 0
IMM0083N 0 0 0
1MM0084N 0 0 0
1MM0085N 0 0 0
IMM0086N 0 0 0
AM02045N 0 0 0
IMMOOllN 0 0 0
IMM0013N 0 0 0
IMM0017N 0 0 0
IMM0018N 0 0 0
IMM0019N 0 0 0
IMM0022N 0 0 0
IMM0032N 0 0 0
AM02004N 0 0 0
AM02007N 0 0 0
AM03009N 0 0 0
AMOIOION 0 0 0
AM02012N 0 0 0
AM03020N 0 0 0
AM01023N 0 0 0
AM02025N 0 0 0
AM02026N 0 0 0
AM00027N 0 0 0
AM01028N 0 0 0
AM03029N 0 0 0
AM02030N 0 0 0
AM02036N 0 0 0
AM02037N 0 0 0
AM99038N 0 0 0
AM03085N 0 0 0

NA= Not applicable

290



A P P E N D I X ?

TaWe 73 : SW U M # qf^llVKJP results for PGPBS |is s u e ^ s ia |l^  ^

Gene Tissue samjde Mean Ct ± S E Mean quantity ± SE RMS

ACTB  IMM002P 35.716 ±0.362 0.331 ±0.245 NA
IMM0037P 36.583 ± 0.214 0.123 ±0.122 NA
MM0056P 35.039 ±0.201 0.486 ±0.41 NA
IMM0068P 36.481 ± 0.44 0.095 ±0.136 NA
IMM0075P 34.639 ±0.083 0.551 ± 0.557_̂ NA
AM02042P 35.391 ± 0.239 0.307 ±0.312 NA
MM0013P 34.06 ± 0.324 0.382 ±0.441 NA
IMM0014P 35.583 ±0.135 0.162 ±0.168 NA
AM02001P 36.197 ±0.016 0.113±0.114 NA
AM02006P 36.973 ±0.17 0.072 ±0.07 NA
AM03009P 36.265 ± 0.276 0.093 ±0.11 NA
AMOlOlOP 36.322 ± 0.01 0.106 ±0.105 NA
AM03013P 37.986 ±0.641 0.042 ± 0.039 NA
AM03016P 38.728 ± 0.469 0.017 ±0.024 NA
AM01022P 37.905 ± 0.267 0.037 ±0.039 NA
AM02027P 39.023 ± 0.509 0.023 ± 0.02 NA
AM00032P 37.535 0.103 0.049 0.049 NA

BIK  MM002P 0 0 0
IMM0037P 0 0 0
MM0056P 0 0 0
IMM0068P 0 0 0
MM0075P 0 0 0
AM02042P 0 0 0
MM0013P 0 0 ; 0
MM0014P 0 0

— ^
0

AM02001P 0 0 0
AM02006P 0 0 0
AM03009P 0 0 0
AMOlOlOP 0 0 0
AM03013P

I
0 0 0

AM03016P 0 0 0
AM01022P 0 0 0
AM02027P 0 0 0
AM00032P 0 0 0

NA= Not apfdicable
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TaHe 7 3  C ontd :IS tpM M ^of^£IP  results forHGPIN tissue saic(jles -

Gene Tissue sample Mean C t± SE Mean quantity ± SE RMS

BN1P3 MM002P 0 0 0
MM0037P 0 0 0
IMM0056P 0 0 0
MM0068P 0 0 0
MM0075P 0 0 0
AM02042P 0 0 0
MM0013P 0 0 0
MM0014P 0 0 0
AM02001P 0 0 0
AM02006P 0 0 0
AM03009P 0 0 0
AMOlOlOP 0 0 0
AM03013P 0 0 0
AM03016P 0 0 0
AM01022P 0 0 0
AM02027P 0 0 0
AM00032P 0 0 0

CDKN2A MM002P 0 0 0
IMM0037P 19.645 ± 1.09 3673.059 ± 2402.249 9234 ±0.234
IMM0056P 0 0 0
IMM0068P 0 0 0
MM0075P 0 0 0
AM02042P 0 0 0
MM0013P NA NA NA
IMM0014P NA NA NA
AM02001P NA NA NA
AM02006P NA NA NA
AM03009P NA NA NA
AMOlOlOP NA NA NA
AM03013P NA NA NA
AM03016P NA NA NA
AM01022P NA NA NA
AM02027P NA NA NA _
AM00032P NA NA NA

NA= Not applicaUe
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Gene Tissue sample Mean Ct ± SE Mean quantity ± SE RMS

CpGl cFLIP IMM002P 0 0 0

MM0037P 0 0 0

MM0056P 0 0 0

MM0068P 0 0 0

MM0075P 0 0 0
AM02042P 0 0 0

MM0013P NA NA NA
MM0014P NA NA NA

AM02001P NA NA NA

AM02006P NA NA NA

AM03009P NA NA NA

AMOlOlOP NA NA NA

AM03013P NA NA NA

AM03016P NA NA NA
AM01022P NA NA NA

AM02027P NA NA NA
AM00032P NA NA NA

CpG2 cFLIP IMM002P 0 0 0

MM0037P 0 0 0

IMM0056P 0 0 0
IMM0068P 0 0 0

IMM0075P 0 0 0
AM02042P 0 , 0 0

IMM0013P NA NA NA

IMM0014P NA NA NA

AM02001P NA NA NA

AM02006P NA NA NA

AM03009P NA NA NA

AMOlOlOP NA NA NA

AM03013P NA NA NA

AM03016P NA NA NA

AM01022P NA NA NA

AM02027P NA NA NA

AM00032P NA NA NA

NA= Not applicable
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TaUe_73 Cont& S im m i^ .o fj9pf||P _resu lts for HC^IN tissue t m l e s

Gene Tissue sam{de Mean Ct ± SE Mean quantity ± SE RMS

D C R l IMM002P 0 0 0

IMM0037P 0 0 0

IMM0056P 0 0 0

MM0068P 0 0 0

MM0075P 0 0 0
AM02042P 0 0 0

MM0013P NA NA NA

IMM0014P NA NA NA

AM02001P NA NA NA
AM02006P NA NA NA
AM03009P NA NA NA

AMOlOlOP NA NA NA

AM03013P NA NA NA

AM03016P NA NA NA
AM01022P NA NA NA
AM02027P NA NA NA
AM00032P

T
NA NA NA

DCR2 IMM002P 0 0 0
IMM0037P 0 0 0
MM0056P 0 0 0
MM0068P 0 0 0
MM0075P 0 0 0
AM02042P 0 0 0

MM0013P 0 0 0
IMM0014P 0 0 0
AM02001P 0 0 0

AM02006P 0 0 0

AM03009P 0 0 0

AMOlOlOP 0 0 0

AM03013P 0 0

AM03016P 0
i

0 0

AM01022P 0 0 0

AM02027P 0 0  : 0

AM00032P 0 0 ; 0

NA= Not apfdicaUe
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TaMeJ3 Contd:j|̂ gittWjf of QMSP results for HGPIN tissu e |g jii|^ , ^

Gene Tissue sample M eanC t±SE Mean quantity ± SE RMS

TMSl MM002P
IMM0037P 
IMM0056P 
IMM0068P 
IMM0075P 
AM02042P 
IMM0013P 
MM0014P 
AM02001P 
AM02006P 
AM03009P 
AMOlOlOP 
AM03013P 
AM03016P 
AM01022P 
AM02027P

_____________ AM00032P
NA= Not applicable
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0

0
0
0
0
0
0

37.124 ± 1.603 
0 
0 
0 
0 
0 
0 
0 
0

41.1 ±0.627

0
0
0
0
0
0
0

0.056 ±0.039 
0
0__
0

0
0
0
0
0

0.003 ± 0.001

0
0

0

0

0
0
0

333.118 ±0.002 
0 

0 

0 

0 

0 
0 
0 
0

60.23 ± 0.007
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TaUe 7.4; results for BPH tis su e l^ m ies

Gene Tissue sample Mean C t±  SE M eanquantity±SE RMS

ACTB  IMMOOIB 34.062 ±0.169 1.019 ±0.88 NA

IMM005B 35.017 ±0.042 0.413 ±0.413 NA

IMM007B 34.162 ±0.143 0.918 ±0.812 NA

IMMOOllB 34.957 ±0.252 0.528 ±0.439 NA

IMM0013B 37.236 ±0.556 0.092 ±0.077 NA

IMM0018B 37.556 ±0.586 0.068 ±0.06 NA

IMM0019B 38.032 ±0.538 0.056 ±0.041 NA

IMM0020B 36.292 ±0.814 0.316± 0.176 NA

IMM0022B 34.078 ±0.142 0.951 ±0.867 NA

IMM036B 36.93 ±0.251 0.074 ±0.093 NA

IMM0037B 38.722 ±0.486 0.021 ± 0.024 NA

IMM0038B 37.538 ±0.396 0.063 ± 0.059 NA

IMM0052B 39.566 ± 1.349 0.011 ±0.016 NA

1MM0056B 35.084 ±0.17 0.369 ±0.394 NA

IMM0058B 35.455 ±0.214 0.241 ± 0.2% NA

IMM0068B 35.101 ±0.262 0.336 ±0.393 NA

IMM0072B 34.791 0.219 0.425 ± 0.498 NA

1MM0075B 34.586 ±0.27 0.69 ±0.588 NA

1MM0076B 33.878 ±0.027 1.035 ± 1.011 NA

IMM0083B 36.546 ±0.528 0.122±0.132 NA

IMM0084B 33.017 ±0.097 2.124± 1.991 NA

1MM0085B 33.159±0.114 1.609 ± 1.782 NA

IMM0014B 36.817 ±0.078 0.076 ±0.077 NA

IMM0025B 35.527 ±0.573 0.146± 0.181 NA

AM03052B 35.233 ±0.152 0.19 ±0.209 NA

AM00054B 40.214 ±0.394 0.01 ± 0.009 NA

AM02058B 33.012 ±0.086 0.802 ±0.841 NA

AM02059B 34.264 ±0.093 0.371 ± 0.383 NA

AM01065B 33.855 ±0.07 0.516 ±0.495 NA

AM00066B 36.255 ±0.288 0.09 ±0.111 NA

AM01072B 38.276 ±0.287 0.028 ±0.031 NA

AM02075B 34.132 ±0.244 0.425 ±0.419 NA

AM02081B 35.255 ± 0.077 I 0.194 ±0.206 NA

AM03082B 34.943 ±0.294 0.296 ±0.253 NA

AM03086B 35.326 ±0.232 0.197 ±0.198 NA

NA= Not applicable
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Table 7.4 Contd: S3w a * to o f |f f ip P jre su lts for BPH tissue ^  .

Gene Tissue sample M e an C tiS E  Mean quantity ± SE RMS

BN1P3 IMMOOIB 0 0 0

IMM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 0 0

IMM0018B 0 0 ___ ^ 0

1MM0019B 0 0 0

1MM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

IMM0058B 0 0 0

IMM0068B 0 0 0

IMM0072B 0 0 0

1MM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

IMM0084B 0 0 0

IMM0085B 0 0 0

IMM0014B 0 0 0

1MM0025B 0 0 0

AM03052B 0 0 0

AM00054B 0 0 0

AM02058B 0 0 0

AM02059B 0 0 0

AM01065B 0 0 0

.AM00066B 0 0 0

AM01072B 0 0 0

AM02075B 0 0 0

AM02081B 0 0 0

AM03082B 0 0 0

AM03086B 0 0 0
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Table 7.4 C o n td :_ S a iM ^ y  of QM SP m a l t s  for BFH t i s s u e l m l n

Gene Tissue sample Mean C t ± SE Mean quan tity± S E RMS

CDKN2A IMMOOIB 20.178 ±1.354 2552.033 ± 2299.748 2900248.67 ±0.0000009

IMM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 ----- 0 0

1MM0018B 0 0 0

IMM0019B 0 0 _____  0

IMM0020B 0 0 0

IMM0022B 0 0 ___ 0

1MM036B 0 0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

IMM0058B 19.913 ±1.827 3907.535 ±3198.946 13222766.845 ± 0.0000002

IMM0068B 0 0 0

IMM0072B 0 0 0

IMM0075B 0 0 0

IMM0076B 0 0 0

1MM0083B 0 0 0

1MM0084B 0 0 0

IMM0085B 0 0 0

IMM0014B NA NA NA

IMM0025B NA NA NA

AM03052B NA NA NA

AM00054B NA NA NA

AM02058B NA NA NA

AM02059B NA NA NA

AM01065B NA NA NA

AM00066B NA NA NA

AM01072B NA NA NA

AM02075B NA NA NA

AM02081B NA NA NA

AM03082B NA NA NA

AM03086B NA NA NA

NA= Not applicable
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APPENDIX 7

, . . . m i l  u i i ,u i » V ^ .m « i i L U L u r ^ i i  i l l  ■■■!■ . . l u i j u ^ i ^ i  m a j i  ju u - ^ u , iium mwmmx.

3|bU e^.4 C pn td tS um m ary  of QIVKP resu lts for B P H ti$ su e % n 4 ^ „ >

Gene Tissue sample Mean C t± S E Mean quantity ± SE RMS

CDKN2A IMMOOIB 20.178± 1.354 2552.033 ± 2299.748 2900248.67 ± 0.0000009

1MM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 0 0

IMM0018B 0 0 0

IMM0019B 0 0

IMM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

IMM0058B 19.913 ± 1.827 3907.535 ±3198.946 13222766.845 ± 0.0000002

IMM0068B 0 0 0

IMM0072B 0 0 0

IMM0075B 0 0 0

1MM0076B 0 0 0

IMM0083B 0 0 0

IMM0084B 0 0 0

IMM0085B 0 0 0

1MM0014B NA NA NA

1MM0025B NA NA NA

AM03052B NA NA NA

AM00054B NA NA NA

AM02058B NA NA NA

AM02059B NA NA NA

AM01065B NA NA NA

AM00066B NA NA NA

AM01072B NA NA NA

AM02075B NA NA NA

AM02081B NA NA NA

AM03082B NA i NA NA

AM03086B NA NA NA

NA= Not applicable
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fniBe.7,4 C o n td t iw M Q f  ofQMSP results for BPH tis s iie M n to ^  ^

Gene Tissue sample M ean C tiS E Mean quantity ± SE RMS

CpGI cFLlP  IMMOOIB 0 0 0

1MM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 1 0 0 0

IMM0013B 0 0 0

1MM0018B 0 0 0

IMM0019B 1 0 0 0

IMM0020B 0 0 i 0

IMM0022B 0 0 - - i 0

1MM036B 0
° i 0

IMM0037B 1 0
1

0 i 0

IMM0038B 0 0 0

IMM0052B 0 0 0

1MM0056B 0 0 0

IMM0058B 0 0 0

IMM0068B 0 0 0

IMM0072B 0 0 0

1MM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

1MM0084B 0 0 0

IMM0085B 0 0 0

IMM0014B j NA NA NA

IMM0025B NA NA 

NA NA

NA

AM03052B NA

AM00054B NA NA NA

AM02058B NA NA NA

AM02059B NA NA NA

AM01065B NA NA NA

AM00066B NA NA NA

AM01072B NA NA NA

AM02075B NA NA NA

AM02081B NA NA NA

AM03082B NA NA NA

AM03086B NA NA NA

NA= Not applicable
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TaHe 7 ^ C o n td : o ( Q ^ P re s jlfe fo rB P H tis su eS W fliie i. .....
Gene Tissue sample M e a n C t± S E  Mean quantity ±  SE RMS

CpG2 cF LIP  IMMOOIB 0 0 0

1MM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 0 0

IMM0018B 0 0 0

IMM0019B 0 0 0

IMM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 i  0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

IMM0058B 0 0 0

IMM0068B 0 0 0

1MM0072B 0 0 0

IMM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

1MM0084B 0 0 0

1MM0085B 0 0 0

IMM0014B NA NA NA

IMM0025B NA NA NA

AM03052B NA NA NA

AM00054B NA NA NA

AM02058B NA NA NA

.AM02059B NA NA NA

^AM01065B NA NA NA

AM00066B NA NA NA

AM01072B NA NA NA

AM02075B NA NA NA

AM02081B NA 1 NA NA

AM03082B NA NA NA

AM03086B NA NA NA

NA= Not applicable
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1*3146 7.4 C ontdj SuMHSKf of QM SP results for B P H tissue  s f fii |N I

Gene Tissue sample Mean Ct ± SE Mean quantit>’ ± SE RMS

D C R l IMMOOIB 0 0 0

IMM005B 0 0 0

1MM007B 0 0 0

IMM0011B 0 0 0

IMM0013B 0 0 ----1— 0

IMM0018B 0 0 0

IMM0019B 0 0 0

IMM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

1MM0058B 0 0 0

IMM0068B 0 0 0

IMM0072B 0 0 0

IMM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

IMM0084B 0 0 0

IMM0085B 0 0 0

1MM0014B NA NA NA

IMM0025B NA NA NA

AM03052B NA NA NA

AM00054B NA NA NA

AM02058B NA NA NA

AM02059B NA NA NA

AM01065B NA NA NA

AM00066B NA NA NA

AM01072B NA NA NA

AM02075B NA NA NA

AM02081B NA NA NA

AM03082B NA NA NA

AM03086B NA NA NA

NA= Not applicable
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-ri ,1 -MT. n • k- - V , U '  1 '•■•««. " ■• ■■'■■ -"f*! ‘ M-  ■
T a b ie 7 .4 C o n td :S p p p lg fo fQ M S P  r e s u l t  for B P H ti^ u esa m i^ es ' ■{

Gene T issue sample Mean C t±  SE Mean quantity ±  SE RMS

DCR2 IMMOOIB 0 0 0

IMM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 0 0

IMM0018B 0 0 0

1MM0019B 0 0t 0

IMM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 0 0

IMM0037B 0 0 0

IMM0038B 0 0 0

1MM0052B 0 0 0

IMM0056B 0 0 0

IMM0058B 0 0 0

IMM0068B 41.17± 0.742 0.018 ±0.009 44.638 ±0.013

IMM0072B - 0 0 0

1MM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

IMM0084B 0 0 0

1MM0085B 0 0 0

1MM0014B 0 0 0

1MM0025B 43,044 ±3.015 0,008 ±0.01 I 45.039 ±0.029

AM03052B 0 0

AM00054B 0 » I 0

AM02058B 0 0 0

AM02059B 0 0 0

AM01065B 0 0 0

AM00066B 0 0 0

AM01072B 0 0 0

AM02075B 0 0 0

AM02081B 0 0 0

AM03082B 0 0 0

AM03086B 0 0 0
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tab le  7.4 Contd: S H M a S o f iB ^ r e s u i t s  for BPH tissue

Gene Tissue sample Mean Ct ± SE Mean quantit) ± SE RMS

TM Sl IMMOOIB 0 0 0

IMM005B 0 0 0

IMM007B 0 0 0

IMMOOllB 0 0 0

IMM0013B 0 0 0
IMM0018B 0 0 0

IMM0019B 0 0 0

1MM0020B 0 0 0

IMM0022B 0 0 0

IMM036B 0 0 0
IMM0037B 0 0 0

IMM0038B 0 0 0

IMM0052B 0 0 0

IMM0056B 0 0 0

1MM0058B 0 0 0

IMM0068B 0 0 0

IMM0072B 0 0 0

1MM0075B 0 0 0

IMM0076B 0 0 0

IMM0083B 0 0 0

1MM0084B 0 0 0

IMM0085B 0 0 0
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A8.1 Methylation heat map for GSTPl, IGFBP7 and SFRP2.
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Figure 8,1

Methylation heat map for GSTPl, IGFBP7 and SFRP2 in prostate cancer 

samples. All data was generated by Dr. Antoinette Perry.
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