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ABSTRACT

Epithelial ovarian cancer is the fourth commonest cause of cancer-related

death in women. The majority of womenpresent with advanced disease. The

standard treatment for advanced ovarian cancer involves debulking sugery

and platinum-based chemotherapy. Prognosis in this group of women remains

poor, with a 5-yearsurvival rate of approximately 30-40%. Clinico-pathological

variables such as age, stage of disease and debulking status continues to

form the basis on which treatment decisions are made. However, individual

patients demonstrate wide variations in response to treatment and in their

overall survival, which can range from a few monthsto several years.

Ovarian cancer is one of the most chemo-sensitive cancers with high initial

response rates to platinum-based chemotherapy. However, clinical drug

resistance often develops quickly with the majority of cancer recurring within

two years ofinitial treatment.

Someof the challenges facing the managementof ovarian cancerinclude:

« Identifying clinically useful prognostic and predictive markers.

» Reversalofclinical drug resistance.

= Identifying novel therapeutic targets to improve treatment outcome.

Many genes becometranscriptionally silenced during the development of

cancer. Thereis increasing evidence that aberrant methylation of CpG islands



in gene promoters, an epigenetic event, represents an alternative mechanism

to deletions or mutations in the silencing of tumour suppressor genes.It is a

commoneventin carcinogenesis. Many of the genesthat are involved in key

DNA damage response pathways, such as cell cycle control, apoptosis

signalling and DNArepair, are knownto be silenced through this mechanism.

Hence, CpG hypermethylation may potentially affect disease development,

progression and drug resistance.

The DNA methylation patterns are unique to specific cancer types and can

potentially be used as diagnostic biomarkers. Reversal of DNA methylation

represents an attractive therapeutic target, as epigenetic alterations are, in

principle, more readily reversible than genetic events. Clinical trials of such

epigenetic therapies (small molecule inhibitors of methylation and inhibitors of

histone deacetylases) are already underway. Thus, methylation markers are

potential diagnostic, prognostic and predictive biomarkers in addition to their

potential role as therapeutic targets.

The aimsof this project are:

« Identification of novel genes that are methylated in epithelial ovarian

cancer.

« Translational research into methylation as potential prognostic and

drug sensitivity biomarkers in epithelial ovarian cancer.

In this study, we investigated the role of aberrant CpG promoter

hypermethylation in three families of genes, the dual-specificity phosphatases

il



(DUSPs), the insulin-like growth factor binding proteins (IGFBPs) and the

Fanconi-Anaemia-BRCAgenes,in ovarian cancercell lines and in a cohort of

patients with advanced epithelial ovarian cancer (N=74) treated with cisplatin-

based chemotherapy as part of the European-Canadian Intergroup Study

(Piccart et al, 2000). The DUSPs and the IGFBPs have putative tumour

suppressor functions; FANCF hypermethylation confers in-vitro platinum

hypersensitivity in ovarian cancer (Taniguchi et al, 2003). Using methylation-

specific PCR (MSP) and semi-quantitative reverse-transcription PCR (RT-

PCR), we found that aberrant CpG promoter hypermethylation of two novel

genes, the DUSP7 and the DUSP§8,occurredin a significant proportion of the

ovarian tumours (47% and 28%, respectively), and are potential prognostic

markers. DUSP7 promoter hypermethylaton independently predicts for

adverse progression-free survival in this cohort of patients with advanced

ovarian cancertreated with cisplatin-based chemotherapy (HR for PFS 3.18,

95% Cl 1.64-6.14, p 0.001). DUSP8 promoter hypermethylation independently

predicts for favourable progression-free and overall survival (HR for PFS 0.27,

95% Cl 0.10 — 0.75, p 0.011; HR for OS 0.28, 95% Cl 0.09 — 0.82, p 0.020).

This is the first report of DUSP7 and DUSP8 promoter hypermethylation in

epithelial ovarian cancer. In addition, FANCF hypermethylation mayalso offer

someprognostic information (PFS HR 3.70, 95% Cl 1.43 — 9.54, p 0.007), but

does not appear to be a major factor in “sensitising” chemo-naive EOCto

platinum.

ill



This small, hypothesis-generating study has produced several interesting

findings. The results, however, require further validation using independent

methylation methodsin a larger patient series.
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CHAPTER1

Introduction

1.1 Epithelial Ovarian Cancer

1.1.1 Epidemiology of Ovarian Cancer

Ovarian cancer is the most lethal gynaecologic malignancy and the fourth

most common cause of cancer deaths in women in the United Kingdom

(Cancer Research UK, 2006; http://info.cancerresearchuk.org/cancerstats/

/tyoes/ovary/incidence/).

Ovarian cancers can be separated into 3 major categories based on distinct

clinical and pathological features:

7 Epithelial Ovarian carcinomas (EOCs)

" Germ Cell tumours

7 Stromal tumours

The vast majority of ovarian cancers are epithelial in origin, accounting for

more than 90% of all ovarian cancers. Epithelial ovarian cancer will be the

subjectof this study.

Epithelial ovarian cancer (EOC) is the most common gynaecologic

malignancy, with 6,800 new casesdiagnosed in 2005 in the United Kingdom.

The incidence has been increasing for the last 25-30 years from 15 per

400,000 womenin 1975 to 18 per 100,000 womenin 2002, an increase of



20%. Thelifetime risk of developing this disease for women in the United

Kingdom is now 1° in 48 (Cancer Research UK, 2006;

http://info.cancerresearchuk.org/cancerstats/types/ovary/incidence/).

Most cases of EOCs are diagnosed in post-menopausal women,with 85%of

cases over 50 years. The peakincidence occursin the 65 - 74 age group. The

incidence of ovarian cancervaries in different geographic locations throughout

the world. Western countries, including the United States and the United

Kingdom, have an incidence of ovarian cancer that is three to seven times

greater than in Japan, whereepithelial ovarian tumours are considered rare

(Scully et al, 1998).

In the United Kingdom, 4,407 women died of EOC in 2006. This accounts for

6% of total cancer deaths in women, making it the leading cause of death

from a gynaecologic cancer and the fourth most common cause of cancer

deaths in women after cancers of the lung, breast and colon (Cancer

Research UK,2006;http://info.cancerresearchuk.org/cancerstats/types/ovary

/incidence/).

Thelatest survival figures from Scotland are promising, with an increasein the

5-year survival rate from 33% in 1991-1995 to 41% in 1996-1999 (Cancer

Research UK,2006;http://info.cancerresearchuk.org/cancerstats/types/ovary

/incidence/). The improvement in survivalis likely to be the result of effective

platinum-based chemotherapy and improvements in surgery and supportive

care. However, the overall survival for EOC remains poor dueto the late

presentation of the disease as well as the lack of effective treatment in



advanceddisease.It is described as a silent killer because the overwhelming

majority of patients have advanced disease at presentation, with

approximately 70% presenting with StageIII or IV disease. This may be partly

explained by the relative lack of specific signs and symptomsof this disease

(Geoff et al, 2000; Smith et al, 2005) and the lack of effective screening

programmes. Furthermore, after primary surgical resection and subsequent

post-operative platinum-based chemotherapy, to which most patients respond

initially, the majority of patients eventually recur with chemo-resistant disease

and die of metastatic disease.

1.1.2 PATHOGENESIS of EOC

The unfavourable survival statistics in EOC patients mayalso reflect in part

the poor understanding of the molecular pathogenesis and progressionofthis

disease. Unlike colorectal cancer, a tumour progression model has not been

described. For many years, two hypotheses based on continuous ovulation

and onelevation of the gonadotrophin levels, have been proposed to account

for the genesis of this disease. More recently, there is also a growing interest

in the role of inflammation in the pathogenesis of EOCs (Ness and Cottreau,

1999).

There is significant heterogeneity within the EOC group. The various

histological subtypes have variable clinical manifestations and underlying

molecular signatures (Bonomeet al, 2005). There is also evidence to suggest

that ovarian cancers can progress either through a low-grade pathway

involving a stepwise mutation process or through a high grade pathway with



greater genetic instability that leads to rapid metastasis without an identifiable

precursorlesion (Shih and Kurman, 2004).

The hallmarks of a cancer cell include self-sufficiency in growth signals,

unchecked proliferation, evasion of apoptosis, angiogenesis, stromal invasion,

and metastatic ability (Hanahan and Weinberg, 2000). These are acquired

primarily through genetic mutations or other genetic alterations. Multiple

genetic and protein alterations occur during tumour development and

progression. Landen et al (2008) recently proposed a model of ovarian

pathogenesis that incorporates the role of tumourcell mutations and factors in

the host microenvironment important to tumour initiation and progression

(Figure 1.1).

In recent years, there is increasing recognition of the role of epigenetics in the

development of cancer. Aberrant promoter hypermethylation of CpG islands

represents an alternative mechanism to mutations and deletions in the

transcriptional silencing of tumour suppressor genes, and can contribute to

cancer development and progression (Jones et al, 2002; Herman, 1999;

Herman et al, 1994; Table 1.6). This will be discussed in greater details in

Section 1.2.

1.1.3 Risk Factors

The cause of ovarian cancer remains unknown. Established risk factors for

EOCare essentially reproductive and genetic in nature.



A family history of breast or ovarian canceris the single most importantrisk

factor for the development of ovarian cancer. However, the majority of ovarian

cancers are sporadic in nature, with familial or hereditary patterns accounting

for less than 10% of cases. Twodistinct clinical syndromes associated with

hereditary ovarian cancer have been identified — the Breast-Ovarian Cancer

Syndrome and the Type Il Lynch syndrome. The Breast-Ovarian Cancer

Syndrome is the most common of these and accounts for 85% of all

hereditary ovarian cancer cases.It is linked to an inherited mutation in the

BRCA1 or BRCA2 genes(Struewing et al, 1997). The lifetime risk of ovarian

cancer has been estimated to be approximately 40% in women with BRCA1

mutation and 10% in women with BRCA2 mutation (Antoniou et al, 2003).

Hereditary ovarian cancer can also be part of the Type II Lynch Syndrome

(also known as the hereditary nonpolyposis colorectal cancer syndrome

HNPCC), an autosomal dominant genetic syndrome associated with

mutations in the DNA mismatch repair gene (Lynchet al, 1993).

Hormonal, environmental and genetic factors have also been identified as

playing important roles in the development of ovarian cancer. The risk of

ovarian cancer appears to relate to the number of ovulatory cycles in a

womanslifetime. Low parity, infertility, early menarche and late menopause

increase the risk whilst the use of the oral contraceptive pill offers protection

against the disease (Cramer et al, 1983; Negri et al, 1991; Centers for

Disease Control Cancer and Steroid Hormone Study,1983; La Vecchia, 2006;

Franceschiet al, 1991).



1.1.4 Screening for Ovarian Cancer

The goal of cancer screening is to detect cancer at an early stage whenitis

treatable and curable. For a screening test to be useful, it should detect

cancerearlier than would occur otherwise. Furthermore, there should also be

evidence that earlier diagnosis results in an improved outcome (Kramer,

1995).

Successful screening for any malignancy requires detection either at a time

when the disease is in its early stages or in a precancerous stage without

invasive features. The natural history of ovarian cancer is poorly understood.

There is no direct evidence for a premalignant lesion in ovarian cancer. It has

not been established that untreated stage | disease routinely progresses to

more advanced stages. Even if an orderly progression from Stage | to more

advanced stages takes place, the time frame for such a progression remains

to be established.

The currently available screening techniques such as CA125 tumour marker,

transvaginal ultrasound orpelvic examinations are not sufficiently accurate for

routine screening, limited by their lack of sensitivity and specificity. Cancer

Research UKis currently conducting a large ovarian cancer screening study,

the UK Collaboration Trial of Ovarian Cancer Screening (UKCTOCS). At

present, routine screening for ovarian canceris not recommended (Campbell

et al, 1989: DePriest et al, 1993; Einhorn et al, 1992; Jacobset al, 1993).



Studies are also underway to identify more sensitive tumour markers.

Promising tumour markers include Macrophagecolony-stimulating factor (M-

CSF) (Ramakrishnan, 1990) and OVX-1 (Xu, 1993). A recent study suggests

that serum HE4 may be a useful biomarker for the detection of ovarian cancer

(Mooreet al, 2007).

1.1.5 Histopathological Classification

Invasive epithelial ovarian cancer accounts for 90% of all ovarian

malignancies. Table 1.1 details the classifcation of epithelial ovarian cancers

that has been developed by the World Health Organisation. The majority of

these are serous (>40%), followed by endometroid (20%), mucinous (10%)

and clear cell (5%). More unusual histolopathological subtypes include

Brenner tumours, mixed epithelial and undifferentiated carcinoma (Scully etal,

1998).

1.1.6 Staging

The most commonly utilised staging system in ovarian cancer is the

International Federation of Gynaecology and Obstetrics (FIGO) system

modified in 1988 (Shepherd, 1989; Tables 1.2 and 1.3). It is based on the

findings made at surgical explorations. A less commonly used staging system

is the TNM staging systems of the UICC (Union Internationale Contre le

Cancer; American Joint Committee on Cancer, 1997; Table 1.3).



1.1.7 Prognostic Factors in Ovarian Cancer

McShaneetal. (2005) defined a prognostic factor as a biologicalal orclinical

measurement that is associated with clinical outcome independent of the

treatment received. In general, such factors reflect biological characteristics of

a tumour. A predictive marker predicts the benefits or failure of a specific

treatment.

1.1.7.1. Established Prognostic Factors in Ovarian Cancer

The prognosis of ovarian cancer can be correlated with numerousclinical and

pathological factors. Several factors are recognized as prognostic ofclinical

outcomesin patients with EOC (Table 1.4). The FIGO stage at diagnosis

remains one of the most powerful prognostic factors in ovarian cancer

(Trimble et al, 1999). In patients with early stage disease, tumour grade

correlates with prognosis (Vergote et al, 2001), whereas in patients with

advanced disease, the size of residual disease after surgery correlates most

clearly with survival (WinterIII et al, 2007; Bristow et al, 2002).

FIGO Stage

The FIGO stage of disease at diagnosis is one of the most powerful

prognosticators in ovarian cancer. The five-year survival of Stage | disease is

more than 90%, Stage Il 70%, Stage Ill 37% and Stage IV disease 25%

(Trimble et al, 1999).



Volume of Residual Disease post cytoreductive surgery

In 1978, Griffiths (1978) published a landmark study that demonstrated an

inverse relationship between residual tumour diameter and patient survival.

Since that time, many other studies have reported that in advanced disease

(Stage III and IV), the volume of residual disease after primary cytoreductive

surgery has significant impact on survival (WinterIII et al, 2007; Bristow et

al, 2002; Wharton et al, 1981; Seifer et al, 1988; Piver et al, 1988). The

Gynecologic Oncology Group (Hoskins et al, 1994) reported a 37 and 31

months median survival for patients with less than 1 cm and 1-2 cm residual

disease respectively. For residual disease greater than 2 cm, median survival

decreased to 21 months.

Debulking status, together with FIGO stage, remains oneof the most powerful

prognostic factors in advanced ovarian cancer. Question persists regarding

the role of aggressive surgical cytoreduction on survival. Critics of surgery

argue that intrinsic tumour biology, rather than surgical intervention

determines the prognosis, survival, as well as the feasibility of debulking

surgery (Covens, 2000). However, whatis clear is that compared with a non-

gynaecologic surgeon, a trained gynaecologic oncologist is more likely to

achieve optimal debulking (81% versus 29%) and superior patient survival (35

mths versus 18 mths) that is independent of the debulking status (Eisenkop et

al, 1992: Junor et al, 1999). This has led to the recommendation that

advanced ovarian cancer surgery should be performedin expert centres.



Performance Status

The association between poor PS and decreased PFS and OS have been

described in several studies (WinterIII et al, 2007; Clark et al, 2001; Omura et

al, 1991).

Tumour Grade

There is a lack of a universal grading system for ovarian cancer. Tumour

grading is poorly reproducible between pathologists as a consequence of a

lack of well-defined criteria (Baak et al, 1986). In spite of this, tumour gradeis

a significant prognostic variable in early-stage EOC (Vergote et al, 2001). In

Stage | disease, tumour grade is the most important independent prognostic

factor in disease free survival, with 95% five-year disease free survival

reported in well differentiated, 81% in moderately differentiated and 60.5%in

poorly differentiated cases (Vergote et al, 2001). However, tumour grade does

not appearto be a predictor of adverse outcome in advanced EOC (WinterIII

et al, 2007; Hoskins et al, 1989; Bristow et al, 1999).

TumourHistological type

For the main types of ovarian carcinoma, histological subtype is not a major

factor in survival once stage is taken into account, except for clear cell

carcinoma, which is associated with a worse prognosis (Silverberg, 1989).

The five-year survival rate for Stage | clear cell carcinoma is approximately

65%, compared to 90%for other histological subtypes; for advanced stage

disease, a survival beyond 5 years is uncommon (Kumaret al, 2004). The
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relationship between mucinous histology and prognosis is less clear. One

study found that mucinous histology was not an independent predictor of

clinical outcome (Chi et al, 2001) whilst other studies had found patients with

mucinoushistological subtype had a worse prognosis, including a recent large

study by the GOG group (WinterIII et al, 2007; Akahira et al, 2001).

Serum CA125

Serum CA125 wasfirst identified in 1981, and is one of the most extensively

studied and useful molecular markers in ovarian cancer. More than 80%of

patients with epithelial ovarian cancers have an elevated CA125 level at

presentation. Several studies have shownthat normalization of serum CA125

after two to three cycles of chemotherapy is an independent predictor of

survival (Fayers et al, 1993; A. van Dalen et al, 2000; Markmanet al, 2006).

Pre-operative CA125 in Stage | EOCs has been shownto correlate with

survival (Paramasivam et al, 2005). However these findings have not found

a role in clinical practice to guide treatment decisions. This is because mostof

these studies are small and retrospective in nature and lack prospective

confirmatory studies. But more importantly, it lacks predictive powerto justify

changesin patient management(Fayerset al, 1993; Markmanet al, 2006).

Malignant Ascites

Malignant ascites is associated with a poorer prognosis (Omuraet al, 1991).

However, consensus has not been established as to the prognostic

significanceof clinicopathological features such aspositive peritoneal cytology

and a surgically ruptured capsule with pelvic contamination (Sjovall et al,

1994).
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Age

Survival is better in women in patients less than 50 years of age, although

there is little stage corrected advantage (Markman, 1993). This may be

explained in part by the fact that younger womentend to have earlier stage

disease and a higher frequency of borderline or well-differentiated invasive

EOC (Duska et al, 1999; Thigpen et al, 1993; Massi et al, 1996). However, a

recent large study by WinterIII WE et al. (2007) found older womento be at

increased risk of recurrence and death. The authors attributed the poorer

prognosis to differences in tumour biology, immune response, co-morbidities

and reluctanceontheclinicians’ part to treat older patients more aggressively.

FIGO Stage and residual volume of tumour after primary surgical

cytoreduction are the most consistently reported prognostic factors (Ng etal,

1990; Hoskins et al, 1994). The role of factors such as age, performance

status and ascites has been more controversial (Akahira et al, 2001; Chi etal,

2001; Duska et al, 1999). These conflicting results may be somewhat

explained by small sample sizes or heterogeneity of the study population,

which in combination with other confounding influences makes analysis

difficult. Many of these studies have been performed on patients treated with

older chemotherapy regimens, except for a recent study by the GOG group

(WinterIll et al, 2007) which found increasing age, impaired performance

status, mucinous or clear-cell histology, residual tumour volume to be

independent predictors of adverse survival in a large group of women with

Stage Ill ovarian cancer treated with current standard platinum/ taxane

chemotherapy.
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1.1.7.2 Candidate Prognostic Markers in Ovarian Cancer

A series of new molecular biologicalal factors have been proposed to have

prognostic significance in ovarian cancer. Among whichinclude p53 mutation,

c-ERB2, glutathione-S-transferase (GST)-pi, DNA ploidy, S phasefraction and

p glycoprotein immunoreactivity (Bookman, 1996; van der Zee, Hollema,

deBrujin et al, 1995; van der Zee, Hollema, Suurmeijeret al, 1995; Table 1.5).

A detailed discussion of the myriad putative prognostic markers is beyond the

scope of this thesis. Instead, we will focus our discussion on p53 and the

EGFRfamily. P53 is one of the most studied putative prognostic markers. The

EGFR family members play important role in oncogenesis. Their prognostic

utility has been widely studied in various tumour types, including epithelial

ovarian cancer.

P53

P53 is an important mediator of the intrinsic apoptotic pathway. The p53

networkis involved in the cellular defence against various stress signals, such

as DNA damage, oncogene or aberrant growth factor signalling and stress

caused by ultraviolet radiation, hypoxia or chemotherapeutic drugs

(Vogelstein et al, 2000). When activated, it acts as a tumour suppressor

through effects on gene expression, resulting in cell-cycle arrest, apoptosis,

senescence,ordifferentiation (Voudsenet al, 2002). Alteration of p53 is one

of the most frequent molecular events described in ovarian cancer (Berchuck

et al, 1994), with mutation occurring in 40-80%of EOCs.
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The relationship between p53 alteration and survival in EOC patients has

been extensively studied, but there is still a lack of a clear association

between the two. Some studies have shown that p53 mutation is associated

with an adverse survival (Concin et al, 2004; Shahin et al, 2000), but not in

other studies (Wang et al, 2004; Havrilesky et al, 2003; Smith-Sorensen et

al,1998; Niwa et al, 1994). A meta-analysis by Crijins et al (2003) revealed

that patients with aberrant p53 expression had significantly poorer survival at

1 and 5 years, but this finding was not supported by a recent large, well-

powered study by deGraeff et al (2006).

Several investigators have attempted to use the p53 status to predict for

response to chemotherapeutic drugs. An /n-vitro study using the A2780cell

line (carrying the wild-type p53 alleles) showed increased resistance to

platinum after transfection with mutated p53 (Weinstein et al,1997). At least

one correlative study has shown p53 mutation to be associated with platinum

resistance (Reles et al, 2001), but other studies have failed to show this

relationship (Schuer et al, 2001; Fallows et al, 2001), including a large study

by deGraeff et al (2006).

The discrepant findings with regard to p53 status and survival or platinum

resistance mostlikely reflect the different methodology for assessing p53

dysfunction, the suboptimal design of some of these studies, togetherwith the

absence oflarge prospective studies.

14



Epidermal Growth Factor Receptor (EGFR) family

The epidermal growth factor receptor (EGFR) family consists of four

homologous receptors: the epidermal growth factor receptor ErbB1, HER2

(ErbB2), HER3 (ErbB3), and HER4 (ErbB4)(Klapperet al, 2000). Activation of

these receptors result in the activation of the tyrosine kinase domain, with

subsequent activation of the interrelated intracellular signalling pathways,

such as the phosphatidylinositol 3-kinase (PI3K-AKT) pathway and the MAP

kinase pathway. Activation of these pathways can lead to different cellular

processes, such as cell division, migration, differentiation and apoptosis

(Yarden et al, 2001). Dysregulation of the EGFR signalling via receptor

overexpression, ligand overexpression or activating mutations leads to

constitutively activated receptors and defective processing of receptors

(Yarden et al, 2001), which in turn is associated with malignant

transformation. The oncogenes ErbB1 and the HER2 are some of the most

studied oncogenes in EOCs. A meta-analysis reported aberrant ErbB1

expression in 12-82%, and aberrant HER2 expression in 5-66% of ovarian

cancers (Crijins et al, 2003).

HER2

The prognostic significance of HER2 in ovarian cancer remains controversial.

Some studies have found HER2 to be an independent adverse prognostic

factor in EOCs (Medenet al, 1995; Medenet al, 1994; Hogdall et al, 2003),

but notin other studies (Skirnisdottir et al, 2001; Rubin et al, 1993).
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ErbB1

Studies on the prognostic role of ErbB1 are likewise conflicting. ErbB1

overexpression has been shownin somestudies to independently predict for

adverse survival (Skirnisdottir et al, 2001; Nielsen et al, 2004), but not in

others (Medenet al, 1995; Berchucket al, 1991; Baekelandt et al, 1999).

ErbB3

More recently, investigators have reported overexpression of ErbB3 in 3 -

53% of EOCs(Leeet al, 2005; Tanneret al, 2006). While Tanneret al (2006)

found that high ErbB3 expression to be associated with adverse survival, Lee

et al (2005) failed to detect this association. A phaseII clinical trial that was

presented at the recent American Society of Clinical Oncology Meeting (2008)

reported that low Erb-B3 gene expression levels may predict for betterclinical

outcomein patients with platinum-resistant EOC treated with Pertuzumab,a

monoclonal antibody that inhibits HER2 dimerisation (Amleret al, 2008).

Therapeutic targets against ErbB1 (gefitinib and erlotinib) and HER2

(Herceptin) are in various stages of clinical testing in ovarian cancer. A

recently completed PhaseIII clinical trial by the Gynaecologic Intergroup, the

OVO7(http://www.OV07.org) investigated the use of erlotinib as maintenance

therapy in patients with epithelial ovarian cancerfollowing platinum-based first

line chemotherapy.

At present, none of these putative prognostic biomarkers have been

incorporated into clinical practice. Among other reasons this is due to the
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often inconsistent or even contradictory results seen, which mostlikely reflects

the methodological differences, small, retrospective nature of these studies

that are often underpowered. Many lacked multivariate analysis or

confirmation of results in larger studies.

1.1.7.3. Applications of prognostic biomarkers in ovarian cancer

The identification of molecular markers as new prognostic factors could be of

great importance in improving the clinical outcome and may eventually

provide a better understanding of the tumour biology. They may also prove to

be important as therapy targets.

Forclinicians treating early stage disease patients, it is particularly important

to be ableto:

Identify those patients who will recur after macroscopic complete resection

of disease.

Identify patients at high risk of recurrence who will benefit from adjuvant

chemotherapy.

Identify patient groups whose prognosesare so favourable that further

adjuvant treatment is unnecessary.

In late stage disease,it will be extremely useful to be able to predict the

responseof patients to chemotherapy andto then tailor treatment accordingly.

Currently, clinico-pathological variables such as stage of disease, tumour

grade, performancestatus and debulking status continue to form the basis on
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which treatment decisions are made. However, individual patients

demonstrate wide variations in response to treatment and in their overall

survival, which can range from a few months to several years. These

conventional clinico-pathlologic prognostic factors do not provide sufficient

information to allow accurate risk assessmentfor individual patients.

Prognostic indices could potentially be used as the basis for making treatment

decisions, such as the Nottingham Prognostic Index and_ the

www.adjuvantonline.com in breast cancer. Attempts have been made to
 

develop a prognostic index in ovarian cancer(Clark et al, 2001; Warwicketal,

1995; Hogberg et al, 1993; Lund B et al, 1990), but these efforts have been

hampered by the small size of available datasets and / or lack of external

validation of datasets. Large databases of ovarian cancer patients are

required to establish reliably the effects of different prognostic factors on long-

term outcome. More recently, Teramukaiet al (2007) has developed PIEPOC,

a prognostic index for patients with advancedepithelial ovarian cancer. This

model was developed using the clinical and survival data of more than seven

hundred Japanese women with stage Ill and IV disease. The index was a

function of age, performancestatus, histological subtypes and residual tumour

size post debulking surgery. The PIEPOCis predictive in a second large data

set of patients from an Edinburgh cohort, and is transportable to this

predominantly Scottish population (Clark, 2007). However, like most of the

other models, this model was developed on patients treated on

heterogeneous chemotherapy regimens. Their validity in the era of platinum-

taxane treatment is therefore uncertain.
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1.1.8 Managementof Ovarian Cancer

The managementof ovarian cancerincludes optimal debulking surgery and in

the majority of patients (except for low-risk subgroup of patients with stage IA,

IB and grade 1 disease), postoperative chemotherapy with the intention of

eradicating residual disease (Younget al, 1990; Young , 2003).

Based on the results of two large randomised controlled trials, intravenous

platinum-taxane chemotherapy is now the current standard of postoperative

treatment for patients with advanced ovarian cancer (McGuire et al, 1996;

Piccart et al, 2000). Compared to older regimens that do not contain taxane,

this combination prolongs both progression-free survival and overall survival

(30%reduction in risk of progression and death).

1.1.9 Platinum Resistance and Ovarian cancer

Ovarian cancer is one of the most chemo-sensitive cancers, with complete

response rates to platinum-based chemotherapy of approximately 40-60%

(Greenlee et al, 2001). Platinum chemotherapy remains the most active agent

in the treatment of ovarian cancer. However, about 20-30%of patients will not

respondto first-line platinum treatment (Agarwalet al, 2003). Even in those

whoinitially who had a clinical response, the majority will relapse within two

years of initial treatment and eventually die of drug-resistant disease

(Greenlee RT, 2000).
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Ovarian cancer drug resistance, the cause of treatment failure and death in

more than 90%of patients with metastatic disease, is due to a variety of

factors. This drug resistance can beintrinsic or acquired (Agarwalet al, 2003).

Intrinsic drug resistance refers to tumours that do not respondtofirst-line

chemotherapy and is conferred by the genotype of pre-treatment clones. This

occurs in 20-30% of epithelial ovarian cancer.

Acquired drug resistanceoccurs in tumours that are often highly responsive

to initial treatment, but at the time of recurrence, exhibit an entirely different

phenotype. They becomeresistant to both previously used drugs, as well as

new agents with different mechanismsof action. It is primarily a result of the

selection of drug-resistant clones during treatment with chemotherapy (Balch

et al, 2004; Baird et al, 2003).

Mechanismsof Platinum Drug Resistance

Attempts to tackle drug resistance need to be based on an understanding of

the mechanismsinvolved in drug resistance. Given the high level of genomic

instability and mutations seen in cancercells, these mechanismsarelikely to

be complex and multifactorial, allowing cancer cells many escape routes to

survival.

Causesof platinum drug resistance can be divided into two groups:

|. Inadequate drug exposure secondary to:

(i) Insufficient dose delivered.
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(ii)

(iii)

(i)

(ii)

(iii)

(iv)

Poordrug bioavailability.

Impaired diffusion of drugs to tumour sites eg. poor vascular supply,

sanctuary sites.

Alterations in cancercell itself that affect drug sensitivity:

Mechanismsthat reduce platinum accumulation.

Mechanisms that involve intracellular inactivation of cisplatin by

coordination to thiol-containing biomolecules such as glutathione (GSH)

and metallothioneins (MTS) (Hamilton et al, 1985; Smith et al, 1988;

Ishikawa et al, 1883).

Mechanismsthat block apoptosis

Apoptosis is the final common pathway of many chemotherapy-induced

cell death. Cell cycle arrest allows DNA repair to occur and contributes to

chemo-resistance, whereas apoptosis results in chemo-sensitivity

(Siddik, 2003). Dysfunction of the tumour suppressor gene, TP53, may

contribute to platinum resistance through inability of resistant cells to

undergo apoptosis in response to DNA damage (Lowe et al, 1994;

Ferreira et al, 1999; Aas et al, 1996).

Disruption of signalling pathways

Cisplatin-induced DNA damagedifferentially activates c-JUN N-terminal

protein kinase (JNK), extracellular signal-regulated protein kinase (ERK)

and Akt cascadesresulting in DNA repair and cell survival which leads to
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(v)

the development of chemo-resistance (Ohmichi et al, 2005; Hayakawaet

al, 1999; Hayakawaet al, 2000).

Mechanisms that enhance DNArepair

Once platinum-DNA adducts are formed, in order to survival, cells must

either repair or tolerate the damage. Platinum resistance can result from

enhanced DNArepair by DNA repair genes such as ERCC-1 and XPAC

(Dabholkaret al, 1994).

Mechanismsthat enhancetolerance to DNA damage

Mispaired nucleotide bases, formed as a result of errors in DNA

replication, are usually excised during mismatch repair. Deficiency in

mismatch repair (MMR) can cause drug resistance, including platinum

resistance, through the failure of tumour cells to recognise the DNA

damage (Brownetal, 1997). Such tumours are usually characterised by

microsatellite instability (MSI). There is increasing evidence that hMLH1

may play an important role in inducing changes in tumour MSI during

platinum-based chemotherapy (Gifford et al, 2003) and epigenetic

silencing of hMLH1 via promoter hypermethylation leads to platinum

resistance in ovarian cancer (Strathdee et al, 1999; Plumbet al, 2000).

The molecular genetic variables determining chemotherapy sensitivity or

resistance in ovarian cancers remain poorly defined. Most of these studies are

performed onin-vitro systems or lacked confirmation in larger clinical studies.
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None of these are currently in routine clinical use to predict drug response.

The mechanisms underlying drug resistance remain poorly understood.

Phenoxodiol, a synthetic isoflavane, has shown great promise in reversing

platinum-resistance in ovarian cancer, and is currently underinvestigation in a

multinational Phase Ill clinical study, the OVATURE study

(http://www.ovaturetrial.com). The primary cellular target(s) of this drug

remainselusive, butit is thought to exert its effects mainly by the induction of

apoptosis via multiple mechanisms which included the inhibition of the pro-

survival regulator, S-1-P (sphingosine-1-phosphate), the apoptosis inhibitor,

XIAP, and the disruption of the expression of FLIP, a FLICE inhibitory protein

(Alvero et al, 2006; Kamsteeg et al, 2003).

In summary, some of the challenges facing the managementof epithelial

ovarian cancer include the identification of more sensitive and reliable

prognostic markers to refine prognosis, the reversal ofclinical drug resistance

and newand novel therapeutic targets to improve the outcomein patients with

this devastating disease.

Many genetic and environmental factors contribute to the development of

cancer(See section 1.1.2). In the last decade, there is increasing recognition

of the role of epigenetics in cancer. Many genes become transcriptionally

silenced during the developmentof cancer. There is increasing evidence that

aberrant methylation of CpG islands, an epigenetic event, represents an

alternative mechanism to deletions or mutations in the silencing of tumour
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suppressor genes (Joneset al, 2002; Herman, 1999; Hermanet al, 1994). It is

a commoneventin carcinogenesis. It is estimated that hundreds of genes are

silenced by CpG promoter hypermethylation in every cancer (Toyota M and

Isaa JP, 2005), and many of these genesare involved in key DNA damage

response pathways, suchascell cycle control, apoptosis signalling and DNA

repair (Santini et al, 1991; Benderet al, 1998). Hence, CpG hypermethylation

maypotentially affect disease development, progression and drug resistance.

Perhaps, more importantly, epigenetic changes are more easily reversed than

genetic changes, making methylation markers attractive potential therapeutic

targets. The following section (Section 1.2) reviews cancer epigenetics.
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1.2 DNA Methylation

“Epigenetic " refers to the heritable changesin the pattern of gene expression

that is mediated by a mechanism other than the primary nucleotide sequence

of a gene (Bird, 2002; Russoetal, 1996).

In the last decade, there has been a resurgenceofinterest in the epigenetics

of cancer on accountof the increasing evidenceofits role in abnormal gene

silencing (Jones et al, 1999; Joneset al, 2002; Herman, 1999).

Aberrant DNA methylation is a common event in cancer. Many genetic and

environmental factors contribute to the development of cancer, but DNA

methylation may provide a link betweentheseinfluences. A study ofits role in

ovarian cancer may help to further our understanding and treatment of this

devastating disease.

1.2.1. What is DNA Methylation ?

CpG:

The primary sequence of DNA is often described as consisting of four

nucleotides: adenosine, thymidine, guanine and cytosine. However, a small

proportion of the human genomeis made upofa fifth base, 5-methylcytosine,

which constitutes 4% of the genomic DNA. DNA methyltransferases (DNMTs)

are enzymesthat catalyse the methylation of the 5’ position of the cytosine

ring using S-adenosyl-methionine as the donor molecule for the methyl group

(Bird, 2002 ; Figure 1.2).
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5-methylcytosine is crucial for many biologicalal processes (Robertsonetal,

2000) and its dysregulation has been associated with several diseases

including Rett Syndrome (mutation in methyl binding protein MeCP2), Fragile

X syndrome and Lupus (Pazet al, 2002).

The methylation appears to be imposed only on cytosines that precede the

guanosine in the DNA sequence — the cytosine-guanosine dinucleotides

(CpGs). The overall frequency of CpGs in the genome is substantially less

than would be mathematically predicted. This may be a result of the

progressive depletion of CpG dinucleotides over the course of time as

methylated cytosine has a propensity to deaminate to form thymidine.

CpGislands:

A CpGisland is defined as a contiguous stretch of DNA of at least 500 base

pairs with a G:C ratio of at least 55% and an observed over expected CpG

frequency of at least 0.65.These islands are typically found in or near the

promoterregion of genes, wheretranscriptionis initiated (Herman et al, 2003).

Approximately half of the genes in our genome have such CpG-rich promoter

regions.

Epigenomeof a NormalCell

In the bulk of the genome, approximately 80 percent of the CpG dinucleotides

that are not associated with CpG islands are heavily methylated and

transcriptionally silent. In contrast, the CpG dinucleotides in CpG islands,
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especially those associated with gene promoters, are usually unmethylated,

thereby allowing gene expression to occur(Bird, 2002).

The bulk of methylation occurs in the noncoding regions of the genome and

DNA methylation helps to maintain the transcriptional silencing. Heavily

methylated DNAreplicates later than nonmethylated DNA (Antequera ,1993).

This late replication is associated with the formation of inactive chromatin and

transcriptional silencing (Bird et al, 1999). A large part of the human genome

consists of parasitic sequences such as endogenous retroviruses,

transposons and repeat elements. If transcribed, they can be potentially

harmful. DNA hypermethylation may help keep these regions in a

transcriptionally silenced state (Bird A, 2002; Joneset al, 2002; Bestor, 2000;

Yoder, 1997).

In contrast, the promoter regions of euchromatin (regions of the genomethat

are maintained in a noncompacted state that favours gene transcription) are

generally unmethylated. The exceptions to this rule are the methylated CpG

islands found in:

« Imprinted genes

Genomic or parental imprinting is a process by which gene expressionis

restricted to one allele. This can be either the paternal or maternalallele.

Promoter hypermethylation is associated with the silencedalleles of some

imprinted genes(Bird, 2002; Herman, 2003).
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=" X chromosomeinactivation in women

Promoter hypermethylation is found in many transcriptionally silent genes

on the X chromosomesof females (Bird, 2002; Herman, 2003).

1.2.2 Promoter Hypermethylation and Cancer

It is well documented that genetic changes such as mutations and deletions

play a functionalrole in silencing tumour suppressor genes (Weinberg, 1994).

The “two-hit” hypothesis of carcinogenesis by Knudsonetal (2001), proposes

that loss of function of both alleles in a given tumour suppressor gene is

required for malignant transformation. Thefirst hit typically is in the form of

mutation in a critical gene, followed by loss of the wild-type allele via deletion

or loss of heterozygosity.

In familial cancers, this first hit may occur through germ line mutations,

whereas in non-inherited sporadic cancers, somatic mutations are more

commonly observed. Subsequent loss of the remaining allele through

deletion, point mutation or loss of heterozygosity can eliminate the remaining

functional gene. Inactivation of regulatory genesin this mannercan lead to the

developmentof cancer.

Similar results can be achieved through epigenetic gene inactivation by

aberrant promoter methylation. In cancercells, methylation within promoters

serves to switch off critical genes that could otherwise suppress

tumorigenesis. Promoter hypermethylation can constitute the first hit in many
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somatic cancers, with subsequent mutations or deaminations constituting the

second hit. Moreover, hypermethylation of promoters of both copies of the

geneis not infrequent in non-familial cancer (Esteller M et al, 2001). On the

other hand, in familial cancers, epigenetic change is not a mechanism of the

first hit but it can cause the secondhit (Esteller M et al, 2001).

Epigenetic silencing is often dysregulated in tumour cells. Evidence suggests

that epigenetic gene inactivation is at least as commonas,if not more

frequent than mutational events in the development of cancer (Jonesetal,

2002: Herman, 1999; Herman et al, 1994; Leone et al, 2002; Merlo et al,

1995). Many hundreds of genes may be inactivated in a single cancer by

promoter hypermethylation (Jones and Baylin, 2007; Toyota and Issa, 2005).

Hypermethylation of CpG islands located in or near the gene promoter and

first exon can lead to the transcriptional repression of genes with tumour

suppressor function and genes that play a critical role in regulating cell

growth, differentiation, signal transduction, DNA repair, tumour metastasis and

angiogenesis (Santini et al, 2001; Bender et al, 1998). Among the many

genes knownto be epigenetically silenced in cancer are: BRCA1 in breast

cancer and ovarian cancer, cell-cycle inhibitor p16'“*, the p53-regulator

p14ARF, the MLH1 mismatch repair gene implicated in ovarian, colorectal and

VHLgenein renal cancer (Joneset al, 2002; Hermanet al, 1994; Table 1.6).

The large number of genes found to be hypermethylated in various

malignancies suggests a role for epigenetic changes in the initiation or

progression of cancer.
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The biological effect of the loss of gene function caused by promoter

hypermethylation is similar to that seen in mutation (Bird, 1986; Esteller et al,

2001). For example, in colon cancer, both mutation and promoter

hypermethylation of the hMLH1 gene can cause microsatellite instability. In

breast cancer, BRCA1 mutation and promoter hypermethylation both produce

similar DNA-microarray patterns of gene expression (Esteller et al, 2000;

Hedelfank et al, 2001). These findings suggest that CpG island

hypermethylation may play a direct role in the epigenetic silencing of wild-type

genesas a secondhit in both sporadic and familial forms of cancer.

In in-vitro studies, treating tumourcells with demethylating drugs such as 5’-

azacytidine can re-establish the expression of tumour suppressor genesthat

were silenced by promoter hypermethylation (Benderet al, 1998; Karpf et al,

2001; Ferguson, 1995; Laird et al, 1995). Moreover, reducing methylation in

mouse models has been shownto prevent cancer formation (Laird et al,1995;

Berlinsky et al, 2003), providing further evidence for a pathogenic role of

promoter hypermethylation in cancer.

1.2.3. How does CpGisland hypermethylation occur in cancer?

The aberrant promoter CpGisland methylation in cancer can be viewed as the

conversion of a transcriptionally active to a transcriptionally repressive

chromatin domain. The majority of the human genome is made up of

heterochromatin (transcriptionally repressive chromatin) with only a minority of

euchromatin (transcriptionally active chromatin). There is some evidence to

suggest that the heterochromatin is prevented from spreading into adjacent
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euchromatin by boundary elements. De novo methylation of promoter CpG

islands in cancer may be due to a breakdown or loss of these boundary

mechanisms that normally protects the euchromatin from the invasion by

heterochromatin.

Breakdown of boundary mechanismsin cancer?

Experimental models (Graff et al, 1997) have supported the idea that in

cancercells, methylation spreads into CpG islands from the lateral aspects

towards the central region. Regions just upstream from the transcription start

site of gene, which is often embedded within the island, appear to be most

protected. These patterns of methylation are supportive of the concept of a

gradual breakdown of the boundaries that protect the CpG islands over the

course of tumour development. While much remains unknown about these

molecular boundaries, more is becoming known about the mechanismsthat

regulate methylation.

1.2.4 Regulation of DNA methylation:

Although DNA methylation has been recognised for many years, the

mechanismsthrough whichit is regulated are only now beginning to emerge.

DNA methylation and transcriptional activity is controlled at several different

levels in normal and tumourcells. Although methylation controls gene activity,

it alone is insufficient to repress transcription. The local chromatin structure

around promotersalso affects DNA methylation and transcriptional activity.
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DNA methyltransferases (DNMTs)

DNA methyltransferases (DNMTs) are key enzymes that catalysed the

addition of methyl groups to cytosine residues in DNA. There are three known

biologicalally active DNMTs in mammalian cells: DNMT1, DNMT3a and

DNMT3b (Okanoet al, 1999; Okanoet al, 1998). DNMTs 1 and 3b cooperate

to maintain abnormal gene hypermethylation in cancercells (Rhee et al, 2000;

Rheeet al, 2002).

Unmethylated gene promoter (Figure 1.3a)

In unmethylated, transcriptionally active gene promoter, the local chromatin

has characteristics that favour gene expression. The nucleosomesare widely

spaced and composed of histone complexes in which the key residuesin the

tails of histone H3 are in an acetylated state. Acetylation of histones is

required to maintain chromatin in an open and transcriptionally active state

(Bird et al, 1999; Jenuwein et al, 2001; Strahl et al, 2000). This results in a

more open configuration that allows the access of key components of the

gene-transcription apparatus, including primary transcription factors (TF);

histone with histone acetyltransferase activity (HAT), which maintains the

histones in an acetylated state; and transcriptional coactivators (CA) (Bird,

2002; Joneset al, 2002; Kasset al, 1997).

How does CpG island methylation inhibit gene transcription? (Figure

1.3b)

In cancercells with promoter hypermethylation-associated genesilencing, the

local chromatin structure does not favour gene transcription. Nucleosomes
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become more compacted, thereby inhibiting the access of regulatory proteins

that promote transcription. Histone tails are kept in a deacetylated state by

histone deacetylases (HDACs), which in turn are directed to promotersites by

DNMTs and a group of proteins known as methyl cytosine-binding proteins

(MBPs) (Bird, 2002; Bird, 1999). Through unknown mechanisms, perhaps

through the breakdown of molecular boundaries (see section 1.2.3), the DNA-

methylating complex which consists of DNMTs, HDACs and transcriptional

corepressors (CR) have access to the CpG islands around the promoter

regions and gene-transcription factors are excluded.

Methylation of lysine 9 residues on H3 has been found to facilitate

transcriptional repression (Jones et al, 2002; Bannister et al, 2001; Nakayama

et al, 2001). Loss of acetylation at Lysine 16 and trimethylation at Lysine 20

in the tail of histone H4 is a common event in human cancer (Fraga etal,

2005).

1.2.5 Genomic Hypomethylation in cancer

In cancer cell, CpG island hypermethylation is associated with global

hypomethylation of the genome (Feinberg et al, 1983). This global

hypomethylation is thought to contribute to carcinogensis byits association

with chromosomalinstabilities (Eden et al, 2003; Gaudet et al, 2003), the

activation of normally silenced repetitive DNA elements (Walsh et al, 1998)

and the lossof imprinting (Steenmanetal, 1994).
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Thus, the aberrant epigenetic landscape of the cancercell is characterised by

global genomic hypomethylation, CpG island promoter hypermethylation,

altered histone code for critical genes and a global loss of monoacetylated

and trimethylated histone H4.

1.2.6 Potential Translational Applications of Hypermethylation:

Detection of cancercells

Epigenetically modified DNA offers potential advantage over other markers,in

that DNA is more stable than RNA or protein markers. Detection of CpG

island methylation in DNA of tumourcells is possible from various biological

fluids and biopsy samples such as serum (Esteller, 1999), bronchoalveolar

lavage (Ahrendt, 1999) lymph nodes (Sanchez-Cespedes, 1999), sputum

(Palmisano et al, 2000) and urine (Cairns, 2001) from many different tumour

types.

There is increasing evidence that promoter hypermethylation of CpG islands

in tumour suppressor genesoccurs early in tumorigenesis. Hypermethylation

of the p16'“*? gene is frequently seen during metaplastic progression in

Barrett's oesophagus (Wong etal, 2001; Bian et al, 2002), lung and cervical

cancer (Nuovo et al, 1999). Palmisano et al (2000) demonstrated that

aberrant promoter hypermethylation could be detected in sputum up to three

years beforetheclinical detection of lung cancer. These findings hold promise

for the use of promoter hypermthylation in the early detection of cancer.
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Methylation signature of individual cancer types

Mapping of DNA methylation in tumourcells has highlighted the existence of a

unique profile of hypermethylated GpG islands for each specific tumour type

(Esteller, 2001; Costello et al, 2000). It is not clear why this occurs. During

carcinogenesis, cancers need to develop certain hallmarks such as evasion of

apoptosis, ability to invade, insensitivity to anti-growth signals and unlimited

replicative potential (Hanahan et al, 2000). Many genes known to be

methylated in cancers can affect these hallmarks of cancer (Refer to Table

1.6). It has been hypothesised that CpG hypermethylation and subsequent

inactivation of important genes, such as tumour suppressor genes, may

confer a growth or survival advantage to cancercell. This results in different

methylation patterns depending on the selective pressure for genesilencing in

the tumour type examined (Theodoridis et al, 2004; Esteller, 2003). This

unique methylation signature may prove to be useful for the molecular

classification of different cancer types.

Predicting tumour behaviour / Prognostic

Another potential application of CpG promoter hypermethylation involves

using the function of the silenced genes to predict tumour behaviour and

prognosis. Promoter hypermethylation of the death-associated protein kinase

(DAPK), an anti-apoptotic factor, in lung cancer is associated with adverse

survival in Stage | non-small cell lung cancer (Tang et al, 2000).

Hypermethylation of RASS1Ais associated with high risk neuroblastoma and

predicts for poor overall survival in this group of patients (Yang et al, 2004).
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Hypermethylation of the p16'\“** gene is associated with poor prognosis in

colorectal cancer(Esteller et al, 2001).

Predicting treatment response / drug sensitivity

Methylation associatedsilencing of O°-methylguanine-DNA methyltransferase

(a protein responsible for the removal of alkyl groups from guanine, whichis

the preferred point of DNA attack of several alkylating agents) sensitises the

tumour cells to alkylating agents such as carmustine, procarbazine and

cyclophosphamide (Esteller, 1999). In diffuse large-cell lymphomas treated

with cyclophosphamide, hypermethylation with O®-methylguanine-DNA

methyltransferase has been shownto be a strong predictor of overall survival

and time to progression (Esteller, 2002). In glioma patients treated with

carmustine, hypermethylation of the O°-methylguanine-DNA transferase

promoteris associated with a betterclinical outcome (Esteller et al, 2002).

Demethylation and Gene reactivation / Therapeutics

Epigenetic alterations are in principle more readily reversible than genetic

events (Karpf et al, 2000; Egger et al, 2004). This renders them attractive

targets for therapeutic interventions.

Inhibitors of DNMTs

Since the mid-1980s, it has been possible to reactivate hypermethylated

genesin-vitro with demethylating agents such as 5’-azacytidine. 5’-azacytidine

and its analog 5-aza-dC (decitabine) inhibit the methyltransferases, enzymes
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that mediate the methylation process, and target them for degradation (Goffin

et al, 2002). Plumb et al (2000) demonstrated that decitabine treatment of the

ovarian cisplatin-resistant cell line A2780/cis could restore hMLH1 activity and

cisplatin sensitivity in both cultured cells and mouse xenografts. It has also

been shownto reverse lysine methylation at lysine 9 of histone H3 (Nguyenet

al, 2002).

In the clinical setting, these agents have shown considerable promise in

haematological malignancies. 5’-azacytidine was the first hypomethylating

agent approved by the U.S. Food and Drug Administration for the treatment of

myelodysplastic syndrome (Issa et al, 2005), and more recently, 5-

deoxyazacytidine (decitabine) was also approved for the same indication

(Katarjian et al, 2007). Severalclinical trials are underwayto investigate the

role of these agents in solid tumours including a CRUK phase II trial, the

decitabine and carboplatin in relapsed ovarian cancer, investigates the use of

decitabine to reverse platinum resistance in relapsed ovarian cancerpatients

(www.cancerhelp.org.uk/trials).

Histone deacetylases inhibitors (HDACs Inhibitors)

Histone deacetylases (HDACs) play an important role in maintaining

transcriptional gene silencing (Bird, 2002; Bird, 1999). HDACsinhibitors have

been showntoinhibit histone deacetylation in human tumourcell (Marksetal,

2000; Meiet al, 2004; Drummondetal, 2005).
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Several HDAC inhibitors are currently being evaluated in Phase | andIl

clinical trials (http:/Awww.clinicaltrials.gov ). It should be noted that methylation

seemsto be dominant to histone deacetylation, so transcription cannot occur

withoutfirst inhibiting methylation. HDAC inhibitor alone generally will not re-

activate the expression of silenced state unless some de-methylation is first

achieved (Cameron et al, 1999). Initial treatment with azacitidine or

decitabine, followed by HDACinhibitors, can produce synergistic effects for

re-expressionof transcriptionally silenced genes (Cameronet al, 1999; Suzuki

et al, 2002).

1.2.7 Ovarian cancerand Methylation

Genesepigenetically silenced in epithelial ovarian cancer

In epithelial ovarian cancer, many genes are known to be silenced by CpG

promoter hypermethylation, among which are the hMLH1, MCJ, LOT1,

p21°"'"| RASSF1A, OPCML, ARLTS1, TCEAL7 and the BRCA1 genes

(Table 1.7).

Epigenetic markers as prognostic indicators in ovarian cancer

(Table 7.1)

Promoter hypermethylation of p16 (Katsaros et al, 2004) is a poor prognostic

marker in epithelial ovarian cancer. Demethylation of the MCJ gene is

associated with better response to chemotherapy and survival in advanced

epithelial ovarian cancer (Strathdee et al, 2005). Hypermethylation of 18S and
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28S ribosomal DNAs (Chan et al, 2005) and DNA repair genes (BRCA1,

GSTP1 or MGMT; Teodoridis et al, 2005) are predictors of favourable survival

outcomes in advancedepithelial ovarian cancer. Weiet al (2002) developed a

methylation microarray signature that distinguishes EOC patients with long

versus short progressionfree survival.

Epigenetics of platinum resistance in ovarian cancer

Epigenetic downregulation of Apaf-1 (Liu et al, 2002; Soengaset al, 2001)

contributes to platinum resistance.

The epigenetic silencing of hMLH1, a DNA mismatch geneis associated with

platinum resistance in ovarian cancer (Strathdee et al, 1999; Plumbetal,

2000). The acquisition of hMLH1 hypermethylation in plasma DNAat the time

of ovarian cancer relapse is associated with poor overall survival in patients

previoustreated with platinum / taxane chemotherapy(Gifford et al, 2004; See

Section 1.1.9). A phase II CRUKclinicaltrial of decitabine and carboplatin in

relapsed ovarian cancer, is currently underway in the UK to investigate the

use of decitabine to reverse platinum resistance in patients who relapse within

6-12 monthsfollowing platinum chemotherapy (www.cancerhelp.org.uk/trials).

The in-vitro disruption of the Fanconi Anaemia — BRCApathwayasa result of

FANCF methylation leads to cisplatin hypersensitivity in ovarian cancer.
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Restoration of this pathway is associated with FANCF demethylation and

developmentofcisplatin resistance (Taniguchi et al, 2003; See Chapter5).

Epigenetics of Taxane Resistance in ovarian cancer

RASSF1Ais a tumour suppressor gene that undergoesepigenetic silencing in

ovarian cancer (Yoon et al, 2001; Agathanggelou et al, 2001). RASSF1A

binds to tubulin and stabilise microtubules (Liu et al, 2003), as such, may have

a role in assisting paclitaxel in preventing spindle assembly.

1.3 Aimsof thesis:

Someof the challenges facing the management of epithelial ovarian cancer

include platinum drug resistance, a need for more sensitive and reliable

prognostic and predictive markers and new therapeutic options to improve the

clinical outcomeof patients.

Thus, the study of gene methylation may help to add to our understanding of

the pathogenesis, tumour biology, and drug resistance of ovarian cancer.

Potentially, methylation markers are a good source of prognostic and

predictive information. Currently, clinico-pathological variables, such as FIGO

stage, tumour grade and debulking status are used as prognostic indicatorsin

ovarian cancer. They are howeverfairly imprecise. There is a need for more

sensitive and reliable prognostic markers in ovarian cancer. Perhaps more

importantly, reversal of DNA methylation represents an attractive therapeutic

target in a disease where the therapeutic ceiling appears to have been

reached with current treatment options.
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The aimsofthis thesis are:

« Identification of novel gene targets that are methylated in epithelial ovarian

cancer.

« Identification of novel methylation markers with prognostic potential in

epithelial ovarian cancer.

This study centres on three families of genes, the dual specificity

phosphatases (DUSPs), the insulin-like growth factor binding-proteins

(IGFBP) and the Fanconi Anaemia-BRCA (FA-BRCA) because of laboratory

interests in these genes whenthis study was undertaken.

We used a candidate gene approachto investigate if members of two families

of genes with putative tumours suppression functions — the dual specificity

phosphatases (DUSPs) and the insulin-like growth factor binding proteins

(IGFBP), are methylated in epithelial ovarian cancer.

Dual-specificity phosphatases (DUSPs)

The mitogen-activated protein (MAP) kinases play a significant role in

oncogenesis (McCormick et al, 1993; van Aslet et al, 1993; Vojtek et al,

1993). The DUSPsare a family of genes that negatively regulates the MAP

kinases via dephosphorylation (Camps, 1999) and are thus potential tumour

suppressors.
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Inslulin-like growth factor binding proteins (IGFBPs)

Theinsulin-like growth factor binding proteins (IGFBPs) are a class of binding

proteins which exert growth-inhibitory effects by competitively binding to

insulin-growth factors and preventing their binding to their receptors (Baxter et

al, 2000). Insulin-like growth factors (IGFs) are important players in

carcinogenesis. Elevated levels of IGFI and IGFII are found in many cancers,

including ovarian cancer(Bernset al, 1992; Weigang et al, 1994; Sayeretal,

2005). IGFBP3, IGFBP5 and IGFBP7 have been reported to be down-

regulated in ovarian cancer, although the mechanistic behind this remains

unclear (Flyberg et al, 1997; Warrenfeltz et al, 2004). We postulate that

methylation-dependentsilencing may be responsible for their down-regulation.

Wepostulate that members of DUSPs and the IGFBPsare putative tumour

suppressors and may be subjected to methylation-dependent silencing in

ovarian cancer. We aim to profile the methylation status of these genes and to

investigate if these methylation markers in turn have prognostic significance.

Fanconi Anaemia-BRCA (FA-BRCA)

Anotherfamily of genes that wasof interest was the Fanconi Anaemia-BRCA

genes. The Fanconi Anaemia-BRCA pathwayis required for normal cellular

responseto cisplatin. In 2003, Taniguchiet al reported in Nature Medicine in-

vitro disruption of this pathway in ovarian cancer as a result of FANCF

methylation, leading to cisplatin hypersensitivity. Restoration of this pathway

was associated with FANCF demethylation and the developmentofcisplatin
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resistance. These findings were certainly intriguing as FANCF methylation

status can potentially predict for platinum sensitivity in ovarian cancer.

In this study, we will profile the methylation status of the DUSPs, the IGFBPs

and the Fanconi-Anaemia genes. We will examine the impact of promoter

hypermethylation of these genesin relation to gene expression in the ovarian

cancercell lines, to established prognostic markers and to patient outcomein

a group of women with advanced epithelial ovarian cancer treated with

platinum-based chemotherapyas part of a large clinicaltrial.

The DUSPs,the Fanconi-Anaemia and the IGFBPs geneswill be discussedin

greaterdetail in Chapters 4, 5 and 6.
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Table 1.1 World Health Organisation Classifications of Malignant

Epithelial Ovarian Tumours (Adapted from Scully et al, 1998)

 

Histological Types

 

Malignant serous tumours

Malignant mucinous tumours

Malignant endometrioid tumours

Clear cell tumours, malignant

Brenner tumours, malignant

Mixed epithelial tumours, malignant

Undifferentiated carcinoma

Unclassified
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Table 1.2 FIGO Staging for Ovarian Cancer(after Shepherd,1989)

 

 

 

 

 

FIGO Stage Description T(TNM)

TX

0 No evidenceof primary tumour TO

| T1
Tumourconfined to ovaries

IA Tumourlimited to one ovary, capsule intact Ta

No tumouron ovarian surface

No malignantcells in the ascites or peritoneal washings

4B Tumourlimited to both ovaries, capsule intact T1b

No tumours on ovarian surface

No malignantcells in the ascites or peritoneal washings

1C Tumour limited to one or both ovaries, with any of the T1c

following — capsule ruptured, tumour on ovarian surface,

positive malignant cells in the ascites or positive peritoneal

washings

i
Tumourinvolves one or both ovaries with pelvic extension 12

A Extension and/or implants in uterus and/or tubes T2a

No malignantcells in the ascites or peritoneal washings

IB Extension to other pelvic organ T2b

No malignantcells in the ascites or peritoneal washings

Ic I|A/B with positive malignantcells in the ascites T2c

or positive peritoneal washings
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FIGO Stage Description T (TNM)

 

 

HT T3
Tumourinvolves one or both ovaries with microscopically

confirmed peritoneal metastasis outside the pelvis and/or

regional lymph nodes metastasis

IA Microscopic peritoneal metastasis beyond the pelvis T3a

IB Macroscopic peritoneal metastasis beyond the pelvis 2cm or T3b

less in greatest dimension

IIc Peritoneal metastasis beyond pelvis more than 2cm in T3c¢ and

greatest dimension and/or regional lymph nodes metastasis For NA

IV M1
Distant metastasis beyond the peritoneal cavity
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Table 1.3 Carcinoma of the ovary — Stage grouping using FIGO and

UICC TNM Staging (Adapted from the American Joint Committee on Cancer,

1997)
 

 

 

UICC TNM Staging

FIGO Stage T N M

IA Tia NO MO

IB T1b NO MO

IC Tic NO MO

IA T2a NO MO

IIB T2b NO MO

IC T2c NO MO

IIA T3a NO MO

IIB T3b NO MO

IIIC T3c NO MO

Any T N1 Mo

IV Any T Any N M1   
 

Note : Liver capsule metastasis is T3 / StageIll, liver parenchymal metastasis

is M1 / Stage IV. Pleural effusion must have positive cytology.

Primary Tumour(T) (see Table 1.2)

Regional Lymph Nodes(N)

Nx Regional lymph nodes cannot be assessed
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NO No regional lymph node metastasis

N1 Regional lypmph node metastasis

Distant Metastasis (M)

Mx Distant metastasis cannot be assessed

MO No distant metastasis

M1 Distant metastasis (excluding peritoneal metastasis)
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Table 1.4 Established prognostic factors in ovarian cancer

 

FIGO stage at diagnosis

Volumeof residual disease post cytoreductive surgery

Performancestatus

Tumourhistological grade

Histological subtype

Serum CA 125levels

Age

Malignantascites

 

 

Table 1.5 Candidate Prognostic markers in ovarian cancer

 

P53 mutation

c-erB2

EGFR

Glutathione-S-transferase (GST)-pi

DNAploidy

S phasefraction

P glycoprotein immunoreactivity
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Table 1.6 A partial list of Genes Hypermethylated in Tumours

(after Esteller, 2003)
 

 

Hypermethylated Tumour Type Result

Gene

BRCA1 Breast Defect in DNA repair of double-

Ovary strand breaks.

hMLH1 Ovary Defect in DNA repair of

Colon mismatches.

Stomach

Endometrium

MGMT Brain, Lung, Chemosensitivity.

Lymphoma,

Colon

P15INK4b Leukemia Entrancein cell cycle.

VHL Renal cell CA Tumoursuppressordefect.

RARB2 Colon, Lung, Lack of responsetoretinoids.

Lymphoma,

Breast

APC Colorectal Defect in Wnt signal

transduction.

P14ARF Colon Activation of MDM2,inactivation

Stomach of P53
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Table 1.7 A partial list of genes downregulated in ovarian cancervia

promoter hypermethylation

 

 

Gene Function References

hMLH1 DNA mismatchrepair Strathdeeet al (1999)

Esteller (2003)

MCJ Unknown Shridharet al (2001)

LOT1 Apoptosis Abdollahi et al (2003)

p21ci"' Cell cycle checkpoint Faulkneret al (2000)

RASSF1A ? microtubule stability Yoonet al (2001)

Rathi et al (2002)

BRCA1 DNA damage response Chanetal (2002)

OPCML Cell adhesion molecule Sellar et al (2003)

Teodoridis et al (2005)

ARLTS1 ? Apoptosis Petrocca et al (2006)

TCEAL7 ? Regulatorof cell death Chien et al (2005)
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Figure 1.1 Model of ovarian carcinogenesis (adapted from Landen et al, 2008)

Normal ovarian epithelium is exposed to physiologic processes that may

predispose to malignant transformation, such as prolonged androgen exposure.

Cells need to acquire the “hallmark characteristics of a cancer cell’, primarily

through mutations or other genetic changes, to be transformed to a malignant

state. The order in which these mutations occuris not well understood, but the

timing and specific protein affected may be significant in producing different

histological subtypes and grades of ovarian cancer. Microenvironmental factors,

such as proliferation of endothelial cells for angiogenesis and the production of

matrix metalloproteinases (MMPs) may just be as important as mutations in the

tumour cells. Cancer cells can progress through either a step-wise, low-grade

pathwayor via a high-grade pathway.
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Figure 1.2 Methylation Reaction by DNA methyltransferase (DNMT)

enzymes to form 5’-methylcytosine. This reaction can be inhibited by

demethylating agent such as 5-Azacytidine. [after Hermanet al, 2003]  
 

 

 

 Figure 1.3
Regulation of DNA
Methylation

Top panel 1.3(a):
Unmethylated promoter
site in normal cell
Acetylated histone H3
maintains chromatin in
open configuration —

allows access of gene-

transcription apparatus to

facilitate gene
transcription.

LowerPanel 1.3(b):
Hypermethylated
promoter in cancercell

- DNA methylating
complex (DNMTS,

HDACs and CR) access

the CpG islands around
promoter and =gene
transcription factors are

excluded, resulting in

genesilencing.

 

[after Hermanetal,

2003]     
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CHAPTER2

MATERIALS AND METHODS

Methylation-specific PCR (MSP) was used to determine the CpG methylation

status of the DUSPs, the IGFBPs and the Fanconi Anaemia family of genes in

nine ovarian cell lines and seventy-four primary ovarian cancerclinical samples.

In cell lines, the methylation status of genes was correlated with gene expression

using Reverse Transcription PCR (RT-PCR). For clinical samples, methylation

status wascorrelated with clinico-pathological features and survival outcomes.

2.1 Overview of Methylation-specific PCR (MSP)

The past few years have seen an explosion of interest and developmentin the

field of cancer epigenetics. This is in part made possible by the developmentof

new techniquesof analysing DNA methylation.

In the past, the study of epigenetic events in carcinogenesis has been hampered

by the difficulty in analysing DNA methylation. Until a few years ago, the study of

DNA methylation was based on the use of enzymes that recognised

unmethylated and methylated regions. Scientists were able to analyse DNA
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methylation at specific gene loci with the use of methylation-sensitive restriction

enzymes, in conjunction with Southern Blot analysis. This approachis reliable

but cumbersome and requires a substantial amount of high quality DNA. In

addition, analysis is limited to the sites of the restriction enzymes (Laird, 2003).

More recently, the development of new techniques that couple bisulphite

modifications with PCR has made it possible for many laboratories to study

detailed DNA methylation patterns (Esteller, 2003; Larid, 2003; Frommeretal,

1992; Herman, 1993).

Other molecular biology techniques to analyse individual gene loci, such as PCR

and biologicalal cloning, erase DNA methylation information, leaving the

investigator unaware of the epigenetic information that was presentin the original

genomic DNA.

Problem: - PCRor cloning

Cc >C

c™>C

*C™ = methylated cytosine

With PCR or cloning, methylated cytosine (C™) is indistinguishable from

unmethylated cytosine (C).
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The solution to this problem is to modify DNA in a methylation-dependent way

before amplification. This can be achieved by:

Digestion with a methylation-sensitive restriction enzyme

eg. MS-AP-PCR(methylation sensitive arbitrarily primed PCR)

MCA(methylated CpG island amplification)

RLGS(restriction landmark genome scanning)

DMH (differential methylation hybridisation)

Treating the genomic DNA with sodium bisulphite converts the unmethylated

cytosines to uracil residues. It can circumvent the problems associated with

restriction enzyme analysis as discussed previously, and is extensively used.

Principles of bisulphite conversion:

The analysis of methylation was revolutionised by the introduction of sodium

bisulphite conversion of genomic DNA.Bisulphite conversion-based methods are

probably the most widely used methodsin recent years because they permit the

rapid identification of methylated cytosine (C™) in any sequencecontext. It was

first described in the early 1970s by Wataya et al (1970) and Shapiro et al

(1970). It was not until 1990s when Frommeret al (1992) demonstrated the

usefulness of this chemical reaction in conjunction with PCR amplification and

sequencing that this method becomes widely adopted.
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DNAtreated with sodium bisulphite results in the conversion of cytosine residues

to uracil (U) in single stranded DNA, under conditions whereby C™ remains

essentially non-reactive:

-C"G - -CG-

Bisulphite Conversion |

-C"G - - UG-

The bisulphite-modified DNA can then be used for methylation analysis using

standard methods such as PCR (eg. Methylation specific PCR), sequencing

(Bisulphite sequencing) and array hybridisation.

Methylation Specific PCR (MSP):

In 1996, Herman and colleagues (1996) introduced methylation specific PCR, a

bisulphite-dependent technique. It is now the most widely used method of DNA

methylation analysis and hassignificant impact on the burgeoningfield of cancer

epigenetics by making DNA analysis accessible to a wide numberof laboratories.

It excels at the sensitive detection of methylation patterns — provides a positive,

sensitive detection of 1 methylated allele in a background of 1,000 unmethylated

alleles. In addition, it is quick (typical PCR and gel analysis takes four to six

hours) and cost effective, making it suitable for high throughput analysis of

clinical samples (Fraga et al, 2002). It allows the study of paraffin-embedded

archival materials. However, it is a qualitative test and does not provide
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quantitative information. In addition, MSP suffers from specificity issues,

consequentof the lack of internal controls.

Primer Design for bisulphite-conversion-based reactions

The design of PCRprimers for the amplification of bisulphite-converted DNAis a

critical step. General primer selection criteria apply. Similar to primers used in

standard PCR (Rychlik, 2000), primers for bisulphite-converted DNA must be

able to form a stable duplex within the specific site on the target DNA and no

duplex formation with another primer molecule or no hybridisation at any other

sites.

There are however features specific to bisulphite-conversion-based reaction

primers:

* Incomplete bisulphite modification of DNA can lead to false methylation

positives (Clark, 1994). To bias bisulphite modified DNA against unmodified

or incompletely modified DNA, primers should cover several cytosines that

are not part of the CpG dinucleotides in the original sequence and are

therefore converted to uracil by bisulphite (Herman, 1994).

« Bisulphite-converted DNA is not self-complementary. Therefore primers

designed for the top-strand of a particular stretch of DNA will be different

from those that are designed to amplify bottom strand.
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« Bisulphite reaction causes undesired DNAstrand breakage. Usually a product

size greater than 300 basepairs will be difficult to amplify (Li et al, 2000).

Primers for MSP:

MSPprimers are designed to distinguish between methylated and unmethylated

DNAin bisulphite-modified DNA, taking advantage of the sequence differences

resulting from bisulphite modification. Two pairs of distinct methylation specific

primers are required — one pair is specific for methylated DNA sequences of

interest (M pair), and the other pair specific for modified and unmodified DNA (U

pair).

Besides meeting those commoncriteria that applies to bisulphite-conversion

reaction primers, the following constraints apply to MSPprimers:

» Primers should contain at least one CpG at the 3 ’region of the primers to

achieve optimal discrimination between methylated and unmethylated DNA

and to increase the specificity of primer annealing.

« Both U and M primer pairs should share similar melting temperature (Tm

value). This allows two PCR reactions to be carried out in a single PCR

machine using the samecycling conditions for convenience.
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2.2 Materials

2.2.1 Ovarian Cancercell lines:

Nine ovarian cancercell lines are used to screen for methylation. These include:

1847

TR175

JAMA2

OVCA433

SKOV3:

OVCAR3:

A2780:

=» A2780adr:

A2780cis:

Derived from ascitic fluid of 64-year-old Caucasian woman with

ovarian adenocarcinoma. It is resistant to several cytotoxic

agents suchascisplatin and adriamycin.

Derived from ascitic fluid of 60-year-old Caucasian female with

ovarian adenocarcinoma.

Human epithelial ovarian adenocarcinoma established from

untreated patients.

Developed by exposure of the parent line A2780 cell lines to

adriamycin. It does not possess the p-170 glycoprotein

associated with pleitrophic drug resistance in murine tumours.

Developed by chronic exposure of the parent cisplatin-sensitive

cell line to increasing concentrations of cisplatin. An increased

ability to repair DNA damage as well as

_

cytogenetic

abnormalities has been observed.
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The 1847, SKOV3, TR175, JAMA2, OVCAR3 and the OVCA433 were obtained

from the Institute of Cancer Research (London, UK). The A2780 andits cisplatin-

and adriamycin- resistant derivatives, A2780cis and A2780adr, respectively,

were obtained from the European Collection of Cell Cultures (ECAC).

A2780 adr, A2780 cis and A2780lines differ in their exposure to a single drug

and may facilitate the search for molecular changes responsible for the

pleiotrophic drug resistance in human cancers.

2.2.2 Primary Ovarian Cancers

Seventy-four histologically confirmed archival epithelial ovarian cancer samples

from the European-Canadian Intergroup trial were retrospectively retrieved for

this study. The European-Canadian Intergroup trial was a large multicenter

PhaseIII prospective randomised controlled trial that randomised a total of 680

patients with advanced epithelial ovarian cancer to either cisplatin (80mg/m’) /

cyclophosphamide (800mg/m?) or cisplatin (80mg/m?) / paclitaxel (175mg/m*)

chemotherapyfollowing surgical debulking surgery between 1994 — 1995 (Piccart

et al, 2000; Figure 2.1). The trial demonstrated a superior progression-free and

overall survival in favour of the cisplatin /paclitaxel-treated group of patients (HR

0.74, 95% Cl 0.63-0.88; HR 0.73, 95% Cl 0.60-0.89, respectively).

61



A total of seventy-four tissue blocks were available and were included in this

translational study. These were pre-chemotherapy surgical samples obtained at

the time of primary debulking surgery, 2cm x 2cm x 10 um thick sections were

cut, fixed in formalin and embeddedin paraffin. These samples were reviewed by

an independent histopathologist and were found to contain at least 80% of

cancertissues. Majority of these cases had advanced StageIll / IV diseases and

all patients received cisplatin-based treatment. Prospectively recorded long-term

(>10 years) clinical follow-up data (including known prognostic factors,

progressionfree survival and overall survival) are available for all these samples.

However, investigator is blinded to the clinical outcomesat the time of this study

and patients are anonymised. Approval for this translational study was given by

the Wirral Ethics Committee, United Kingdom.

2.3 Methods

2.3.1 Ovariancell lines culture

Ovarian cancercell lines 1847, TR175, SKOV3, OVCAR3, OVCA433, JAMA2,

A2780, A2780cis and A2780adr were cultured in DMEM containing 10% foetal

calf serum (FCS) by Dr N Syed in our laboratory. The drug resistance of

A2780cis and A2780adr were maintained by exposure to each agent as

recommendedbythe supplier.

62



2.3.2 Genomic DNAExtraction:

Ovarian cell lines

Genomic DNA was extracted from ovarian cell lines using Nucleospin® Tissue

(Machery-Nagel, Diiren, Germany) Kit as per manufacturer's instructions. This

wasthen quantitated using a UV-spectophometer.

Primary ovarian tumours

Genomic DNA was extracted using Pinpoint DNA Isolation System TM (Zymo

Research, Cambridge, United Kingdom) as per manufacturer's instructions. This

commercially available DNA extraction kit incorporated a DNA purification step

that reduces the chance of incomplete bisulphite conversion of the retrieved DNA

following bisulphite modification. The DNA was then quantitated using UV-

spectophometer.

2.3.3 METHYLATION ANALYSIS — Methylation specific PCR (MSP)

We used methylation specific PCR (MSP) to analysed the methylation status.

This involved the bisulphite conversion of genomic DNA. Methylation specific

PCR (MSP) was then carried out to determine the methylation status of the

genesofinterest as outlined in Figure 2.2.
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Steps involved in MSP (Figure 2.2):

Step 1: Bisulphite modification

1 ug of genomic DNA wassubjected to sodium bisulphite conversion using EZ

DNA Methylation Kit (Genetix Ltd) as per the manufacturer's instructions. This

process resulted in the conversion of unmethylated cytosines to uracil (U), whilst

methylated cytosines remain unchanged (M).

Step 2: PCR with MSPprimers

MSPPrimers

Bisulphite treated DNA was used as substrate for PCR using 2 pairs of primers,

one of them specific for methylated DNA (M pair), and one for modified

unmethylated DNA (U pair). We used the human genome browserto identify

CpG islands located within 1,000 base pairs of gene promotersorfirst exons

(http://genome.ucsc.edu/cgi-bin/Gateway) and the Methprimer program to design

our MSP primers (http://urogene.org/methprimer/index.html). The “M” primers

only amplify methylated DNA and “U” primers amplify unmethylated DNA.

MSP

For unmethylated reactions, 5 pl of bisulphite modified DNA is added to a mixture

containing 0.1 pl of “U” forward primer (Operon, Cologne, Germany), 0.1 pl of “U”

reverse primer (Operon, Cologne, Germany), 10! of Thermo-start ® PCR X

Master Mix (Abgene, Epsom, United Kingdom) and 4.8 yl of Ultra-filtered water.

64



For methylated reactions, “M” forward and reverse primers were used instead of

“U” primers.

The number of cycles of amplification and optimal annealing temperatures for

each MSPreaction conditions were determined and optimised by Mr E Garrin

our laboratory. In general, we employed 36-38 cycles of MSP in ovarian cancer

cell lines and 38-40 cyclesin the primary tumours. (Refer to Appendix | for MSP

conditions and primer sequencesfor specific genes).

Controls

Commercially available enzymatically methylated human genomic DNA,

CpGenome Universal Methylated DNA (chemicon®, Hampshire, UK), was used

as positive controls and unmethylated blood lymphocytes from healthy

individuals was used as negative controls.

Step 3: Gel Analysis

The PCR products were electrophoresed through 2% ethidium-bromide stained

agarosegels, and visualised using UV spectophometer.

How to score a positive MSP reaction (Figure 2.3)

MSPis a qualitative method of analysing methylation. Samples were scored by

visual comparisons of methylated and unmethylated reactions. Bands of PCR
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products obtained with primers specific for methylated (M) sequences that were

visualised on the gels were scored as methylated. Conversely, the absence of

these bands wasconsidered unmethylated.

Nine ovarian cancercell lines were used to screen for methylation. Due to the

limited clinical materials available, further methylation analysis of specific genes

would be carried out in the clinical samples only if the cell line screen were

positive.

2.3.4 Analysis of mRNA expression by Reverse Transcription-

PCR (RT-PCR)

2.3.4.1 RNA Extraction from ovariancell lines:

RNA extraction was performed in a RNA-ase free environment to minimise the

degradation of RNA. Total RNA was extracted from cell line pellets

(approximately 1 x 10’ cells) using RNeasy Kit (Qiagen, Crawley, United

Kingdom) as per the manufacturer's instructions. Extracted RNA was then

quantitated using UV spectophometer.

Purity of the RNA was then determined, an absorbance ratio of A260/A280

between 1.9 — 2.1 being acceptable. The integrity of the RNA was checked by

denaturing agarose gel electrophoresis and ethidium bromide staining.

Ribosomal bands should appear as sharp bands onthe gel and the ribosomal

RNAbandintensity two times that of the 18S RNA band.
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2.3.4.2 Reverse Transcription-PCR (RT-PCR):

To perform PCR using RNA asa starting template, the RNA mustfirst be

reverse-transcribed into cDNAin a reverse transcription reaction.

To synthesis First strand cDNA 1.0 ug RNA was converted to first strand

cDNA using M-MLV Reverse Transcriptase and the Oligo (dT) 12-18 primer

(Invitrogen, Paisley, United Kingdom) as per the manufacturer’s instructions.

Quantitation of cDNA using GAPDHasinternalcontrol

2 ul of cDNA wasadded to a reaction mixture of 1 ul of GAPDH forward primer

(Operon, Cologne, Germany), 1ul of GADPHreverse primer ( Operon , Cologne,

Germany) and 21 ul of Thermoprimer plus Master Mix ( ABgene® , Epsom,

United Kingdom). The mixture underwent PCR amplification (Refer to AppendixII

for PCR conditions and primer sequences). cDNA wasthen quantitated based on

the intensity of the cDNA bands visualised on the ethidium bromide-stained

agarosegel.

RNA expression analysis

RNA expression was analysed by RT-PCR using primer sequences and PCR

conditions as detailed in Appendix II. Reactions were resolved on 2% agarose

gels visualised on UV-spectophometerafter staining with ethidium bromide.
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Zao 5’-azacytidine treatment

Ovarian cancercell lines were maintained in medium containing 5 umol/L 5’-

azacytidine (Sigma-Aldrich Co. Ltd) for 5 days. Untreated and 5’-azacytidine-

treated cells were harvested and analysed for gene expression by RT-PCR.

2.3.6 Statistical Analyses

Statistical Analysis was performed using the computer software package SPSS

statistical software v.14.0. Differences in frequencies of known prognostic factors

between methylated and unmethylated tumours were assessed using Chi-

squared Tests or Fisher's Exact tests for categorical data and the Mann-Whitney

U test for continuous data. Progression Free Survival (PFS) was defined as the

interval that elapsed between the date of randomisation into theclinical trial and

the date of progression of the ovarian canceror death. Overall Survival (OS) was

defined as the interval between the date of randomisation into the trial and the

date of death. Randomisation into the trial occurred within eight weeks of

debulking surgery. Survival curves (for PFS and OS) were constructed using the

Kaplan Meier method with comparison of survival curves using the log ranktest.

Cox’s proportional hazards model was usedforthe calculation of hazard ratios in

univariate and in multivariate analyses adjusted for prognostic factors. All

statistical tests were two-sided, and a p-value of <0.05 was considered

statistically significant.
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2.4 DISCUSSION

Methylation Screening

In this study, we used a panel of nine ovarian cell lines to screen for CpG

promoter hypermethylation. Further analysis of the methylation status of specific

genesin clinical samples would only be undertakenif the methylation screen was

positive in the cell lines. Ideally methylation analysis should be performed on

tumour samples evenif the methylation screen using cell lines is negative, as a

negative cell line screen does not necessarily exclude methylation in the primary

tumour. However, dueto the limitations of the clinical samples (limited material),

we only performed methylation analysis on the primary ovarian tumour samplesif

cell line screening yielded positive methylation. In so doing, it is accepted that

some methylated genes may be missed (See Section 7.5 for detailed

discussion).

Clinical samples — primary epithelial ovarian cancer

The strengths of these clinical samples were that they were obtained from a well

conducted PhaseIII randomised controlled clinical trial with high quality, mature

clinical data. However, difficulties were encountered with these primary ovarian

samples. These were 2cm x 2cm x 10 ym thick formalin-fixed paraffin-embedded

archival samples (more than 10 year-old samples) mounted on glass slides.

There was very little DNA on each slide to work with. DNA needed to be

extracted from the tissues on the glass slide. Due to the age of these samples,
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the quality of DNA may not be as good as those of recent samples. This is

particularly a problem as bisulphite treatment further damages the DNA. The type

and quality of the clinical samples have limited their use. Attempts at bisulphite

sequencing on these samples were unsuccessful.

Steps to ensure reproducibility of findings

All of our RT-PCRs were performed on two independently reverse-transcribed

cDNA to ensure reproducibility of results. The MSP reactions, whenever

possible, were performed on two independently bisulphite-modified genomic

DNA. However, this was not always possible in the clinical samples due to the

scarcity of the tumour samples. MSP and RT-PCRreactions in cell lines were

analysed on at least two separate occasions.

Methylation-specific PCR (MSP)

The well recognised limitations of MSP include the false positive detection of

methylation, lack of specificity and problems with the reproducibility of MSP

findings (Kagan,et al, 2007).

False Positives:

Incomplete bisulphite modification of DNA resulted in unmodified wild-type DNA

being similar to methylated DNA sequencesandtherebyleadsto false positives.
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Together with non-specific MSP primer design, they are two of the most common

sourcesof false positives in MSP. To minimise this, we have taken care with the

bisulphite modification as well as with MSP primer design.

Bisulphite modifications:

The commercial kit, the Pinpoint DNA Isolation Detection System (Zymo

Research, Cambridge, UK) that was used for isolating DNA from the clinical

samples, incorporated a DNA purification step which helps to reduce the chances

of incomplete bisulphite modification. This helps to minimise false positives for

the MSP.

We used the commercially available EZ DNA Methylation kit (Genetix Ltd) for the

bisulphite conversion of genomic DNAs. MSPreactions were performed on two

independently bisulphite-modified DNA batches wheneverpossible to ensure that

results were reproducible.

MSPPrimer Design:

We used the Methprimer program (http://urogene.org/methprimer/index.html) to

design our MSP primers. This program incorporated the features of MSP primer

design outlined in Section 2.1. As discussed earlier, to minimise false positives,

sufficient CpG islands within the 3’-region of the sequence wasincorporated to

allow for maximal discrimination between methylated and unmethylated alleles.

Instead of using the default setting of the Methprimer program of one CpG
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islands within the 3’-region, we have increasedthis to two in our primer design to

increase the specificity.

Lack of Specificity

MSPalso suffers from specificity problems, due to the lack of internal controls.

Reproducibility issues of MSP

Oneof the other problems with MSPis the problem of reproducibility of the MSP

findings intra- and inter- laboratory. Our MSP conditions had been optimised for

the number of PCR cycles and for the annealing temperatures by Mr E Garrin

our laboratory. Commercially available enzymatically methylated human genomic

DNA, CpGenomeUniversal Methylated DNA (Chemicon®, Hampshire, UK), was

used as positive controls and normal human unmethylated DNA was used as

negative controls.

In our laboratory, the MSP findings of other genes had been independently

validated by independent methods such as bisulphite sequencing, the “gold

standard” of confirming methylation status, and that has shown high degree of

concordance between the MSPandthe bisulphite sequencing (Smith et al, 2007;

Smith PS unpublished data). For many of these genes, our MSP findings

performed wascorroborated with that of one other independentlaboratory, with

high level of concordance betweentheseresults.
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Figure 2.1 The European-CanadianIntergroup Trial
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Figure 2.2: Bisulphite Modification and Methylation-specific PCR

(Adapted from Chemicon CpGenome ™ Modification Kit)
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Figure 2.3 How to score MSP reactions. Tumours 1, 2 and 4 exhibited CpG

hypermethylation, but not tumour 3. CU = unmethylated control (normal human

unmethylated DNA) and CM = positive control (commercially methylated human

genomic DNA, chemicon®, Hampshire, UK).

74



Chapter3

Patient Characteristics and Outcomes

in Relation to Established Prognostic Factors

3.1 Clinical and pathological characteristics

Formalin-fixed, paraffin-embedded surgical specimens from patients enrolled in

the European-Canadian Intergroup trial (Piccart et al, 2000) were used for this

study. The European-Canadian Intergroup trial was a multinational trial that

enrolled a total of 680 patients, of predominantly Caucasian origin, with

advancedepithelial ovarian cancer from the European Organisation for Research

and Treatment of Cancer (EORTC), the National CancerInstitute of Canada

(NCIC) Clinical Trials Group, the Nordic Gynaecological Cancer Study Group and

the Scottish Gynaecological Group. Patients received either

cisplatin/cyclophosphamide or  cisplatin/paclitaxel chemotherapy following

surgical debulking surgery (Figure 2.1). The trial demonstrated progression-free

and overall survival benefits in favour of the group of patients who weretreated

with cisplatin/paclitaxel chemotherapy (HR 0.74, 95%Cl 0.63-0.88, and HR 0.73,
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95%Cl 0.60-0.89, respectively). The detailed clinical results of this trial had been

reported elsewhere(Piccart et al, 2000; Piccart et al, 2003).

The EORTC and the NCIC contributed a total of 391 patients to the European-

Canadian Intergroup trial. Of these, seventy-four surgical samples, obtained at

the time of debulking surgery were available for this current translational study.

Patients for this study were selected solely based on tissue availability and all

available tissues were evaluated. As these available tissue samples were not

random samples, to test whether this could introduce potential bias, we

compared patient demographics,  clinico-pathological characteristics,

chemotherapy treatment and survival outcomes between our cohort of patients

with tissues available and those 317 patients without, and found no statistically

significant differences between the two groups (Tables 3.1 and 3.2). Our cohort

of patients had a median overall survival of 27.7 months (95% Cl 24.6 — 39.0)

which was comparable to the median overall survival of patients whose tissues

were notavailable (30.8 months, 95% Cl 26.0 — 35.6; p=0.966; Table 3.2).

At a median follow-up of 78 months, 81% (60/74) had progressed and 77%

(57/74) had died, making the progression-free survival (PFS) and overall survival
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(OS) endpoints very mature. The clinico-pathological characteristics of all

patients in this study are summarised in Table 3.1. The median age was 59

(range 23-76). The majority of patients in this study had FIGO stage III/IV

disease (72/74, 97%). Due to the small number of patients in the Stage II

subgroup (N=2), they were combined with the Stage Ill patients for analysis

purposes. The study included heterogeneous histological subtypes, 50/74

(67.6%) had serous tumours and 17/74 (23.0%) had non-serous tumours

(mucinous 5.4%, endometroid 8.1% and undifferentiated 9.5%) but not clearcell.

The majority of the patients (56/74, 75.7%) had sub-optimally debulked disease,

with residual macroscopic tumour volume of greater than one centimetre

following debulking surgery. 39/74 (52.7%) of patients in this study received

cisplatin / paclitaxel and 35/74 (47.3%) received cisplatin / cyclophosphamide.

In the original larger European-Canadian Intergroup trial (Piccart et al, 2000),

response rate data was only available in fewer than 50% of the total patient

population. Response rate data following chemotherapy was unfortunately not

available for this study. A significant proportion of the data on histology (7/74,

9.5%) and tumour grade (8/74, 11.0%) was missing from this small study, as

such, we have elected not to include histology and tumour grade into the

multivariate analyses.

77



3.2 Patient outcomes in relation to established prognostic and

predictive factors

Survival analyses were performed to assess the relationship between patient

survival outcomes in this group of patients in relation to the established

prognostic and predictive markers. This was done using the methods of Kaplan

and Meier for censored data and the log rank test to compare the resulting

survival curves. Hazard ratios for the established prognostic factors with respect

to PFS and OS were calculated using Cox’s proportional hazards model and

summarised in Tables 3.3, 3.4, 3.5 and 3.6.

Debulking status emergesasa significant prognostic factor in univariate analysis

for PFS and OS.In univariate analysis, sub-optimally debulked patients (residual

tumour volume >1cm) had a shorter median PFS of 10.6 months (range 8.9 —

12.3) and OS of 25.9 months (range 0.07 — 84.0) compared with 28.9 months

(range 12.8 -45.0) and 48.0 months (range 8.5 — 87.0) in the optimally debulked

patients (residual tumour volume < 1cm). This corresponded to a hazard for

progression of 2.69 (95% Cl 1.38-5.23; p=0.004) and a hazard for death of 2.43

(95% Cl 1.18-4.98; p=0.013; Tables 3.3 and 3.4, Figures 3.1 and 3.2). Whenthis

was adjusted for potential confounding prognostic factors such as patient's age,

FIGO stage, performance status and chemotherapy treatment in a Cox's

proportional hazards model of multivariate analysis, debulking status remained

an independent prognostic factor for both disease progression and overall
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survival (HR for PFS 2.52, 95% Cl 1.23 - 5.15, p=0.011; HR for OS 2.20, 95% Cl

1.01-4.71, p= 0.047).

There were no significant differences in the PFS and OS observed by age,

tumour stage, histological subtypes, tumour grade, performance status and

chemotherapy treatment (cisplatin/cyclophosphamide vs cisplatin/paclitaxel) in

univariate or multivariate analyses.

3.3 Discussion

The patients in this study were not randomly selected from the largertrial.

However, their clinico-pathological, treatment and survival outcomes were

representative of the patients from the EORTC and Canadian arm ofthe larger

study (Figures 3.1 and 3.2).

We have excluded tumour histology and grade from the multivariate analysis

models in view of the high proportion (10%) of missing data. In our study,

histology and tumour grade were not univariately associated with PFS or OS.

However, by excluding histology and grade from the multivariate model, it is

possible that our analysis findings could potentially be confounded by their

associations with tumour grade and/ or histology.
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In this cohort of patients with advanced ovarian cancer, the finding that residual

tumour volumefollowing debulking surgery is an independent prognostic factor

for PFS and OSis in agreement with previous studies that have demonstrated

that debulking status remains one of the most powerful prognostic indicator in

advanced ovarian cancer (WinterIII et al, 2007; Bristow et al, 2002; Piveretal,

1988).

Twolarge landmarkclinical trials had demonstrated the survival superiority (PFS

and OS) in patients treated with cisplatin/paclitaxel chemotherapy over

cisplatin/cyclophosphamide in advanced ovarian cancer with a 30% reduction in

the risk of progression and death (Piccart et al, 2000; McGuire et al, 1996) One

of these was the European-Canadian Intergrouptrial from which tumour samples

of this current study was obtained. However, in our study, this difference in

survival between the two treatment arms was not statistically significant, most

likely as a result of the small sample size (Tables 3.5 and 3.6).

The role of age and performance status as prognostic factors in EOC has been

more controversial (Winter WE et al, 2007; Akahira et al, 2001; Chiet al, 2001;

Duska et al, 1999). Age and performancestatus are not independentpredictors

of survival in our study and neitheris disease stage (StageIII versus IV).
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The clinico-pathological features, treatment and survival outcomesin this cohort

of patients matchedthat of the total patients entered into the largertrial. By using

archival material from the original diagnostic tissue block from patients entered

into a multinational clinical trial, variation in management, in particular selection

of chemotherapy, frequency and quality of follow-up are all kept to a minimum.

Hence, this cohort of patients provides an excellent group in which to investigate

the role of aberrant promoter hypermethylation in advanced ovarian cancer.
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Table 3.1: Clinico-pathological characteristics of patients in the current study

(tissues available for analysis) and patients without tissues.
 

 

Current Study EORTC Significance

(N=74) /NCICt

N (%) (N=317)

N (%)
Age, median 59.2 58.3 NS*

Range (22.8-76.4) (22.0-85.4)

FIGO Stage
IIb 1 (1.4) 6 (1.9) NS*
llc 1 (1.4) 5 (1.6)
Ul 53 (71.6) 242 (76.3)
IV 18 (24.3) 64 (20.2)
Missing 1 (1.4) 0 (0.0)

Histology
Serous 50 (67.6) 208 (65.6) NS*

Non-serous 17 (23.0) 89 (28.1)
Mucinous 4 (5.4) 12 (3.8)
Clearcell 0 (0.0) 17 (5.4)
Endometroid 6 (8.1) 35 (11.0)
Undifferentiated 7 (9.5) 25 (7.9)

Missing 7 (9.5) 20 (6.3)

Tumour Grade

Well-differentiated 6 (8.1) 20 (6.3) NS*
Moderately differentiated 25 (33.8) 77 (24.3)

Poorly differentiated 35 (47.3) 201 (63.4)

Missing 8 (10.9) 19 (6.0)

WHOPerformance Status

0 32 (43.2) 110 (34.7) NS*
1 30 (40.5) 149 (47.0)
2 1 (14.9) 54 (17.0)
3 1 (1.4) 4 (1.3)

Residual tumour mass

<1cm 17 (23.0) 46 (14.5) NS*
> 1cm 56 (75.7) 271 (85.5)

Missing 1 (1.4) 0 (0.0)

Treatment
Cisplatin/Cyclophosphamide 35 (47.3) 160 (50.5) NS*
Cisplatin/Paclitaxel 39 (52.7) 157 (49.5)

 

+t Patients from the larger EORTC/NCICtrial for which tissues were

analysis.

* NS — notsignificant
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Table 3.2: Median Overall Survival of patients in current study and patients

entered into the clinical trial (EORTC/NCIC)

 

 

Median Overall Survival, HR Log-rank

mths (95% Cl) (95% Cl) p

Current Study 27.7 1.01 0.966
(N=74) (24.6 - 39.0) (0.75 — 1.34)

Total (EORTC/NCICtrial)* 30.8

(N=317) (26.0 — 35.6)

 

+ Patients from the EORTC/NCICtrial for which tissues were not available for analysis.
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Table 3.3: Univariate Analysis of Progression Free Survival (PFS)for patients in

this study

 

 

HR P

(95% Cl)

Age 1.00 0.978
(0.98 -1.02)

Performance Status
1 vs 0 1.17 0.578

(0.67 - 2.03)

2 vs 0 1.30 0.503
(0.60-2.80)

3 vs 0 0.00 0.970
(0.00 - 0.10)

FIGO Stage 1.58 0.128

(IV vs HI/II) (0.88 - 2.84)

Histology 0.605 0.157

(non-serousvs serous) (0.302-1.215)

Tumour Grade 1.10 1.098
(poorly vs well /moderately differentiated) (0.64 -1.89)

Residual tumour volume 2.69 0.004

(>1cm vs S$ 1cm) (1.38 - 5.23)

Treatment 0.84 0.497

(TP vs CP) (0.51 — 1.39)
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Table 3.4: Univariate Analysis of Overall Survival (OS) for patients in this study

 

 

HR p

(95% Cl)

Age 1.01 0.317
(0.99 - 1.04)

Performance Status
ivs0O 1.11 0.730

(0.62 -1.96)

2 vs 0 1.16 0.711
(0.54 - 2.50)

3 vs 0 0.75 0.780
(0.10 - 5.58)

FIGO Stage 1.68 0.083

(IV vs II/IIN) (0.93 -3.01)

Histology 0.66 0.268

(non-serousvs serous) (0.32 -1.37)

Tumour Grade 0.93 0.795

(poorly vs well /moderately differentiated) (0.53 - 1.63)

Residual tumour volume 2.43 0.013

(>1cm vs $ 1cm) (1.18 - 4.98)

Treatment 0.97 0.893
(TP vs CP) (0.57 - 1.62)
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Table 3.5: Multivariate analysis of Progression Free (PFS)survivalfor patients
in this study

 

 

HR*
(95%Cl) p

Age 1.00 0.838
(0.98 — 1.02)

Performance Status 1.36 0.535

(0.76 - 2.42)

Stage 1.20 0.587

(0.63 — 2.27)

Residual tumour volume 2.52 0.011

(1.23 — 5.15)

Treatment 0.76 0.336

(0.44 — 1.33)
 

* Multivariate analysis using Cox’s proportional hazards model adjusted for confounding
factors — patient's age, FIGO stage, residual tumour volume post debulking surgery,

chemotherapy treatment and performancestatus.

Table 3.6: Multivariate analysis of Overall Survival (OS) for patients in this study

 

 

HR*
(95%Cl) p

Age 1.01 0.276
(0.99 — 1.04)

Performance Status 1.15 0.70

(0.49 — 2.74)

Stage 1.39 0.323

(0.72 — 2.67)

Residual tumour volume 2.20 0.047

(1.01 — 4.71)

Treatment 0.97 0.927

(0.55 — 1.73)

 

* Multivariate analysis using Cox’s proportional hazards model adjusted for confounding

factors — patient's age, FIGO stage, residual tumour volume post debulking surgery,

chemotherapy treatment and performancestatus.
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Figure 3.1: Kaplan-Meier survivalplots for PFS (Panel A) and OS (panelB)by residual

tumour volume post debulking surgery. Crosses represent censored data. Probability, p

values are log-rank values.
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Chapter 4

DUAL- SPECIFICITY PHOSPHATASES(DUSPs)

4.1 BACKGROUND

4.1.1 Mitogen-activated protein (MAP) kinases

Mitogen-activated protein kinases (MAPK) are thought to play a crucial role in

signal transduction induced by various growth factors, tumour promoters and

differentiation factors (Fanger et al, 1997; Ferrell, 1996; Cohen, 1997; Marshall,

1995). MAP kinases are downstreatm target of oncogenic ras and raf

(McCormicket al, 1993; van Asletet al, 1993; Vojtek et al, 1993). Introduction of

constitutively activated MEKis sufficient to transform 3T3 cells (Mansouret al,

1994; Cowleyset al, 1994). Thus, MAP kinases appearto be important playersin

tumorigenesis.

To date, four major groups of MAP kinases have beenidentified in mammalian

cells:

« €xtracellular signal-regulated kinases (ERK1 and ERK2)

= c-Jun amino-terminal regulated kinases (JNK1, JNK2 and JNK3)
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» p38 kinases

» ERK5/Big MAPkinase 1 (BMK1)

Activation of ERK is most often associated with growth and survival whereas JNK

and p38 are thought to primarily mediate stress responses and apoptosis (Chang

et al, 2001).

Regulation of protein kinases by a phosphorylation cascade has long been

recognised as having a significant role in tumorigenesis. Inhibitors of protein

kinases have been a major focus of recent molecular-targeted drug discovery

efforts. Imatinib mesylate (Gleevec®) and gefitinib (Iressa®), which are small

molecule inhibitors of protein kinases, are in clinical use for the treatment of

gastrointestinal tumours, acute myeloid leukaemia and non-small cell lung

cancer.

MAP kinases are part of a three-tiered cascade (Figure 4.14) consisting of a

MAPkinase, a MAP kinase kinase (MAPKK, MKK or MEK) and a MAPkinase

kinase kinase (MAPKKK or MEKK). Phosphorylation of the threonine and

tyrosine residues in the T-loop of the MAP kinase, by its upstream kinases

results in activation. The levels of protein phosphorylation are dictated by the

coordinated activities of protein kinases and protein phosphatases. The

activation of MAP kinases is not a simple switch as both the duration and

magnitude of activation is crucial in determining the physiological outcome in
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cells (Marhsall et al, 1995). One of the several mechanismsof inactivating MAP

kinase is via dephosphorylation. Thus it seems that dephosphorylation of the

MAPkinasesis vital for their control. This is achieved by removal of threonine

residue or the tyrosine residue, or both by phosphatases. These protein

phosphatases are classified into three main groups based on their substrate

specificity: tyrosine phosphatases, serine-threonine phosphatases and dual-

specificity phosphatases. Dual-specificity phosphatases are uniquein their ability

to dephosphorylate protein substrates containing both phosphotyrosine and

phosphoserine or phosphothreonine. By virtue of their dual dephosphorylating

capabilities, DUSPs are now recognised as key negative regulators of MAPK

signalling (Camps et al, 2000; Chu et al, 1996; Ward et al, 1996), and will be the

focus of our study.

4.1.2 Dual-specificity MAPK phosphatases (DUSPs)

The dual-specificity MAP kinase phosphatases (DUSPs)is an emerging subclass

of the protein tyrosine phosphatase (PTP) gene superfamily, which appears to be

selective for dephosphorylating the critical phosphothreonine and

phosphotyrosine residues within the MAP kinases (Camps, 1999). To date, 16

genes encoding members of the DUSP family with MAPK dephosphorylating

activity have been isolated and characterised, 10 of these are ‘typical’ DUSPs

and 6 are‘atypical’.
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The ‘typical’ DUSPscontain a CH2-motif for MAPK docking and share a common

structure comprising an N-terminal domain that displays homologyto the catalytic

domain of the Cdc25 phosphatases and a C-terminal domain that displays

homologyto the prototypic dual specificity phosphatase VH-1 that was isolated

from vaccinia virus (Campset al, 2000; Theodosiou and Ashworth, 2002). The

‘typcial’ DUSPs can be further subdivided into three subfamilies based on their

sequencesimilarity, substrate specificity and subcellular localisation (Table 4.1).

Subgroup | comprises DUSP1, DUSP2, DUSP4 and DUSP5.Theylocalise to the

nucleus and are induced by growth factors and stress signals. SubgroupII

comprises DUSP6, DUSP7 and DUSP9. They are cytoplasmic in subcellular

localisation and preferentially recognise ERK1 and ERK2in-vitro. SubgroupIII

comprises DUSP8, DUSP10 and DUSP16. They preferentially recognise JNK,

p38 or both.

The ‘atypical’ DUSPs with MAPK dephosphorylating activity comprises the

DUSP3, DUSP12, DUSP14, DUSP22, DUSP24 and DUSP26. Theylack the N-

terminal motif for MAPK bindingofthe ‘typcial’ DUSPs (Jeffrey et al, 2007).

Certain members of the DUSP family appear highly selective for inactivating

specific MAP kinase isoforms (Chu et al, 1996). For example, DUSP1 and

DUSP8preferentially dephosphorylate and inactivate stress-activated protein

kinase / c-jun N-terminal protein kinase (SAPK/ JNK) and p38 MAPK (Franklin et
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al, 1997; Muda et al, 1996); DUSP2 and DUSP7preferentially dephosphorylate

ERK (Table 4.1). Different DUSPs respond to different stimuli: DUSP1 is

inducible by mitogens, growth factors, oxidative stress and hypoxia (Keyse,

1992). In contrast, DUSP7 is induced by serum but not cellular stress (Dowd,

1998).

4.1.2.1. Regulation of DUSPs

The regulation of DUSPsis not well understood. Existing evidence suggests that

some DUSPsare activated by activated forms of their respective substrates.

DUSP6 experiences a 25-fold increase in catalytic activity when complexedtoits

phosphorylated substrate, Erk2 (Campsetal, 1998).

Induction of DUSP1 in NIH3T3 cells (Sun, 1993) and CCL39 hamster lung

fibroblasts temporally correlates with Erk inactivation and is dependent on Erk

activity (Brondello, 1997). An additional mechanism by which Erk induces

DUSP1is through the stabilization of DUSP1 protein levels. This is achieved by

direct phosphorylation of DUSP1 by Erk, leading to reduced DUSP1

ubiquitination and proteosomal degradation (Brondello, 1999). Taken together,

these data indicates that for some DUSPs,inactivation of the Erk cascade is

regulated through induction and stabilization of DUSPsvia an inhibitory feedback

loop.
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4.1.2.2.DUSPs and Neoplastic Disease

Currently, though the physiological roles of many of the DUSPsarestill largely

unknown, many have been associated with various human cancers (Table 4.2).

DUSP1

DUSP1 is the most studied memberof the DUSPs family. In preclinical studies,

Franklin et al (1998) demonstrated that DUSP1 can protect cells against UV

irradiation-induced apoptosis in-vitro. It can also inhibit JNK activity and AP-1

dependent gene expression in response to UVirradiation and DNA damaging

agent methyl methane sulfonate (Liu, 1995). Ectopic expression of DUSP1 has

also been shownto protect cells against cisplatin-induced apoptosis, whereas a

catalytically inactive mutant DUSP1 enhancedcisplatin toxicity. (Sanchez-Perez

,2000). Thus, DUSP1 may have a cytoprotective role. Small et al (2003)

reported that in breast cancercell lines, repression of DUSP1 by anthracyclines

contributes to the anti-apoptotic activity of ERK1/2.

Overexpression of DUSP1 has been found in breast cancer, but underexpressed

in prostate cancer. (Wanget al, 2003; Rauhala et al, 2005). In ovarian cancer,

DUSP1 expression was downregulated in invasive cancer and low malignant

tumours compared with normal ovaries and benign tumours (Denkert et al,

2002). Another study also showed that DUSP1 expression was down-regulated

in advanced ovarian cancer, and its re-expression decreases its malignant

expression (Manzanoetal, 2002).
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DUSP2

DUSP2 is overexpressed in ovarian cancer and in myeloid leukaemia (Givant-

Horwitz et al, 2004; Kothapalli et al, 2003).

DUSP6

Xu et al (2005) reported DUSP 6 methylation-dependent silencing occurs in

pancreatic cancer.

DUSP7

DUSP7 shows enhanced expression in myeloid leukaemia (Levy-Nissenbaum et

al, 2003).

4.2 Hypothesis and Aims of Study

4.2.1 Hypothesis: Dual specificity phosphatases (DUSPs) are tumour

suppressors subjected to epigenetic silencing?

MAPkinases are thought to play a crucial role in signal transduction induced by

various growth factors, tumour promoters and differentiation factors. In addition,

MAPkinases are downstreatm targets of oncogenic ras and raf (McCormicketal,

1993; Vojtek et al, 1993). DUSPs are key negative regulators of MAP kinases

and are therefore potential tumour suppressors. One of the several mechanisms

of tumour suppression is via promoter hypermethylation. We postulate that the

DUSPs family of genes are tumour suppressors silenced by promoter
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hypermethylation. We sought to determine if these genes are methylated, and if

these methylation markers are potential prognostic biomarkers.

4.2.2 Aims of Study

The aims of this study wereto:

(I) Profile the methylation status of DUSPs in advanced epithelial ovarian

cancer.

(II) To investigate if DUSPs methylation is a potential prognostic biomarker

in epithelial ovarian cancer.

4.3 Methods

Weanalysed the CpG promoter methylation status of 9 members of the DUSPs

family (DUSP1, DUSP2, DUSP3, DUSP4, DUSP5, DUSP6, DUSP7, DUSP8 and

DUSP10) in a panel of nine ovarian cancercell lines (1847, SKOV3, TR175,

JAMA2, OVCAR3, OVCA433, A2780, A2780/cis and A2780/adr), using

methylation-specific PCR (MSP) methodology as outlined in Section 2.3.3 (See

Appendix | for MSP conditions and MSP primer sequences). The methylation

status was correlated with mRNA expression as determined by reverse-

transcription PCR (RT-PCR) methodology as outlined in Section 2.3.4 (See

Appendix II for PCR conditions and primer sequences). When CpG promoter

hypermethylation of a specific gene is detected in the cell lines, its methylation
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status in the primary tumours would be determined and correlated with clinico-

pathological and survival outcomes.

4.4 Results

4.4.1 Analysis of DUSPs genes CpG island methylation in epithelial

ovarian cancercell lines

DUSP1 CpG promoter hypermethylation was detected in 3 of the 9 ovarian

cancercell lines, DUSP2in 4 of the cell lines, DUSP4 in 1, DUSP7 in 1, DUSP8

in 5 and DUSP10 in 3. DUSP3, DUSP5 and DUSP6 were not hypermethylated.

The findings are summarised in Table 4.4. Example of MSP for DUSP7 is shown

in Figure 3.1.

4.4.2 Correlation analysis of DUSPs mRNA expression and methylation

status in ovarian cancercell lines

Next we asked whether the promoter hypermethylation of these DUSP genesin

ovarian cancer cell lines was associated with a corresponding loss of mRNA

expression.

DUSP7

DUSP7 promoter hypermethylation was detected in the OVCAR3 ovarian cancer

cell line. RT-PCR experiments demonstrated that DUSP7 mRNA expression was

downregulated in the OVCAR3cell line harbouring DUSP7 methylation, but was
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strongly expressedin all the other cell lines that were not hypermethylated. This

suggests that DUSP7 mRNAlevelsis in part regulated by the DUSP7 promoter

hypermethylation (Figure 4.1).

For the other DUSPs genes (DUSP1, DUSP2, DUSP4, DUSP8 and DUSP10),

CpG hypermethylation did not correlate with mRNA expression in these ovarian

cell lines.

4.4.3 Methylation analysis of DUSPs promoterin primary ovarian cancers

Owing to promoter hypermethylation of DUSP1, DUSP2, DUSP4, DUSP7,

DUSP8 and DUSP10 detected in the ovarian cancercell lines, we analysed the

methylation status of these genesin the 74 primary ovarian cancers using MSP.

The analyses excluded cases negative in both the U and M reactions, as these

are regarded as uninformative. The proportion of cases that were informative for

each of these genes ranged from 58.1 to 86.5% (Table 4.3).

Wedetected significant CpG promoter hypermethylation in the DUSP1 (21/52,

40.1%), DUSP2 (11/64, 17.2%), DUSP7 (28/60; 46.7%) and DUSP8 (12/43,

27.9%) genes in the primary tumours (Table 4.4). Only four of the sixty-four

tumour samples (6.3%) exhibited DUSP10 promoter hypermethylation. DUSP4,
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which showed methylation in 1 of the 9 ovarian cancer cell lines, failed to

demonstrate any methylation in 20 of the primary cancer samples analysed.

Examples of the MSP for DUSP 7 and DUSP8are shownin Figures 4.2 and 4.3.

4.4.4 Relation of DUSPs methylation to other tumour clinico-pathological

variables

The methylation status of DUSP1, DUSP2, DUSP7, DUSP8 and DUSP10 was

cross-tabulated with the clinico-pathological variables (patient age, tumour stage,

histological subtype, tumour grade, residual tumour mass and performance

status) and with chemotherapy treatment (cisplatin/cyclophosphamide vs

cisplatin/paclitaxel). The results were assessed using two-tailed Pearson's chi-

squared or Fisher’s Exact Test for the categorical variables and Mann-Whitney U

test for continuous variables. The findings are summarised in Tables 4.5, 4.6,

4.7, 4.8 and 4.9.

DUSP1 hypermethylation wassignificantly associated with more advanced stage

disease (Table 4.5). 38.1% of DUSP1 hypermethylated tumours versus only

6.5% of unmethylated tumours had FIGO stage IV disease (Fisher's Exact p =

0.008). Otherwise, there was nosignificant association between methylation of

the other DUSPs genes andthe standard clinico-pathological variables of patient

age, histological subtypes (serous versus non-serous), tumour grade (well or
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moderate versus poorly differentiated), residual tumour mass (S$ 1cm versus >

1cm) and performancestatus. There were nosignificant differences in the type of

chemotherapy treatment received (cisplatin /cyclophosphamide versuscisplatin

/paclitaxel) between the methylated and unmethylated groups.

4.4.5 Relationship between patient outcome and DUSPs methylation

status

Next, we correlated the methylation status in the tumours with patients’ survival

outcomes(progression-free survival, PFS and overall survival, OS). The clinical

outcome data wassufficiently matured at a median follow up of 6.5 years. Our

study shows that the presence of DUSP7 methylation was_ significantly

associated with a poorer patient outcome, as measured by progression free

survival. In contrast, DUSP8 methylation was associated with favourable survival

outcomes. There was no association between DUSP1, DUSP2 and DUSP10

methylation and survival outcomes (Figures 4.4, 4.5 and 4.6).

DUSP7 Hypermethylation and survival outcomes

Survival analyses showed that patients whose tumours harboured DUSP7

hypermethylation had a shorter median progression free survival and overall

survival compared to patients without, 10.0 months versus 13.3 months (log-

rank p=0.006) and 22.1 months versus 26.5 months (log-rank p=0.097),

respectively (Figure 4.7). When this data were included in multivariate analysis

(using Cox’s regression model adjusted for patient’s age, tumourstage, residual
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tumour volume post debulking surgery, chemotherapy treatment and

performance status), DUSP7 methylation remained an independent adverse

prognostic factor for progression free survival, HR= 3.18 (95% Cl 1.64 - 6.14,

p<0.001) with a trend towards a more adverse overall survival outcome, though

the p-value for overall survival failed to reach statistical significance (HR=1.75,

95% Cl = 0.95 — 3.33 p = 0.074; Tables 4.10 and 4.11).

DUSP8hypermethylation and survival outcomes

Unlike DUSP7 hypermethylation which was an adverse prognostic factor, DUSP8

hypermethylation was associated with favourable progression free survival and

overall survival. Patients with DUSP8 methylation had an improved median

progression free survival compared with DUSP8 unmethylated, 23.7 months

versus 10.3 months (log-rank p=0.013) in univariate analysis (Figure 4.10). At a

median follow-up of 78 months, the median overall survival had not been

reached in patients with DUSP8 methylation, compared with 26.0 monthsin

DUSP 8 unmethylated (log-rank p=0.019). Furthermore, this risk reduction in

disease progression and death was sustained in multivariate Cox's regression

analysis (HR=0.27, 95%Cl 0.10 - 0.75, p=0.011 and HR 0.28, 0.09-0.82,

p=0.020, respectively; Tables 4.10 and 4.11). The 5 yr survival rate for the

methylated cases was 58.3% compared with only 19.4%in the unmethylated

cases (RR 3.01, 95% Cl 1.27 — 6.33; p = 0.024).

100



4.4.6 Survival OutcomesStratified for Chemotherapy

We analyzed the progression-free survival and overall survival among the

methylated and the unmethylated cases according to the chemotherapy

treatment received.

DUSP7

Of the 60 cases evaluable for DUSP7 methylation, 27 received cisplatin /

cyclophosphamide (CP) and 33 received cisplatin / paclitaxel (TP). DUSP7

hypermthylation was associated with poorer PFS and OS. When analysed

according to the chemotherapy received, in the CP-treated arm, the inferior

survival associated with the DUSP7 methylated group persisted, especially for

PFS (p=0.038). However, in the TP-treated arm, there was no significant

differences in the PFS and OS between the group that was DUSP7 methylated

and the group that was unmethylated (p= 0.086 and p= 0.516 respectively; Table

4.12 ; Figures 4.8 and 4.9).

DUSP8

DUSP8 methylation was associated with improved PFS and OS. However, when

stratified for chemotherapy treatments, there were no significant differences in

the PFS and OS between the group that was DUSP8 methylated and the group

that was unmethylated (Table 4.12, Figures 4.11 and 4.12).
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There wasnosignificant association between chemotherapy and the methylation

status (methylated versus unmethylated) of DUSP1, DUSP2 and DUSP10 on

PFS or OS (Table 4.12).

4.5 Discussion

The most significant findings are:

(i) DNA methylation of DUSP7 is an independent predictor of adverse

progression free survival outcomes in advanced epithelial ovarian

cancer.

(ii) DNA methylation of DUSP8 independently predicts for favourable

survival outcomes (PFS and OS) in advanced epithelial ovarian

cancer.

4.5.1 DUSP 7

DUSP7 promoter hypermethylation as independent predictor of adverse

survival outcomes

We detected DUSP7 methylation in one of the nine ovarian cancercell lines

(OVCAR3). Methylation in this cell line was associated with a corresponding

downregulation of mRNA expression. This provides some evidence that DUSP7

mRNAlevels might be regulated by CpG promoter hypermethylation in epithelial

ovarian cancer. Howeverthis is far from conclusive evidence, as only one of the

nine cell lines demonstrated this association between methylation and mRNA

102



downregulation. Moreover, we were limited by the clinical material and were

unable to perform expression analysis on the primary ovarian cancers.

The hypermethylation of CpG islands near gene promoter regions has been

shownto be associated with transcriptional silencing, and represents, in addition

to genetic aberrations, an important mechanism of gene inactivation in

tumourigenesis (See Section 1.2). Our group is currently undertaking further

demethylation studies to investigate the effect of hypomethylating agent, such as

5’-azacytidine, on DUSP7 mRNAexpression.

We also found DUSP7 promoter methylation in a significant proportion of

advanced epithelial ovarian cancers (28/60, 43%), supporting the notion that

DUSP7 methylation is a relatively common event in this group of patients.

Compared with those without DUSP7 methylation, patients with DUSP7

methylation had a shorter PFS (10.6 mths versus 13.3 mths) and OS (22.1 mths

versus 29.3 mths). Furthermore, multivariate Cox’s regression analysis (adjusted

for patient’s age, disease stage, residual tumour volume post debulking sugery,

chemotherapy treatment and performance status) showed that DUSP7 promoter

hypermethylation independently predicts for adverse PFS (HR 3.18, 95% Cl 1.64

- 6.14, p 0.001), with a trend for adverse OS (HR 1.75, 95% Cl 0.95-3.33, p

0.074)in this cohort of advanced epithelial ovarian cancertreated with platinum-

based chemotherapy.
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Interaction between DUSP7 methylation and chemotherapy

Patients whose tumours harboured DUSP7 methylation had a worse PFS than

the group with DUSP7 unmethylated tumoursif they received CP chemotherapy,

but not TP (Tables 4.12; Figures 3.8). This implies that TP chemotherapy may be

able to overcomethe adverse effect conferred by DUSP7 methylation. However,

in view of the small sample size of this study, these results should be interpreted

with caution and larger studies are requiredto clarify this. In addition, this finding

is unlikely to impact significantly on clinical practice as TP is now the standard of

care for the treatment of epithelial ovarian cancerfollowing debulking surgery.

Our study findings seem to support DUSP7 promoter hypermethylation

independently predicts for adverse PFS, with a trend for adverse OSin patients

with advanced epithelial ovarian cancer treated with platinum-based

chemotherapy. To the best of our knowledge,this is the first report of DUSP7

hypermethylation in human cancers.

DUSP7is located on chromosome 3p21.1. Deletions of chromosome 3p occur

frequently in many common sporadic cancersincluding lung, breast, kidney and

ovarian cancers (Senchenkoet al, 2004). The exceptionally high frequency of

chromosomeaberrations in this region suggests that multiple tumour suppressor

gene(s) involved in various malignancies are located in this region. Loss of

heterozygosity (LOH) studies have identified frequent chromosome 3pallelic
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deletions in up to 50% of ovarian cancers (Lounis et al, 1998; Jones and

Nakamura, 1992), suggesting the presence of major ovarian cancer tumour

suppressor genes on 3p (Zhang and Xu, 2002; Dodsonet al, 1993; Lounisetal,

1998). Taken together, these results suggest that chromosome 3p plays an

important role in ovarian cancer tumorigenesis and points to the presence of

chromosome 3p tumour suppressorsin this disease.

Amongst the chromosome 3p-specific tumour suppressor genes, there are some

that will probably conform to the classical “two-hit” model requiring inactivation or

silencing of both alleles of the gene (Knudson, 1995). The first event can be

methylation-inactivation of an initiating tumour suppressor gene following

hemizygous deletion or deletion forming thefirst hit with methylation the second

hit. During initial research for 3p-specific TSGs, the role of DNA promoter

hypermethylation in tumour suppression was less studied due to lack of

advancesin this field (Zabarosky et al, 2002). Recent studies have reported that

biallelic inactivation of several tumour suppressor genes located on chromosome

3p, including RARB, FHIT and RASS1A,byallelic loss and methylation of the

promoter region is common in various human cancers (Yang et al, 2002;

Tomizawaet al, 2002).

The dephosphorylation of the MAP kinases by the dual specificity phosphatases

is vital to the regulation of the MAP kinases (Marshall et al, 1995). Since MAP

kinase activation is a downstream target of several oncogenes and constitutive
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MAP kinase activation is sufficient for oncogenic transformation, DUSPs are

potential tumour suppressors (Theodosiou and Ashworth, 2002). DUSP7

preferentially dephosphorylates and inactivates ERK, rather than JNK/p38 (Dowd

et al, 1998). ErK is most often associated with growth and survival (Changetal,

2001). Thus, we postulate that silencing of DUSP7 by aberrant promoter

hypermethylation may result in impaired inactivation of Erk. In turn, the excess

Erk products maycontribute to oncogenesis and a poorerclinical outcome.

4.5.2 DUSP8

DUSP8 promoter hypermethylation independently predicts for favourable

survival outcomes

In contrast to DUSP7 methylation, which was associated with adverse survival

outcomes, DUSP8 methylation independently predicts for favourable PFS (HR

0.27, 95% Cl 0.010 — 0.75, p 0.011) and OS (HR 0.28, 95% Cl 0.09-0.82, p

0.020) in advanced epithelial ovarian cancerin this study. However, methylation

of DUSP8in thecell lines did not appear to correlate with mRNA expression. The

physiological function of DUSP8is largely unknown. The mechanistic underlying

how DUSP8 methylation confers a favourable prognosis remains uncertain atthis

pointin time.

One reason could be that we need to better quantify the mRNA expression with

quantitative methods such asreal-time RT-PCR instead of the semi-quantitative

RT-PCR that was used in this study. Another reason could be that DUSP8
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methylation acts as regional methylation that switches off surrounding oncogenes

such as the IGF2 and the HRAS.

DUSP8 methylation and Gene Imprinting?

A further reason could be that DUSP8 methylation is a markerof imprinting, and

acts as a regulator of its surrounding genes, without affecting its own gene

expression. The regulation of imprinted genes is largely dependent on

methylation marks which were laid down during embryological development of

germ cell (Bird A, 2002; Herman, 2003). DUSP8 is located on chromosome

11p15, a region rich in imprinted genes that includes IGF2, H19 and INS (Rainier

et al, 1993; Alders et al, 1997).

Loss of imprinting (LOI) is one of the most common alterations in cancer

(Feinberg et al, 2006). It refers to the loss of monoallelic gene regulation,

normally conferred by parent-of-origin specific methylation of imprinting control

region (ICR) and differentially methylated region (DMR), consequent of

epigenetic misregulation. It can include activation of the normally silent copy ofa

growth promoting genes, such as IGF2 orsilencing of the normally active copy of

tumour suppressor genes, such as p57“? (Diaz-MeyerN et al, 2003) and ARHI

(Yuan et al, 2003). LOI is a frequent event in a large variety of tumours

(Randhawaet al, 1998; Mummert et al, 2005; Ohlssonetal, 1999; Nakagawaet

al, 2001), including ovarian cancer (Kamikihara et al, 2005). In Wilm’s tumour,
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loss of imprinting, leading to biallelic expression of IGF2 occurs (Rainier etal,

1993; Ogawa et al, 1993) via pathological gain of DNA methylation that is

localised to the H19 DMR (Figure 4.13). DUSP8 is located on human

chromosome 11p15.5, within 150kb of H19 (Nesbit et al, 1997). A number of

genes that map to human chromosome 11p15.5 are imprinted (Barlow et al,

1993). These include the most studied imprinted genes, the IGF2 and the H19

(Rainier et al, 1993).

Unlike its neighbouring genes, the IGF2 and the H19, which have been subjects

of intensive studies, much less is known about DUSP8. There have not been any

published studies looking into DUSP8 imprinting in human ovarian tissues.

Studies based on non-ovarian tissues or animals had not found DUSP8 to be

imprinted (Goldberg M et al, 2003; Zhanget al, 1993; Yuan et al, 1996; Tsang et

al, 1995). Of note, there is high level of discordance of imprinting status between

animals and humans (Morison et al, 2005). Furthermore, functional imprinting

can be exquisitely tissue-specific (Rougelle et al, 1997). Thusit is not possible to

definitively exclude DUSP8 imprinting in human ovarian tissues. There is

therefore a need to determine whether DUSP8 is imprinted in human ovarian

tissues and future studies to evaluateits role in carcinogenesis.

One supposition is that DUSP8 methylation controls the imprinting of its

neighbouring genes in normal cells. When aberrant demethylation /

hypomethylation of DUSP8 occurs, this results in imprinting dysregulation and
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LOI of surrounding genes and the consequent activation of surrounding

oncogenes, such as the HRAS, a known proto-oncogene orthe silencing of

MUCDHL, a potential tumour suppressor (Goldberg et al, 2000). This may

explain the inferior clinical outcomes seen in DUSP8 unmethylated /

demethylated patients compared with those who were hypermethylated.

DUSP8 methylation may simply be a methylation biomarker whereby the

underlying mechanistic remains unclear at this point in time. Currently the

physiological role of DUSP8 is largely unknown. Further work to elucidate the

normal physiological function of DUSP8, its interaction with its neighbouring

genes and with the signalling pathways andits role in carcinogenesis may help to

shed morelight onthis.

DUSP8 hypermethylation and favourable prognosis — a spurious finding?

A significant proportion of the DUSP8 MSP for the clinical samples yielded

reactions that were negative for both U and M reactions (31/74, 42%) and were

considered uninformative. We have performedstatistical analyses that excluded

these uninformative cases and separate analyses that included these cases

(results not shown), and the findings were similar. However, in view of the high

numbers of uninformative cases, we acknowledge that it is therefore possible
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that the DUSP8findings may be spurious. However, we feel that the results are

interesting enough to warrant further studies, preferably using a larger clinical

series and better quality DNA (fresh frozen tissues) to validate the above

findings.

4.5.3 Other DUSPs genes

In addition to DUSP7 and DUSP8 methylation, we also detected methylation in

DUSP1, DUSP2, DUSP4 and DUSP10 genes (Tables 4.4). However,

methylation of these genes did not appear to correlate with MRNA expression in

cell lines or survival outcomes. Significant DUSP1 and DUSP2 methylation was

detected in the primary tumours (40% and 17%).

DUSP1

We found DUSP1 methylation in 33% (3/9) of the ovarian cancer cell lines,

although methylation did not correlate with mRNA expression. In addition, a

significant proportion of the ovarian cancer samples also demonstrated DUSP1

methylation (40%) but methylation did not appear to affect survival outcomes.

DUSP1 methylation was significantly associated with FIGO Stage IV disease

(p=0.008) although thesignificance of this remains unclear. There have been at

least two published studies that have demonstrated DUSP1 expression was

downregulated in ovarian cancer on immunohistochemical stainings compared

with normal or benign ovarian tumours (Denkert et al, 2002; Manzano etal,
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2002) Using semi-quantitative RT-PCR, Manzano et al (2002) reported a

differential expression of DUSP1 between ovarian cancer cell lines and

immortalised ovarian epithelial cells, with a 10-25 fold downregulation in the

cancer cell lines. The mechanism behind the downregulation of DUSP1 in

ovarian cancer remains to be elucidated. Our study found DUSP1 methylation in

both the cell lines as well as the primary tumours, althoughcell lines methylation

does not appearto correlate with mRNA expression. Ourfindings do not support

that downregulation of DUSP1 in ovarian cancer is a result of epigenetic

silencing by promoter hypermethylation.

DUSP4

Using RNA microarray profiling, a recent study by Sieben et al (2005)

demonstrated DUSP4 down-regulation in serous ovarian cancers comparedto

borderline ovarian serous tumours. However, our study failed to demonstrate

DUSP4 promoter hypermethylation in the 20 clinical samples analysed. This

suggests that DUSP4 down-regulation in ovarian canceris unlikely a result of

methylation-dependentsilencing.

DUSP6

Xu et al (2005) reported DUSP6 methylation-dependent silencing occurs in

pancreatic cancer. We failed to detect DUSP6 hypermethylation in the nine

ovarian cancercell lines that was screened.
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4.6 Potential applications of Findings

In this study, we found that DUSP7 and DUSP8 hypermethylations are potential

prognostic markers in advanced epithelial ovarian cancer. DUSP7

hypermethylation is also a potential therapeutic target. Epigenetic alterations are

in principle more readily reversible than genetic events (Karpf et al, 2000; Egger

et al, 2004), thus making them attractive targets for therapeutic interventions.

The reversal of DUSP7 hypermethylation with such agents maypotentially bring

about an improved clinical outcome. The potential prognostic and therapeutic

roles of DUSP7 and DUSP8will be discussed in greater details in Chapter 7

(Section 7.1 and Section 7.2).

4.7 Future Directions

The abovefindings require validation in a larger study, using better quality DNA

(fresh frozen samples), designed using the Recommended reporting for tumour

marker prognostic studies (REMARK) criteria for prognostic studies reporting

(McShane et al, 2006), and as part of prospective clinical trials. Our group is

currently undertaking further work to study the effect of hypomethylating agents

on DUSP7 expression in ovarian cancer.

Mutational Analyses

There is also a need for future studies to look into the mutational status of these

DUSPsgenes,in addition to epigenetic aberrations, in ovarian cancer.
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Interaction between DUSPsandthe signalling pathways

To date, there is limited published literature on DUSP family of genes and very

little is known about their physiological functions. Our study has generated

several interesting findings. One area ofinterest is the interaction of the DUSPs

with the signalling pathways and their role in carcinogenesis. For example the

effect of DUSP7 methylation on Erk andthe rest of the MAPK signalling cascade

and DUSP8 methylation as a regulator of imprinting of its neighbouring genes.
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Table 4.1: Subgrouping of DUSPsfamily

 

 

 

 

 

 

Subgroup Alternative MAPK Chromosomal References

Names specificity localization

Subgroup|

DUSP1 MKP-1 JNK/p38>>ERK 5q35 Noguchi (1993)

HVH1 Keyse (1992)

CL100 Charles (1992)

Martell (1994)

DUSP 2 PAC-1 ERK>>JNK/p38 2p11.2-2q11 Yi (1995)

Rohan(1993)

Martell (1994)

DUSP4 MKP2 ERK= JNK= p38 8p 12-p11 Rohan (1993)

HVH2 King (1995)

TYP Misra-Press

(1995)

Smith (1997)

DUSP 5 HVH3 ERK 10q25 Kwak(1995)

Martell (1994)

Ishibashi

(1994)
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Subgroup Alternative MAPK Chromosomal References

Names specificity localization

SubgroupIl

DUSP 6 MKP-3 ERK>>JNK/p38 12q22-q23 Groom (1996)

PYST1 Mourey(1996)

Muda (1996)

Smith (1997)

DUSP7 MKP-X ERK > p38 3p21 Groom (1996)

PYST2 Mourey (1996)

Muda (1996)

Smith (1997)

Dowd (1998)

DUSP9 MKP-4 ERK= JNK=p38 Xq28 Muda (1997)

SubgroupIll

DUSP8 HVH-5 JNK/p38>>ERK 11p15.5 Nesbit (1997)

HVH8 Martell (1995)

HB5 Theodosiou (1996)

DUSP 10 MKP-5 JNK/p38>ERK 1q32 Theodosiou (1999)

Tanoue (1999)

DUSP 16 MKP-7 JNK/p38>>ERK 12p12
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Table 4.2: DUSPs and human cancers

 

Human Cancers

 

DUSP1

DUSP2

DUSP4

DUSP6

DUSP7

+ breast cancer (Wanget al, 2003)

| prostate cancer (Rauhala et al, 2005)

| ovarian cancer (Manzanoetal, 2002; Denkert et al, 2002)

+ ovarian cancer (Givant-Horwitz et al, 2004)

t leukaemia (Kothapalli et al, 003)

| ovarian cancer (Siebenet al, 2005)

Hypermethylated in pancreatic cancer (Xu et al, 2005)

+ Acute myeloid leukaemia (Levy-Nissenbaum etal, 2003)
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Table 4.3: Success rates of MSP reactions in primary tumours

 

 

Genes MSPreactions that worked *
N (%)

DUSP1 52/74 (70.3%)

DUSP2 64/74 (86.5%)

DUSP4 20/25 (80.0%)

DUSP7 60/74 (81.1%)

DUSP8 43/74 (58.1%)

DUSP10 60/74 (81.1%)

 

* Cases in which either the U or the M (or both) reactions were positive on MSP.
Cases which both the U and the M reactions were negative were considered

uninformative.
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Table 4.4: Prevalence of DUSPs hypermethylation in ovarian cancercell lines

and in primary tumours

 

Ovarian cancercell lines methylation Primary Tumours

 

 

 

 

 

 

 

 

 

 

methylation

N (%) Methylatedcell lines N (%)

DUSP1 3/9 (33.3%) OVCAR3 21/52 (40.1%)

A2780
A2780/cis

DUSP2 4/9 (44.4%) OVCAR3 11/64 (17.2%)

OVCA433
A2780

A2780/adr

DUSP3 0/9 (0.0%) - Not done*

DUSP4 1/9 (11.1%) A2780 0/20 (0.0%)

DUSP5 0/9 (0.0%) - Not done*

DUSP6 0/9 (0.0%) - Not done*

DUSP7 1/9 (11.1%) OVCAR3 28/60 (46.7%)

DUSP8 5/9 (55.5%) 1847 12/43 (27.9%)

SKOV3

TR175
JAMA2

A2780/cis

DUSP10 3/9 (33.3%) A2780 4/64 (6.3%)
A2780/cis
A2780/adr

 

The proportion of methylation of specific genes in the cell lines was similar or higher

than in the primary tumours, except for DUSP7. *MSP for DUSP3, DUSP5 and

DUSP6wasnot carried out because methylation was not detectedin thecell lines.
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Table 4.5: Correlations between DUSP1 hypermethylation and clinico-
pathological parameters.

 

DUSP1 promoter hypermethylation

 

 

(N=52)

Present Absent

N (%) N (%) P

Patients 21 (40.4) 31 (59.6) -

Age, median (yrs) 57.7 58.5 0.648

(Range)

FIGO Stage
W/NN
IV
Missing

Performance Status

0

1
2
3
Missing

Histology
Serous

Non-serous
Missing

Grade
Well — moddifferentiated
Poorly differentiated
Missing

Residual Tumour volume

<1cm

21cm

Missing

Treatment
Cisplatin/ Cyclophosphamide

Cisplatin/ Paclitaxel

Missing

(30.1-76.4) (41.8 - 73.9)

13 (61.9) 28 (90.3) 0.008
8 (38.1) 2 (6.5)
0 (0.0) 1 (3.2)

6 (28.6) 16 (51.7) 0.193
12 (57.1) 9 (29.0)
3 (14.3) 5 (16.1)
0 (0.0) 1 (3.2)
0 (0.0) 0 (0.0)

16 (76.2) 18 (58.1) 0.121
2 (9.5) 8 (25.8)
3 (14.3) 5 (16.1)

10 (47.6) 13 (41.9) 0.353
7 (33.3) 14 (45.2)
4 (19.1) 4 (12.9)

4 (19.0) 8 (25.8) 0.739
17 (81.0) 22 (71.0)
0 (0.0) 1 (3.2)

9 (42.9) 14 (45.2) 0.549
12 (57.1) 17 (54.8)
0 (0.0) 0 (0.0)
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Table 4.6: Correlations between DUSP2 hypermethylation and_ clinico-

pathological parameters

 

DUSP2 promoter hypermethylation

 

 

(N=64)

Present Absent

N (%) N (%) p

Patients 11 (17.2) 53 (82.8) -

Age, median (yrs) 53.8 59.8 0.290

(Range)

FIGO Stage
I/II
IV
Missing

Performance Status
0

1
2
3
Missing

Histology
Serous
Non-serous

Missing

Grade
Well — mod differentiated
Poorly differentiated
Missing

Residual Tumour volume

<1cm

21cm

Missing

Treatment
Cisplatin/ Cyclophosphamide
Cisplatin/ Paclitaxel

Missing

(46.7-74.3)  (22.8-76.4)

8 (72.7) 40 (75.5) 0.714
3 (27.3) 12 (22.6)
0 (0.0) 4 (1.9)

3 (27.6) 26 (49.1) 0.117
4 (36.4) 21 (39.6)
4 (36.4) 5 (9.4)
0 (0.0) 4 (1.9)
0 (0.0) 0 (0.0)

6 (54.5) 37 (69.8) 0.392
3 (27.3) 9 (17.0)
2 (18.2) 7 (13.2)

5 (45.5) 26 (49.1) 0.738
5 (45.5) 20 (37.7)
1 (9.0) 7 (13.2)

2 (18.2) 13 (24.5) 1.000
9 (81.8) 39 (73.6)
0 (0.0) 4 (1.9)

5 (45.5) 23 (43.4) 1.000
6 (54.5) 30 (56.6)
0 (0.0) 0 (0.0)
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Table 4.7: Correlations between DUSP7 hypermethylation and_ clinico-

pathological parameters

 

DUSP7promoter hypermethylation

 

 

(N=60)

Present Absent

N (%) N (%) p

Patients 28 (46.7) 32 (53.5) -

Age, median (yrs) 56.4 58.3 0.678
(Range) (22.8 — 70.9) (27.5 — 76.4)

FIGO Stage
VI/III 22 (78.6) 25 (78.1) 1.000
IV 6 (21.4) 7 (21.9)
Missing 0 (0.0) 0 (0.0)

Performance Status
0 9 (32.1) 15 (46.9) 0.500
1 14 (50.0) 13 (40.6)
2 5 (17.9) 4 (12.5)
3 0 (0.0) 0 (0.0)
Missing 0 (0.0) 0 (0.0)

Histology
Serous 21 (75.0) 21 (65.6) 0.347
Non-serous 4 (14.3) 8 (25.0)
Missing 3 (10.7) 3 (9.4)

Grade
Well — moddifferentiated 14 (50.0) 14 (43.8) 0.597
Poorly 11 (39.3) 15 (46.9)
Missing 3 (10.7) 3 (9.4)

Residual Tumour volume
<1cm 6 (21.4) 7 (21.9) 1.000
21cm 22 (78.6) 25 (78.1)
Missing 0 (0.0) 0 (0.0)

Treatment
Cisplatin/ Cyclophosphamide 14 (50.0) 13 (40.6) 0.604

Cisplatin/ Paclitaxel 14 (50.0) 19 (59.4)

Missing 0 (0.0) 0 (0.0)
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Table 4.8: Correlations between DUSP8 hypermethylation and clinico-

pathological parameters

 

DUSP8 promoter hypermethylation

 

 

(N=43)

Present Absent

N (%) N (%) p

Patients 12 (27.9) 31 (72.1) -

Age, median (yrs) 60.9 54.5 0.244

(Range) (41.5 — 67.0) (22.8 — 73.9)

FIGO Stage 11 (91.7) 23 (74.2) 0.405

HW/AN 1 (8.3) 8 (25.8)

IV 0 (0.0) 0 (0.0)

Missing

Performance Status
0 9 (75.0) 14 (45.2) 0.212

1 2 (16.7) 11 (35.5)
2 1 (8.3) 6 (19.4)
3 0 (0.0) 0 (0.0)

Missing 0 (0.0) 0 (0.0)

Histology
Serous 8 (66.7) 21 (67.7) 1.000

Non-serous 3 (25.0) 7 (22.6)
Missing 1 (8.3) 3 (9.7)

Grade
Well — mod differentiated 5 (41.7) 16 (51.6) 0.723

Poorly 6 (50.0) 12 (38.7)
Missing 1 (8.3) 3 (9.7)

Residual Tumour volume
<1cm 3 (25.0) 7 (22.6) 1.000

21cm 9 (75.0) 24 (77.4)

Missing 0 (0.0) 0 (0.0)

Treatment
Cisplatin/ Cyclophosphamide 6 (50.0) 17 (54.8) 1.000

Cisplatin/ Paclitaxel 6 (50.0) 14 (45.2)

Missing 0 (0.0) 0 (0.0)
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Table 4.9: Correlations between DUSP10 hypermethylation and_ clinico-

pathological parameters.
 

DUSP10 promoter hypermethylation

 

 

(N=60)

Present Absent

N (%) N (%) p

Patients 4 (6.7) 56 (93.3) -

Age, median (yrs) 65.7 59.2 0.138

(Range)

FIGO Stage
WW/UNI
IV
Missing

Performance Status
0
1
2

3
Missing

Histology
Serous
Non-serous
Missing

Grade
Well — moddifferentiated

Poorly
Missing

Residual Tumour volume

<1cm

21cm

Missing

Treatment
Cisplatin/ Cyclophosphamide

Cisplatin/ Paclitaxel

Missing

(52.8 — 67.2) (22.8 — 73.9)

4 (100.0) 44 (78.6) 1.000
0 (0.0) 11 (19.6)
0 (0.0) 1 (1.8)

2 (50.0) 27 (48.2) 0.923
1 (25.0) 20 (35.7)
1 (25.0) 8 (14.3)
0 (0.0) 1 (1.8)
0 (0.0) 0 (0.0)

3 (75.0) 38 (67.9) 0.298
0 (0.0) 14 (25.0)
1 (25.0) 4 (7.1)

1 (25.0) 24 (42.9) 1.000
1 (25.0) 29 (51.8)
2 (50.0) 3 (5.3)

1 (25.0) 15 (26.8) 1.000
3 (75.0) 40 (71.4)
0 (0.0) 1 (1.8)

1 (25.0) 30 (53.6) 0.346
3 (75.0) 26 (46.4)
0 (0.0) 0 (0.0)
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Univariate Multivariate *

Median PFS,
mths HR HR

(95% Cl) (95% Cl) p (95% Cl) p

DUSP1 (+) 13.3 1.04 0.908 0.67 0.279
(10.9 — 15.8) (0.55 — 1.95) (0.33 — 1.38)

DUSP1(-) 122
(9.1 — 15.3)

DUSP2(+) 13.5 0.72 0.412 0.57 0.186
(1.6 — 25.5) (0.32 — 1.60) (0.25 — 1.31)

DUSP2(-) 123
(9.8 — 14.6)

DUSP7(+) 10.0 2.21 0.006 3.18 0.001
(6.8 — 13.1) (1.24 — 3.93) (1.64 — 6.14)

DUSP7(-) 13.3
(11.1 — 15.3)

DUSP8(+) 23.7 0.34 0.013 0.27 0.011
(N/A) (0.14 — 0.83) (0.010 — 0.75)

DUSP8(-) 10.3
(6.3 — 14.3)

DUSP10 (+) 10.6 1.58 0.384 1.48 0.484
(4.1 — 17.1) (0.60 — 4.46) (0.49 — 4.43)

DUSP10 (-) 11.6
(8.5 — 14.7)

 

Table 4.10: Associations between DUSP hypermethylation and Progression-Free

Survival (PFS). * Multivariate analysis using Cox's proportional hazard model(adjusted

for age, FIGO stage, residual tumour volume post debulking surgery, chemotherapy

treatments and performancestatus). (+) : Hypermethylated tumours; (-) : unmethylated

tumours.
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Univariate Multivariate*

Median OS,

mths HR HR

(95% Cl) (95% Cl) p (95% Cl) p

DUSP1 (+) 30.1 0.94 0.843 0.66 0.291
(23.9 — 36.2) (0.46 — 1.78) (0.30 — 1.44)

DUSP1(-) 26.5
(17.3 - 35.7)

DUSP2(+) 30.1 0.66 0.304 0.65 0.299
(0.000-76.6)  (0.30-1.47) (0.28 — 1.48)

DUSP2(-) 27.2
(22.5 — 31.9)

DUSP7(+) 22.1 1.64 0.097 1.75 0.074
(11.9 — 32.3) (0.91 — 2.94) (0.95 — 3.33)

DUSP7(-) 26.5
(19.9 — 33.1)

DUSP8(+) Not reached 0.33 0.019 0.28 0.020
(0.13 — 0.88) (0.09 — 0.82)

DUSPS8(-) 26.0
(14.0 — 38.0)

DUSP10 (+) 14.0 1.60 0.364 1.63 0.393
(0.9 — 27.1) (0.57 — 4.49) (0.53 — 4.99)

DUSP10 (-) 29.3
(21.6 — 37.0)

 

Table 4.11: Associations between DUSPs hypermethylation and Overall Survival

(OS). *Multivariate analysis using Cox's proportional hazard model (adjusted for age,

FIGO stage, residual tumour volume post debulking surgery, chemotherapy treatments

and performancestatus). (+) : Hypermethylated tumours; (-) : unmethylated tumours.
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Table 4.12: Progression Free Survival (PFS) and Overall Survival (OS) stratified

for chemotherapy treatments
 

 

 

 

 

 

 

PFS OS
Chemotherapy p p

DUSP1 CP (N=23)
(N=52) (+)N=9 0.955 0.728

(- )N=14

TP (N=29)
(+)N=12 0.933 0.984
(- )N=17

DUSP2 CP (N=28)
(N=64) (+)N=5 0.604 0.747

(- )N=23

TP (N=36)
(+)N=6 0.130 0.125
(- ) N= 30

DUSP7 CP (N=27)
(N=60) (+)N=14 0.038 0.084

(- )N=13

TP ( N= 33)
(+)N=14 0.086 0.516
(- )N=19

DUSP8 CP (N=23)
(N=43) (+) N=17 0.107 0.083

(- )N=23

TP (N=20)
(+)N=6 0.061 0.147
(- )N=14

DUSP10 CP (N=31)
(N=60) (+)N=1 0.865 0.128

(- )N=30

TP (N=29)
(+)N=3 0.219 0.702
(- )N=26

 

CP = Cisplatin / cyclophosphamide. TP = Cisplatin / Paclitaxel. ( + ) = methylated; (-) =

unmethylated.
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Figure 4.13: Model for the reciprocal imprinting regulation of H19 and

IGF2. On maternal allele: CTCF binding and subsequent chromatin barrier

formation insulates the IGF2 promoter from transcriptional enhancers

located distally from the H19 gene (silencing of IGF2). On the paternal

allele: the methylated DMD prevents the binding of CTCF, thereby allowing

the enhancers distal to the H19 the activation of the transcription of IGF2.

(after Engel N et al.,2006). In Wilm’s tumour, loss of imprinting occurs as a

result of abnormal gain of DNA methyation on the DMD of the maternal

allele, leading to pathologicalbiallelic expression of IGF2.
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Chapter 5

FANCONI ANAEMIA

5.1 Background

Ovarian cancer is in many cases a chronic disease characterised by

protracted sensitivity to anticancer drugs. Platinum remains the most

active drug in the treatment of this disease. They are thoughtto lead to

cell death through DNAcross-linking, causing irreparable DNA damage

and activation of apoptosis. While the majority of casesinitially respond

to platinum compounds, resistance eventually develops by

mechanismsthat remain poorly defined (Shah and Schwartz, 2001).

5.1.1 Fanconi Anaemia (FA)

The study of rare human genetic diseases often leads to significant

advancesin the understanding of cancer biology in general. Such is the

case for Fanconi Anaemia (FA), a rare chromosome susceptibility

syndromeassociated with mutations in the FA genes, characterised by

aplastic anaemia, cancer and leukaemia susceptibility, and cellular

hypersensitivity to interstrand DNA crosslinking agents, such as

cisplatin, mitomycin C (MMC), diepoxybutane (DEB), and melphalan

whentheir peripheral blood lymphocytes are cultured in vitro (Joenje et

al, 2001; Auerbach et al, 2001; Alter et al, 2003).Treatment with these

agents causes increased chromosomebreakage in cells derived from

patients with FA (Auerbach,1993). Because of this hypersensitivity to
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DNAcrosslinking agents, many researchers have speculated that the

primary defect of FA cells is in DNA damage responseor DNArepair.

5.1.2 FANC-BRCA Pathway

Indeed, the Fanconi Anaemia pathwayprotects cells against death and

genotoxicity induced by cross-linking agents, including platinum and

alkylating agents. One function of the FANC proteins is to support the

integrity of the RAD51-, NSB1-, BRCA1- and BRCA2- dependent

pathways for DNArepair, as well as suppressing apopototic responses

to non-chemical extracellular signals (Bagby and Olson, 2003). At least

seven genes (FANCA, FANCC, FANCD1, FANCD2, FANCE, FANCF

and FANCG)encodeproteins that participate in the Fanconi pathway

have been identified. They encode proteins that cooperate in a DNA-

response pathway(Figure 5.1).

5.1.3 Inactivation of the FA pathway in human cancer

In-vitro cell lines studies of ovarian cancer by Taniguchi et al (2003)

and cervix cancer by Narayan et al (2004) showed that inactivation of

the FANC pathwaysresults in these cell lines demonstrating similar

phenotypic sensitivity to cross-linking agents seen in Fanconi Anaemia

patients’ lymphocytes.

In 2003, Taniguchi et al reported in Nature Medicine that methylation-

dependentsilencing of FANCFled to increased sensitivity to cisplatin

and MMCin two ovarian cancercell lines (2008 and TOG-21). In the

142



cisplatin-resistant derivative of the 2008 cell line, there was partial

demethylation of FANCF, implying that platinum resistance correlates

with the methylation status of FANCF CpG islands. The authors

proposed a model of reversible methylation of FANCF leading initially

to chromosomal instability associated with platinum hypersensitivity,

followed by demethylation and expansion of platinum resistance

clones. They found no mutation in the FANCF gene, but FANCF

hypermethylation was detected in 21% of a small number of ovarian

cancer samples (4/19) whosetreatment or outcomewerenotspecified.

To date, no study has formally addressed the issues of whetherloss of

FANCF function, via methylation-dependent silencing, influences

clinical outcomein patients treated with cisplatin.

5.2 Hypothesis / Aims of Study

Platinum chemotherapy remains the most active agent in the treatment

of ovarian cancer [See Chapter 1.8]. Ovarian canceris one of the most

chemo-sensitive cancers, with complete response rates to platinum-

based chemotherapy of approximately 40-60% (Greenlee et al, 2001).

However, about 20-30%of ovarian cancers haveintrinsic resistance to

platinum and fail to respondtofirst-line platinum treatment (Agarwalet

al, 2003). Identification of this group of patients who are notlikely to

benefit from such cross-linking agents will spare them the toxicity of

such treatments and alternative novel treatment can beinstituted.
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5.2.1 Hypothesis

The hypothesis is that ovarian cancers with the FANCF epigenetic

alteration may share the same_ sensitivity to cross-linking

chemotherapeutics as observed in FANCF hypermethylated ovarian

cancer cell lines or Fanconi Anaemia patients’ lymphobloasts. Thus

patients with this alteration may benefit from treatment with cross-

linking agents suchascisplatin and cyclophosphamide.

5.2.2 Aimsof Study

At the time when this study was undertaken, there had not been any

published data to validate the Taniguchi’s findings. In addition, no study

has formally addressed the issue of whether FANCF hypermethylation

influences clinical outcomein patients treated with cisplatin.

This study aimedto:

« Validate the Taniguchi findings of FANC F hypermethylation in

- ovarian cancercelllines

- a larger series of primary ovarian cancers treated with cisplatin-

based chemotherapy.

« Investigate the impact of FANCF methylation on clinical outcomesin

ovarian cancerstreated with cisplatin-based chemotherapy.

= Profile the methylation status and analyse the gene expression of

the Fanconi Anaemia family of genesin ovarian cancercell lines.
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5.3 Methods

Weanalysed the methylation status of 6 FANC genes (FANC A,C, D2,

E, F and G)in the ovarian cancercell lines and primary tumours using

MSP methodology as outlined in Section 2.3.3, and primers and

conditions described by Taniguchi T et al (2003) (Appendix | for MSP

conditions and primer sequences). The methylation status of the cell

lines was then correlated with the MRNA expression using RT-PCR

(Section 2.3.4; Appendix Il for RT-PCR conditions and primer

sequences), and that of the primary tumours was correlated with

clinico-pathological variables and survival outcomes (PFS and OS).

5.4 Results

5.4.1 Analysis of FANC genes CpG island methylation in

epithelial ovarian cancercell lines

Weanalysed the methylation status of the CpG islands associated with

the promoter of six FANC genes (FANCA, FANCC, FANCD2, FANCE,

FANCF and FANCG)in 9 epithelial ovarian cancer cell lines (1847,

SKOV3, TR175, JAMA2, OVCAR3, OVCA433, A2780, A2780/cis and

A2780/adr).

FANCF

FANCF promoter hypermethylation was detected in 1 of the 9 ovarian

cancercell lines — the A2780 adriamycin resistant cell line (A2780/adr)

but not in the parent A2780orthe cisplatin resistant A2780 (A2780/cis)

cell lines (Figure 5.5).
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We failed to detect CpG promoter hypermethylation in FANCA,

FANCC, FANCD2, FANCE and FANCG genesin these 9 ovarian

cancercell lines.

5.4.2 Correlation analysis of FANC mRNA expression and

methylation in ovarian cancercell lines

Next we examined the mRNAexpression of these 6 FANC genes and

correlated these with the methylation status.

FANC F

In the A2780/cis cell line harbouring FANCF methylation, the mRNA

expression of FANCF was down-regulated. In the othercell lines that

were not methylated, FANCF mRNA expression was readily detected.

This provides some evidence that FANCF mRNA level might be

regulated by FANCF promoter hypermethylation (Figure 5.5).

The mRNA expression of FANCA, FANCC, FANCD2, FANCE and

FANCGwerereadily detectedin all nine cell lines.

5.4.3 De-methylation / Re-expression Studies

To verify that transcriptional down-regulation of FANCF wasassociated

with aberrant CpG methylation, A2780/adr cells were treated with

demethylating agent 5’-azacytidine (See section 2.3.5). The steady-

state level of FANCF mRNAwasupregulated by exposure to this agent
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(Figure 5.5), implying that FANCF waspartially reactivated in response

to cellular exposure to 5’-azacytidine.

5.4.4 Methylation analysis of FANCF genesin primary ovarian

cancers

Owing to promoter hypermethylation of FANCF detected in ovarian

cancercell line screening, we analysed the primary ovarian cancers for

FANCF methylation. Of the 74 cases assessed for FANCF methylation

by MSP, 21 of which were negative for both the U and M reactions

(28%), and they were regarded as uninformative and excluded from the

analyses. FANCF methylation was detected in 7 of the 53 (13.2%)

tumoursincluded in the analyses (Figure 5.6).

5.4.5 Relation of FANC F methylation to other tumourclinico-

pathological variables

The methylation status of FANCF wascross-tabulated with the clinico-

pathological variables (patient's age, tumour stage, histological

subtype, tumour grade, residual tumour mass and performancestatus)

of the 53 tumour samples. The results were assessed using two-sided

Pearson’s y’ or Fisher's Exact test for the categorical variables and

Mann-Whitney U test for continuous variables (Table 5.1).

FANC F hypermethylation was not significantly associated with age,

tumour stage, histological subtypes, tumour grade, residual tumour

massor performancestatus.
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5.4.6 Relationships between patient outcomes and FANCF

methylation status

FANCF methylation and PFS

At a median follow-up of 6.5 years, all of the FANCF methylated

patients (7/7, 100%) had progressed, compared with 33 of the 46

(72%) FANCF unmethylated patients (Fisher's exact test p=0.174).

Examining the Kaplan-Meier survival probability curves using the log-

rank tests, showed that patients with FANCF methylation had a shorter

progression free survival compared to patients with unmethylated

FANCF, 5.6 months (95% Cl 2.8 - 8.3) versus 18.8 months (95% Cl

10.2 - 27.4), with log-rank p value of 0.001 (Table 5.2; Figure 5.2).

Patients with FANCF methylation were 4 times more likely to progress

than those without FANCF methylation (HR= 4.01, 95%Cl 1.69 — 9.51;

p=0.001) in univariate analysis. In order to control for the potential

confounding effects of other variables on patient outcomes, we

performed a Cox’s proportional hazards model adjusted for patient's

age, tumour stage, post-debulking tumour volume, performancestatus

and chemotherapy treatments. Controlling for these covariates, FANCF

methylation remained an independent adverse prognostic factor for

progression free survival, with a hazard for progression of 3.70 (95%Cl

1.43 — 9.54, p=0.007; Table 5.2).

Analysis of the PFS at 10.5 months, a time point chosen as treatment

time on platinum based chemotherapy plus 6 months, to correspond
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with the generally accepted time point to separate platinum refractory /

resistant patients from sensitive patients (Markman and Bookman,

2000), showed that 5/7 (71.4%) of FANCF methylated patients have

progressed, compared with 13/46 (28.3%) of FANCF unmethylated

patients (RR=2.53, p=0.037; Table 5.3).

FANCF methylation and overall survival

The overall survival of patients with FANCF hypermethylation was not

significantly different from those without FANCF hypermethylation. The

multivariate hazard for death was 1.16 (95% Cl 0.43 — 3.11, p=0.765;

Figure 5.2; Table 5.2).

5.4.7 Survival outcomes in FANCF methylated patients stratified

for chemotherapytreatments

We analysed the survival outcomes of FANCF methylated patients

according to the chemotherapy received. In this small subgroup of

patients who were FANCF methylated (n=7), 4 patients received

cisplatin / cyclophosphamide (CP) and 3 received cisplatin / paclitaxel

(TP). The CP-treated group had a median PFS of 3.0 months (95%Cl

0.5 - 5.4) and a median OS of 14.0 months (95% Cl 0.0 - 30.0),

compared with 8.1 months (95% Cl 4.1 - 12.1) and 33.8 months (95%

Cl 2.1 - 65.6) in the TP-treated group. FANCF hypermethylation

predicts for both adverse PFS and OSin the group of patients who

received CP (p = 0.004, and p = 0.041, respectively) but not TP (p =

0.099, and p = 0.765 respectively; Figures 5.3 and 5.4; Table 5.4).
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5.4.8 Summary of Findings

Ovarian cancercell lines

FANC F promoter methylation was detected in 1 out of the 9

(11%) ovarian cancer cell lines, the A2780/adr. Semi-

quantitative RT-PCR demonstrated a down-regulation of

FANCF mRNAexpression in the A2780/adr ovarian cancercell

line that harboured the FANC F methylation. Treatment with the

demethylating agent, 5-Azacytidine, led to FANCF re-

expression.

FANCA, FANCC, FANCD2, FANCE and FANCG were not

hypermethylated in any of the ninecell lines tested.

Primary Ovarian Cancers

FANCF promoter methylation was found in 7 out of the 53

primary epithelial ovarian cancer samples (13.2%). In this

study, FANCF methylation was a_ significant independent

predictor of adverse progressionfree survival (HR 3.70, 95% Cl

1.43 — 9.54, p 0.007) but not overall survival.

In. a small subset analysis, FAANCF hypermethylation

significantly predicts for adverse PFS and OSin patients who

received cisplatin / cyclophosphamide but not cisplatin

/paclitaxel.
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5.5 Discussion

Since this study was undertaken, there had been two further published

reports on FANCF hypermethylation in ovarian cancer (Wang et al,

2006; Teodoridis et al, 2005).

5.5.1 FANCF promoter hypermethylation in ovarian cancer

cell lines

Our study detected FANCF promoter hypermethylation in 1 out of the 9

(11%) ovarian cancercell lines, the result of which was comparable to

that of Taniguchi et al (2003) and Wangetal (2006), where the authors

found FANCF hypermethylation in 2 of the 25 (8%), and 1 of the 7

(14%) ovarian cancer cell lines, respectively. Consistent across all

three studies is the absence of FANCF hypermethylation in the SKOV3

and the A2780 cell lines. Wang and colleagues have shown OVCAR3

to be methylated for FANCF. We have not found OVCAR3 to be

methylated for FANCF and this was consistent with the findings of

Taniguchiet al (2003).

We demonstrated FANCF methylation in the adriamycin-resistant

derivative of the A2780, the A2780/adr, with associated downregulation

of FANCF mRNAand partial reactivation following 5-AZA treatment.

This finding supports, but does not confirm that aberrant methylation

may be the mechanistic basis for down-regulation of FANCF mRNA.

The A2780 parent line was derived from untreated patients and the

A2780/adr from exposure of the parent line to adriamycin. The
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significance of the differential methylation pattern between A2780 and

its adriamycin resistant derivatives, the A2780/adr, was uncertain and

raises the question as to whether epigenetic silencing of FANCF leads

to adriamycin resistance. However, based on the aforementioned

findings from our study, the evidence that supports epigenetic silencing

of FANCFis rather weak, as the association between methylation and

expression is only demonstrated in one of the nine cell lines. Moreover,

5-AZA can induce gene expression via hypomethylation as well as

hypomethylation-independent pathways (Suzuki et al, 2002; Sato etal,

2003). In addition, expression analysis was not performed in the

ovarian cancer samples dueto the limitations of the clinical samples.

5.5.2 FANCF promoter hypermethylation in epithelial ovarian

cancers

Our study supports the findings of Taniguchi et al (2003) and Wang et

al (2006) of methylation of FANC F promoter in ovarian cancers. The

proportion of FANCF methylation in our study (7/54, 13 %) was lower

than found by these authors using smaller ovarian cancerseries, 4/19

(21%) by Taniguchi et al (2003) and 5/18 (27.8%) by Wang et al

(2006). However, a fourth study by Teodoridis et al (2005) using MSP

and confirmation by COBRA but not bisulphite sequencing, failed to

detect FANCF methylation in 106 Stage Ill and IV epithelial ovarian

cancers.
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Onereasonfor this discrepancy could be a result of the methodological

differences. Our present study, and that of Wang et al (2006), used the

same MSP primers and MSP conditions as those employed by

Taniguchi et al (2003). Teodoridis et al (2005), on the other hand,

employed a lower number of PCR cycles in their MSP, 35 cycles

compared with 44 cycles used by the other studies. This raised the

possibility as to whether the FANCF methylation detected using 44

cycles of MSP reactions could be due to false positives as a result of

the higher number of PCR cycles employed. However, in the original

study by Taniguchi (2003), methylation detected by MSP and Hpall

restriction enzyme assay were confirmed by bisulphite sequencing, the

“gold standard” of assessing methylation. We have attempted bisulphite

sequencing on our primary tumours to confirm the MSP findings but

this was not possible due to the quality of the DNA.

Another reason for the discrepancy in these findings may relate to the

differences in the clinico-pathological characteristics of the tumours.

The tumoursin our study and that of Teodoridis et al (2006) were FIGO

Stage Ill and IV epithelial ovarian cancer. Unfortunately, this

information was not available from the other two studies. FANCF

methylation has also been detected in 6/25 (24.5%) of granulosa cell

tumours of ovarian origin (Dhillon et al, 2004), a rare form of ovarian

cancer, and may in some way account for the higher incidence of

FANCF methylation detected in the Taniguchi’s and Wang's studies

had these tumour types beenincluded in those studies. It is therefore
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likely that FANCF methylation is not a major feature of advanced

epithelial ovarian cancer, with methylation incidence to be 10%orless.

FANCF methylation and other cancers

Our data and those of Taniguchi et al and Wang et al were broadly

consistent with studies of other cancer types. FANCF methylation

status has been studied in several other cancer types, in particular

tumours that were sensitive to cisplatin therapy. Several authors have

used MSP primers and PCR cycles similar to the original Taniguchi

study (2003) and demonstrated varying proportion of FANCF

methylation in several platinum sensitive tumour types. This ranged

from 6.7% (4 /60)in testicular cancer (Koul et al, 2004), 14% (22/158)

in non-small cell lung cancer, 15% (13/89) in head and neck cancers

(Marsit CJ et al., 2004) to 30% (30/100) in cervix cancers (Narayan et

al, 2004).

5.5.3 FANCEFandsurvival outcomes

In this series of patients treated on a clinical trial with standardised

treatment and follow-up, FANCF methylation was an independent

adverse prognostic factor, at least for progression free survival in this

group of patients treated with platinum-based chemotherapy. FANCF

methylation, however, had nosignificant effect on overall survival.
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PFS as survival endpoint

Our data suggests that FANCF hypermethylation independently

predicts for an inferior PFS but not OS. An impact on overall survival is

an important endpoint of biomarkers. Overall survival is considered the

most reliable cancer-survival end point, whereas PFS can be subjected

to various biases, including assessment biases. This is more so in

ovarian cancer, where the exact time of disease progression can be

difficult to pinpoint accurately, as progressive disease does not always

show up reliably on radiological investigations such as computed

tomography. Tumour markers such asrising CA125 may precede the

onset of signs or symptoms of disease progression by an average of

four months (Van Der Burg et al, 1990).

Patients in our study were closely monitored at pre-defined intervals

with regular computed tomography during chemotherapy and with

clinical examination and CA125 estimation (every three monthly in the

first two years) following the completion of chemotherapy, thereby

keeping these biases to a minimum. Furthermore, the progression

status of disease is also a better surrogate of underlying tumour

behaviour and clinical “platinum-sensitivity” in ovarian cancer, which

can be arbitrarily defined according to the treatment free interval

betweenfirst and second line therapy, than overall survival, as overall

survival can be biased by subsequentlines of therapy (Parmaret al,

2003; Gordon et al, 2004). One other reason for the PFS differences
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failing to translate into overall survival differences could be consequent

to the small sample size of this study.

What is known about FANCF hypermethylation and clinical

outcomesin other tumour types?

There had been two other published studies on the effect of FANCF

methylation on survival outcome in other tumour types. Our study

finding of FANCF hypermethylation as a predictor of disease

progression was consistent with that of Marsit et al (2004). These

authors demonstrated FANCF methylation in 15% (22/158) of primary

non-small cell lung cancer. They also found that FANCF methylation

wasa significant independentpredictor of poor overall survival in Stage

| and Il adenocarcinoma treated with surgery, with a HR 3.1 (95% Cl

4.2 = 7.9).

Narayan et al (2004) detected FANCF methylation in 30% (30/100) of

FIGO stage IB-IV cervix cancers. However, these authors found no

relationship between FANCF methylation and clinical outcome in this

heterogenous group of patients with different clinical stage and

therefore possibility of treatment heterogeneity, making the

interpretation of these results difficult.

5.5.4 FANCF andsensitivity to cross-linking agents

In vitro studies

Wedid not detect FANCF methylation in the platinum sensitive parent

A2780 cell line derived from untreated patients, consistent with the
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findings of Taniguchi et al (2003) and Wanget al (2006). The cisplatin

resistant derivative, the A2780/cis, was also not methylated. The lack of

differential methylation between A2780 and its cisplatin derivative

suggests that FANC F methylation was not a factor in determining

cisplatin sensitivity in the A2780 cell line.

In the original study by Taniguchi et al (2003), of the seven ovarian cell

lines that demonstrated in- vitro hypersensitivity to cisplatin, only two of

these were FANCF methylated (2/7, 29%). These authors concluded

that cisplatin hypersensitivity in the other five cell lines that were

unmethylated could be a result of other independent mechanisms.In

other tumour types, FANCFinactivation by hypermethylation results in

increased sensitivity to cross-linking agents in cervix cancercell lines

(Narayan et al, 2004). In head and neck cancer, which is a highly

platinum sensitive disease, in vitro cisplatin sensitivity was not

associated with FANC-BRCAdefects (Synderet al, 2005).

Clinical studies

There had not been any published studies examining the relationship

between FANCF hypermethylation and cisplatin sensitivity in primary

tumours.

In our study, FANCF methylation status was assessed using chemo-

naive tumours from patients who subsequently received cisplatin-based

chemotherapy. This study would not be able to answerthe question as
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to whether FANCF methylation confers cisplatin sensitivity as all

patients on this trial received cisplatin as part of their treatment.

However, if the proposed Taniguchi model was correct, one may

expect that FANCF methylated tumours to be hypersensitive to cross-

linking agents resulting in improved response rates following these

treatments. Unfortunately, response rates data following treatment with

cisplatin-based chemotherapy from this study was not available.

Instead, we have used PFS and OSassurrogatesforclinical “platinum

sensitivity” as it is well accepted that ovarian cancer patients with

“olatinum-sensitive” disease had a far superior PFS and OS compared

to platinum resistant or refractory patients (Bolis et al, 1999; Parmaret

al, 2003; Pfisterer et al, 2005).

In this series of patients on a clinical trial with standardised treatment

and follow-up, FANCF hypermethylation was an adverse prognostic

factor for progression free survival and progression at 10.5 months (a

time point chosen to separate platinum refractory/resistant patients

from sensitive patients). Patients in one-arm of the study received two

cross-linking agents, cisplatin plus cyclophosphamide (CP), while the

other arm received cisplatin plus a taxane (TP). When FANC F

methylation wasstratified for chemotherapy treatments in a small

subgroup analysis, FANCF hypermethylation significantly predicts for

an adverse, not favourable, PFS and OSin the CP-treated group of

patients who received two-crosslinking agents (p = 0.004, and p =

0.041, respectively) but not in the TP-treated group which received only
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one cross-linking agent (p = 0.099, and p = 0.765, respectively).

However, the patient numbers in this subgroup analysis was small and

the findings should therefore be interpreted with caution.

Taken together,it is therefore likely that FANCF is not a major factor in

“sensitising” chemo-naive tumours to cross-linking agents in epithelial

ovarian cancer. Platinum resistance is complex, andis likely to involve

not one, but several other mechanisms (See section 1.1.8). FANCF

methylation as a marker of platinum sensitivity in epithelial ovarian

cancer may be too simplistic, as Taniguchi et al. conceded in their

description of sequential changes in methylation status during the life

cycle of the tumours. It should be pointed out that the samples in our

study were takenprior to cisplatin exposure, and the methylation status

of FANCF may have changed in some patients following platinum

exposure. FANCF demethylation following cisplatin exposure in some

of these patients may confer cisplatin resistance as postulated by

Taniguchi (2003) and hence account for the inferior PFS observed.

Repeat biopsy at completion of chemotherapy, at relapse or

progression would be necessary to confirm this hypothesis and to

determine the dynamics of methylation, drug response and outcome.

In addition, the quantity of FANCF methylation may have an important

role in determining drug sensitivity. The original observation by

Taniguchi that demethylation of FANCF methylated cell lines, as

assessed by quantitative bisulphite sequencing, conferred cisplatin
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resistance. MSP technique that we used in this study only provided

qualitative information on hypermethylation (Section 7.6.1). Future work

using a more quantitative method of assessing methylation, such as

pyrosequencing, may be required to addressthis.

5.6 FUTURE DIRECTIONS

The Fanconi Anaemia / BRCA pathwayregulates the cellular response

to cisplatin and other DNAcross-linking agents. Our study suggests

that FANCF promoter hypermethylation at diagnosis does not appear to

play a majorrole in sensitising chemonaive ovarian cancerto platinum

drugs. Future studies using quantitative methylation techniques to

assess dynamic changes in FANCF methylation status and / or

methylation quantity following platinum chemotherapy, may help shed

some light on the role of FANCF demethylation in acquired platinum

resistance in ovarian cancer. The role of other members of the

FA/BRCA pathway in platinum resistance also warrants further

investigation.

A recent study by the Taniguchi group (Chirnomaset al, 2006) reported

curcumin-mediated inhibition of the FA/BRCA pathway sensitises

ovarian and breast tumourcells to cisplatin in- vitro, though the precise

mechanism of action and FA/BRCA targets of curcumin remains

unknown. The BRCA1 and BRCA2 (FANCD‘1) interact intimately with

the FA genes to ensure the normal functioning of the FA/BRCA

pathway (Venkitaraman, 2004, Figure 5.1). /n- vitro and clinical studies
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have demonstrated that tumours with BRCA1/BRCA2 mutations have

increased sensitivity to platinum drugs (Ben David et al, 2002; Casset

al, 2003; Samouelian et al, 2004; Husain et al, 1998). These tumours

are also particularly sensitive to poly (ADP-ribose) polymerase (PARP)

inhibitors (Farmer et al, 2005; Bryant et al, 2005). This is thought to be

consequent of the absence of homologous repair in BRCA-deficient

tumourscells (Tutt et al, 2002) and PARP-mediated single strand DNA

breaks repair (Ameet al, 2004). A CRUKclinical trial investigating the

role of a new PARPinhibitor (AG-014699) for breast and ovarian

cancer in patients with BRCA gene mutations

(http://www.cancerhelp.org.uk/trials/trials/selectsearch.asp), is currently

underway. In our study, the BRCA1/2 mutation status in this cohort of

patients is unknown, but majority are likely to be non-hereditary ovarian

cancers. We havenot analysed the BRCA1/2 methylation status in this

patient cohort. Hypermethylation of the BRCA1 (13%), and to a lesser

extent, BRCA2 promoter is seen in non-hereditary ovarian cancers

(Esteller et al, 2000; Hilton et al, 2002). The relation between BRCA

promoter hypermethylation and gene silencing is howeverless clear

and further work is required in this field. PARP inhibitors may also have

a potential utility in those tumours that are BRCA-deficient as a

consequenceof epigenetic silencing.

More recently, 5 further FANC genes (FANCB, FANCI, FANCJ, FANCL

and FANCM) have been identified (Meetei et al, 2005; Levitus et al,

2004; Levitus et al, 2005; Levran et al, 2005). Hence, future work to
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evaluate the role and the methylation status of these FA and BRCA1/2

genesin platinum resistance is warranted in ovarian cancer.
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Table 5.1: Relations of FANCF methylation and clinico-pathological variables
 

FANCF promoter hypermethylation (N=53)
 

 

Present Absent
N (%) N (%) P

Patients 7 (13.2%) 46 (86.8%) -

Median Age (range) 64.1 59.3 0.937

(42.3-65.9) (22.8-76.4)

Performance status

0 2 (28.6%) 22 (47.8%) 0.743

1 3 (42.9%) 15 (32.6%)

2 2 (28.6%) 8 (17.4%)

3 0 (0%) 1 (2.2%)

Stage

NB/NC/II 5 (71.4%) 36 (78.3%) 0.462

IV 2 (28.6%) 9 (19.6%)

Missing 0 (0.0%) 1 (2.1%)

Histology

Serous 6 (85.8%) 27 (58.7%) 0.136

Non-serous 0 (0%) 12 (26.1%)

Missing 1 (14.2%) 7 (15.2%)

Tumour Grade (differentiation)

Well-moderate 3 (42.9%) 21 (45.7%) 0.449

Poor 4 (57.1%) 18 (39.1%)

Missing 0 (0.0%) 7 (15.2%)

Residual tumour volume

<1cm 1 (14.3%) 13 (28.3%) 0.383

21cm 6 (85.7%) 32 (69.6%)

Missing 0 (0.0%) 1 (2.1%)

Treatment

Cisplatin/cyclophosphamide 4 (57.1%) 19 (41.3%) 0.451

Cisplatin/Paclitaxel 3 (42.9%) 27 (58.7%)
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Table 5.2: Univariate and Multivariate models of Progression Free

Survival and Overall Survival for FANCF methylation

 

 

Univariate Multivariate*

Median HR HR

(95% Cl) (95% Cl) p (95% Cl) P
 

Progressionfree survival

 

FANC F meth (+)° 5.6 mths 4.01 0.001 3.70 0.007

(2.8 - 8.3) (1.60-9.51) (1.43-9.54)

FANC F meth(-)° 18.8 mths

 

 

(10.2 - 27.4)

Overall Survival

FANCF meth(+)? 22.1 mths 1.60 0.290 1.16 0.765

(1.3-42.9)  (0.67-3.83) (0.43-3.11)

FANCF meth(-)? 27.2 mths

(22.5 — 31.8)

 

* Cox’s proportional hazards modelling was used to examine the
simultaneous effects of several potential confounding variables (patient’s age,
tumour stage, residual tumour volume, chemotherapy treatment and

performancestatus) on patient’s outcome. * = methylated; ° = unmethylated.
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Table 5.3: Relation between FANCF methylation and Disease

Progression at 10.5 mths*

 

 

PFS < 10.5 mths PFS 2 10.5 mths p

FANCFMeth(+) 5 (71.4%) 2 (28.6%) 0.037

FANCFMeth(-) 13 (28.3%) 33 (71.1%)

 

Relative Risk (RR) = 2.53 (95% Cl 1.14 — 3.63).

* PFS of 10.5 mths used as surrogate to separate platinum sensitive from

platinum refractory or resistant.

Table 5.4: Survival stratified for chemotherapy treatment

 

PFS OS
 

Chemotherapy p P
 

Cisplatin / Cyclophosphamide (N=23)

FANCF methylated (N = 4) 0.004 0.041

FANCF unmethylated (N = 19)

 

Cisplatin / Paclitaxel (N=30)

FANCF methylated (N=3) 0.099 0.765

FANCF unmethylated (N=27)
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 Figure 5.1 The Fanconi Anaemia / BRCApathway.
[after Taniguchiet al, 2006]

There are seven cloned fanconi anaemia genes (FANCA,C, D1, D2, E, F and G)whose protein products interact with proteins involved in DNA repair pathwaysincluding BRCA1, RAD51, ATM and NSB1 (D'Andreaet al.,2003). Five of the FANCanaemia gene products form a nuclear complex (FA complex) that is required for themonoubiquitination of the downstream FANCD2protein. FANCD1 is identical toBRCA2 (Howlettet al., 2002).

FANCD2 proteins functions at the intersection of two Signalling pathways. Inresponse to ionizing radiation-mediated double-strand breaks (DSB), ATMphosphorylates the NBS14 protein, leading to activation of an S phase checkpoint. Inresponse to DNA damage, the FA complex mediates the Ub of FANCD2. ActivatedFANCD2is translocated to chromatin and DNA repair foci, which contain theBRCA1 protein and BRCA2/FANCD1 protein complex. BRCA2/FANCD1binds toRADS1 and to DNA, promoting a DNArepair response.   
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Figure 5.2 Kaplan-Meier Survival curves for PFS (Panel A) and OS (Panel B)

according to FANCF methylation status. Crosses represent censored data. P

values from log-ranktests.
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CHAPTER 6

Insulin-like growth factors - binding proteins

(IGFBPs)

6.1 Introduction

Insulin-like growth factor binding proteins (IGFBPs) and IGFBP-related

proteins (IGFBP-rP) are membersof the IGFBP superfamily of proteins

that affect the expression of insulin-like growth factors (IGFs).

6.1.1 Insulin-like growth factors (IGFs)

Insulin-like growth factors (IGFs) are multifunctional peptides that

regulate cell proliferation, differentiation and apoptosis, attributes

important in mitogenesis and tumorigenesis (Khandwala et al, 2000). In

addition to their mitogenic action, IGFs are also able to suppress

programmedcell death, thereby enhancing cancercell growth (Parrizas

et al, 1997). The IGF family consists of two ligands, IGF-| and IGF-II.

Increased levels of IGF-I and IGF-II are associated with many cancers,

including ovarian cancer (Karesik et al, 1994; Berns et al, 1992;

Weiganget al, 1994; Sayeret al, 2005).
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IGF-I and ovarian cancer

IGF-I can stimulate the proliferation of ovarian cancercells. (Yee et al,

1991; Wimalasenaet al, 1993). Their levels are also higher in ovarian

cancer tissues than in normal ovarian tissues (Karesik et al, 1994).

IGF-I receptor which mediatd the mitogenic action of IGF-I was shown

to be overexpressed in ovarian cancer tissues (Berns et al, 1992;

Weigang et al, 1994). Suppressing the expression of these receptors

slowed the growth of ovarian cancercells (Mullet et al, 1998).

IGF- Il and ovarian cancer

A clinical study by Sayer et al (2005) found that IGF-II mRNA

expression was 300-fold higher in ovarian cancer than in normal

ovarian epithelial cells. The authors also found that high IGF-II

expression was associated with advanced disease stage and poor

prognosis.

The biologicalal activities of these IGF ligands are modulated by a

family of IGF bindng proteins, the Insuliln-like growth factors-binding

proteins (IGFBPs), with the majority of circulating serum IGF-I and IGF-

Il ligands complexed with these binding proteins.

6.1.2 Insulin-like growth  factors-binding proteins

(IGFBPs)

The IGFBPsare a family of high-affinity IGF binding proteins. To date,

6 IGFBPs, (IGFBP-1 to IGFBP-6;Ferry et al, 1999) and 10 IGFBP-rPs
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(IGFBP-rP1 to IGFBP-rP10; Burger et al, 2005) have been cloned.

IGFBPs exert growth-inhibitory effects by competitively binding to IGFs

and preventing their binding to their receptors. They control IGF action

by increasing the half-lives of circulating IGFs, by controlling their

availability for receptor binding and by influencing their direct

interactions with receptors (Baxter et al, 2000). Aside from its IGF-

dependent actions, IGFBP family members have biologicalal activities

independentof their abilities to bind IGFs, including binding to a variety

of extracellular and cell surface molecules, with consequent effects on

processes such as apoptosis (Valentinis et al, 1995; Rajah et al, 1997)

though the mechanisms underlying these IGF-independent effects

remain to be elucidated.

IGFBP-3

The Insulin-like growth factor binding protein-3 (IGFBP-3) gene is

located on chromosome 7p12-14 and codes for a 46-53 kDA

glycoprotein with specific binding affinity for IGFs (Jones and

Clemmons, 1995). It is the most abundant IGFBPin serum (Firth etal,

2002). Binding of IGFBP-3 to IGFs blocksthe interaction between IGFs

and IGF-1R and results in the inhibition of the IGFs’ mitogenic and anti-

apoptotic actions (Jones and Clemmons, 1995). In addition to the IGF-

dependent actions, IGFBP-3 also has IGF-independent effects on cell

proliferation and apoptosis (Rajah et al, 1997). In the absenceof IGFs,

IGFBP3 is able to interact with a number of growth-inhibitory proteins

and agents, such as p53,retinoic acid, vitamin D, tumour necrosis
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factor-a, transforming growth factor-8 and antiestrogen agents, to

suppresscell proliferation and to stimulate apoptosis (Buckbinderet al,

1995; Gucevet al, 1996; Colston et al, 1998; Butt et al, 1999).

IGFBP-5

The Insulin-like growth factor binding protein-5 (IGFBP-5) gene is

located on chromosome 2q33-34 and codesfor a 28.5kDA glycoprotein

(Allanderet al, 1994). The mechanism of action of IGFBP-5 is less well

understood than IGFBP-3.It is thought that IGFBP-5 mayact in one (or

combination) of the following mechanisms(Beattie et al, 2006):

. Through an IGF-independent interactions with ECM-integrin —

binding events acting to promote cell detachment and

apoptosis.

7 Through an excess of soluble binding protein acting to

sequester IGF-1 and thusinhibit the activity of growth factor.

6.1.2.1 IGFBPs and Cancers

IGFBP-3 and cancers

Case control studies on risk of prostate, breast, colorectal and lung

cancer suggested that high circulating IGF-I concentrations are

associated with an increased risk of cancer, whereas high IGFBP-3

concentrations are associated with a decreased risk (Yu and Rohan,

2000; Giovanucci, 2001). A systematic review and meta-regression

175



analysis of 21 case-control studies of IGF-| and IGFBP-3 in prostate,

colorectal, lung and breast cancer by Renehanetal (2004) showed that

high concentrations of circulating IGBP-3 was associated with

increased risk of premenopausal breast cancer.

A study by Hanafusa and colleagues (2002) reported that promoter

methylation of the IGFBP-3 gene in hepatocellular carcinoma is

associated with low expression of the protein. IGFBP-3 promoter

hypermethylation is also associated with poor prognosis in stage | non-

small cell lung cancer (Chang etal, 2002).

IGFBP-3 and ovarian cancer

Patients with epithelial ovarian cancer appear to have lower serum

levels of IGFBP-3 than healthy individuals (Flyvberg et al, 1997). Low

levels of IGFBP-3 in ovarian tumourtissues have also been linked to

poor prognosis (Firth et al, 2002; Katsaros et al, 2001). Despite these

findings, the mechanistic basis for |GFBP-3 down-regulation has not

been established in ovarian cancer. Katsaroset al. (2001) reported that

in a cohort of ovarian cancer patients treated with heterogenous

chemotherapy regimens, low IGFBP-3 protein levels were significantly

associated with advanced disease stage and large residual volume

post debulking surgery.
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IGFBP- 5 and cancer

The functional role for IGFBP-5 in the regulation of tumourcell biology

is less established than that of IGFBP-3. For breast cancer and

prostate cancer, there are contradictory findings in relation to the role of

IGFBP-5 in these cancers. In some studies, IGFBP-5 stimulates cellular

growth and differentiation, but a growth inhibitor in other studies

(Gleave et al, 2000; Miyake and Nelsonet al, 2000; Miyake and Pollak

et al, 2000; Beattie et al, 2006).

IGFBP-7 and cancer

IGFBP-7, also known as IGFBP-rP1, mac25, TAF, PSF and

angiomodulin (Oh et al, 1996; Murphyet al, 1993; Akaogi et al, 1994;

Yamauchi et al, 1994; Akaogi et al, 1996) has properties consistent

with a tumour suppressorfunction, its expression is down-regulated in

breast cancer (Burgeret al, 1998).

A recent microarray gene expression profiling by Warrenfeltz et al

(2004) carried out on 18 ovarian tumours demonstrated a significantly

lower expression of IGFBP-3, IGFBP-5 and IGFBP-7 in the malignant

epithelial ovarian cancers than in benign or borderline tumours.
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6.2 Hypothesis / Aims of Study

6.2.1 Hypothesis

The IGFBPs are mediators of growth suppression via |GF-dependent

and IGF-independent pathways, thus making them potential tumour

suppressors. While evidence supports the expressions of IGFBP3,

IGFBP5 and IGFBP7 are down-regulated in epithelial ovarian cancers

(Flyvberg et al, 1997; Warrenfeltz et al, 2004), the mechanistic basis

behind this down-regulation remains unclear.

Our hypothesis is that IGFBP-3, IGFBP-5 and IGFBP-7 are potential

tumour suppressors subjected to epigenetic silencing by promoter

hypermethylation.

6.2.2 Aims

Wesought to evaluate the methylation status of IGFBP-3, IGFBP-5 and

IGFBP-7 in epithelial ovarian cancer and to elucidate whether

hypermethylation of these genes are associated with prognosis.

6.3 Methods

Wescreened for methylation of IGFBP-3, IGFBP-5 and IGFBP-7 in the

ovarian cancercell lines using MSP methodology asoutlined in Section

2.3.3 (See Appendix | for MSP conditions and primer sequences). In

the primary tumours, IGFBP-3 and IGFBP-5 methylation status were

assessed, but not |GFBP-7, due to inadequate tumour material.
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6.4 Results

6.4.1Analysis of IGFBPs CpG island methylation in epithelial

ovarian cancercell lines

Weanalysed the methylation status of the CpG islands associated with

the promoter of three IGFBP genes (IGFBP3, IGFBP5 and IGFBP7)in

9 epithelial ovarian cancercell lines (1847, SKOV3, TR175, JAMA2,

OVCAR3, OVCA433, A2780, A2780/cis and A2780/adr). CpG promoter

hypermethylation of IGFBP-3 was detected in 2 of the 9 (22.2%) cell

lines (OVCA433 and A2780/adr), IGFBP-5 in 3 of the 9 (33.3%) cell

lines (TR175, JAMA2 and OVCA433) and IGFBP-7 in 7 of the 9

(77.8%) cell lines (TR175, JAMA2, OVCAR3, OVCA433, A2780,

A2780/cis and A2780/adr) (Table 6.1).

6.4.2 Methylation analysis of IGFBPs in primary ovarian cancers

Next, we analysed the methylation status of these IGFBP genesin the

primary tumours. We performed MSP on IGFBP3 and IGFBP5 but not

IGFBP7 dueto the lack ofclinical samples.

IGFBP-3 hypermethylation in primary ovarian cancers

A total of 66 primary ovarian cancer samples were available for the

analysis of IGFBP-3 promoter methylation status. The MSP reactions

for 12 of these tumours (12/66, 18.2%) failed to demonstrate either

positive ‘U’ or ‘M’ reactions and are therefore thought to be

uninformative and excluded from the analyses. Of the 54 tumours
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included in the analyses, 6 samples were found to harbour IGFBP-3

methylation (6/54, 11.1%).

IGFBP-5 hypermethylation in primary ovarian cancers

A total of 60 primary ovarian cancer samples were available for the

analysis of IGFBP-5 promoter methylation. A significant proportion of

the MSPreactions were regarded as uninformative due to negative ‘U’

and ‘M’ reactions (32/60, 53.3%). Of the 28 cases included in the

analyses, 9 were methylated for IGFBP-5 (9/28, 32.1%).

6.4.3 Relation of IGFBP methylation to other tumour clinico-

pathological variables

The methylation status of IGFBP3 and IGFBP5 was cross-tabulated

with the clinico-pathological variables of the primary tumour samples.

The results were assessed using two-sided Pearson’s chi-squared or

Fisher's Exact Tests for the categorical variables and Mann-Whitney U

tests for continuous variables (Table 6.2).

IGFBP-3

There wasa trend for IGFBP-3 methylation to occur more frequently in

stage IV tumours. Of the methylated cases, 50.0% had stage IV

disease, compared with only 18.8% of the unmethylated cases,

although this difference did not reach statistical significance (Fisher's

Exact test, p= 0.116).
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There were no_ significant associations between IGFBP-3

hypermethylation and otherclinico-pathological features such as age,

performance status, histological subtypes, tumour grade and residual

tumour volume post debulking surgery.

IGFBP-5

IGFBP-5 methylation was significantly associated with non-serous

histological subtypes. Of the IGFBP-5 methylated tumours, 55.6% were

non-serous, compared with 5.3% of the unmethylated tumours (HR =

8.30, 95% Cl 1.61 — 51.21, Fisher's Exact test p= 0.015).

6.4.4 Relationships between patient outcomes and IGFBPs

methylation status

IGFBP-3 and IGFBP-5 hypermethylations were not significantly

associated with PFS or OSin both univariate and multivariate analyses

(Tables 6.4 and 6.5; Figures 6.1 and 6.2).

IGFBP-3

IGFBP-3 methylation was not significantly associated with PFS or OS

in univariate or multivariate analyses (HR for progression 1.79, p 0.25;

HR for OS 1.67, p 0.31; Tables 6.4; Figures 6.1).
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IGFBP-5

IGFBP-5 methylation was not significantly associated with PFS or OS

in univariate and in multivariate analyses (HR for progression 1.10, p

0.97; HR for OS 1.98, p 0.246; Table 6.5; Figures 6.2).

Survival OutcomesStratified for chemotherapy

There was  no_ interaction between IGFBP3 or IGFBPS5

hypermethylation status, the type of chemotherapy received and

survivals (Table 6.6).

Summary of Results

IGFBP3 methylation

7 Detected in 22% (2 out of 9) epithelial ovarian cancercelllines.

7 Detected in 11% (6 out of 54) primary epithelial ovarian cancer

samples.

IGFBP5 methylation

. Detected in 33%(3 out of 9) epithelial ovarian cancercell lines.

7 Detected in 32% (9 out of 28) primary ovarian cancer samples.

7 IGFBP-5 methylation was significantly associated with non-

serous histological subtypes (HR = 8.3, 95% Cl 1.6 — 51.2, p

0.015).

182



IGFBP7 methylation

7 Found in 7 out of the 9 epithelial ovarian cancer cell lines

screened (78%).

6.5 Discussion

We have detected promoter methylations of IGFBP-3, IGFBP-5 and

IGFBP-7 in a significant proportion of the ovarian cancercell lines and

in the primary tumours.

6.5.1 IGFBP-3

We detected IGFBP-3 hypermethylation in 22% (2/9) of the cell lines

and in 11% (6/54) of the primary tumours. There was norelationship

between IGFBP-3 hypermethylation and progreession-free survival or

overall survival.

At the time when this study was conducted, there was no published

literature on IGFBP-3 hypermethylation in ovarian cancer. A recent

study by Wiley et al (2006) reported IGFBP-3 hypermethylation in 44%

of 235 Stage | to IV epithelial ovarian cancers. They also found that

IGFBP-3 methylation predicts for adverse progression free and overall

survival outcomesin early stage (Stage | and II) disease, but not in

advanced stage disease (stage III and IV). The incidence of IGFBP-3

hypermethylation was lowerin our study than that observed by Wiley

and colleagues (11.1% versus 44%), and this mostlikely relates to the

difference in the study poppulation. Wiley and colleagues included
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patients with all FIGO stages(I-IV), in contrast to our study which was

predominantly stage Ill-IV patients. Taken together, these findings

suggest that IGFBP-3 hypermethylation is not a predictive indicator of

survival in advanced (FIGO stage III/IV) ovarian cancer. This is

consistent with the studies by Changet al (2002; 2004) that reported an

association between IGFBP3 methylation and poor survival in patients

with early stage non-small cell lung cancer.

We have not performed expression analysis to correlate the IGFBP-3

methylation status with expression due to the lack of IGFBP primers for

RT-PCRreactions. Interestingly, Wiley et al (2006) found a correlation

between IGFBP-3 hypermethylation status and poor prognosis in early

stage EOC, there was however no correlation between methylation

status and protein expression. Furthermore, Chang et al (2004) also

reported that IGFBP-3 methylation only correlated with expression in

some, but not all of non-small cell lung cancercell lines studied. Taken

together, this suggests that there may be other mechanismsregulating

the down-regulation of IGFBP-3 in these cancers.

6.5.2 IGFBP-5 hypermethylation

We detected significant IGFBP5 hypermethylation in the primary

tumours (9/28, 32.1%). Non-serous tumours were more likely to

harbour IGFBP-5 hypermethylation compared with serous tumours

(p=0.015). Serous EOCs and non-serous EOCs are biologically and
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Clinically distinct entities. A better understanding of the functional

consequences of IGFBP5 hypermethylation may help in unravelling

some of the molecular differences that belie these histological

subtypes. However these above findings require further validation in

view of the high proportion of MSP reactions that failed to work (53%)

and the high proportion of missing data for histology (4/28, 14%).

6.5.3 IGFBP-7 hypermethylation

A significant proportion of the ovarian cell lines harboured IGFBP-7

promoter methylation (7/9, 78%). We were unable to assess the

IGFBP-7 methylation in the primary tumours due to shortage of tumour

samples.

Two recent studies reported epigenetic silencing of IGFBP-7 by

promoter hypermethylation in breast and colon cancer. One of which

was a study by our group (Smith P et al, 2007) which demonstrated

epigenetic silencing of IGFBP-7 by promoter methylation was

associated with a worse survival outcome in breast cancer. IGFBP-7

hypermethylation was detected in 7 of the 10 (70%) breast cancercell

lines, which was comparable to the 78% observed in the ovarian

cancercell lines in this study. Lin et al (2007) also reported epigenetic

silencing of IGFBP7 by promoter hypermethylation in colon cancercell

lines. Therefore, we feel that the role of IGFBP-7 hypermethylation in

epithelial ovarian cancermerits further investigation.
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6.6 Future Directions

We have detected significant CpG promoter hypermethylation in

IGFBP-3, IGFBP-5 as well as IGFBP-7 in epithelial ovarian cancer.

Future workwill include establishing a relationship between methylation

and gene expression, in particular, the role of IGFBP-7

hypermethylation in ovarian cancer requires further evaluation.
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Table 6.1: IGFBPs hypermethylations in ovarian cancercell lines and

primary tumours

 

Ovarian cancercell Primary tumours

 

lines N, (%)

N, (%)

IGFBP3 2/9 (22.2%) 6/54 (11/1%)

IGFBP5 3/9 (33.3%) 9/28 (32.1%)

IGFBP7 7/9 (77.8%) Not done

 

187



Table 6.2: Relationships
pathological variables

between IGFBP-3 methylation and_ clinico-

IGFBP-3 promoter hypermethylation

 

 

(N=54)
Present, Absent,

N (%) N (%) p

Patients 6 (11.1%) 48 (88.9%) -

Age, median 50.5 58.3 0.175

(range) (42.3 - 66.9) (22.8 — 76.4)

Performance Status

0) 2 (33.3%) 22 (45.8%) 0.316

1 4 (66.6%) 18 (37.5%)

2 0 (0.0%) 8 (16.7%)

3 0 (0.0%) 0 (0.0%)

Missing 0 (0.0%) 0 (0.0%)

Stage

IB/IC/II 3 (50.0%) 39 (81.3%) 0.116

IV 3 (50.0%) 9 (18.8%)

Missing 0 (0.0%) 0 (0.0%)

Histology

Serous 5 (83.3%) 28 (58.3%) 0.303

Non-serous 0 (0.0%) 14 (29.2%)

Missing 1 (16.7%) 6 (12.5%)

Grade(differentiation)

Well/ moderate 3 (50.0%) 21 (43.8%) 1.000

Poor 3 (50.0%) 23 (47.9%)

Missing 0 (0.0%) 4 (8.3%)

Residual tumourvol.

<icm 0 (0.0%) 12 (25.0%) 0.319

21cm 6 (100.0%) 36 (75.0%)

Missing 0 (0.0%) 0 (0.0%)

Treatment

Cisplatin / cyclophosphamide 2 (33.3%) 23 (47.9%) 0.409

Cisplatin / Paclitaxel 4 (66.7%) 25 (52.1%)
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Table 6.3: Relationships

pathological variables

between IGFBP-5 methylation and_ clinico-

 

IGFBP-5 promoter hypermethylation

 

 

(N=28)
Present, Absent,

N (%) N (%) p
Patients 9 (32.1%) 19 (67.9%) -

Age, median (range) 54.4 61.5 0.192

(22.8 — 65.7) (41.5 — 73.9)

Performancestatus

0 5 (55.6%) 9 (47.4%) 0.215

1 4 (44.4%) 5 (26.3%)

2 0 (0.0%) 5 (26.3%)

3 0 (0.0%) 0 (0.0%)

Missing 0 (0.0%) 0 (0.0%)

Stage

IIb/IC/II 8 (88.9%) 16 (84.2%) 1.000

IV 1 (11.1%) 3 (15.8%)

Missing 0 (0.0%) 0 (0.0%)

Histology

Serous 4 (44.4%) 14 (73.7%) 0.015

Non-serous 5 (55.5%) 1 (5.3%)

Missing 0 (0.0%) 4 (21.0%)

Grade (differentiation)

Well / moderate 5 (55.6%) 11 (57.9%) 0.692

Poor 4 (44.4%) 6 (31.6%)
Missing 0 (0.0%) 2 (10.5%)

Residual tumour volume

<1cm 5 (55.6%) 4 (21.1%) 0.097

>1cm 4 (44.4%) 15 (78.9%)

Missing 0 (0.0%) 0 (0.0%)

Treatment

Cisplatin / cyclophosphamide 4 (44.4%) 9 (47.4%) 0.604

Cisplatin / Paclitaxel 5 (55.6%) 10 (52.6%)
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Table 6.4: Survival Analyses for IGFBP-3 hypermethylation

 

 

 

 

 

 

Univariate Multivariate *

Median Survival HR HR

(95% Cl) (95% Cl) p (95% Cl) p

Progressionfree survival

Meth (+)? 7.8 mths 1.83 0.175 1.79 0.250

(5.2 — 10.5) (0.76-4.39) (0.66 — 4.84)

Meth(-)° 11.6 mths

(8.2 - 15.0)

Overall survival

Meth (+)? 19.1 mths 1.86 0.169 1.67 0.313

(8.4 - 29.7) (0.77-4.48) (0.62 — 4.55)

Meth(-)° 28.2 mths

(12.7 — 43.7)

 

* Multivariate analysis using Cox-proportional hazards model, adjusted for

variables such as patient’s age, stage, residual tumour volume, chemotherapy

treatment and performance status. * IGFBP3 methylated ovarian cancer

samples; °|GFBP3 unmethylated.
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Table 6.5: Survival Analyses for |GFBP-5 hypermethylation

 

 

 

 

 

 

Univariate Multivariate *

Median Survival HR HR

(95% Cl) (95% Cl) p (95% Cl) p

Progressionfree survival

Meth (+)? 23.7 mths 0.68 0.433 1.10 0.873

(0.0 — 70.2) (0.26 — 1.78) (0.35 — 3.48)

Meth (-)? 11.5 mths

(9.4 — 13.5)

Overall survival

Meth (+)? 46.7 mths 0.88 0.794 1.98 0.246

(0.0 — 127.5) (0.34 — 2.30) (0.62 — 6.29)

Meth (-)° 26.6 mths

(18.8 — 34.4)
 

* Multivariate analysis using Cox-proportional hazards model, controlling for

variables such aspatient’s age, stage, residual tumour volume, chemotherapy

treatment and performance status. * IGFBP5 methylated primary ovarian

tumours ; ° IGFBP5 unmethylated.
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Table 6.6: Progression Free Survival (PFS) and Overall Survival (OS)

stratified for chemotherapy treatments

 

 

 

 

PFS OS
Chemotherapy p p

IGFBP3 CP (N=25)
(N=54) (+)N=2 0.103 0.058

(- )N=23

TP (N=29)
(+)N=4 0.536 0.556
(- )N=25

IGFBP5 CP (N=13)
(N=28) (+)N=4 0.820 0.714

(- )N=9

TP (N=15)
(+)N=5 0.110 0.456
(- )N=10

 

CP = Cisplatin / cyclophosphamide. TP = Cisplatin / Paclitaxel. ( + ) =
methylated; (-) = unmethylated.
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Figure 6.1: Kaplan-Meier survival curves for PFS (Panel A) and OS (PanelB)
according to IGFBP3 methylation status. Crosses represent censored data. P-values from log-ranktests.
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CHAPTER7

FINAL DISCUSSION AND CONCLUSIONS

One of the challengesin epithelial ovarian canceris to develop better

meansof determining how particular cancersare likely to behave from

factors which can be measured at initial diagnosis. This will enable

more effective targeting of available treatment options. The need for

improved prognostic and predictive markers is especially acute in

certain patient groups. For example, the identification of prognostic

factors predictive of poor outcomein patients with ovarian cancer may

facilitate alternative /additional forms of therapy for this group of

patients. Alternatively, selected patients with excellent prognosis may

be spared the toxicity of treatment.

The diagnosis of advanced epithelial ovarian cancer can occasionally

be confused with other disseminated intra-abdominal malignancies.

The unique patterns specific to each tumour types can potentially be

used to aid diagnosis when diagnostic uncertainties exist.

Many different molecules have been proposed aspotential prognostic

markersin ovarian cancer. In recent years, there is increasing evidence
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that aberrant promoter hypermethylation, a common event in

carcinogenesis, plays an important role in carcinogenesis through its

silencing of key genes involved in DNA damage pathways. These

epigenetic markers may have diagnostic, prognostic or predictive utility.

More importantly, epigenetic changes are, in principle, more easily

reversed than genetic changes. This makes epigenetic therapy an

attractive potential therapeutic option in ovarian cancer, as a

therapeutic ceiling appears to have already been reached with

conventional chemotherapeutic drugs. In addition, these epigenetic

markers may contribute towards the development of a methylation

genesignature in ovarian cancer.

This thesis aims to identify new gene targets that are methylated in

ovarian cancer and their potential as prognostic markers in a group of

patients with advanced epithelial ovarian cancer, all of whom had been

treated with cisplatin-based chemotherapy following surgical debulking

as part of a large randomised controlled trial with good quality follow-up

data.

A study was conducted based on putative tumour suppression on two

families of genes, the dual specificity phosphatases (DUSPs) and the

insulin-like growth factor—binding proteins (IGFBPs), to investigate if

these genes are methylated in ovarian cancer and their potential as

prognostic markers. Wealso investigated the role of FANCF promoter
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hypermethylation, which confers in-vitro platinum sensitivity, on clinical

outcomesin this group of platinum-treated patients.

The methylation status, as assessed using MSP,wascorrelated with

mRNA expression using semi-quantitative RT-PCR in the ovarian

cancercell lines, and with clinical outcomes of patients with advanced

ovarian cancer who were part of the European-Canadian Intergroup

trial.

7.1 Prognostic Biomarkers

The most significant findings were that DUSP7 promoter

hypermethylaton independently predicts for adverse progression-free

survival in this cohort of patients with advanced ovarian cancertreated

with cisplatin-based chemotherapy (HR for PFS 3.18, 95% Cl 1.64-

6.14, p 0.001). DUSP8 promoter hypermethylation independently

predicts for favourable progression-free and overall survival in these

patients (HR for PFS 0.27, 95% Cl 0.10 — 0.75, p 0.011; HR for OS

0.28, 95% Cl 0.09 — 0.82, p 0.020). To the best of our knowledge,this

is the first report of DUSP promoter hypermethylation in ovarian cancer.

Our study also supports the findings of Taniguchi et al (2003) and

Wang et al (2006) FANCF promoter hypermethylation in ovarian

cancer. In our cohort of cisplatin-treated patients, FANCF

hypermethylation is an independentpredictor of adverse PFS (HR 3.70,
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95 % Cl 1.43 — 9.54, p 0.007). However, it does not appearto be a

major factor in “sensitising’” chemo-naive ovarian tumours to cross-

linking agents in this small cohort of patients treated with platinum.

It is unclear from this study if the methylation status of DUSP7, DUSP8

and FANCFare predictive of response to platinum treatment in this

cohort of platinum-treated patients, or markers of the inherent biology

of the tumour phenotype (prognostic).

We compared the prognostic magnitude of DUSP7, DUSP8 and

FANCF in our study against debulking status post cytoreductive

surgery, the most powerful established prognostic factor in ovarian

cancer, and against other known prognostic methylation markers in

ovarian cancer, such as 18S rDNA, 28S rDNA and p16, and found

them to be comparable (Table 7.1).

Individually, DUSP7, DUSP8 and FANCF methylation are potential

prognostic indicators in advanced epithelial ovarian cancer. However,

the prognostic value of these markers may be greateras part of a panel

of methylated genes than as single genes (Wei SHetal, 2006; Wiley et

al, 2006; Table 7.1) or in conjunction with known classical clinico-

pathological prognostic factors. Wei et al (2006) used a microarray

approach and identified a 112 PFS-discriminatory methylated loci that

wasable to predict PFS with 95% accuracy in a cohort of 40 advanced
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ovarian tumours. Wiley et al (2006) developed a methylation index (Ml)

based on the total number of genes methylated (GSTP1, hMLH1,

BRCA1, IGFBP3, ER-a) in each tumour and found that a higher MI

predicts for a greater risk of disease progression and death in ovarian

cancer. Panels of methylated genes were also more predictive than

single genes for the prognosis of pancreatic (House, Herman et al,

2003), hepatocelllular (Yang et al, 2003) and gastrointestinal (House,

Guo et al, 2003) neoplasms. Thus, the prognostic value of DUSP7,

DUSP8 and FANCF methylation may be greater as part of a panel of

methylated genes thanas single genes.

In recent years, genome-wide technologies such has micro-array

allows the analysis of the expression levels of thousands of genes.

There have been at least six micro-array studies that looked at

prognostic and / or predictive genes and geneprofiles for predicting

disease outcome in advanced ovarian cancer. Three of these studies

(Spentzos et al, 2004; Berchuck. et al, 2005; Hartmann et al, 2005)

aimedto predict survival or clinical outcome. In addition to these three

prognostic studies, three other studies (Spentzos et al, 2005; Helleman

et al, 2006; Dressmanetal, 2007) tried to identify a profile predictive of

responseto platinum-based therapy. These studies have only reached

the level of small prognostic studies and there are issues of non-

reproducibility with these new array technologies (Fehrmann etal,

2007). None of these studies have identified the down-regulation of

FANCF, DUSP7 or DUSP8in ovarian cancer.
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To date, none of these novel single markersor predictor sets of genetic

or methylation markers have been clinically implemented, largely

becausetheirreliability and validity have not been well established.

Improved risk assessment would be especially helpful for clinicians in

providing more accurate information about the prognosis of patient as

well as guiding patients in their treatment decisions. The established

prognostic markers in ovarian cancer are based onclassical clinico-

pathological factors such as disease stage, tumour grade, histological

subtypes and residual tumour volume post debulking surgery.

However, at the moment, prognostic factors have a limited role in

guiding therapy in ovarian cancer as they do not provide sufficient

information to allow accurate assessmentfor individual patients. The

best exampleof its use is in the managementof early Stage la or Stage

Ib, grade | disease, whereby prognosis is so good in this group of

patients that adjuvant chemotherapy addslittle to an already good

prognosis and these patients can be spared the toxicity of further

chemotherapy. There are no valid prognostic criteria available for the

selection of patients within the advanced category who might benefit

from an approachdiffering from the current standard therapy.

Prognostic indices could potentially be used as the basis for making

decisions, such as the Nottingham Prognostic Index and the

www.adjuvantonline.com in breast cancer. Attempts have been made
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to develop a prognostic index in ovarian cancer (Clark et al, 2001;

Warwicket al, 1995; Hogberg et al, 1993), but these efforts have been

hampered by the small size of available datasets and / or lack of

external validation of datasets. Large databases of ovarian cancer

patients are required to establish reliably the effects of different

prognostic factors on long-term outcome. Most of these models were

developed on patients in the era before the introduction of taxane, and

their validity in the era of taxane treatment is therefore uncertain. In

addition, these models were based on standard clinico-pathological

prognostic factors. The production of future models that incorporate

both the clinico-pathological as well as molecular prognostic factors

could best be donein the context of large randomised multi-centre trials

with predefined treatment, follow-up and end-points.

7.2 Therapeutic Targets

In epithelial ovarian cancer, the therapeutic ceiling appears to have

been reached with conventional chemotherapeutic drugs. It has

become clear that ovarian cancer survival rates will not improve by

treating patients uniformly according to standard therapeutic guidelines.

There is a need for more patient-tailored therapy, where specific

tumours will be treated with specific drugs. Research is currently

underway into novel therapy that targets specific tumour growth

pathways, such as bevacizumab targeting the angiogenesis pathways
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(the ICON7clinical trial) and erlotinib targeting the epidermal growth

factor receptor pathways (the OVO7clinicaltrial).

Epigenetic therapy is potentially an attractive therapeutic option as

epigenetic aberrations are in theory more easily reversed than genetic

changes(Karpf et al, 2000; Eggeret al, 2004). Hypomethylating agents

have shown considerable promise in haematological malignancies such

as myelodysplasia, acute myeloid leukaemia and chronic myeloid

leukemia. 5-azacytidine was thefirst hypomethylating agent approved

by the U.S. Food and Drug Administration for the treatment of

mylelodysplastic syndrome, producing remissions or clinical benefits in

more than half of the patients treated (Silvermann et al, 1990;

Silvermannet al, 1994; Silvermann et al, 2002). Low-dose, prolonged

exposure to decitabine produces demethylation, whilst high doses

induce cytotoxicity (Issa et al, 2004; Taylor and Jones, 1979). Indeed,

current data supports that in vivo hypomethylation resulting in gene

activation is required for the clinical response seen in myelodyspasia

(Kantarjian H et al, 2007). The data in myelodysplastic syndrome

represents a proof-of concept for epigenetic therapy for cancer. More

recently, vorinostat, a highly potent HDAC inhibitor, was approved by

the Food and Drug Adminstration for the treatment of cutaneous T-cell

lymphoma(Duvic et al, 2007).
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The role of hypomethylating agents in solid tumours, however, is less

clear. Older studies using higher doses of these agents reported high

toxicity, in particular myelosuppression, and a lack of activity in various

solid tumours (Abele et al, 1987). Most of these studies used dose and

schedule combinations that are now recognised as suboptimal (Issa

JP, 2007). Newer studies with these agents using different dosing

schedules are currently being trialled, including a CRUKtrial of

decitabine and_ carboplatin in relapsed ovarian cancer

(www.cancerhelp.org.uk/trials). This is a phase Il trial that investigates 

the role of decitabine in reversing platinum resistance in patients who

relapse within 6-12 months following platinum chemotherapy. More

encouragingly, a Phase Il trial that was presented at the recent

American Society of Clinical Oncology Meeting (2008) reported that the

combination of carboplatin and 5’-azacytidine can reverse platinum

resistance in ovarian cancer (Bast et al, 2008). The authors reported a

response rate of 14% and disease stabilisation rate of 33% in a cohort

of patients with platinum resistant or refractory disease.

Indeed, there is further evidence for activity of hypomethylating agents

in other solid tumours. The combination of interleukin-2 with low dose

5-aza-2'-deoxycytidine appears to be active in malignant melanoma

(Gollob et al, 2006). There also appears to be synergism between

hypomethylating agents and HDAC inhibitors for expression of

transcriptionally silenced genes (Cameron et al, 1999; Suzuki et al,

2002). A recent PhaseII study by Candelaria et al (2007) reported that
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the addition of hydralazine (a weak hypomethylating agent) and

valproate (a HDACinhibitor) in heavily pre-treated patients progressing

on chemotherapy resulted in clinical benefits in a variety of solid

tumours, including ovarian cancer.

Ourstudy identified DUSP7 and FANCF promoter hypermethylation as

predictors of poor survival outcomes. In the ovarian cancercell lines,

methylations of these genes were associated with mRNA

downregulation. However, in view of the small numberof cell lines that

were methylated (one out of nine cell lines), the qualitative nature of the

methodology (RT-PCR) used for assessing MRNA expression and the

lack of gene expression analysis in the primary ovarian tumours, these

findings though suggestive of an correlation between methylation and

downregulation of gene expression, was far from conclusive.

Nonetheless, reversal of methylation by epigenetic therapy may

potentially improve survival outcomesvia reactivation of these silenced

genesif these genesare indeed epigentically silenced.

The early clinical trial results of hypomethylating agents are certainly

intriguing. However, caution must be exercised in the use of these

hypomethylating agents. On one hand, promoter hypermethylation of

tumour suppressor genes mayresult in adverse clinical outcomes, but

on the other hand, it regulates the silencing of alleles of some imprinted
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genes (Bird, 2002; Herman, 2003) and some oncogenes(Toyotaetal,

2000). These hypomethylating agents suffer from their non-specific

effects. It is possible that hypomethylation resulting from these

demethylating treatments may generate additional complications such

as the loss of imprinting LOI (Yoo et al, 2006; Issa et al, 2005) and the

reactivation of some oncogenes. The other concern with the use of

hypomethylating agents is that genes that are silenced by methylation

may be involved in various pathways including cell cycle control,

apoptosis, angiogenesis, invasion as well as drug_ sensitivity.

Teodoridis et al (2005) reported that methylation of a panel of genes

involved in DNA repair and drug detoxification (BRCA1, GSTP1 and

MGMT) in advanced epithelial ovarian cancer was associated with

improved response to chemotherapy. As such, reactivation of such

genes by hypomethylating agents may have undesirable

consequences. Our study identifies DUSP7 and FANCF DNA promoter

hypermethylation as adverse prognostic factors; in contrast, DUSP8

methylation confers a favourable outcome although the underlying

mechanistic remains unclear. Therefore, the reversal of DUSP8

methylation may have an adverseclinical impact in these patients.

Though some authors argue that a therapeutic ratio exists and is

related to the fact that tumours are more dependent on methylation-

dependentsilencing for their phenotype than normaladult cells (Issa JP

et al, 2007), the use of such hypomethylating agents in solid tumours
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should still be considered experimental and part ofclinical trials. In our

study, there was only one tumour that demonstrated co-methylations

for DUSP7 and DUSP8, it nonetheless highlights the need for a

comprehensive knowledgeof the methylation profiles of these tumours

prior to such treatments. Alternatively, downstream effectors can be

targeted instead to achieve gene-specific regulation, thus avoiding

global demethylation (Jamiesonet al, 2003; Jouvenotet al, 2003). This,

in turn requires a better understanding of the molecular pathways of

these genes, their downstream effectors and their interaction with the

rest of the signalling pathways.

7.3 CpG hypermethylation and Gene expression

Our study identified promoter hypermethylation of DUSP1, DUSP2,

DUSP4, DUSP7, DUSP8, DUSP10, FANCF, IGFBP3, IGFBP5 and

IGFBP10 in a significant proportion of ovarian cancercell lines (Tables

4.4; 5.1 and 6.1). For DUSP7 and FANCF, methylations were detected

in one of nine ovarian cancercell lines, with an association between

promoter hypermethylation and downregulation of mRNA expression as

assessed by semi-quantitative RT-PCR. However, in view of the small

numberof cell lines involved (N=1), the qualitative nature of the RT-

PCR methodology, and the lack of expression analysis in the primary

ovarian cancers, makes it difficult to draw firm conclusions as to
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whether promoter hypermethylation is associated with gene expression

in these two genes.

For DUSP1, DUSP2, DUSP4, DUSP8 and DUSP10, methylations in

cell lines were not association with mRNA expression. There could be

several reasons for this. Firstly, in our study, we did not perform

expression analysis on the primary tumours in view of the clinical

material. Moreover, the paradigm that has been widely documentedin

many malignancies is of a reciprocal relationship between the density

of methylation in the 5’ region of some gene promoters and the

transcriptional activity of that gene (Guo et al, 2004; Esteller, 2007).

The MSPtechnique employed in this study is qualitative. Quantitative

methods such as pyrosequencing maybe required to address this. We

accept that the methylation that we detected using MSPin this study

was not validated by independent methods such as _bisulphite

sequencing or pyrosequencing. Therefore, these could be false

positives. In addition, a more sensitive method of assessing MRNA

expression, such as quantitative real-time RT-PCR, may provide a

more accurate measure of MRNA expression, compared with the semi-

quantitative RT-PCR that was usedin this study. In addition, we still do

not as yet understand why promoter hypermethylation occurs in cancer.

It has been postulated that a particular geneis preferentially methylated

with respect to others becausethe inactivation of these genes confer a

selective clonal advantage to the cancer (Esteller, 2007). However,

methylation does not necessary lead to gene silencing. Promoter
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hypermethylation observed in human cell lines may be an in-vitro

artefact (Antequera et al, 1990).

7.4 Diagnostic Biomarkers

Methylation Phenotype

It is not fully understood whycertain CpG islands are hypermethylated

in cancer whilst others remain methylation-free. One hypothesisis that

a particular gene is preferentially methylated with respect to others in

certain tumour types becauseits inactivation confers a selective growth

advantage to that particular tumour type (Esteller et al, 2007).

According to this hypothesis, BRCA1 undergoes promoter

hypermethylation in breast and ovarian tumours, but not in others (de

Bustroset al, 1988; Esteller, 2005), because only in these tumour types

does the lack of transcript have important functional consequences.

Another hypothesis is that the phenotype is a consequence of

differences in clonal growth, carcinogen exposure, and tumour

metabolism, rather than an underlying or induced difference in the

propensity for methylation silencing (Marsit et al, 2006). This may also

explain the phenotypic differences between tumourtypes.

The profiles of CpG island hypermethylation vary according to the

tumour type (Costello et al, 2000; Esteller M et al, 2001). Recent

research has focused onthe identification of groups of genes with
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consistent, concurrent methylation (methylator profiles or phenotypes).

This phenomenoninitially was observed in colorectal cancer and was

described as a CpG island methylator phenotype, CIMP (Toyota etal,

1999). By using a panel of 7 genes, a distinct group of colorectal

tumours was identified that had a 3-fold to 5-fold elevation in

methylation levels (Issa, 2004). Similar findings subsequently were

reported for numerous other cancers, including cervical (Feng et al,

2005; Narayanet al, 2003), uterine (Whitcomb et al, 2003) and ovarian

cancers (Strathdee et al, 2000; Rathi et al, 2002). Strathdee et al

(2000) investigated the methylation status of 93 ovarian cancers at 10

loci and found seven of the loci to be methylated in a significant

proportion of the tumours. Methylation was distributed in a non-random

fashion. Results indicated at least 3 groups of tumours, two CIMP

positive groups, each susceptible to methylation of a different subset of

genes and a further group of tumours not susceptible to CpG island

hypermethyation.

Although the promoter hypermethylation profiles seem to be distinct

across tumour types, however, the existence of ‘true’ CIMP remains

debatable, consequent on the relatively small number of genes

analyzed and the differences in selection of genes and analytic

methods between studies (Marsit et al, 2006).
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Our study showed that DUSP7 and DUSP8 methylation occurred in a

significant proportion of advanced ovarian cancers (47%, and 28%,

respectively). This is comparable with the incidences of other genes

reported to be hypermethylated in ovarian cancer, such as HIC1 16-

51%, OPCML 33%; p16 17-30%; MINT25 12% and BRCA1 12%

(Tam et al, 2006; Teodoridis et al, 2005, Strathdee et al, 2001,Rathia et

al, 2002; Markala et al, 2005).

With the discovery of more methylated genes for specific tumours, the

hope is that these novel genes could be incorporated into the panel for

the developmentof a tumour-specific methylator phenotype in ovarian

cancer. This is potentially useful as a diagnostic tool to distinguish

advanced ovarian cancer from other intra-abdominal malignancies,

whichat times can pose a diagnostic challenge.

7.5 Methylation: Cancer Cell Lines versus Primary

tumours

Humancancercell lines are widely used experimental tools in cancer

research. There are several advantages to their use, including their

commercial availability, the ease of in-vitro culture yielding significant

amounts of high-quality DNA and RNA. In addition, whilst primary

tumours are heterogeneous andinvariably contaminated with normal

cells, tumour cell lines are usually free of normal contamination.
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However, there are several drawbacks. The lack of tumour

microenvironment leads to selection of molecular changes that

provides advantages during line establishment. Tumour progression

biomarkers, such as cell cycle control genes, or markers of

angiogenesis may be missed out in tumourcell lines in view of the

selection process. There are also concerns about how closely human

cancercell lines are related to the primary tumours from which they

originated, and perhaps more importantly, how accurately a particular

cell type represents the general population of primary tumours. This

latter concern is of importance if we wish to understand the genetic and

epigenetic factors involved in the development of cancer in humans.It

is necessary to separate what underlies the transformed phenotype

and whatis only inducedbycell culture.

It has been debated for some time whether cell lines are more

frequently methylated than primary tumours. There has been

implication that promoter hypermethylation observed in human cell

lines may be an in- vitro artefact and this raises uncertainty about the

significance of these methylation events and the value ofcell lines in

epigenetics study. Antequera et al (1990) reported that several genes

that were unmethylated in normal tissues and genes involved in

terminal differentiation underwent methylation-dependent silencing

when normal cells were passaged in culture. There have been some

reports that described a higher frequency of hypermethylation in
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cultured cancercell lines than in primary tumours, including ovarian

cancer (Tam et al, 2007; Smiraglia et al, 2001; Paz et al, 2003) while

others showed the cancercell lines and primary tumours from which

they were established are methylated to a similar extent (Ueki et al,

2002; Lind et al, 2004).

Furthermore, there is also controversy over the methylation patterns of

cell lines and the corresponding primary tumour. Using MSP,Pazetal

(2003) found that 70 widely used human cancercell lines had similar

methylation patterns to the primary tumours. In contrast, Smiraglia et al

(2001) found the CpG hypermethylation pattern in cell lines to be

significantly different from that seen in the primary malignancies from

which they were derived. Using restriction landmark genomic scanning,

these authors found a significantly higher number of genes that are

methylated in the cell lines but not in the primary tumours, which could

be explained by a consequence of random events or due to the

repression of genes which confer an in-vitro growth advantage.

However, they also found that genes methylated in primary tumours are

often preservedin their correspondingcell lines. This makes cancercell

lines useful screening tools to identify methylation markers provided

that the methylation is confirmed in the primary tumours. In addition,

cancercell lines and primary cancers exhibit similar hypomethylation

response to hypomethylating agents (Paz et al, 2003), which has

important implications for the use of cell lines to study the effect of

epigenetic reversal with hypomethylating agents.
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In view of the limited availability of the clinical samples in our study,cell

lines were used to screen for methylation markers. Methylation

analysesof the primary tumours would only be undertakenin the event

that the methylation screen was positive in the cell lines, and all

methylation detected from the cell line screen would be confirmed in

the primary tumours.

For the majority of the CpG islands examined in our study, the

frequencies of methylation were indeed similar to, or higher, in the

ovarian cell lines than in the primary tumours (Table 4.4, 5.1 and 6.1.

The exception to this was DUSP7, where the incidence of methylation

was lowerin the cell lines than the tumours (11% versus 47%). The

patterns of methylation were similar between cell lines and tumours.

Ourfindings suggest that the frequencies of methylations were similar

to, or higher in the ovarian cancercell lines than in the primary tumours

in the majority of the genes analysed. The methylation patterns were

similar between the cell lines and primary tumours. Our findings are

consistent with other published findings (Tam et al, 2007; Smiraglia et

al, 2001; Paz et al, 2003; Ueki et al, 2002; Lind et al, 2004). However,

as discussedearlier, in view of the fact that methylation analyses of the

primary tumours in our study was undertakenonlyif the cell line screen

was positive, the true incidence of methylation in the primary tumours

whosecell line methylation screen was negative is not known. Wealso

concede that methylation markers may be missed using cell line for
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screening, as the absence of methylation in cell lines does not

necessarily preclude methylation in the primary tumours, though the

findings by Paz and colleagues (2003) and Smiraglia and colleagues

(2001) suggest otherwise. In addition, the lack of tumour

microenvironmentin cell lines leads to selection of molecular changes

that provide advantage during line establishment and will for example,

miss markersinvolved in tumour progression and angiogenesis

7.6 Critique of Study

7.6.1 Limitations of MSP

The aim of the study is to screen for methylation in novel genes in

ovarian cancer. MSP is a sensitive tool for screening for new

methylation markers. It enables relatively large numbers of tissue

samples to be analysed, including formalin-fixed, paraffin-embedded

tissue samples. However, the limitation of MSP in terms of clinical

applications is that it is not quantitative, and can lead to false positive

results when the PCR conditions are not optimal in addition to

specificity problems that results from the lack of internal controls.

Qualitative but not quantitative

MSP provides qualitative but not quantitative information. There is

increasing evidence that the quantity of methylation is important. It has

been widely documented in many malignancies that dense
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methylations of the CpG islands are required for transcriptional

silencing of that gene (Guo et al, 2004). In addition, there is also

evidence of increased sensitivity in quantitative MSP techniques such

as quantitative real-time MSP, methyl-light technology and

pyrosequencing compared with MSP (Kaganet al, 2007). For genes

with low-level methylation in normal or benign cells, a quantitative

technique may also enables the investigator cut-off points in empirical

methylation levels between normal, benign and cancertissues. This

allows for the correlation of the quantity of DNA with clinical

parameters. However, these techniques are at present still quite

expensive, require dedicated equipment and are not widely available in

most laboratories (Collela et al, 2003; Shivapurkar et al, 2005;

Fackler et al, 2004).

No independentvalidation of methylation using a different method

A further limitation of MSP is the false positive results in methylation

analysis, especially when the PCR conditions used are not optimal. We

have taken steps to minimise this with appropriate primer design and

care with bisulphite modification (See Section 2.4). However, this also

meansthat the methylation detected by MSPrequires further validation

by independent methods. One limitation of this study is that DNA

methylation detected by MSP had not beenverified by an independent

technique such as bisulphite sequencing — a semi-quantitative method

that is regarded as the “gold standard” method of assessing

methylation (Clark et al, 1994). This is partly a consequence of the
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paraffin-embeddedclinical samples usedin this study, which rendered

bisulphite sequencing unfeasible. Future studies should be conducted

using better quality DNA (preferably fresh frozen samples) so as to

allow validation with other independent techniques such as bisulphite

sequencing or pyrosequencing.

No Microdissection

Surgical tumour samples contained a heterogeneous mixture of cell

populations. In addition to the malignant tissues, it would also contain

normal ovarian tissues. The clinical samples in this study underwent

pathological review by an independent pathologist and contained at

least 80% of ovarian cancer. Although the samples contained a high

percentage of tumourcells, they were not microdissected and therefore

contained a mixture of malignant and normal ovarian tissues which may

influence the results of the MSP. Whilst MSP is a sensitive assay, an

increase in the normal cells may “dilute” the amount of methylated gene

products to an undetectable level. This problem can be further

complicated by primer hybridisation, in which case competition between

umethylated and methylated sequences during the initial priming step

may prevent the methylated products from being amplified.

Emerging evidence suggests that not only do epigenetic changes occur

in cancers, they can also occur in normal ovarian tissues (Tan etal,

2007; Markala et al, 2005), in the stromal cells surrounding the cancer
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(Hu et al, 2005), and in aging tissues (Kwabbi-Addoet al, 2007; Issa et

al, 1994).

Normal ovarian tissues control

Wedid not have normal ovary as controls to exclude methylation in the

genes of interest in normal ovarian tissues. There is increasing

evidence that methylation occurs not only in malignant tissues but also

in normal tissues, including normal ovarian tissues (Tan et al, 2007;

Markala et al, 2005). If normal ovarian tissues are found to harbour

CpG methylation for a specific gene, it would imply that its utility in the

cancerwill be less certain. It would also mean a more quantitative

methodin this situation would be preferred compared with a qualitative

method asthe difference in the quantity of methylation between normal

and cancertissues may be important.

Age-related methylation has been described in normal prostate and

colon tissues (Kwabi-Addo et al, 2007; Issa et al, 1994). Though our

study has not found any correlation between age and methylation

status in all the CpGs that were analysed, but without microdissection

and normal ovarian tissues as control, it is conceivable that the

methylation detected could have occurred in the normal ovarian or

stromal tissues and not the canceritself.

217



Study Design

Shaneet al (2006) recently formulated the Reporting recommendations

for tumour MARKerprognostic studies (REMARK)to guide the design

and reporting of prognostic studies so as to encourage transparent

reporting. Our study is a small retrospective study. The findings from

this study will require validation in a larger prospective study designed

and reported using the REMARKguidelines.

Statistical Analyses

We have excluded histology and tumour grade from the multivariate

analyses in view of the high proportion of missing data. However, in so

doing, it is possible that our analysis findings could be confounded by

their associations with histology and grade.

We have performed separate multivariate analyses using Cox’s

regression model on total of eight sets of genes (DUSP1, DUSP2,

DUSP7, DUSP8, DUSP10, FANCF, IGFBP3 and IGFBP§), correlating

their methylation status with survival outcomes. A p-value of 0.05 or

less was considered a statistically significant result. We found three of

the eight genes (DUSP7, DUSP8 and FANCF) demonstrated a

statistically significant association between their methylation status and

survival outcomes.
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Our analyses did not adjust for multiple-testing and henceit is possible

that this could lead to false positive results. However, the p-values for

the risk of disease progression or death were sufficiently small; the p-

values associated with the risk of disease progression in DUSP7,

DUSP8 and FANCF methylation were 0.001, 0.011, and 0.007

respectively; the p-value associated with the risk of death in DUSP8

methylated patients was 0.020. These p-values were sufficiently small

for them to be significant results rather than false positive findings. Due

to the small sample size (N=74), these statistical findings should be

interpreted with caution and larger sample sizes are required to validate

the abovefindings.

7.7 CONCLUSIONS

This small study has produced some interesting findings, amongst

which, DUSP7, DUSP8 and FANCF promoter hypermethylations are

potential prognostic biomarkers in advanced epithelial ovarian cancer.

To the best of our knowledge,this is the first report of DUSP7 and

DUSP8 promoter hypermethylation in epithelial ovarian cancer.

Currently, further work is underway to study the effect of

hypomethylating agents on DUSP7 mRNAexpression in the ovarian

cancercell lines. Future work will include validating the above findings

in a larger patient set using better quality DNA, such as fresh frozen

tumour samples which will enable independent validation of the
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methylation as well as a more quantitative assessement of the

methylation status by techniques such as bisulphite sequencing or

pyrosequencing. It will also enable expression analysis of the primary

tumours to be carried out. The results of this study will require

validation in a larger prospective study designed and reported

according to the REMARKcriteria (McShaneet al, 2005).

The prognostic / predictive gene microarray studies to date in ovarian

cancer have only reached the level of small prognostic studies and

there are issues of non-reproducibility (Fehrmann et al, 2007).

Genome-wide methylation techniques such as microarray expression

profiling after reversal of DNA methylation and Restriction Landmark

Genomic Scanning (RLGS)allow multiple putative methylation markers

to be examined simultaneously (Suzuki et al, 2002; Shameset al,

2006; Costello et al, 2003). Unlike MSP, these new methylation

techniques are relatively expensive, labour intensive, not widely

available in most laboratories and their use is currently limited to cell

lines samples. These high-throughput methods, like MSP, are also

limited by false-positives and methylation markers identified from these

screening procedures require independentvalidation, butit is expected

these genome-wide technologies will accelerate prognostic and

predictive biomarker developmentin ovarian cancer.
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Table 7.1: Comparison of Prognostic markers in this series of

ovarian cancer with published data

 

 

 

 

 

 

 

 

 

PFS OS

HR HR

(95% Cl) p (95% Cl) p

DUSP7 3.18 0.001 1.75 0.074

(1.64 — 6.14) (0.95—3.33)

DUSP8 0.27 0.011 0.28 0.020

(0.10-0.75) (0.09-0.82)

FANCF 3.70 0.007 NS* NS*

(1.43 — 9.54)

Debulking status

(WinterII] 2007)

0.1 —1.0 cm 1.96 NA** 2.11 NA**

(vs microscopic disease) (1.7-2.26) (1.78-2.45)

> 1.0cm 2.36 NA** 2.47 NA**

(vs microscopic disease) (2.04-2.73) (2.09-2.92)

18S and 28SrDNA 0.25 <0.001 N/A** N/A**

(Chan et al 2004)

p16 1.54 N/A** 1.15 0.526

(Katsaros et al 2004) (1.01-2.34) (0.75-1.77)

Methylation Index 6.53 0.002 4.79 0.090

(GSTP1, hMLH1, BRCA‘1, (1.39-30.65) (1.03-22.28)

IGFBP3, ER-a; Wiley et al

2006)
 

*NS notstatistically significant. ** N/A not available.
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APPENDIX

I. Conditions for Methylation specific PCR (MSP)? wereas follows:

1. 8 cycles of:
Denaturation at 95°C for 2 minutes
Annealing at T“C for 30 seconds
Extension at 72°C for 30 seconds

2. x cycles of:
Denaturation at 95°C for 30 seconds
Annealing at T*C for 30 seconds
Extension at 72°C 30 seconds

3. Final extension at 72°C for 5 minutes.

For MSPof Celllines : x = 30 cycles

For MSPof Primary tumours : x = 32 cycles
T*C = Annealing Temperature for specific primers (See Tables A1, A2 and A3)

*MSPconditions for all genes except FANCF

FANCF MSPcondition as follows:

1. Denaturation at 94°C for 4 min 45 secs.

2. 4 cycles of:
Denaturation at 94°C for 45 seconds
Annealing at 65°C for 1 minute
Extension at 72°C for 1 minute

3. 40 cycles of:
Denaturation at 94°C for 45 seconds
Annealing at 55°C for 1 minute
Extension at 72°C for 1 minute

4. Final extension at 72°C for 9 minutes,



Table A1 Summary of MSP Primer Sequencesand conditions for DUSP

Gene
DUSP1

Unmethylated (F)
Unmethylated (R)
Methylated (F)

Methylated (R)

DUSP2
Unmethylated (F)

Unmethylated (R)

Methylated (F)

Methylated (R)

DUSP3
Unmethylated (F)
Unmethylated (R)

Methylated (F)

Methylated (R)

DUSP4
Unmethylated (F)

Unmethylated (R)
Methylated (F)

Methylated (R)

DUSP5
Unmethylated (F)
Unmethylated (R)

Methylated (F)
Methylated (R)

DUSP6
Unmethylated (F)

Unmethylated (R)
Methylated (F)

Methylated (R)

DUSP7
Unmethylated (F)
Unmethylated (R)

Methylated (F)
Methylated (R)

MSP Primer Sequence

5'-AGAATGTTTTTGATTTGGTATTTGG-3’
5’°-AACACTTAAAAAAACCCCCACC-3'
5’-TAGAATGTTTTTGATTCGGTATTCG-3'
5’-AACACTTAAAAAAACCCCCGC-3’

5'-GTGTTGGATGAGGGTAGTGTTTTG-3’
5’-TCAACAAAAAAAACCAAACTAAAATCA-3’
5’-TGTTGGAGAGGGTAGTGTTTC-3’
5'-AACAAAAAAAACCGAACTAAAATCG-3’

5'-TTTAATAGGTGATTTTTGGTTGTTTG-3’
5'-AAAAAATTCCATACCCAAATTATAACATC-3’
5'-TTAATAGGTGATTTTCGGTCGTTC-3’

Annealing
Temp, T*(°C)

60°C

55°C

60°C

5’-AAAAATTCCATACCATACCCGAATTATAACG-3’

5'-GTTAAAGGTAAATGAGGGTTTTGG-3’
5'-ACACCAACACACACAAAAAAACAC-3’
5'-TTGTTTAAAGGTAAACGAGGGTTTC-3'
5'-CACCAACACACACACAAAAAAACG-3’

5'-GTGGTGTTGGATTAGGGTAGTTGT-3’
5'-ACCTTTAAAAAAATAAACCCACAAA-3’
5'-TGGTGTTGGATTAGGGTAGTCGT-3’
5'-CTTTAAAAAAATAAACCCGCGAA-3’

5'-AGAAGTTTTAAGGATGAGGGTTGTTG-3’
5'-AACTCCAAAACYCCAACTAAACAAA-3’
5’'-AGTTTAAGGACGAGAGGGTTGTCG-3’
5’-GACTCCGAAACTCCAACTAAACG-3’

5'-TTTTTAAGGTGAGGGTGGTATTGA-3’
5’-CCCAACTCCAAAAAAACAAATACA-3’
5'-TATTTTTAAGGTGAGGGCGGTATC-3’
5'-CGACTCCAAAAAAACGAATACG-3’

60°C

55°C

60°C

55°C



 

DUSP8
Unmethylated (F)

Unmethylated (R)

Methylated (F)
Methylated (R)

DUSP10
Unmethylated (F)
Unmethylated (R)
Methylated (F)

Methylated (R)

5'-GGTTAGAATTGGAGTAGGTGG-3’
5’°-AACACCCCAAAATAAAAAAACAATACA-3’
5’-GGGGTTAGAATCGGAGTAGGC-3’
5’°-CCCGAAATAAAAAAACAATACGAC-3'

5’°-GGATTAGATTTGGAGGGGTAGTG-3’
5’°-ACTCAACCCAAAACACTAAAACAA-3'
5’-GATTTAGATTCGGAGGGGTAGC-3’
5-ACTCGACCCAAAACACTAAAACG-3’

55°C

60°C
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L-DOVIIDDOODLODOOLLVVVWVLOVVV-.S(y)pareAuoW
LOIVILDOLLLISOLLOOVLIVVWLOODOL.G(4)pereAueW

LVOVVOVIDLOVOOLLLVYWWVLOVVVV99-.S(y)paye|Ayjowun
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Table A3 Summary of MSP Primer Sequences and conditions for IGFBP
 

 

Annealing

Gene MSP Primer Sequence Temp, T*°C)

IGFBP3
Unmethylated (F) 5’-GGTTTTTGTAGATGATAAGGTGATTTG-3’ 60°C

Unmethylated (R) 5’-CCATACTTCACCCTAAACAACCAA-3’

Methylated (F) 5’-GGTTTTTGTAGACGATAAGGTGATTC-3’

Methylated (R) 5’-GTACTTCGCCCTAACAACCG-3’

IGFBP5
Unmethylated (F) 5'-TTTTTTGGTAGGATGAGGAAGTT-3’ 60°C

Unmethylated (R) 5’-TAACTAACTAACACACTAAACACACT-3’

Methylated (F) 5’-TTCGGTAGGACGAGGAGAGAAGTC-3’

Methylated (R) 5’-AACTAACTAACAACACACTAAACGCGCT-3’

IGFBP7
Unmethylated (F) 5’-AGAAATTAGAGGGTGGAAGAGTTGT-3’ 55°C

Unmethylated (R) 5’-CTACTAACATCAAAAAATAAACAAA-3’

Methylated (F) 5’-AGAAATTAGAGGGTGGAAGAGTCGT-3’

Methylated (R) 5’-CTACTAACGTCGAAAAATAAACGAA-3’

 



(Il) Reverse-Transcription (RT-PCR)’ conditions as follows:

1. Initial denaturation at 95°C for 2 minutes.

2. x cycles of:

Denaturation at 95°C for 30 seconds
Annealing at T*“C for 30 seconds
Extension at 72°C for 30 seconds

3. Final extension at 72°C for 5 minutes.

** RT-PCRfor all genes except FANCF
X = 26 cycles for all genes except DUSP6
DUSP6: x=23
T** = Annealing temperature for specific primers (See Tables A4 and A5)

FANCF RT-PCRconditions as follows:

1. Initial denaturation at 94°C for 4 min 45secs.

2: 30 cycles of :
Denaturation at 94°C for 45 seconds
Annealing at 55°C for 1 minute
Extension at 72°C for 1 minute

3. Final extension at 72°C for 9 minutes.



Table A4 Summary of RT-PCR Primer Sequences and conditions for DUSP
 

 

Gene Primer Sequence Annealing Temp,

TCC)
DUSP'1

Forward 5’-CAACCACAAGGCAGACATCAGC-3’ 55°C

Reverse 5’-AAGTTGAACACGGTGGTGGTGG-3’

DUSP2
Forward 5’-GGAGATCAGTGCCTGGTTCC-3’ 55°C

Reverse 5’-GCACACGGCGACTCTGCAT-3’

DUSP3

Forward 5’-ATCTCAACGACCTGCTCTCG-3’ 55°C

Reverse 5’-GAAGGTTGGCATTGGTGTTGACG-3’

DUSP4
Forward 5’-GTACCCAGAATTCTGTTC-3’ 55°C

Reverse 5'-ACTTGTACTGATAGTGTC-3’

DUSP5
Forward 5’-AGAAGATTGAGAGTGAGAGAGC-3’ 55°C

Reverse 5’-AGGAACTCGCACTTGGATGC-3’

DUSP6
Forward 5’-ACACAGTGGTGCTCTACG-3’ 55°C

Reverse 5’-CTTGGAACTTACTGAAGCCACC-3’

DUSP7

Forward 5’-GCGAGTTCACCTACAAGC-3’ 55°C

Reverse 5’-GAACAGGTTGTGGTGGTGG-3’

DUSP8
Forward 5’-CCAAGCCTGACTTCATCTGC-3’ 55°C

Reverse 5’-ATGATGTAGGCGATGGCGATGC-3’

GAPDH
Forward 5’-TGAAGGTCGGAGTCAACGGATTG-3’ 60°C

Reverse 5’-GCCATGAATTTGCCATGCCATGGGTGG-3’

 



Table A5 Summary of RT-PCR Primer Sequences and conditions for FANC
 

 

Gene Primer Sequence Annealing Temp,
T** (-C)

FANCA
Forward 5’-ACAATGAGGATGACAGCAGCG-3’ 60°C
Reverse 5’-CGTGACTGGGAAGAAAACTTGC-3’

FANCC
Forward 5’-TCCCTGTCACGAGTTTGTGTCC-3’ 55°C
Reverse 5’-GGCAAGAGATGGAGAAGTGTAAGG-3’

FAND2
Forward 5’-CTCCAAAACCAGGAAGCAACC-3’ 55°C
Reverse 5’-GCCATCCACAACTCTGTCAAGC-3’

FANCE
Forward 5’-CTTCTCCACTGTCTGAAAGATGC-3’ 60°C
Reverse 5’-ATCCTCCAATCCCTCTAACCCC-3’

FANCF
Forward 5’-TTCGGAAGTCTTTGCTGCCT-3’ 55°C
Reverse 5’-AGTAATAACACAGCATTGCC-3’

FANCG
Forward 5’-TCTATCAGCAACTGGGGGACAC-3’ 60°C
Reverse 5'-GGTTCCTTTTCTGGCATCTTCC-3'

 


