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SUMMARY

The aim o f this study was to identify novel biomarkers in recurrent/chemoresistant 

ovarian cancer, yet an incurable disease. Using cDNA microarrays, we identified 

distinct patterns o f gene expression between primary and recurrent ovarian cancers 

from different patients with the same histology and from same patients with different 

histology. Selected targets were validated and correlated with microarray results. 

Signatures from both cohorts were interrogated against each other and also validated 

against an independent set o f serous papillary ovarian adenocarcinomas. Notably, 

upregulated genes in the recurrent compared to primary tumours in both cohorts, 

segregated in the same gene families. Our data propose an integrative model for 

recurrence in ovarian cancer, in which tumour cells during relapse produce adhesion 

molecules to mediate attachment, cytokines and inflammatory mediators to stimulate 

survival and a variety o f growth factors bound to their cognate receptors to frilly 

proliferate in order to confront and modulate their immediate environment. Some o f 

the mechanisms involved in recurrence could be specific to the drugs used.

Using real-time RT-PCR, we also obtained distinct miRNA expression profiles 

between primary and recurrent serous papillary ovarian adenocarcinomas in a subset 

o f samples used in our transcriptome approach. Expression levels o f top dysregulated 

miRNA genes, miR-223 and miR-9, were examined using TaqMan PCR in 

independent cohorts o f fresh frozen and formalin fixed paraffin embedded serous 

ovarian tumours. Concordance was observed on TaqMan analysis for miR-223 and 

miR-9 between the training cohort and the independent test cohorts. Target prediction 

analysis for the above miRNAs identified genes previously validated in the 

transcriptome study. Common biological pathways well characterised in ovarian 

cancer were shared by miR-9 and miR-223 lists o f  predicted target genes. This 

’’recurrent metastatic signature” can predict progression free survival in ovarian 

cancer patients. Components o f the miRNA processing machinery, such as Dicer and 

Drosha are not responsible for miRNA deregulation in recurrent ovarian cancer as 

deluded by TaqMan and immunohistochemistry.

We carried out TaqMan PCR on 10 gene targets, previously upregulated in recurrent 

versus primary ovarian cancers in chemoresistant versus chemosensitive ovarian



cancer cell lines. NRG2 and M MP9 were consistently upregulated for an average o f  3 

passages in A2780cis versus A2780 cell lines. We hypothesised that M MP-9  could be 

a potential marker o f recurrence/chem oresistance. We used a high content screening 

(HCS) assay to assess cytotoxicity o f  a highly selective chem ical inhibitor o f  M MP-9  

(MM P-9i) alone or in combination w ith cisplatin in chemoresistant and 

chemosensitive ovarian cancer cells. Cells were plated in triplicate in 96-well plates 

overnight and then treated with various concentrations o f  drugs for 3, 6 and 24 hours. 

A pre-incubation for 3 hours with M M P-9\ prior to treatm ent with cisplatin was also 

assessed and cytotoxicity was observed at 3 hours and 6 hours. Cells were then 

stained with three fluorescent dyes to image nucleus, cell perm eability and lysosomal 

mass/pH respectively. The combined treatm ent o f MMP-9'\ and cisplatin enhanced 

cytotoxicity in cisplatin-resistant cells com pared to cisplatin or MMP-9'\ alone. 

Preincubating cells with MMP-9'\ for 3h at all doses were significantly cytotoxic at 3h 

but not 6h incubation suggesting, an early apoptotic response. Pre-incubating 

sensitive ovarian cancer cells with MMP-9'\ resulted to more enhanced cytotoxicity 

for the 3h incubation compared to the 6h and appeared to be more effective than co­

incubation at early time in a concentration dependent way.

Collectively, we propose an integrative transcriptom ic and miRNA model for 

recurrence in ovarian cancer. In addition, we suggest that a highly selective MMP-9i 

may have a role in recurrent/chemoresistant ovarian cancer.
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CHAPTER 1 

Introduction



1.1 Cancer

Tremendous progress has been made in understanding the pathobiology and 

molecular biology o f cancer in the last 2 decades, yet a cure is hard to achieve. The 

word cancer refers to about 200 diseases that have a common feature, namely 

uncontrolled cell growth. Management o f these diverse neoplasms is multifaceted 

and relies on close collaboration among surgeons, radiation and medical oncologists, 

pathologists and radiologists. Cancer becomes life threatening when tumour cells 

spread across the body. Identification o f  high-risk individuals, responders to 

treatment and early detection o f  cancer remains the cornerstone o f successful 

treatment. Early detection and advanced treatment have fortunately improved cure 

rates, however therapy failure is still a major drawback in systemic treatment o f 

cancer patients due to development o f intrinsic or acquired resistance during their 

course o f treatment.

1.2 Cancer and the cell cycle

The cell cycle is required for cell growth and cell diyision into two daughter cells. 

Cell division is fundamental to replace cells that are lost by programmed or 

unprogrammed cell death. A eukaryotic cell cannot divide unless it replicates its 

genome (DNA) and then separates the duplicated genome. To achieve these tasks 

cells must perform DNA synthesis and mitosis. The cell cycle is an ordered set o f 

events. The G1 phase stands for “GAP-1” and is required for cell growth and 

preparation o f DNA synthesis. The S-phase stands for “Synthesis” and replicates the 

genome. The G2 phase is “GAP-2” and needed for cell growth and preparation for 

mitosis. The last phase is M and it stands for “Mitosis” in which cells segregate 

duplicated chromosomes.

The cell cycle proceeds by a defined sequence o f events where late events depend 

upon completion o f early events [1]. The aim o f the dependency o f events is to 

distribute complete and accurate replicas o f the genome to daughter cells. To monitor 

this dependency, cells are equipped with the checkpoints that are set at various 

stages o f the cell cycle [2]. When cells have DNA damage that have to be repaired, 

cells activate DNA damage checkpoint that arrests cell cycle. Upon perturbation o f
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DNA replication by drugs that interfere with DNA synthesis or obstacles on DNA, 

cells activate DNA replication checkpoint that arrests cell cycle at G2/M  transition 

until DNA replication is complete. There are more checkpoints such as Spindle  

checkpoint and M orphogenesis checkpoint. The spindle checkpoint arrests cell cycle 

at M phase until all chrom osomes are aligned on spindle. This checkpoint is very 

important for equal distribution o f  chromosomes. M orphogenesis checkpoint detects 

abnorm ality in cytoskeleton and arrests cell cycle at G2/M  transition.

The Cell Cycle and the Checkpoints

G2
GO

G1
resting

Figure 1.1 The Cell Cycle and the Checkpoints

An abnorm ality in a cell’s regulatory mechanisms results in uncontrolled cell growth 

and reproduction o f  the cell eventually forming a new growth, known as tum our or 

neoplasia. W illis in 1952, defined cancer as “an abnormal mass o f  tissue, the growth 

o f  which exceeds and is uncoordinated with that o f the normal tissues and persists in 

the same excessive m anner after cessation o f  the stimuli which evoked the change” .

1.3 Carcinogenesis

Several lines o f  evidence indicate that carcinogenesis in humans is a multistep 

process and that these steps reflect genetic alterations that drive the progressive 

transform ation o f  normal hum an cells into highly malignant derivatives. M any types 

o f  cancers are diagnosed in the human population with an age-dependent incidence 

implicating rate-limiting events [3], Pathological analyses o f  a number o f  organ sites
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reveal lesions that appear to represent the intermediate steps in a process through 

which cells evolve progressively from normal status via a series o f  premalignant 

states into invasive cancers [4] [5]. These observations have been rendered more 

concrete by a large body o f work indicating that the genomes o f tumor cells are 

invariably altered at multiple sites, having suffered disruption through lesions as 

subtle as point mutations and as obvious as changes in chromosome complement [6],

Cancer cells have defects in regulatory circuits that govern normal cell proliferation 

and homeostasis [7]. So far, more than 200 disinct types o f  cancer and subtypes o f 

tumours have been found within specific organs. Six distinct regulatory circuits have 

been suggested to describe the complexity o f cancer. Malignant growth is dictated 

by: self sufficiency in growth signals, insensitivity to antigrowth signals, evasion o f 

apoptosis, limitless replicative capacity, sustained angiogenesis, tissue invasion and 

metastasis. These capabilities are acquired during tumour development and are 

thought to be shared in common by most or all types o f human cancers [8],

Self sufficiencv in growth signals: Mitogenic growth signals (GS) are required by 

normal cells in order to move from a quiescent to an active proliferative state. 

Transmembrane receptors bound to distinctive classes o f signalling molecules, such 

as growth factors (GF), extracellular matrix components and cell-to-cell adhesion 

molecules, transmit these signals.

Acquired GS autonomy has been clearly defined by researchers because o f the 

prevalence o f dominant oncogenes that have been found to modulate it. The cell 

surface receptors that transduce growth-stimulatory signals into the cell interior are 

themselves targets o f deregulation during tumorinogenesis. Receptor overexpression 

may enable the cancer cell to become hyperresponsive to ambient levels o f GF that 

normally would not trigger proliferation. Ligand-independent signalling can also 

occur through structural alteration o f receptors.
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Figure 1.2 The hallmarks of Cancer

The hallmarks are shown in blue shaded ovals. The normal cell cycle is a 

precisely controlled event and the decision to enter the next phase of cell cycle is 

made in G1 phase. A balance between the “G O ” signals and “STOP” signals 

determines whether to divide or not. Gene mutations in cancers allow cells to 

enter a perpetual cell division cycle and achieve the hallmarks (Cell cycle wheel 

taken from Howard Hughe Medical Institute website. 1996).

Extracellular matrix receptors are also switched by cancer cells to transmit progrow th 

signals. These heterodim eric cell surface receptors physically link cells to 

extracellular matrix (ECM ) and their successful binding enables signal transduction 

into the cytoplasm. Failure to maintain the extracellular links can cause cell 

impairment, induction o f  apoptosis or even cell cycle arrest [9].

Insensitivity to antigrowth signals: Antiproliferative signals operate in normal cells to 

maintain tissue homeostasis; these include growth inhibitors received by 

transm em brane cell surface receptors coupled to their intracellular signalling circuits
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and are associated with the cell cycle clock. Cancer cells must evade these 

antiproliferative signals if they are to prosper. At the molecular level, perhaps all 

antiproliferative signals are funnelled through the retinoblastoma protein [10].

Evading apoptosis: Acquired resistance towards apoptosis-programmed cell death- is 

a hallmark o f  all cancers. The most commonly occurring loss o f a proapoptotic 

regulator through mutation involves the p55  tumour suppressor gene. Inactivation o f 

the p53  protein is predominantly seen in > 50% of cancers, including ovarian cancer 

and results in the removal o f a key component o f the DNA damage sensor that can 

induce the apoptosis cascade [11].

Limitless replicative potential: In order for a clone o f cells to grow to a size that 

constitutes a macroscopic tumour, the cell intrinsic program that limits cell 

multiplication needs to be disrupted. Telomere maintenance at a length above a 

critical threshold is central to this and this is evident in virtually all types o f tumours 

[ 12].

Sustained angiogenesis: Growth metastatic potential, particularly o f  solid tumours, 

requires vascular support for nutritive supply and oxygen. For a tumour to get larger 

than Imm^, a process o f  angiogenesis must occur [13]. The ability to sustain 

angiogenesis seems to be acquired in a discrete step via an “angiogenic switch”. 

Angiogenesis is subjected to regulatory balance via counterbalanced positive and 

negative signals [14].

Tissue invasion and metastasis: The migration capacity o f  cancer cells manifests in 

two ways. Invasion reflects the ability to become dislodged and travel within the 

tissue o f origin. Metastasis involves travel beyond the tissue o f origin. Metastasis 

represents the most lethal aspect o f cancer and is responsible for the majority o f 

deaths among cancer patients. The current view o f cancer incorporates a set of 

overlapping dichotomies: invasion and metastatic spread are both related to cell 

mobility, which is distinct from cell proliferation, thought to be responsible for 

tumorigenesis but not for metastatic behaviour. Latest experimental results suggest 

the possibility that the process o f self seeding, a close relative o f  metastasis may 

influence important features o f cancer [15], These features include high cell density,
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multifocality, amplified growth rate and the capacity to spread as well as reproduce 

these features in distant organ sites.

While we believe that virtually all cancers must acquire the same six hallmark 

capabilities, their means o f doing so will vary significantly, both mechanistically and 

chronologically. Thus, the order in which these capabilities are acquired is likely to 

be quite variable across the spectrum o f cancer types and subtypes. Moreover, in 

some tumors, a particular genetic lesion may confer several capabilities 

simultaneously, decreasing the number o f distinct mutational steps required to 

complete tumorigenesis. For example, loss o f function o f the p53  tumor suppressor 

can facilitate both angiogenesis and resistance to apoptosis, as well as enabling the 

characteristic o f genomic instability. In other tumours, a capability may only be 

acquired through the collaboration o f two or more distinct genetic changes.

Histopathological studies o f different tumour types also suggest that tumours are 

morphologically heterogeneous. Tumours are variable in several ways. Their features 

change with organ site and cell origin. Host variables such as age and hormonal 

status introduce differences; however, tumour heterogeneity refiects also cellular 

changes within a single neoplasm. Tumours are architecturally complex, differ 

regionally in vasculature, microenvironments, proliferation behaviour, host infiltrates 

and connective tissue components, only to mention a few; all that can alter the 

phenotype o f otherwise identical cells. It seems likely that this heterogeneity has an 

underlying genetic and biological basis and suggests that as tumours develop, they 

undergo an evolutionary departure from a monoclonal state to a state consisting o f 

multiple sub-clones. Thus, sub-populations o f neoplastic cells within a single tumour 

may be at different stages o f development, have different biological characteristics, 

and different propensities for further neoplastic development. Broadly, this can be 

referred to as intra-tumour heterogeneity (ITH) [16]. Furthermore, other cellular 

phenotypes different than those transmittable genetic and epigenetic differences, such 

as antigen expression, metastatic potential or response to chemotherapy [ 17] might be 

also important in terms o f biological or clinical significance.
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1.4 Ovarian cancer
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Figure 1.3 Ovarian Cancer

Ovarian cancer represents a major clinical challenge in gynaecologic oncology. 

Ovarian cancer dissemination differs from the classical metastatic patterns o f 

tumours arising from other organ sites in that ovarian cancer seeds the peritoneal 

cavity with tumour cell nests that adhere to adjacent organs or float freely and only 

later lead to ascites formation. As a result ovarian cancer is asymptomatic and most 

women present with advanced disease often spread as diffiise small-volume deposits. 

In addition, the vasculature and anatomical position o f  the ovaries predispose them to



metastasis from the genital and gastrointestinal tract. Tum our metastasis to the 

peritoneal and/or pleural cavity is evident in two-thirds o f  cases at diagnosis and 

relapse is often detected in these anatomic sites.

M arked heterogeneity is a hallmark o f  the disease, not only in tum our histotype and 

grade but also in response to treatment and overall prognosis [17],

1.4.1 Recurrent ovarian cancer

It is widely accepted that recurrent tumours represent the “true killers” in cancer 

patients, because the prim ary tumours are usually rem oved by surgery. Cancer 

mortality and morbidity are related to recurrent and metastatic disease. Identification 

o f  molecular targets that are present in recurrent tumours would be important in the 

development o f  prognostic tests and novel therapeutic interventions for cancer 

patients.

1.5 Epidemiology

Ovarian cancer is one o f  the most common cancers in women and the leading cause 

o f  death from gynaecological malignancy in the western world (4% o f  cases and 

4.2%  o f  deaths) [18], About 205,000 cases o f  ovarian cancer are diagnosed 

worldwide each year [19]. Incidence rates are highest in developed countries (Figure 

1.4), with rates in these areas exceeding 9 per 100,000, except for Japan (6.4 per 

100,000). Incidence in South America (7.7 per 100,000) is relatively high. Incidence 

rates have been slowly increasing in many W estem  countries and Japan. For wom en 

who immigrate from low-risk countries o f  origin, such as Asia, to high-risk areas, 

such as N orth America, a gradual increase has been observed in the incidence to rates 

expected for native-born wom en [20]. The crude incidence in the European Union is 

18/100,000 women/year and the mortality is 12/100,000 wom en/year [21].
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Figure 1.4 Global map showing incidence of ovarian cancer (Statistics obtained 

from Globocan, 2000).

32% o f ovarian cancers present in women aged 50-64 years, with just over 20% 

presenting in each o f the 65-74 and 75 and older age groups (Figure 1.5).

Figure 1.5 Age-standardized Incidence and Mortality Rates for Ovarian Cancer.

(Data obtained from Globocan, 2000 are shown per 100,000).
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As a result, median age at presentation is 63. The incidence increases with age and 

peaks in the eight decade. Between the ages o f  70 and 74 years the age specific 

incidence is 57/100,000 wom en/year [21], This advanced age at diagnosis contributes 

to the mortality o f  the disease. Almost one quarter o f  cases o f  ovarian cancer occur in 

wom en aged under 50. In terms o f  deaths, 42%  are in w om en aged under 65, 27% in 

wom en aged 64-74 with the rem aining 31% in women aged 75 and older (Figure 

1.6 ).

75+ <50
22% ^ ^ . ^  23%

65-74’
23% 50-64

32%

50-64
33%

Figure 1.6 Age composition of patients at diagnosis (left), death (right) of 

ovarian cancer (Data obtained from Globocan, 2000).

However, a consistent determination o f  an individual’s response to treatment and 

survival cannot be predicted based solely on the above preceding variables [22].

Epithelial ovarian cancer (EOC) is predom inantly a disease o f  peri- and 

postm enopausal women, with 80% to 90% o f  ovarian cancers occurring after the age 

o f  40. Premenopausal wom en usually develop germ  cell tumours and have a lower 

incidence o f  EOC. 1% o f  EOC occurs before the age o f  20 and two-thirds o f  ovarian 

m alignancies in these young patients are germ-cell tumours.

Ovarian cancers are mostly sporadic and only 5%-10%> are familial. Hereditary 

ovarian cancers generally occur about 10 years earlier and are associated with a trend 

towards an earlier age at diagnosis with each successive generation [23], a
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phenom enon known as anticipation. W hile the overall lifetime risk o f  developing 

ovarian cancer in industrialized countries is -2 %  [19], for women with a family 

history, the lifetime risk is estim ated at 9.4%  [24].

1.6 Ovarian cancer in Ireland

According to the National Cancer Registry Ireland (NCRI), ovarian cancer accounts 

for 3% o f  female cancer in Ireland w ith approxim ately 334 new cases diagnosed 

every year and 226 deaths from the disease [25]. In Ireland, rates o f  ovarian cancer 

are higher than in the rest o f  the European Union. GLOBOCAN 2000 mortality 

estimates give some indication o f  how Ireland compares to its neighbours with 

respect to ovarian cancer mortality [25], Ovarian cancer m ortality rates in Ireland 

appear higher than those in UK, Belgium, France, and The Netherlands for reasons 

that are not clear. In actual fact, Ireland registers highest after Denm ark with an 

incidence rate o f  12.8%. One reason may be attributable to a later reduction in parity 

and the later availability o f  widespread oral contraceptives in Ireland in the early/mid 

1980s com pared to its nearest neighbours, since these are the best recognized 

protective factors with regard to ovarian carcinogenesis [26],

Com pared with other cancers, such as breast, lung or colorectal cancers, ovarian 

cancer is a less comm on malignancy. A sum m ary o f  ovarian cancer statistics for 

Ireland is provided in Figure 1.7 A and B. Nevertheless, because o f  its detection at an 

advanced stage and poor prognosis, it remains a difficult m edical and scientific 

challenge. M ortality (per 100,000) has slightly decreased over the last 20 years. This 

is attributable to an increasing awareness about risk factors and im provem ent o f 

surgical and chem otherapeutic treatm ent (Figure 1.8). Unfortunately, due to lack o f  

sensitive screening m ethod for early detection, the overall survival has not changed. 

The ovarian cancer m ortality rate is predicted to fall from 32.5/100,000 in 2000 to 

29/100,000 by 2011/2015 but the num bers o f  deaths are predicted to increase from  73 

to 97 [27].
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numbrr of cases Incidence rate’

2005
both

sexes

cveras* 1994-2005
both

sexes'

1994-2005

femole male female mate female mole

■II cancers 13901 12875 26776 11341 10706 22046 577.9 646.6
«ll invaslv* c a n o n  exM pt NMS* 8001 8578 16579 6624 7128 13752 343.1 429.9
non-nMlanoma skin 2860 3336 61% 2510 2888 5398 123.0 175.3
prostate - 2407 2407 - 1687 1687 - 102.7
breast 2352 27 2379 1895 14 1910 105.7 0.9
colorectal 936 1248 2184 826 1073 1899 40.5 65.0
lung 750 1092 1842 611 1035 1646 30.3 62.7
unknown site 444 362 806 344 330 674 15.8 20.0
lymphoma 292 350 642 254 294 548 13.2 17.2
melanoma of skin 360 238 598 279 176 454 14.6 10.4
bladder 159 345 504 135 331 466 6.6 20.1
stomach 173 296 469 182 293 475 8.5 17.7
pancreas 200 1S6 386 181 180 361 8.4 10.9
kidney 154 221 375 111 191 302 5.8 11.7
leukaemia 147 224 371 160 233 393 7.9 13.8

1 ovary 367 - 367 348 - 348 -
oesophagus 131 222 3S3 122 316 5.6 11.8
brain and ONS* 138 207 345 127 169 296 6.6 9.8
corpus uteri 297 - 297 243 - 243 13.6 -

cervix uteri 253 - 253 191 - 191 10.5 -

B
number of dtolla /norrolfty ro(r*

»04 ovrrojr 1994-2004 1994-2004

frmole molt both
sexes femde nvte

Botn
s e m t

fewole male
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luft* 624 982 1606 548 963 1511 26.7
colorectal 400 557 957 4CM 524 928 18.6 32.2
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Figure 1.7 Comparison of A) new cancer cases and B) death between ovarian 

and other cancers in Ireland for the years 1994-2005. Statistics, obtained from the 

NCRI refer to cases/deaths per 100,000 persons per year and are age-standardised to 

European standard population.
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Figure 1.8 Percentage of invasive cancers in Ireland for two different year 

groups. Note percentage o f ovarian cancer cases treated with surgery and systemic 

chemotherapy has increased up to 20%. Statistics were obtained from NCRI.

A summary o f  ovarian cancer statistics for Ireland is provided in tables 1.1 and 1.2.
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Table 1.1 Sum m ary inform ation, incidence and prevalence in ovarian cancer in 

Ireland according to NCRI figures 2005.

Rank am ong th e  com m on cancers in wom en 4th

% of all new  can cer cases 5.4%

Average num ber of new  cases pe r annum 334

Average age a t  diagnosis w ith ovarian cancer 62

C hance of developing ovarian can cer

• by age 65 1.0%

• by age 75 1.5%

E stim ated num ber of wom en alive in 2001 following a diagnosis o f ovarian cancer 2800

Estim ated num ber of cases th a t  v^ll be  diagnosed in 2006 403

Table 1.2 Sum m ary inform ation on m ortality in ovarian cancer according to 

NCRI figures 2005.

Rank am ong th e  com m on cancers in wom en 

Average num ber of d e a th s  pe r annum  

% of all can cer d ea th s due  to  ovarian cancer 

Average age a t  d ea th  from  ovarian can cer

% w om en w ith ovarian can cer who die from  th e  d isease  w ithin 5 year^ of diagnosis 

% of person-years of life-lost due to  ovarian can cer 

Average num t)er of years o f life-lost fo r a  wom an dying from  ovarian  cancer

1.7 Aetiology and Risk Factors

The aetiology o f ovarian cancer is multifactorial and many genetic, hormone and 

environmental factors are directly or indirectly involved. For the last few decades, 

two major theories, the incessant ovulation [28] and the gonadotropin hypotheses 

[29], have been proposed to explain epidemiological data [30],

Consistent epidemiological and pathophysiologic data indicate that the risk o f EOC 

increases with the number o f ovulatory events; in other words, the more frequent a

4th

225

6.5%

68

54%

7.3%

17
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woman ovulates, during her reproductive life, the higher is her risk for epithelial 

ovarian cancer in the future. The incessant ovulation hypothesis postulates that the 

repetitive wounding and recurring cell proliferation in postovulatory repair o f  the 

ovarian surface epithelium  results in m utations accum ulating in the epithelial cells 

and ultim ately tumour formation. This straightforw ard and conceptually obvious 

explanation easily gained acceptance. Support for this concept was also provided by 

laboratory experiments dem onstrating spontaneous transform ation o f  rat ovarian 

surface epithelial cells following prolonged subculturing [31] [32], in which the 

passaging o f  the cells in culture mimics repeated injury and proliferative repair o f  

ovarian surface epithelium  implied by incessant ovulation. Recent experim ental 

evidence supports the idea that higher ovulatory activity is associated with more 

inclusion cysts and other changes in the ovarian surface, such as invaginations. It has 

been suggested that these inclusion cysts are a fertile environm ent for ovarian cancer 

developm ent [33] [34]. In support o f  the “ incessant ovulation” hypothesis, an early 

age at menarche and a late stage at m enopause increase the risk o f  EOC.

The gonadotropin theory postulates that the surges o f  pituitary gonadotropins that 

initiate each ovulation and persist in high levels for years following menopause also 

stimulate the ovarian surface epithelial cells and increase cancer risk. Abundant 

epidem iological data and animal models exist to support this idea [29]. For example, 

a late age at menopause delays the risk in post-m enopausal wom en and possibly 

decreases risk. Inflamm ation o f  the ovarian epithelium  was also suggested as a 

m echanism  by which gonadotropin stim ulation and ovulation contribute to ovarian 

cancer risk [35], since inflamm ation is a well-known factor contributing to cancer 

[36], Inflam m ation can also provide an explanation for the increased risk associated 

with talc and asbestos exposure, endometriosis, pelvic inflam m atory disease (PID), 

and m umps viral infection, possibly by increasing mutations in epithelial cells [35].

Although m olecular mechanistic studies provide further support for incessant 

ovulation, gonadotropin stim ulation and inflamm ation hypotheses, all the theories 

concerning the aetiology o f  ovulation-associated ovarian cancer are not m utually 

exclusive. Additional hypotheses concerning steroid hormones and the retrograde 

transport o f  carcinogens through fallopian tubes [30] may also contribute to ovarian 

cancer risk. Another hypothesis that can explain the reproductive risk factors in
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ovarian cancer, proposes a pregnancy-dependent clearance o f  transform ed malignant 

cells from the ovaries [37].

Pregnancy leads to anovulation and suppresses secretion o f  pituitary gonadotrophins 

and in line with the above hypotheses, is expected to reduce the risk o f  EOC. The

protective effect o f  full-term pregnancies on EOC risk has been well docum ented

[38],

Lactation suppresses the secretion o f  pituitary gonadotropins and leads to

anovulation, especially in the initial months after delivery and in this respect, it

protects against EOC [38],

Oral contraceptive pills (OCPs) have been linked with increased risks for some 

cancers (breast and cervix) and with protective effects for others (ovarian, 

endometrial, and colorectal) [39], Com bined oral contraceptives containing both 

oestrogens and progestins, suppress mid-cycle gonadotrophin surge and inhibit 

ovulation. In ovarian cancer epidem iology there is strong evidence that OCP use truly 

reduces ovarian cancer risk [40]. OCP use seems to protect against all histological 

types o f  EOC with the possible exception o f  m ucinous tum ours [41]. The overall 

protection for ever users is 30%. Reduced risks are present across all strata o f  parity 

and age at diagnosis, with a stronger protection observed among nulliparous women 

[42]. The protection increases with duration o f  OCP [42] use with a 50% decline in 

risk after 5 years on the pill [43]. The reduced risk persists for at least 10 years after 

cessation o f  use.

The question o f  whether hormone replacem ent therapy (HRT) alters the risk o f  

epithelial ovarian cancer remains unanswered. Theoretically, if  the “gonadotrophin” 

hypothesis applies to EOC, a reduced risk is expected, although post-m enopausal 

HRT does not decrease the secretion o f  pituitary gonadotrophins to pre-m enopausal 

levels. I f  an association exists, its relative m agnitude is probably small. Neverthless, 

it is equally important to establish protective or adverse effects o f  HRT.
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After correcting for the effect o f voluntary nulliparity, studies have found that 

infertility adds to EOC risk in nulliparous women. The association between fertility 

drugs and EOC risk is not necessarily causal as women with refractory infertility are 

mostly exposed to prolonged treatment with fertility drugs [44]. Tubal ligation and 

hysterectomy are associated with a 67% risk reduction for EOC, the mechanism 

being rather speculative. This protective effect appears to last for at least 20 to 25 

years after surgery [45],

In a recent pooled analysis o f  12 cohort studies, height was associated with an 

increased ovarian cancer risk, especially in premenopausal women. Body mass index 

was not associated with ovarian cancer risk in postmenopausal women but was 

positively associated with risk in premenopausal women [46].

Additional variables associated with ovarian cancer with various degrees o f 

correlation include radiation exposure and psychotropic medication [47]. No 

statistically significant relations were found for consumption o f  specific dairy foods, 

galactose, caffeine or vitamin D and ovarian cancer risk dietary factors [48]. 

Smoking, caffeine and alcohol intake are all potentially modifiable factors that have 

an unclear association with ovarian cancer risk. Alcohol is not associated with 

ovarian cancer risk. Cigarette smoking may only increase the risk for mucinous 

ovarian tumours. High caffeine intake decreases ovarian cancer risk, particularly in 

women not using hormones [49].

A prior history o fP ID  [50], polycystic ovary syndrome [51] and endometriosis have 

been associated with an increased risk for ovarian cancer, the latter especially for 

endometrioid and clear cell histologies [52].

1.7.1 Family History as a Risk Factor

The most significant risk factor for ovarian cancer is a family history o f the disease. 

This risk depends on the number o f affected first- and second- degree relatives, as 

well as their age at diagnosis with ovarian or breast cancer. The majority o f 

hereditary ovarian cancers appears to be due to mutations in the BRC Al and BRCA2
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genes [53], B R C A l/2  both encode for tum our suppressors involved in repairing 

double-stranded DNA breaks and m aintaining genomic stability [54]. W omen 

carriers o f  B R C A l  or BRCA2  mutations are at higher risk, with average cumulative 

risks by age 70 o f  -40%  and 10% respectively. At least two thirds o f  cancers are 

linked to B R C A l  mutations on chromosome 17q and up to one third associated with 

BRCA2  mutations, located on chromosome 13q [55], Cells that are defective for 

B R C A l  and BRCA2  are hypersensitive to agents that cross link DNA strands or that 

produce breaks in double-stranded DNA, such as cisplatin.

Germline B R C A l  and BRCA2  mutations are present in 10%-15% o f  all EOCs [56], 

Less commonly, EOCs contain somatic m utations in these genes [57], however 

ovarian cancers with germline BRCA 1/2 mutations are indistinguishable from their 

sporadic counterparts [58], The risk o f  developing cancer is not identical for all 

carriers o f  B R C A l  and BRCA2  mutations. Risk can be influenced by allelic 

heterogeneity, modifier genes, and environm ental and hormonal cofactors. It is also 

widely accepted that the risk o f  ovarian cancer among carriers o f  B R C A l  mutations 

(about 40%) exceeds that for carriers o f  BRCA2  m utations (about 20%>).

On the other hand, there are those individuals who have ovarian cancer as part o f  the 

hereditary non-polyposis colorectal cancer syndrom e or Lynch II syndrome due to 

mutations in DNA mismatch repair genes [59]. This syndrom e combines familial 

colon cancer with an increased risk o f  ovarian and endom etrial cancer, as well as 

other m alignancies o f  the GI or GU system.

1.8 Histological classification of ovarian cancer

The histology o f  ovarian tumours exhibits a w ide variety o f  histological features due 

to their diverse m orphology and plethora o f  cell types. The task forces o f  the 

International Federation o f  Gynecology and O bstetrics (FIGO) endorse the 

histological typing o f  ovarian tumours as presented by the W orld Health O rganisation 

(WHO) [60], based on histogenetic principles which categorize ovarian tumours with 

regard to their derivation from coelomic surface epithelial cells, germ cells and 

mesenchyme.
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Over 90% o f  cases arise from  the surface epithelium. EOC are grouped according to 

resem blance to M iillerian epithelium  in the female genital tract. They exhibit 

M ullerian-type cells, including serous, m ucinous, endometrioid, and clear cell, 

reflecting a com m on pathw ay in em bryological developm ent (Figure 1.9).

According to FIGO, it is recom m ended that all ovarian epithelial tum ors be classified 

histologically as follows; serous tumors, m ucinous tumors, endometrioid tumors, 

clear cell tumors, Brenner tumors, undifferentiated tumors (too poorly differentiated 

to be placed in any other group), mixed epithelial tum ors (com posed o f  2 or more o f  

the 5 m ajor cell types o f  com m on epithelial tum ors, which are usually specified), and 

intraperitoneal cancer (the ovaries appear to be incidentally involved and not the 

prim ary origin, which should be classified as extraovarian peritoneal cancer) (Table 

1.3).
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Figure 1.9 Derivation of ovarian neoplasms. Epithelial cancers develop in the cells 

on the surface o f  the ovary. Stromal cell tum ours develop in the deeper supportive 

tissue o f  the ovary. Germ cell tumours develop in an egg ceil produced in the ovary. 

They most typically occur in girls and young women.
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Table 1.3 H istological classification o f ovarian tumours according to FIGO  

• Serous tumours

-Benign serous cystadenomas

-O f borderline malignancy: serous cystadenom as with proliferating activity o f  the 

epithelial cells and nuclear abnorm alities, but with no infiltrative destructive growth 

(carcinom as o f  low m alignant potential)

-Serous cystadenocarcinom as

• M ucinous tumours

-Benign m ucinous cystadenomas

-O f borderline m alignancy: serous cystadenom as with proliferating activity o f  the 

epithelial cells and nuclear abnorm alities, but with no infiltrative destructive growth 

(carcinom as o f  low malignant potential)

-M ucinous cystadenocarcinom as

• Endom etrioid tumours

-Benign endom etrioid cystadenomas

-Endom etrioid tum ours with proliferating activity o f  the epithelial 

cells and nuclear abnorm alities, but with no infiltrative destructive growth 

(carcinom as o f  low m alignant potential)

-Endom etrioid adenocarcinom as

• Clear cell tum ours

-Benign clear cell tum ours

-Clear cell tum ours with prohferating activity o f  the epithelial cells 

and nuclear abnorm alities, but with no infiltrative destructive 

growth (low potential malignancy)

-Clear cell cystadenocarcinom as

• Brenner tum ours

-Benign Brenner 

-Borderline m alignancy 

-M alignant
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• Transitional cell tumours

• Undifferentiated carcinom as

A malignant tumour o f epithelial structure that is too poorly differentiated to be 

placed in any other group.

• M ixed epithelial tumours

These tumours are composed o f  two or more o f  the five major cell types o f  comm on 

epithelial tumours (types should be specified).

Cases with intraperitoneal carcinom a in which the ovaries appear to be incidentally 

involved and not the prim ary origin should be labelled as extra-ovarian peritoneal 

carcinoma.

M alignant serous adenocarcinomas (resem bling the fallopian tube) are the 

comm onest, accounting for 4()%-50% o f  m alignant neoplasms [61] and predominate 

in postm enopausal women [62], almost always present as advanced disease. They 

tend to be high grade and are most often seen in BRCA  mutation carriers [56], 

Endom etrioid carcinomas (resembling endom etrium ) comprise about 10-20% o f  

EOC and are typically spread beyond the ovary at the time o f  diagnosis. These 

cancers are sometimes associated with endometriosis. Clear cell (resem bling the 

endometrial glands in pregnancy) are relatively uncommon, occurring most often in 

wom en in their 40s. Approxim ately 50% o f  wom en with clear cell tumours have 

associated endometriosis. Although 33% o f  clear cell tumours are diagnosed at stage 

I, they tend to behave aggressively. M ucinous tumours (resembling endocervix) are 

less frequent, each accounting for less than 10% o f all EOC, more likely to be found 

in younger women. 80% are benign and develop in one ovary. They tend not to 

secrete CA-125 (F igurel. 10). The histological sim ilarity o f  ovarian epithelial tumors 

to epithelia in other portions o f  the female genital tract is not surprising, given that all 

o f  these epithelia, as well as the cells lining the peritoneal cavity, are thought to be 

derived from a comm on embryological precursor, the coelomic mesothelium.
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Serous Endometrioid

Figure 1.10 Representative examples of the major histological subtypes of EOC.

The frequency o f  histological types differs dram atically between those diagnosed in 

low-stage, where the m ajority are clear cell, endometrioid and m ucinous carcinom a 

[63], Although prem enopausal wom en develop more germ cell tum ors with a lower 

incidence o f  epithelial tum ors [64], cancer o f  the latter cell type predom inates in 

postm enopausal wom en who suffer from ovarian cancer. However, as not all 

postm enopausal wom en will develop ovarian cancer, other factors, including genetic 

predisposition or environm ent-related epigenetic influences, could increase the risk 

for ovarian tumors.

1.9 Ovarian Cancer Staging

Once diagnosis o f  cancer is made, it is im portant that the stage o f  cancer be assessed. 

Cancer staging systems describe how far cancer has spread anatom ically and attempt 

to put patients with similar prognosis and treatm ent in the same staging group. The 

concept o f  stage is applicable to almost all cancers except for most forms o f  

leukemia. Cancer staging can be divided into a clinical stage and a pathological stage.

Because they use different information, clinical stage and pathological stage are 

often different. Pathological staging is usually considered the "better" or "truer" stage 

because it allows direct exam ination o f  the tum or and its spread, contrasted with 

clinical staging which is limited by the fact that the information is obtained by
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making indirect observations o f  a tum or which is still in the body. However, clinical 

staging and pathological staging should com plem ent each other.

Although correct staging is difficult to achieve, it is critical because treatm ent is 

directly related to disease stage, hence it may lead to improper treatment with an 

adverse effect on patient survival.

The concept o f  a classification system that would encompass all aspects o f  cancer in 

terms o f  prim ary tum our (T), regional lymph nodes (N) and distant metastasis (M) 

was first introduced by the Union Internationale Centre de Cancer (UICC) in 1958 

for worldwide use. In this respect, solid tum ours are defined in terms o f  a more 

detailed staging system called the "TNM" system.

The TNM system is one o f  the most com m only used staging systems. This system 

has been accepted by the UICC and the Am erican Joint Committee on Cancer 

(AJCC). Most medical facilities use the TNM  system  as their main m ethod for cancer 

reporting.

The TNM system is based on the extent o f  the prim ary tum or (T), the extent o f  

spread to the lymph nodes (N), and the presence o f  m etastasis (M). Each o f  these is 

categorized separately and classified with a num ber to give the total stage. While 

definitions o f  T, N and M are specific to each cancer, a physician generally needs to 

look at three things:

T: Tumor

T Classifies the extent o f  the primary tumour, and is normally given as T1 through 

T4. T1 represents a tum or that has just started to invade the local tissues. T4 on the 

other hand represents a large prim ary tum or that has probably invaded other organs 

by direct extension, and which is usually inoperable.

N: Lymph Nodes

N classifies the number o f  regional lymph node involvement. It is important to 

understand that only the lymph nodes draining the area o f  the prim ary tum or are 

considered in this classification. Involvement o f  distant lymph nodes is considered to
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be m etastatic disease. The definition o f  just which lymph nodes are regional depends 

on the type o f  cancer. NO means no lymph node involvement while N1 means 

regional lymph node metastases. In general more extensive involvement means some 

com bination o f  more nodes involved, greater enlargem ent o f  the involved nodes, and 

more distant (but still regional) node involvement.

M: Metastasis

M classifies according to the presence (or absence) o f  cancer that has spread into 

other organs or parts o f  the body. It is either MO if there are no m etastases or M l if  

there are metastases.

The TNM  staging system  allows a health professional to recommend the most 

effective treatm ent options and discuss the prognosis based on the type o f  tumour, the 

stage o f  the cancer, the age and overall health condition.

Gynaecologists have a long and proud tradition o f  using various updated staging 

systems for female cancers, dating back to the staging system for cervical cancer, 

first published in 1920. In 1954, the FIGO Com m ittee was set up, which had as its 

aim, the extension o f  the general technique o f  classification o f  cancer at all sites by 

anatomical extent o f  the disease using the TNM  system. The FIGO system  o f  

classification, now the most commonly used staging system, was originally based on 

clinical exam ination, essentially o f  the anatom ical extent o f  disease. Over the years, 

with the exception o f  cervical cancer, it has moved from a clinical basis to one o f  a 

surgical pathological nature and was finally m odified in 1988.

AJCC TNM  and FIGO staging classification (Rio de Janeiro 1988)

The prim ary tum or (T) is staged in the following way with the AJCC classification 

first and the FIGO stage in parentheses (Sum m arised in T ablel.4):

• TX. Prim ary tum or cannot be assessed.

• TO. No prim ary tum or is seen.

• T 1 (Stage I). Ovarian cancer (carcinom a) is limited to one or both ovaries.
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• T la  (Stage lA). Tum or is limited to one ovary. The ovarian capsule is intact 

and there is no tum or on the surface o f  the ovary. There are no cancer cells in 

the body fluid (peritoneal fluid) around the ovary.

• T ib  (Stage IB). Tumor is hmited to both ovaries. The ovarian capsule is intact 

and there is no tumor on the surface o f  the ovaries. There are no cancer cells 

in the body fluid (peritoneal fluid) around the ovaries.

• T ic  (Stage IC). Tum or is limited to one or both ovaries and the ovarian 

capsule is ruptured or there is tum or on the surface o f  the ovaries or there are 

cancer cells in the body fluid (peritoneal fluid) around the ovaries.

• T2 (Stage II). Tum or involves one or both ovaries and extends into the pelvis 

or has implanted into the uterus.

• T2a (Stage IIA). Tum or has extended or implanted into the uterus or fallopian 

tube but there are no cancer cells in the body fluid (peritoneal fluid) around 

the ovaries.

• T2b (Stage IIB). Tumor has extended or implanted into other pelvic tissues 

but there are no cancer cells in the body fluid (peritoneal fluid) around the 

ovaries.

• T2c (Stage IIC). Tum or has extended or implanted into other pelvic tissues 

(T2a or T2b) AND there are cancer cells in the body fluid (peritoneal fluid) 

around the ovaries.

• T3 (Stage III). Tumor involves one or both ovaries and there are cancer cells 

outside the pelvis (peritoneal metastasis).

• T3a (Stage IIIA). Cancer cells are identified m icroscopically outside the 

pelvis (peritoneal metastasis) or on abdominal peritoneal surfaces.

• T3b (Stage IIIB). Tum or involves one or both ovaries and implants on 

abdominal peritoneal surfaces measure 2 cm or less in size.

• T3c (Stage IIIC) and Any T, NIMO (Stage IIIC). Tum or implants on 

abdominal peritoneal surfaces m easure 2 cm  in size and cancer involves 

regional lymph nodes.

• Any T, any N, M I (Stage IV).
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Table 1.4 Carcinoma of the ovary: FIGO stages and AJCC TNM class

Stages and classes o f ovarian cancer

FIGO stage TNM class

S tag e  1 T1N0M0

S tag e  lA TIaNOMO

S tag e  IB TIbNOMO

S tag e  1C H cNOMO

S tag e  II T2N0M0

S tag e  IIA T2aN0M 0

S tag e  MB T2bN0M0

S tag e  IIC T2CN0M0

S tag e  III T3N0M0

S tag e  IMA rSaNOMO

S tag e  IIIB T3bN0M0

S tag e  II 1C T3cN0M 0

Any T, N1, MO

S tag e  IV Any T, any N, M1
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1.10 Ovarian cancer grading

Tum or grade is a system  used to classify cancer cells in terms o f  how abnormal they 

look under a m icroscope and how quickly the tum or is likely to grow  and spread. 

This can refer to the appearance o f  the cells or to the percentage that appear to be 

dividing. The higher the grade, the more aggressive and fast growing the cancer. 

Tum ors are typically classified from least to most aggressive as grade I through IV.

Histological grade, also called differentiation, refers to how much the tum or cells 

resem ble normal cells o f  the same tissue type. The more undifferentiated a cell is, the 

less “normal” it looks under the microscope. The grade is much more important for 

some cancer types than for others. In some cancers, grade can impact on treatm ent 

decisions.

Historically, the most com m only used grading systems have been those proposed by 

FIGO, WHO, and the Gynecologic O ncology Group (GOG). The FIGO system uses 

three grades based on architectural criteria, i.e., the proportion o f  glandular or 

papillary structures relative to areas o f  solid tum or growth. Grades 1, 2, and 3 

correspond to <5% , 5-50% , and >50%  solid growth, respectively (well- 

differentiated, moderately differentiated, or poorly differentiated). The W HO system  

incorporates both architectural and cytological features, but these are not assigned 

based on quantitative criteria; as a consequence, this system  can be considered rather 

subjective. In the GOG system, the grading m ethod varies depending on the 

histological type o f  the tumor.

Grade is related to prognosis in ovarian cancer, with patients with low-grade cancers 

doing better. Grade information is factored into treatment decisions for wom en with 

stage I disease.

• W ell-differentiated cancers have very clear boundaries and cells look 

relatively normal. They usually do not grow or spread rapidly.

• Poorly differentiated cancers have less clearly defined boundaries and cells 

look very abnorm al (Figure 1.11). They often grow and spread rapidly.
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A unique feature o f  ovarian cancer is the subdivision o f  “ low malignant potential" 

(LMP) or borderline tumours, which form one end o f  the pathologic grade (grade 0). 

As a result, the different histological subtypes are further classified as benign, 

borderline (low grade) and malignant (high-grade) to reflect their behaviour.

Ovarian tumors are evaluated in the following grades:

• GX: Grade cannot be assessed

• GB: Borderline cancer (m alignant)

• G l: W ell-differentiated cancer

• G2: M oderately differentiated cancer

• G3: Poorly differentiated or undifferentiated cancer

Figure 1.11 Microscopic view of a poorly differentiated serous papillary 

cystadenocarcinoma

1.11 Molecular Pathogenesis of Ovarian Cancer

Sharp changes in the incidence o f  ovarian cancer most probably reflect its 

multifactorial causation. The developm ent o f  ovarian cancer is a m ulti-step 

phenom enon involving genetic events that result in key abnorm alities o f  cell cycle 

regulation, growth factor activity and intercellular adhesion mechanisms [65].

1.11.1 Origin of ovarian cancer based on morphologic and molecular data

The precise origin o f  EOC still rem ains unknown. From  a pathological perspective, 

the origin o f  EOC rem ains multifactorial. Historically, the ovarian surface epithelium
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(OSE) is accepted to be a distinct cell population that embodies both mesothelial and 

epithelial characteristics and from which Mullerian inclusions can be derived [66]. 

However, this belief has recently been called into question for the high grade serous 

subtype [67] and there is growing evidence implicating the distal fallopian tube as a 

potential site o f origin [68].

One o f the major stumbling blocks has been the characterization o f a mutually agreed 

upon precursor lesion or the identification o f intermediate or precursor lesions. For 

example, it is still controversial whether OSE or fallopian tubes display precursor 

lesions.

Two types o f ovarian surface epithelial lesions have been described as possible 

precursors o f these carcinomas: lesions that appear in situ in surface epithelium or 

surface epithelial inclusion glands (SEIG); and pre-existing benign epithelial ovarian 

tumors and endometriosis [62].

Accumulating evidence indicates that high-grade serous and possibly endometrial 

carcinomas most probably arise from SEIG with p53  mutations and dysfunction o f 

BRCAI/2  in a stepwise fashion while low-grade serous carcinomas arise from 

adenoma-borderline tumour-carcinomas via activation o f  the RAS-RAF  pathway 

secondary to mutations to kRAS and BRAF.

1.11.2 Surface epithelium and surface epithelial inclusion glands

Despite the widespread acceptance o f the origin o f surface epithelial cancers from the 

ovarian surface epithelium and its inclusion glands, only rarely have putative 

precursor lesions been described at these sites. Two types o f lesions have been 

suggested as possible precursors; proliferative-metaplastic changes and cytologic 

atypia. Ovaries have been examined for such lesions in four settings; (1) prophylactic 

oophorectomy specimens from patients with a strong family history o f ovarian cancer 

or breast cancer or both, or with known BRCAl  or BRCA2 gene mutations; (2) 

uninvolved ovaries contralateral to ovarian carcinomas or benign or borderline 

epithelial tumors or a combination o f these tumors; (3) surface epithelium and 

epithelial inclusion glands adjacent to invasive ovarian carcinomas; (4) ovaries
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removed after positive or suspicious cul-de-sac aspirates performed to screen for 

ovarian cancer.

Only rare examples o f lesions showing significant epithelial atypia (severe dysplasia 

or carcinoma in situ) o f  the ovary have been reported [69, 70]. These lesions are 

characterized by stratification o f  cells lining the ovarian surface or epithelial 

inclusion glands with loss o f nuclear polarity and marked nuclear pleomorphism, 

hyperchromasia and chromatin clumping. Figure 1.12 displays an ovarian carcinoma 

in situ with thickened epithelium and stratified cells showing loss o f nuclear polarity 

and marked nuclear pleomorphism, hyperchromasia and chromatin clumping.

d %

'f.

Figure 1.12 Ovarian carcinom a in situ.

Early studies had suggested that proliferative or metaplastic changes o f the ovarian 

surface epithelium such as papillae, epithelial stratification, tufting and metaplasia 

are precursors o f ovarian carcinoma [71]. Similar fmdings have been reported to be 

increased in frequency in only one more recent large series o f prophylactic 

oophorectomy specimens from women with a strong family history o f ovarian cancer 

[72].

1.11.3 Fallopian tube as the prim ary site o f origin o f epithelial ovarian  

carcinoma

Studies including careftil sampling o f  the fallopian tubes have reported examples of 

tubal carcinoma-m situ or severe atypia or small tubal carcinomas, especially in
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women with BRCAl mutations [73], These findings have led to the speculation that 

'ovarian' carcinomas in women with BRCAl mutations may originate from 

undetected exfoliated tubal carcinomas so that ovarian and fallopian tube carcinomas 

in women with BRCA mutations should be termed “female adnexal carcinoma” [74], 

A recent study validates the fimbria as the site o f origin o f many serous carcinomas 

[75] and distal fallopian tube has been suggested as a precursor o f serous pelvic 

carcinoma. It is also well known that in women with BRCA mutations, the risk for 

developing ovarian-type cancer after prophylactic oophorectomy, although reduced, 

is not entirely eliminated. In fact, the risk o f  these patients developing primary 

peritoneal carcinoma after prophylactic oophorectomy, is 4.3% over a median 

follow-up period o f 3 years [76]. These peritoneal carcinomas are histologically 

identical to high-grade ovarian serous carcinoma.

1.11.4 Proposed classification of EOC

Because serous carcinomas constitute the majority o f ovarian carcinomas, most 

published studies o f generic ovarian cancer, unless otherwise indicated, likely include 

mainly serous carcinomas. It has been suggested that EOC can be divided in two 

broad categories, designated Type I and Type II tumors, based on their pattern o f 

tumor progression and molecular genetic changes. In this model. Type I and Type II 

refer to tumorigenic pathways and are not specific histopathologic terms (Table 1.5).

The division o f Type I and Type II serous carcinomas is illustrated in Figure 1.13. 

Type I tumors include low-grade serous carcinomas, low-grade endometrioid 

carcinomas, mucinous carcinomas, and a subset o f clear cell carcinomas, which 

develop in a stepwise fashion from well recognized precursors, in most cases 

borderline tumors. The borderline tumors, in turn, appear to develop from the OSE or 

inclusion cysts in the case o f serous and mucinous tumors and from endometriosis in 

the case o f  endometrioid and clear cell tumors. For these tumors, the stepwise 

progression o f borderline tumor to carcinoma resembles the well-characterized 

adenoma-carcinoma sequence in colorectal carcinoma.
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Table 1.5 Common precursor lesions and molecular features of Type 1 and Type 

II carcinomas.

Type 1 tumours Common

precursors

Most frequent 

mutations

Chromosomal

instability

Low grade serous Serous borderhne kRAS. BRAF Low

Low grade 

endometrioid

Endometriosis PTEN, CTNNBl Low

Clear cell Endometriosis PIK3CA Low

Mucinous Mucinous borderline kRAS Low

Type 11 tumours

High grade serous Not recognized p53 High

High grade 

endometrioid

Not recognized p53 High

Undifferentiated Not recognized ? 7

Most Type I tumors are slow growing, as they are generally large and are often 

confined to the ovary at diagnosis. In contrast, Type II tumors are high grade and 

have almost always spread beyond the ovaries at presentation. Type II carcinomas 

include high-grade serous carcinomas, high-grade endometrioid carcinomas, 

undifferentiated carcinomas, probably some clear cell carcinomas, and malignant 

mixed mesodermal tumors (carcinosarcomas). Type II carcinomas presumably evolve 

rapidly, disseminate early in their clinical course and are highly aggressive not only 

because o f the malignant nature of the cancer cells, but also because the anatomic 

locations in which they arise (i.e., ovary, or perhaps fallopian tube) provide 

immediate access to adjacent pelvic organs and the peritoneal cavity. In contrast to 

Type I tumors. Type II tumors are rarely associated with morphologically 

recognizable precursor lesions.

Chromosomal instability levels, as reflected by genome-wide changes in DNA copy 

number, are much higher in Type II tumors than in Type I tumors. Type I tumors 

often harbor somatic mutations o f genes encoding protein kinases, including kRAS,
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BRAF, PIK3CA, and ERRB2, as well as other signaling m olecules including C TN N Bl 

and PTEN. In contrast, Type II tumors generally lack these mutations but are 

characterized by a high frequency o ip 5 3  mutations, which are rare in Type I tumors 

(Figure 1.13).

CHIpLOH
p 1 6 lo ss

Type I pathway

Type II pathway

Fallopian tube TPS3 m utations-f CIN

Figure 1.13 Schem atic illustration of Type I and Type I I  ovarian serous 

carcinom a pathogenesis.

(Development o f  ovarian high-grade and low-grade serous carcinom as involves two 

distinct pathways. Low-grade (Type I) carcinom as arise from  serous borderline 

tumors, which in turn develop from serous cystadenomas. This stepwise tum or 

progression in the low-grade pathway contrasts with the rapid progression pathway o f  

high-grade (Type II) carcinomas, for which precursor lesions are not well recognized. 

High-grade carcinomas may arise from ovarian surface inclusions, peritoneal 

mesothelium, or the distal portion (fimbriae) o f  the fallopian tube. These carcinomas 

dissem inate to pelvic and peritoneal organs early in their progression. Abbreviations: 

APST, atypical proliferative serous tumor; CIN, chrom osomal instability; LOH, loss 

o f  heterozygosity; MPSC, m icropapillary serous carcinom a (modified with 

perm ission from [77]).

KMSIiMf
m utations

Low-g ra d e ra  rd n o maCystadenoma

Inclusion
I

High-grade carcinoma
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Certain molecules (e.g, Ets transcription factors) are expressed at all anatomic sites in 

ovarian carcinoma, others (e.g, cadherins, integrins and growth factors) are 

differentially expressed along tumour progression and would obviously have 

different prognostic values depending on the organs sampled [78].

1.11.5/755 mutations

In mammalian cells, p53  represents a multi-leveled protection against oncogenic 

mutations. The p53  gene and its protein have become the center o f intensive study 

ever since it became clear that almost all cancers contain mutations in this gene. It 

contains 393 amino acids and is divided into four domains. In tumours, p53  is often 

functionally inactivated even though the p53  gene remains intact.

^optosj

Cell-cyde arrest,
P D MA re p a l^lur/ivai

p53

Rtoosomal stress■Telomere erosion,

N utrient deprivation

Figure 1.14 Activation and functions of p53. p53  has a key role in integrating the 

cellular responses (pink boxes) to different types o f stress (blue boxes). Activation o f 

p53  can result Ln a number o f cellular responses, and it is possible that different 

responses are induced by different stress signals. There is evidence that p53  can play 

a part in determining which response is induced through differential activation o f  

target-gene expression. The role o f p53  in tumour suppression, development and 

ageing is likely to depend on which cellular response is activated and on the context 

in which the activation occurs.)

p53  is a transcription activator that signals for the upregulation o f  genes involved in 

cell cycle arrest and apoptosis [79] and plays a pivotal role in the maintainance and 

regulation o f  normal cellular functions. p53  is activated by cellular stress, such as 

DNA damage. p53  induces cell cycle arrest to repair DNA damage. I f  this fails, 

induces apoptosis (Figure 1.14). I f p53  is mutated, as found in many human cancers.
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the cell cycle proceeds unregulated, cell growth proliferates, apoptosis pathways are 

not induced and proliferating cells transform into cancer [80], On the other hand, if 

p53 levels are too high, then phenotypes associated with senescence occur [81], Thus, 

p53  is highly regulated by numerous posttranslational modifications and via 

interactions with other proteins to regulate its activity [82], Loss o f heterozygocity 

(LOH) on chromosome 17ql3.1 is a common event in high-grade serous carcinomas 

[83]. The more diligently p53 mutations are sought, the higher the frequency.

1.11.6 M olecular Genetic Data for high-grade serous carcinom as

It has been well established that p53 mutations are frequent in both hereditary and 

sporadic high-grade serous carcinoma [84], The pattern o f K-ras and p53 mutations 

appears to distinguish LMP tumors from invasive carcinomas. [85]. It has also been 

demonstrated that loss o f BRCAI or BRCA2 function by a variety o f mechanisms is 

present in the majority o f both sporadic and hereditary high-grade serous and 

endometrioid carcinomas [86]. Laboratory based evidence suggests that mutation o f 

p53  is an early event in the development o f ovarian carcinoma and is present prior to 

stromal invasion [87]. Additionally, microarray analysis between early and late-stage 

tumours observed differences at the genomic level providing support for a 

progression model for ovarian cancer development [88], distinct molecular events 

during oncogenesis [89] and natural history, including response to chemotherapy 

[90].

These data demonstrating increasing atypia and common and accumulating genetic 

alterations in SEIG, ovarian 'carcinoma in situ', microcarcinomas and typical high- 

grade serous carcinoma suggest that high-grade serous and perhaps endometrioid 

ovarian adenocarcinomas arise from these structures. Additionally, the data from a 

small number o f cases indicates that p53 mutation occurs in preinvasive epithelium 

with loss o f BRCAI or BRCA2 fiinction in the majority o f tumors, findings 

compatible with the high degree o f genetic instability o f these tumours.
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1.11.7 Growth promoting signals

High-grade serous carcinomas are characterized by a high prohferation rate. The 

median Ki-67 labelling index (a measure o f tumour cell proliferation) is 

approximately 2.5 times higher than clear or endometrioid carcinomas. Serous 

carcinomas are characterized by disturbed expression o f proteins that are involved in 

the signaling network o f  cell cycle regulation [91], A critical switch in cell cycle 

progression is the G l-S  checkpoint which is restrained by the tumour suppressor 

gene retinoblastoma 1 (RBI). Active RBI  sequesters the E2F  family o f  transcription 

factors.

1.12 Experimental models of ovarian cancer

The lack o f ovarian cancer-prone mammals has hampered the ability to 

experimentally determine whether and how changes in the surface epithelium occur 

and if they are an aspect o f ovarian oncogenesis. Recently, significant progress has 

been made in genetic modeling o f  EOC in immunocompetent mice [92], In one 

model, an avian retroviral gene delivery technique was employed to introduce 

multiple genetic lesions in mouse ovarian cells engineered to produce the avian virus 

receptor, TVA. Combinations o f c-myc, kRas, and Akt oncogenes introduced into 

primary mouse ovarian cells from pJi-deficient mice were able to induce phenotypic 

changes in mouse ovarian surface epithelial cells in culture and form ovarian 

carcinomas in vivo. Additionally, a transgenic mouse model o f  EOC expressing the 

simian virus 40 DNA under the control o f an ovarian epithelial cell specific gene 

promoter has recently been developed [93]. Female transgenic mice in this model 

develop bilateral ovarian adenocarcinomas accompanied by ascites and peritoneal 

implants.

1.13 Diagnosis

1.13.1 Clinical presentation

Symptoms. The symptoms o f  ovarian cancer are fairly nonspecific and often occur 

when the disease is already spread throughout the abdominal cavity. Abdominal 

discomfort or vague pain, abdominal fiallness, bowel habit changes, early satiety.
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dyspepsia, and bloating are frequent presenting symptoms [94], Occasionally, 

patients may present with bowel obstruction due to intra-abdominal masses 

infiltrating the bowel or shortness o f  breath due to pleural effusion. Early-stage 

disease is usually asymptomatic, and the diagnosis is often incidental, although such 

patients may occasionally present with dyspareunia or pelvic pain due to ovarian 

torsion.

Signs. The presence o f  a pelvic mass at physical examination is the most important 

sign o f  ovarian cancer. Irregularity, solid features, and nodularity are the most 

important characteristics that suggest ovarian cancer. In advanced stages, abdominal 

distension due to ascites and abdominal masses (the om entum  can be palpated when 

infiltrated by tumor) can also be felt. In stage IV disease, a pleural effusion can be 

detected. I f  nodal m etastases are present, inguinal, supraclavicular, and axillary nodes 

may be enlarged at palpation. Rarely, paraneoplastic syndromes may be present, 

including cerebellar degeneration. Superficial throm bophlebitis, derm atom yositis, 

and polyarthritis have also been observed. Venous throm boembolism  occurs in a 

significant proportion o f  ovarian cancer patients and adversely impacts survival, 

particularly among cases with local or regional stage cancer [95]. The typical routes 

o f  m etastases for ovarian carcinom a are intraperitoneal and retroperitoneal. O f these 

metastases, the majority are intraperitoneal. O f  the retroperitoneal spread, lymphatics 

associated with the ovarian vessels drain into the left renal vein and the inferior vena 

cava, while lymphatics associated with the broad ligament drain into the external and 

internal iliac veins, the obturator vein, and the round ligament to the inguinal 

lymphatics [96].

Ultrasonography or abdominal-pelvic com puted tomography (CT) is often performed 

to aid in the evaluation o f  a pelvic mass. Features highly suggestive o f  ovarian cancer 

include the presence o f  a complex ovarian mass, with both solid and cystic 

components, sometimes with internal echoes and/or septations. The presence o f  

ascites or evidence o f  an omental cake or peritoneal metastases, in the presence o f  an 

ovarian mass, is suggestive o f  advanced ovarian cancer. Other imaging techniques, 

such as magnetic resonance imaging or positron emission tomography, may provide 

additional information but are not routinely necessary in preoperative evaluation.
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1.13.2 Prognostic factors

Several factors are recognized prognostic o f  clinical outcom es (response to therapy 

and overall survival) in patients with EOC. FIGO stage and residual disease after 

prim ary surgical cytoreduction, ie debulking status are the most consistently reported 

[97, 98], with tum our stage being the most important prognostic factor. Studies have 

shown that patients treated by a gynaecologic oncologist are more likely to undergo a 

complete surgical staging or have optim al cytoreductive surgery [99], According to 

GOG, age at diagnosis (younger than 69 year), performance status, tumour histology 

(grade, non clear cell histology) and residual tum our volume reflecting success o f  

prim ary surgery, are independent predictors o f  overall survival (OS) [100], However 

they are considered to give little information about the biological variables 

responsible for stage progression and outcome. Several studies, however, have shown 

that tum or ploidy status is o f  prognostic significance in both early and advanced stage 

disease [101].

The relationship betw een age at diagnosis o f  ovarian cancer and prognosis has been 

historically evaluated. In general, younger patients have a higher frequency o f  

borderline and w ell-differentiated invasive EOC. Patients younger than 30 years who 

present with early-stage disease are more likely to be optim ally cytoreduced when 

compared with those older than 40 years. Data also suggest that older women are at 

increased risk o f  recurrence and death. Poorer prognosis in elderly patients can also 

be explained by differences in immune response and comorbidities. Hesitation to 

treat older patients aggressively needs be also considered and this reluctance 

potentially might contribute to the linear relationship between age and progression 

[ 102].

1.13.3 Screening for ovarian cancer

CA-125, a high m olecular weight glycoprotein, is the product o f  the human m ucin 16 

gene and is expressed by both mullerian and coelomic epithelium  [103]. A fter its 

initial discovery in the early 1980 [104], the serum  CA-125 level has been w idely 

used as a m arker for a possible epithelial ovarian cancer in the prim ary assessment o f 

a pelvic mass. The serum  level o f  the CA-125 antigen has been docum ented as a 

useftal m arker for evaluating the status o f  disease in individual patients with EOC
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[105]. A rising antigen level, confirm ed on repeat laboratory testing, provides very 

strong evidence for progression o f  the disease process. Conversely, a declining value 

is a reliable indicator o f  a biological response to a particular therapeutic program.

Increases o f  CA-125 above the norm al range have been shown to herald radiographic 

progression and recent studies have been shown rises above the normal range to be 

predictive o f  disease progression [106, 107], CA-125 is even an independent 

predictor o f  progression free survival (PFS) and OS in ovarian cancer patients with 

surgically defined status at second look laparotomy [108].

However, the sensitivity and specificity in both pre and post menopausal wom en are 

still low [109]. In this setting, false-positive results may derive secondary to several 

conditions, especially those associated with peritoneal inflamm ation, such as 

endometriosis, adenomyosis, PID, m enstruation, uterine fibroids, or benign cysts 

[110], M alignancies other than ovarian cancer such as endometrial, lung, breast, 

pancreas and colon can also increase CA-125 levels, but the most marked elevations 

(>1500 U/mL) are generally seen w ith ovarian cancer. Due to these limitations, it has 

been proven insufficient for population-based screening.

1.13.3.1 Clinical applications o f  C A -125

The prim ary use o f  CA-125 m easurem ent is to monitor the disease status o f  patients 

with ovarian cancer such as detecting recurrence or assessing response during 

chemotherapy. Rising values o f  serum  CA-125 correlate with disease progression in 

approxim ately 90% o f  cases. Persistent elevation o f  CA-125 correlates with residual 

disease at second-look surgery in 95% o f  the cases. Also in patients who are in 

complete remission, an elevation o f  CA-125 may preceed any other evidence o f  

recurrence. Serum CA-125 levels are also included in the Am erican College o f  

Obstetricians and Gynecologists and Society o f  Gynecologic Oncologists guidelines 

for referring patients to a gynecologic oncologist.

CA-125 has also a role in distinguishing m alignant from benign pelvic masses. 

Transvaginal Scan (TVS) and pow er Doppler can often determine whether a pelvic 

mass is likely to contain cancer, but an elevated CA-125 is associated with a 

malignant pelvic mass in 94% o f  cases. Jacobs et al. developed a risk o f  m alignancy
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index incorporating CA-125, sonography and m enopausal status that can estim ate the 

malignant potential o f  a pelvic mass w ith high sensitivity and even higher specificity 

[ 1 1 1 ].

CA-125 ha lf life correlates with the survival o f  ovarian cancer patients [112], 

Following com plete resection, CA-125 normalizes in 2 weeks; a rapid and com plete 

response to chemotherapy will shorten the apparent ha lf life o f  CA-125. In this 

respect, CA-125 can be an estim ate o f  prognosis.

1.13.4 Identification of novel biomarkers

In an attempt to improve CA-125 m easurem ent for the detection o f  epithelial ovarian 

cancers, especially at an early stage, several novel tum our markers have been 

evaluated in patients with ovarian cancer. Exam ples include lysophosphatidic acid, 

(found to be elevated in serum and ascitic fluid) [113], m esothelin [114], HE4 [ 115], 

osteopontin [113], angiogenic factors [116] and different kallikreins [117] [118]. 

Although their sensitivities and specificities for predicting ovarian cancer were no 

better than those o f  CA-125 alone, the com bination o f  m ultiple markers is prom ising 

[119].

1.13.5 Im aging in ovarian cancer

Non-invasive imaging is extensively used in the investigation o f  patients with 

m alignancy including ovarian cancer (Figure 1.15). A range o f  diverse but often 

distinctive imaging traits are exhibited using ultrasound (US), CT, m agnetic 

resonance imaging (M RI) and positron emm ision tom ography (PET), many o f  which 

currently are o f  unknown significance, but which probably reflect the underlying 

biochem ical and physiological interplay betw een cancer cells, stroma and blood 

vessels.

The m ainstay o f  ovarian imaging is gray scale TVS. TVS augm ented by 3D Colour 

Doppler m apping o f  vessel distribution improves detection o f  m alignancies com pared 

to grey scale imaging [8]. Vascular indices such as vascularization index o r flow 

index may be associated w ith tum our angiogenesis [9],
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CT can provide staging information for preoperative planning and determ ination o f  

surgical resectability, can assess tumor response to chemotherapy, and can detect 

persistent or recurrent disease after prim ary treatment in patients with epithelial 

ovarian cancer [120], Its major limitation is the low sensitivity for small tum or 

implants, especially on the small bowel or mesentery.

'^Fluoro-deoxy-glucose (FDG)-PET scanning uses the fact that malignant cells have 

an increased glucose metabolism; therefore, a higher uptake o f  FDG occurs in 

m alignant cells than it does in normal tissue.

CT and FDG-PET may detect metastatic disease [13]. Combined PET/CT is a new 

im aging technology where the patient undergoes PET and CT in one session and the 

functional and anatomical images are fused. Recently, FDG-PET/CT has been 

increasingly used and appears to have a high diagnostic value in differentiating 

betw een malignant and benign tumors [121]. MRI has a very high sensitivity in 

detecting ovarian cancer and can also identify com m on benign tum ours [122].

FDG-PET3-D coTc

Figure 1.15 Imaging methods in ovarian cancer 

1.13.6 Screening programs

Clinical algorithms for the triage o f  patients with a pelvic mass to tertiary centers are 

lacking. Historically, the tum our marker CA-125, pelvic ultrasound and bimanual 

pelvic examinations have been used as screening tools for ovarian cancer detection in 

asym ptom atic pre- or postmenopausal women. O f those, CA-125 has proven the most 

useful [123].
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Early-stage ovarian cancer is associated with an excellent prognosis after optimal 

therapy. Thus, detection o f early-stage disease is a key goal in reducing mortality due 

to this disease. Unfortunately, no screening program for ovarian cancer tested thus far 

has been shown to achieve this purpose. Several large prospective studies attempted 

to identify the best strategy for detecting early-stage disease and therefore reducing 

mortality by using either CA-125 [124] or ultrasonography [125] as the primary 

screening test. A low positive predictive value was observed obviously due to the 

commonality o f benign pelvic lesions, even in postmenopausal women. High 

specificity is vital in screening strategies for ovarian cancer because a positive test 

result generally requires definitive surgical assessment. Given the relatively low 

prevalence o f  ovarian cancer, a test with 99% specificity would result in 10 surgical 

procedures for every ovarian cancer detected [126]. Combination test strategies only 

slightly improved the predictive value o f CA-125 [127].

Finding an effective strategy to screen for ovarian cancer is a high priority in the 

cancer research community. Current approaches being studied include high- 

throughput techniques using microarray technology and proteomic screening to 

identify panels o f  novel markers that may be altered early in the disease [128],

1.14 Current management of ovarian cancer

The first step in the management o f patients with epithelial ovarian cancer is an 

accurate diagnosis and thorough staging, with optimal surgical cytoreduction o f 

metastatic disease, also referred to as debulking surgery (Figure 1.16). Postoperative 

platinum-based and taxane chemotherapy is then administered to patients with a 

significant risk o f recurrence [97, 129].

Despite improved outcomes for many ovarian cancer patients over the past decade, 

the long term survival has not been yet uniformly improved. For this reason, 

identification o f prognostic factors predictive o f clinical outcome in patients with
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ovarian cancer may facilitate the design o f  more targeted, tailored therapeutic 

regim ens in the future.

Image guided core biopsy
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Figure 1.16 Management algorithm for patients with ovarian cancer

Three reasons are responsible for unfavourable prognosis in ovarian cancer.

• Lack o f  robust and minimally invasive m ethods for early detection

• Asymptomatic nature o f  the disease in its early onset

• Development o f  recurrence/ resistance to chemotherapy which makes 

response to first-line treatment largely unpredictable

1.14.1 Surgery

In patients with disease apparently confined to the pelvis, thorough staging is 

essential to define the correct extent o f  the disease at time o f  diagnosis [130]. 

Considering the possible routes o f  spread, other than the debulking o f  all visible 

tumor, peritoneal washing, peritoneal biopsies representative o f  the entire abdominal 

cavity, and a retroperitoneal assessment that involves both the pelvic and para-aortic 

area are performed. Sites o f  unsuspected disease are most likely to be pelvic 

peritoneum , ascites fluid, other pelvic tissue, para-aortic nodes, and diaphragm.
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Inadequate surgical staging can lead to understaging and subsequently inadequate 

postoperative treatment, which can ultimately worsen patients’ prognosis. Adequate 

staging presents as perhaps the best treatment option in patients with presumed early- 

stage disease [131],

Cytoreductive surgery is the cornerstone o f the initial treatment o f patients with 

advanced ovarian cancer. The amount o f residual disease after primary surgery is 

generally considered the most important modifiable prognostic factor that influences 

survival o f  patients with advanced disease. Nearly all retrospective and prospective 

studies have confirmed that the extent o f cytoreductive surgery and the amount o f  

residual disease after primary surgery are the most important factors that influence 

the survival ofpatients with advanced ovarian cancer [132] (Figure 1.17).
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Figure 1.17 Residual disease affects overall survival in patients with stage IIIC 

ovarian cancer (n=l94; log-rank test, P<0.001).

The tendency o f ovarian cancer to remain clinically confined in the peritoneal cavity 

also reflects the ability to achieve optimal cytoreduction in 60% of women with 

advanced EOC. Optimal cytoreduction for advanced ovarian cancer is defined as 

removal o f all disease 1 cm or larger in diameter. Tumours amenable to 

cytoreduction are rather characterized by superficial implants without distant 

metastatic or parenchymal disease, are usually well differentiated without deep-tissue
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invasion or dense adhesions and this contributes to an improvement in long-term 

outcomes. This unusual biology has prom pted evaluation o f  various intraperitoneal 

treatm ent modalities, including cytotoxic chem otherapy, radioisotopes or monoclonal 

antibodies.

The quoted sites o f  disease most frequently precluding optim al cytoreduction are the 

diaphragm, bowel and portal triad. Studies consistently show that gynecologic 

oncologists are more likely than general surgeons to perform  optimal surgery for 

ovarian cancer [133]. As a result, the National Institutes o f  Health, Am erican College 

o f  Obstetricians and Gynecologists, and Society o f  Gynecologic Oncologists all 

recom mend that women with ovarian cancer be referred to a gynecologic oncologist 

for their initial surgery [99].

An often-stated justification against aggressive surgical resection arises from the 

hypothesis that the initial extent o f  advanced disease correlates with the 

aggressiveness o f  the underlying tum or biology and that this will ultimately dictate 

outcome, independent o f  the amount o f  residual disease at the end o f  the surgical 

procedure [134]. In view o f  this, several radical surgical procedures, including 

intestinal resection, splenectomy, diaphragmatic resection and hepatic resection have 

been described as treatm ents o f  advanced ovarian cancer with acceptable morbidity, 

in the context o f  primary or secondary debulking.

1.14.1.1 Interval D ebulking

Interval debulking surgery is defined as an operation performed after a course o f 

induction (or neoadjuvant) chemotherapy, usually 2 or 3 cycles o f  chemotherapy. The 

prim ary aim o f  this procedure, which is the sam e as for upfront surgery, is to reduce 

the volume o f  residual disease and hence im prove the likelihood o f  complete 

response to chemotherapy. M any clinicians and m edical centers have already started 

this alternative treatment strategy [135], usually reserved for patients with a high risk 

o f  major perioperative morbidity at initial diagnosis, even though the precise role o f  

neoadjuvant chemotherapy in the m anagement o f  advanced-stage EOC has not yet 

been established. The absolute indications for neoadjuvant chemotherapy appear to 

be Stage IV disease (excluding pleural fluid) or metastases o f  more than 1cm at sites 

where resection is impossible [136]. This type o f  operation can be performed even

47



after a suboptim al prim ary attempt o f  debulking, followed by 2 to 3 courses o f  

platinum -based chem otherapy and it is shown to improve survival [137].

1.14.1.2 Can we predict surgical “resectability”?

A critical and challenging point in defining patients who might benefit either from an 

upfront radical surgical or an interval debulking approach is the developm ent o f 

models that allow physicians to have clear and reliable selection criteria for 

identifying patients who are not candidates for prim ary cytoreduction. Num erous 

studies have tried to develop a model to predict which patients are more likely to be 

able to undergo optimal debulking using features that can predict surgical outcome, 

such as disease extent on imaging, am ount o f  ascites, serum  m arker CA-125, or gene 

expression [138-140], The prediction rate in these studies ranges widely, fi-om 70% 

to 90%, indicating that it is unclear whether these results are patient or center 

dependent.

1.14.1.3 Second-look surgery and Secondary Debulking

Nowadays, second-look operation is not routinely used because o f  the lack o f  

adequate data showing a clear survival benefit for patients undergoing this surgical 

procedure, and it should be reserved to patients enrolled in clinical research protocols 

or to selected cases [141]. In general, for advanced disease, even if the second-look 

laparotomy is negative, one-half will develop a recurrence. The role o f  the second- 

look laparotomy as a secondary debulking procedure has been suggested by some but 

appears to be beneficial in only a small subset o f  patients-less than 10%. It is 

therefore performed in US and some European centers and is not a comm on practice 

in Ireland, which makes availability o f  “recurrent” samples lim ited and extrem ely 

valuable. [142]. Although prim ary cytoreduction is universally considered the 

cornerstone o f  initial m anagement for patients with advanced disease, the role o f  

secondary cytoreductive surgery at the time o f  second-look operation is still debated. 

Several factors correlate with good prognosis after secondary cytoreductive surgery: 

longer disease-free interval, number o f  tum or nodules at time o f  recurrence, smaller 

residual tum or at prim ary surgery, good response to first-line platinum  

chemotherapy, and smaller size o f  m axim um  tumor at recurrence. In an attem pt to 

identify ideal candidates for secondary surgery, Onda et al. suggested that patients
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with recurrent ovarian cancer should be considered ideal for secondary surgery when 

they have 3 or all o f  the following 4 factors at recurrence; (1) disease-free interval 

longer than 12 months, (2) no liver metastasis, (3) a solitary tumor, and (4) tumor 

size smaller than 6 cm. Exclusion criteria included (1) age o f  75 years or older at 

recurrence, (2) bad perform ance status and (3) progressive disease during presurgical 

chemotherapy, if undertaken. A complete secondary surgical cytoreduction was 

achievable in most o f  these selected patients and was associated with a significant 

survival benefit [143]. Elevated CA-125 values at the time o f  second-look operation 

are strong predictors o f  persistent disease, while normal antigen levels can be 

associated with both negative and positive second-look findings [144].

1.14.1.4 Fertility-Sparing Surgery

Two groups o f  young patients with epithelial cancer may be considered for a 

conservative surgical approach; (1) young wom en with borderline ovarian tum ors - 

often diagnosed incidentally after oophorectomy or cystectomy- since the rate o f  

recurrence after a conservative treatment is very low (3%-6%) suggesting that 

eventual restaging after an incomplete prim ary staging is not required. (2) young 

women with invasive ovarian cancer macroscopically confined to one ovary, who 

desire further childbearing. These patients undergo a unilateral salpingo- 

oophorectomy with comprehensive staging. Again, the recurrence rate and the overall 

survival rate have been reported to be similar among patients with ovarian cancer 

who were treated conservatively and those who underwent more aggressive surgical 

procedures [145]. Pregnancies after fertility-sparing procedures have also been 

reported.

1.14.2 Radiation

The use o f  whole abdominal irradiation (W AI) as consolidation therapy would appear 

to be a logical strategy given its ability to sterilize small tum our volumes. Despite the 

clinically proven efficacy o f  WAI, the use o f  radiotherapy in ovarian cancer has 

profoundly decreased mainly due to high treatm ent-related toxicity. Postoperative 

radiotherapy as a consolidation treatment with or without prior chemotherapy has 

been investigated on numerous occasions, though initially with inconsistent and often 

disappointing results [146]. In addition to inappropriate patient selection, another
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possible explanation for the treatm ent failure observed in these trials was the high- 

degree o f  toxicity resulting in delayed or incomplete radiotherapy.

1.14.3 Chem otherapy

Ovarian cancer is a chem osensitive disease and com bination chemotherapy can result 

in com plete rem ission in approxim ately 75% o f  patients. Clinicians generally treat 

ovarian carcinom as as a single entity despite pathological classification. The decision - 

to give chem otherapy is generally based on stage and grade. Oncologists h a \e  noted 

that the dism al response rate o f  clear cell and m ucinous carcinom as to chemotherapy 

(15%) contrasts sharply with that o f  high-grade serous carcinom as (80%) [147] 

[148]. W ith the exception o f  clear cell carcinom a, histology has not been a factor 

used to determine chem otherapy management.

1.14.3.1 Early-Stage Disease

The role o f  chem otherapy for patients with stage I and II ovarian cancer was studied 

by the GOG in 1980. Current recom m endations are for no postoperative treatment o f  

patients with early-stage (stage lA and IB) ovarian cancer with well- or moderately 

w ell-differentiated tumors. Postoperative treatm ent with either paclitaxel plus 

carboplatin is recom m ended for patients with early-stage disease with poor 

prognostic features, such as stage IC with tum or on the ovarian surface, ruptured 

capsule, ascites or positive peritoneal washings, clear cell histology regardless o f  

stage and all patients with stage II disease).

1.14.3.2 Evolution of Chem otherapy for A dvanced-Stage Ovarian Cancer

From the 1960s to the present, prim ary chem otherapy for advanced ovarian cancer 

has evolved from single alkylating agents to cisplatin and cisplatin-based 

combinations, followed by incorporation o f  paclitaxel and substitution o f  carboplatin 

for cisplatin [149]. Currently, platinum  drugs are the most active agents in epithelial 

ovarian cancer [150] (Table 1.6). Several platinum  analogues have entered the clinic 

in the past 30 years and since the turn o f  the new millennium, this strategy seems to 

finally be proving successful (Figure 1.18). Oxaliplatin, originally described in the 

late 1970s, has a spectrum  o f  activity and m echanism s o f  action and resistance that
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appear to be different from those o f other platinum-containing compounds, notably 

cisplatin. In contrast to cisplatin and carboplatin, the accumulation o f oxaliplatin 

seems to be less dependent on the copper transporter CTRl [151]. Mismatch repair 

(MMR) recognition proteins do not recognize oxaliplatin-induced DNA adducts 

[152] Despite these advances, most patients with stage III and IV ovarian cancer are 

not cured o f their disease.

Melphalan, chlorambucil, or cyclophosphamide as single agents in advanced ovarian 

cancer produced response rates o f 35-65% [153]. In the 1970s, combination 

chemotherapy resulted in improved response rates and survival times compared with 

single-agent therapy. A few years later, the first study to show improved survival 

with combination chemotherapy was published. The combination o f  altretamine 

(hexamethylmelamine), cyclophosphamide, methotrexate, and fluorouracil was 

compared with melphalan, with overall response rates o f 75% vs 54% and a longer 

median survival (29 vs 17 months) for the combination [154]. In 1982, Decker et al. 

reported 2-year survival rates o f 52% and 19% with cyclophosphamide plus 

cisplatinum vs cyclophosphamide alone [155].

In 1986, GOG reported a study o f  doxorubicin plus cyclophosphamide vs 

cyclophosphamide, doxorubicin and cisplatin with median survival times o f 7.7 vs 

13.1 months and an overall survival time o f 9.7 vs 15.7 months [156].
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Table 1.6 Table o f platinum  drugs used in cancer with indications, years o f  

approval from the Food and Drug A dm inistration (FDA) and their dose hmiting 

toxicities).

Indication

CIspiatfn (IV Injection)

Metastatic testicular cancer

Metastatic ovarian cancer

Tramitional bladder cancer

C arbopla tin  (IV Injection)

Ovarian cancer (palliative after previous 
chemotherapy)

Ovariancancer. first line

Oxalipiatin (IV Injection)

Accelerated approval metastatic colorectal 
cancer (second line with 5FU with LV)

Colorectal cancer (previously untreated or 
adjuvant treatm ent with SFU with LV)

Satrapfatin

IHormone-refractory prostate cancer 

Picoplatin

Small-cell lung cancer

Approval year or approval/ 
developm ent status

1978

1978

1993

1989

1991

2002

2004

Under consideration for 
approval by the  F DA

f’fvasc III trial about to  begin

O ose-lim iting tox icities

Nephrotoxicity 

Neurotoxicity, ototoxicity 

Nausea and vomiting

Myelosuppression Ithrombocytopenia 
and neutropenia)

Nausea and vomiting (but less than 
with cisplatin)

Neurotoxicity (sensory peripheral 
neuropathiy)

Nausea and vomiting

MyeiosuppressJon Ithrombocytopenia 
and neutropenia)

Myelosuppression (thrombocytopenia 
and neutropenia)

These studies and a Netherlands Cancer Institute study established the routine 

addition o f  cisplatin to combination chem otherapy for advanced ovarian cancer 

[157], W ith the widespread adoption o f  adjuvant platinum -based com bination 

chem otherapy for advanced-stage disease, the relapse-free interval after completion 

o f  that therapy (or the platinum -free interval) has been recognized as a predictor o f 

the likelihood o f  subsequent response to chemotherapy. Patients with a relapse-free 

interval o f  more than 6 months (platinum  sensitive) had a higher probability o f 

responding to platinum  again and to other chemotherapeutics. Platinum -resistant 

disease included disease that relapsed within 6 months o f  adjuvant therapy or disease 

that progressed while the patient was taking platinum  in the salvage setting.
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Figure 1.18: IVIilestones in the development of platinum drugs for cancer  

therapy

In 1989, paclitaxel was first reported as an active agent in ovarian cancer with a 

response rate o f 24% in platinum-resistant disease [158], In 1996, McGuire et al. 

[129] reported the results o f GOG 111, which studied cyclophosphamide and 

cisplatin compared with paclitaxel and cisplatin in patients with stages III and IV 

ovarian cancer. That study found response rates o f 60% vs 73%>, progression-free 

survival times o f 13 vs 18 months, and median survival times o f 24 vs 38 months, all 

favoring the paclitaxel and cisplatin combination. A European-Canadian trial 

published in 2000, confirmed the superiority o f  paclitaxel plus cisplatin over 

cyclophosphamide and cisplatin [159].

Carboplatin has then substituted cisplatin in combination with paclitaxel with similar 

efficacy but reduced toxicity [160], possibly because carboplatin administration 

before paclitaxel has not been shown to interfere with clearance o f  paclitaxel. In 

patients with advanced ovarian cancer, a chemotherapy regimen consisting o f  

carboplatin plus paclitaxel results in fewer gastrointestinal and metabolic toxic 

effects, is easier to administer, and is not inferior, when compared with cisplatin plus 

paclitaxel [161]. Thus, 3-hour paclitaxel with carboplatin became the standard first- 

line chemotherapy for epithelial ovarian cancer.
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GOG 182-ICON-5 was a 5-arm phase 3 trial o f  intravenous paclitaxel and 

carboplatin vs that same doublet plus a third agent, gemcitabine, liposomal 

doxorubicin, or topotecan, in patients with advanced stage ovarian or primary 

peritoneal cancer. No evidence was available to indicate that adding a third cytotoxic 

agent prolonged progression-free survival [162].

1.14.3.3 Intraperitoneal Chemotherapy

Because advanced ovarian cancer is often limited to the peritoneal cavity, 

intraperitoneal as opposed to systemic administration o f  chemotherapy was proposed 

as a strategy to increase drug concentrations in the abdominal cavity. While studies 

with intraperitoneal cisplatin have documented a modest improvement in median 

survival [163] [164], this was at the expense o f toxicity and overall treatment 

complexity [165]. On the basis o f  these findings, the National Cancer Institute (NCI) 

issued a clinical advisory that recommended a regimen containing intraperitoneal 

cisplatin and a taxane given intravenously or intravenously and intraperitoneally for 

women with optimally debulked stage III ovarian cancer [166]. The optimal dose and 

schedule o f intraperitoneal chemotherapy are under investigation. Unfortunately, no 

intraperitoneal regimen has been compared with what many consider the current 

standard, intravenous carboplatin and paclitaxel [167].

1.14.3.4 Maintenance Therapy.

Maintenance (or consolidation) therapy for patients in complete remission, represents 

another area o f controversy in ovarian cancer management. Treatment with topotecan 

[168], interferon alfa [169] and vaccines targeting CA-125 [170] did not improve 

survival after chemotherapy. A randomized trial o f 12 vs 3 months o f  maintenance 

paclitaxel after complete response to initial therapy improved progression-free 

survival but not overall survival [168]. A prospective randomized trial o f  whole 

abdominal radiation therapy after induction therapy did not improve survival [171], 

Cure et al. found no improvement in overall survival with high-dose chemotherapy 

and stem cell support compared with 3 cycles o f  conventional dose carboplatin and 

cyclophosphamide after response to primary therapy for advanced disease [172].
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Intraperitoneal radioactive vs observation in patients with stage III disease after 

negative second-look laparotomy did not decrease the risk o f  relapse or improve 

survival [173],

1.14.3.5 Neoadjuvant Therapy

Neoadjuvant therapy is a strong consideration for those individuals who are deemed 

to be poor surgical candidates at the time o f  initial diagnosis. In addition, for patients 

diagnosed with stage IV disease, especially those with a high burden o f  metastatic 

disease, treatment can begin with chem otherapy and response to chemotherapy can 

dictate subsequent decisions about aggressive surgical debulking. No published 

random ized trials have evaluated neoadjuvant chemotherapy, but one trial is in 

progress [174].

1.14.3.6 Chem otherapy for recurrent disease

The m anagement o f  patients with recurrent ovarian cancer remains an area o f  active 

investigation. Salvage chemotherapy is important in ovarian cancer because many 

patients respond to several salvage regimens. Because o f  the high response rate o f 

ovarian cancer, even after relapse, it is probably better to consider 10-year survival as 

the ideal endpoint [175].

Unfortunately, most wom en with advanced-stage ovarian cancer will experience 

disease relapse after prim ary chemotherapy and will develop symptomatic recurrent 

disease. M edian survival after recurrence is 2 years [176], Since cure is not 

essentially feasible, the prim ary goal o f  therapy is m anagement o f  symptoms [177]. 

However, palliation in recurrent ovarian cancer has not been adequately studied due 

to difficulty evaluating quality o f  life and sym ptom  control. Data from platinum  

compounds provide the best evidence that the “platinum -free interval” following 

platinum  based treatment is a strong predictor o f  response to chemotherapy for 

recurrent disease [178]. Surprisingly, in a trial o f  second-and third-line paclitaxel 

treatment, other factors such as serous histology, tum our burden (as assessed by size 

o f  the largest lesion and number o f  disease sites) and normal baseline haemoglobin 

were found to be significant predictors o f  response [179]. W hile it is reasonable to 

accept why smaller tumours should be more responsive and that patients with only
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one or two sites o f  disease should benefit from therapy, it is som ewhat surprising that 

serous histology represents the most favorable in response to subsequent 

chemotherapy in relapsed ovarian cancer [180],

Patients have been categorized as having platinum -sensitive disease if  their disease- 

free interval is >6 months. Following adm inistration o f  single regim en carboplatin in 

the above patients, combination chem otherapy with carboplatin and paclitaxel has 

provided higher response rate than that achievable with single agents [177], At 

present, a phase III random ized trial is being conducted by GOG, com paring 

paclitaxel plus carboplatin versus gem citabine plus carboplatin, both regim ens being 

currently acceptable treatm ent options for patients with platinum -sensitive recurrent 

ovarian cancer.

For patients with platinum -resistant disease, the selection o f  several agents have 

shown some activity, including topotecan [181], liposomal doxorubicin [182], 

taxanes |183], gemcitabine [184], oral etoposide [185], altretamine 

(hexam ethylmelam ine) [186] and ifosfamide [187], The selection o f  which individual 

agent to use has been prim arily based on toxicity considerations. These agents 

usually have response rates o f  approxim ately 5-20%, possibly because they ignore 

certain aspects o f  tum our biology. W ith these rather low response rates, patients 

frequently have to make a decision about either continuing chem otherapy or 

receiving supportive care only. Assessm ent o f  chem otherapy sensitivity and 

resistance assays in the front-line setting identified no assays for which the evidence 

base was sufficient to support their use in oncology practice outside a clinical trial 

setting [188].

1.14.3.7 Individualized Therapy

An ultim ate goal in cancer therapy is to devise individually tailored treatm ent that 

targets growth-prom oting pathways and circum vents drug resistance. Exploration o f  

alternative treatm ent options represents a real challenge and grow ing evidence 

suggests that uncom m on histologies are not generally platinum  responsive [189], As 

a global strategy for second- or third-line treatm ent does not exist, initial efforts have 

been made to evaluate chem osensitivity assays for patients with recurrent disease 

[190]. Also, models have been proposed for prospective validation o f  treatm ent
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selection criteria [191], hopetlilly to be applied to future randomized trials o f assay- 

directed therapy. Identification o f new biomarkers to be included in clinical trials is 

urgently needed.

1.14.3.8 New therapeutic strategies

Unfortunately, in women with advanced disease, cells initially sensitive to 

chemotherapy can later regrow and this reflects unacceptably low median overall 

survival (24-60 months). Apart from the manipulation o f doses, schedules, mode of 

delivery and combination o f existing drugs, the development o f new therapeutic 

approaches represents a challenging priority. Numerous strategies are being pursued. 

One is to use current high-throughput genomic studies to analyze thousands o f  genes 

in the tumors o f women with chemosensitive vs chemoresistant disease [192]. The 

goal o f  this approach is to be able to predict, at the outset, which women will benefit 

significantly from standard chemotherapy approaches vs those who should be treated 

with alternative approaches.

Technologic advances that allow us to examine the molecular machinery driving 

cancer cells have helped to identify numerous mediators within ovarian cancer cells 

that can be targeted with new molecular strategies. Examples include agents that 

block stimulatory growth factor receptors at the cell surface, small molecule 

inhibitors o f signal transduction pathways, approaches that harness specific elements 

o f the immune system that ovarian cancers have successfully suppressed, gene and 

viral therapy strategies, and antiangiogenesis strategies, covering all aspects o f cancer 

hallmarks.

1.14.3.9 Novel cytotoxics

Epothilones are natural bacterial microtubule stabilizing agents that act similar to 

taxanes, inducing microtubule bundling, formation o f  multi-polar spindles and 

mitotic arrest [193]. One o f their potential advantages is that their cytotoxicity in 

vitro is minimally reduced by p-glycoprotein overexpression, a well known factor 

involved in multi-drug resistance [194].
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Yondelis, also known as trabectedin, is a marine-derived compound which selectively 

binds to the minor groove o f DNA and by inhibiting transcription in a promoter- and 

gene-dependent fashion, it induces apoptosis and cell cycle arrest [195]. Trabectedin 

was found to be active in both platinum-sensitive and platinum-resistant ovarian 

cancer patients [196] and is currently being evaluated in relapsed advanced ovarian 

cancer.

Telcyta is a glutathione pro-drug activated by glutathione-S-transferase (GST), 

releasing electrophilic fragments capable o f inducing apoptosis. It is expected to 

overcome chemoresistance to alkylating and platinum agents, associated with GST 

overexpression [197].

1.14.3.10 M olecularly targeted agents

As the various cellular processes involved in tumorigenesis are progressively 

uncovered, a wide array o f  molecular targets have been developed to target processes 

such as angiogenesis, signal transduction, cell cycle regulation, metastasis, apoptosis 

and protein translation. Given the biological heterogeneity o f ovarian cancer and the 

absence o f  a specific mutation as responsible for initiation or progression o f disease, 

combining molecular targeted agents with cytotoxic regimens appear to be the more 

attractive strategy [198].

Inhibitors o f the erbB family o f receptor tyrosine kinases have been studied in 

ovarian cancer. This receptor family and their ligands promote tumorigenesis through 

a variety o f stimulatory and cell survival pathways. ErhBl or epidermal growth factor 

(EGFR) is overexpressed in 40-70% o f ovarian cancer cases and is associated with 

poor prognosis. Inhibitors o f  EGFR signaling include small molecules such as 

gefitinib and monoclonal antibodies, such as cetuximab. Trastuzumab (Herceptin) is 

a humanized monoclonal antibody against HER-2/erbB-2. Small molecule inhibitors 

o f the epidermal growth factor receptor {EGFR, erbBl) have shown minimal activity 

in women with recurrent ovarian or peritoneal cancer [199]. Humanized monoclonal 

antibodies against EGFR are currently being tested either alone or in combination 

with chemotherapy in ovarian cancer. Lapatinib is a potent dual inhibitor o f EGFR 

and HER-2/erbB2. It is hypothesized that a dual inhibitor o f these important
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pathways should have significant therapeutic advantages over single receptor 

inhibitors.

Angiogenesis, which is controlled by a range o f pro-angiogenic factors, plays a 

central role in the physiological fianction o f the healthy ovary. It could therefore be 

anticipated that the abnormal angiogenesis that characterises malignancy would be 

especially relevant in ovarian cancer disease [200]. The driving factor behind 

angiogenesis in ovarian cancer is VEGF. Previous work in our lab suggest VEGF acts 

as a prognostic marker in ovarian cancer with an association with CD31, suggesting 

it plays a role in angiogenesis.and chemoresistance [201].

Several agents have been developed to inhibit VEGF or its receptors (VEGFR and 

VEGFR2). Bevacizumab is a recombinant humanized monoclonal antibody against 

VEGF, which has shown activity in ovarian cancer [202]. Several case series and 

Phase II studies indicate that in ovarian cancer bevacizumab is active as a single 

agent or in combination with other drugs. Currently, ongoing Phase III trials are 

testing bevacizumab in front-line adjuvant therapy with carboplatin and paclitaxel 

[203],

Numerous other biologic therapies are being pursued in ovarian cancer [204], 

including new strategies that target unique receptors that are overexpressed in ovarian 

cancer [205], members o f the PI3K/AKT/mTOR pathway [206], metalloproteinases 

[207], immunotherapies focusing on varied modes o f anti-tumor vaccine 

development, (dendritic cell vaccines, adoptive T-cell transfer, immune modulatory 

therapy), thus subverting natural tolerance mechanisms or boosting effector 

mechanisms, use o f cytokines and/or chemotherapy with immune therapy [208].

CA-I25 has been used as a response criterion o f molecular targeted agents with 

controversial results [209],

1.14.3.11 Chem oresistance and survival outcom es in ovarian cancer patients

Tumour resistance to chemotherapy is a well-known clinical phenomenon, 

considered to represent a complex pleiotropic response [210]. Ahhough extrapolation 

to the in vivo situation is linked with certain limitations, in vitro systems can also
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reflect fundamental m echanism s o f  acquired resistance under simplified but 

standardized experim ental conditions [211], Nevertheless, cell line studies verify the 

G oldie-Coldm an hypothesis, according to which chem oresistance is believed to result 

from a clonal selection process driven by the acquisition o f  drug resistance 

mutations; only those cells that survive a drug-induced insult will regrow.

When investigating prim ary tum ours, param eters introducing variations are clonal 

heterogeneity o f  the tum our cells, variable genetic backgrounds o f  donors, 

contam ination with other cells and cross-talk with other non tum our structures. Thus, 

in prim ary tum ours only a small percentage o f  the cells are likely to possess a 

chemoresistant phenotype.

In vitro chem oresistance and biom arker profiles are unique for histologic subtypes o f  

EOC [212]. For example, endom etrioid tum ours are less frequently resistant to 

cisplatin when compared to papillary serous tumours. M ucinous tumours have the 

highest percentage o f  cisplatin resistance and surprisingly clear cell and 

undifferentiated carcinom as slow er rates o f  paclitaxel resistance. These findings 

support the idea that histologic subtype may be a more significant factor than grade 

in determ ining chem oresponsiveness [213].
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Figure 1.19 Some of the possible mechanisms of chemoresistance. These may be 

due to pharmacokinetics, the tumour microenvironment or may be cancer-cell- 

specific. These influence the response to chemotherapy by principally affecting 

intracellular active drug concentrations, drug-target interactions, target-mediated cell 

damage, damage-induced apoptotic signalling or the apoptotic effector machinery.

EOC is considered to be a chemoresponsive neoplasm, with initial response rates to 

systemic therapy exceeding 80% when integrated with primary cytoreductive
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surgery. W hile advances in treatm ent strategies have improved the median overall 

survival for optim al debulked patients to 66.5 months, the m ajority o f  patients will 

relapse and eventually develop chem otherapy-resistant disease [214]. The treatment 

course for advanced ovarian cancer is m arked both by chem otherapy sensitivity at the 

outset and by eventual death from resistant disease in patients who relapse. 

Aggressive surgical debulking and platinum  plus taxane therapy have improved 

median survival from 1 year in 1975 to approxim ately 5 years in 2005, but the long­

term  cure rate remains in the 20% to 30% range [215]. Approximately 50% o f  

patients will enter a pathological first com plete clinical rem ission, yet 90%> o f 

suboptim ally debulked patients and 70%> o f  optim ally debulked patients relapse in 18 

to 24 months. Subsequent and repeated chem otherapy responses are often seen with 

ever shortening intervals until broad chem otherapy resistance develops.

As a result, there is increasing evidence in evaluating consolidation strategies 

following prim ary therapy as a means to further increase survival outcom es [216]

Resistance to chem otherapy is a major barrier to effective treatment for many cancer 

types and possible mechanisms are displayed in Figure 1.19. Resistance mechanisms 

may either act directly against a dm g (e.g. limiting intracellular dnig accumulation, 

increasing drug detoxification via glutathione conjugation [217], or failing to convert 

drug precursors into their active form), mediated by members o f  the ATP binding 

cassette transporter superfam ily [218] or act by com pensating for drug-induced 

effects (e.g. altering am ounts or activities o f  drug targets, activating analogous 

pathways not targeted by drugs, or increasing DNA repair and antiapoptotic 

signalling) [219]. W here multiple drugs are used to treat a tumor, multidrug 

resistance (M DR) may arise -  sometim es by activation o f  a single gene [220]. To 

develop effective treatm ent strategies for the clinic, it is necessary to understand 

mechanisms o f  chemoresistance.

1.14.3.12 Cisplatin resistance

There is overwhelm ing evidence to support the view that the m ajor m echanism  o f  

action o f  cisplatin is that it becom es activated intracellularly by the aquation o f  one 

o f  the two chloride 'leaving' groups, and subsequently covalently binds to DNA, 

forming DNA adducts. This activates various signal-transduction pathways involved
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in DNA-damage recognition and repair, cell-cycle arrest and finally programmed cell 

death/apoptosis [221], Interestingly, in ovarian cancer cell lines, DNA damage 

induces different modes o f cell death. Depending on the severity o f DNA damage, 

cells might die by apoptosis or necrosis. Functional p53  and caspase-2 are required 

for the apoptotis response, however in their absence, cells might undergo mitotic 

catastrophe, followed by necrosis-like lysis [222].

Platinum enters the cell using a copper transporter. Once inside the ceil, the chlorine 

groups o f cisplatin are exchanged for water (aqua) species, which are more 

chemically reactive. The intracellular target for cisplatin is DNA, where a variety o f 

platinum adducts are formed, some on the same strand o f DNA (intrastrand adducts) 

and others between strands (interstrand adducts). O f the 4 bases, guanine is the 

preferred site for binding and the most common adduct involves linkages on 2 

adjacent guanines on the same strand o f DNA. It remains uncertain which o f  the 

various types o f adduct is the most important in terms o f producing antitumour 

effects (Figure 1.20).
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Figure 1.20: Platinum binds DNA forming platinum-DNA adducts, which 

impede replication and transcription processes that require DNA strand separation to 

different extents. They can also cause arrest at the G2 phase.

Compared with cisplatin, carboplatin is essentially devoid o f nephrotoxicity, and is 

less toxic to the gastrointestinal tract and less neurotoxic; by contrast, 

myelosuppression, is dose-limiting for carboplatin. Interestingly, adducts formed by 

carboplatin on DNA are essentially the same as those formed by cisplatin, but 20-40 

fold higher concentrations o f carboplatin are required, and the rate o f adduct 

formation is around 10-fold slower [223].
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Resistance to cisplatin has been studied extensively using tumour cells repeatedly 

exposed to the drug in vitro. In these cell models, resistance is generally due to a 

combination o f mechanisms, some resulting in reduced damage to DNA and others 

following DNA damage. Resistance due to inadequate binding to DNA has been 

shown to be caused by reduced drug uptake (influx rather than efflux) and 

inactivation by thiol-containing species such as glutathione and metallothioneins. 

Resistance occurring post-DNA binding may be due to changes in DNA repair 

pathways [an increase in nucleotide excision repair (NER) or a loss o f DNA MMR], 

Conversely, the hypersensitivity o f some cell lines to cisplatin has been shown to be 

due to defective NER, through loss or reduced expression o f NER proteins such as 

XPG and XPA. Resistance may also be mediated through alterations in proteins 

involved in programmed cell death (apoptosis) such as p53  and the BCL2 family. A 

basic understanding o f  cisplatin resistance pathways has made a major impact in the 

development o f new multinuclear platinum analogues capable o f circumventing 

resistance, such as the trinuclear platinum BBR3464, which has markedly different 

DNA binding properties compared with cisplatin [224].

Resistance through insufficient DNA binding. Cisplatin is highly polar and enters 

cells relatively slowly in comparison to other classes o f  small-molecule cancer drugs. 

The uptake o f cisplatin is influenced by factors such as sodium and potassium ion 

concentrations, pH, and the presence o f reducing agents; and a role for transporters or 

gated channels has been postulated in addition to passive diffusion [225]. In the past 

few years, the major plasma-membrane transporter involved in copper homeostasis, 

copper transporter-1 {CTRl), has also been shown to have a substantial role in 

cisplatin influx [226]. Loss o f CTRl results in less platinum entering cells and a 2-3- 

fold increase in drug resistance [151], Both copper and cisplatin (at clinically relevant 

concentrations) cause a rapid downregulation o f  CTRl expression in human ovarian 

cancer cell lines [227].

Platinum might enter cells using either transporters, (a significant one being the 

CTRl) or by passive diffusion. Loss o f  CTRl results in less platinum entering cells 

and consequently drug resistance. Once inside cells, cisplatin is activated by the 

addition o f  water molecules to form a chemically reactive aqua species. This is 

facilitated by the relatively low chloride concentrations that are found within cells. In
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the cytoplasm, the activated aqua species preferentially reacts with species containing 

high sulphur levels by virtue o f  their containing many cysteine or methionine amino 

acids. These species include the tripeptide glutathione or metallothioneins. In some 

platinum -resistant cancer cells, glutathione and m etallothionein levels are relatively 

high, so activated platinum is effectively 'm opped up' in the cytoplasm  before DNA 

binding can occur, thereby causing resistance. Finally, active export o f  platinum  from 

the cells through the copper exporters ATP7A and ATP7B as well as through the 

glutathione S-conjugate export GS-X pump (also known as MRP2 or ABCC2) can 

contribute to platinum drug resistance.

The M DR phenotype is traditionally attributed to the activity to ATP-binding cassette 

(ABC) transporters such as P-glycoprotein. Recent research suggests evolution o f  the 

MDR phenotype is a dynamic, multigenic process in the genomes o f  cancer cells 

involving a network o f  genes associated with the extracellular matrix, previously 

implicated in tum our invasion and cell proliferation [220].

In recent years, efflux proteins that are involved in copper transport, the ATPases 

ATP7A and ATP7B have been shown to m odulate cisplatin export [228]. For 

example, human ovarian carcinom a cells that were transfected with ATP7A showed a 

small increase in ATP7A expression, enough to cause resistance to cisplatin and 

carboplatin owing to increased sequestration o f  platinum  into the vesicular fraction 

[229],

An extensive body o f  evidence implicates increased levels o f  cytoplasmic thiol- 

containing species as causative o f  resistance to cisplatin or carboplatin. These 

species, such as the glutathione and m etallothioneins, are rich in the sulphur- 

containing amino acids cysteine and m ethionine, and lead to detoxification because 

platinum  binds avidly to sulphur [230], but they are not significant predictors o f  

survival [231]. For example, early studies using a panel o f  eight hum an ovarian 

carcinom a cell lines showed a significant correlation between sensitivity to cisplatin 

and carboplatin, and levels o f  the sulphur-containing tripeptide, glutathione [232], 

The conjugation o f  cisplatin with glutathione is catalysed by glutathione S- 

transferase (GST), which makes the compound more anionic and more readily 

exported from cells [233] . A study o f  two ovarian cancer cell lines that were derived 

from the same patient before and after the onset o f  drug resistance showed 2.9-fold
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higher levels o f  GST in the cells derived from the drug-resistant tumour [234], Most 

translational studies support a role for the glutathione metabolic pathway in acquired 

and inherited drug resistance to the platinum drugs, as well as to other DNA- 

damaging drugs such as the alkylating agents [235], Increased levels o f thiol- 

containing proteins, the metallothioneins (MTs), have also been associated with 

tumour resistance to cisplatin in human ovarian cancer cells [236],

Resistance mediated after DNA binding. After platinum DNA adducts have been 

formed, cellular survival (and therefore tumour drug resistance) can occur either by 

DNA repair or removal o f  these adducts, or by tolerance mechanisms as well 

indicated by the hypersensitivity o f testicular cancer to cisplatin, resulting from 

DNA-repair deficiency [237], By contrast, many cisplatin-resistant cell lines that are 

derived from various tumour types have been shown to have increased DNA-repair 

capacity in comparison to sensitive counterparts [238]. O f the four major DNA-repair 

pathways, nucleotide-excision repair (NER), base-excision repair (BER), MMR and 

double-strand-break repair, NER is the major pathway known to remove cisplatin 

lesions from DNA. Particular attention, in both cell lines and clinical biopsy 

specimens, has focused on the NER endonuclease protein ERCCl (excision repair 

cross-complementing-1) and resistance to platinum drugs. ERCCl forms a 

heterodimer with XPF  (xeroderma pigmentosum {XP), complementation group F) 

and acts to make a 5 ' incision into the DNA strand, relative to the site o f platinated 

DNA. For example, increased NER in cisplatin-resistant ovarian cancer cells was 

associated with increased expression o f  ERCCl and X P F  (predominantly ERCCl) 

[239]. A clinical translational study links overexpression o f  the NER DNA-repair 

pathway gene ERCCl to poor response to platinum-based chemotherapy in patients 

with ovarian cancer [240].

Increased tolerance to platinum-induced DNA damage can also occur through loss o f 

function o f the MMR pathway. Research demonstrates a correlation between failure 

o f the DNA mismatch repair proteins to recognize the platinum adduct and low-level 

resistance, suggesting a role for the DNA mismatch repair system in generating 

signals that contribute to the generation o f apoptotic activity [241].

During MMR, cisplatin-induced DNA adducts are recognized by the MMR proteins 

MSH2, MSH3 and MSFI6. It is postulated that cells then undergo several
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unsuccessful repair cycles, finally triggering an apoptotic response. Loss o f MMR 

with respect to cisplatin-DNA adducts therefore results in reduced apoptosis and, 

consequently, drug resistance. The clinical relevance o f the loss o f MMR to 

platinum-drug-containing chemotherapy resistance in patients Vv̂ ith ovarian cancer, is 

rather controversial; some data indicate a possible role in acquired drug resistance 

[242], whereas other data show no correlation with intrinsic resistance [243]. Another 

tolerance mechanism involves enhanced replicative bypass, via DNA polymerases; 

polymerase has been shown to have a role in acquired resistance to cisplatin and 

carboplatin [244], Finally, resistance might occur to platinum, and other cancer 

dmgs, through decreased expression or loss o f apoptotic signalling pathways as 

mediated through various proteins such as p53, anti-apoptotic and pro-apoptotic 

members o f the BCL2 family, and JNK  [245].

Overall, knowledge o f how ovarian tumours are, or become, resistant to cisplatin or 

carboplatin has largely arisen from studies that have been carried out in cell lines in 

vitro with numerous mechanisms shown to be involved.

1.14.3.13 Proposed strategies to circumvent platinum-drug resistance in cancer  

patients

Resistance can be tackled by increasing the levels o f platinum reaching tumours (for 

example, liposomal platinum products) thereby resulting in greater killing; 

combining existing platinum drugs with molecularly targeted drugs (for example, 

bevacizumab); using novel platinum drugs such as oxaliplatin that are capable o f 

circumventing cisplatin-mediated resistance mechanisms; and using other drugs 

either alone (for example, TLK286) or in combination (for example, decitabine), 

which exploit particular cisplatin-mediated resistance mechanisms (Figure 1.21).
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Figure 1.21 Major ongoing strategies to circumvent cisplatin and carboplatin 

resistance (Adapted from [221]).

1.14.3.14 Improved delivery of platinum to tumours

The strategy o f using delivery vehicles to selectively transport more o f a tumour- 

killing agent to tumours is attractive, and has now been clinically validated with 

doxorubicin [246] and paclitaxel [247], Unsurprisingly, a liposomal preparation o f 

cisplatin, SPI-77, has been tested clinically in lung cancer with minimal toxicity but 

only modest antitumour activity in comparison to cisplatin [248],

A second strategy links a platinum-based drug to a water-soluble, biocompatible co­

polymer, such as hydroxypropylmethacrylamide, in order to exploit the enhanced 

permeability and retention effect o f macromolecules in tumours. As with the 

liposome approach, clinical studies have progressed from using a cisplatin-like platin 

(AP5280) [249] to ongoing trials with the derivative AP53A6 that possessed superior 

antitumour activity to oxaliplatin in a xenograft model o f human ovarian carcinoma. 

AP5346 delivered more platinum to the tumour than oxaliplatin and with a higher 

release rate at a lower PH [250]. As the extracellular pH o f solid tumours has been 

shown to often be more acidic than normal tissues, this might also explain, in part, 

the increased tumour delivery o f this agent.

Finally, in particular situations, such as in patients with ovarian cancer, localised 

platinum-drug administration through intraperitoneal injection might be applied. In 

support o f this strategy, a recent randomized trial in over than 400 ovarian cancer
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patients indicated a significant improvement in tumour response rates through 

intraperitoneal administration o f platinum-based chemotherapy [165],

Platinum-resistance modulation. The glutathione-mediated detoxification pathway 

is an important determinant o f platinum-drug sensitivity and resistance and the use o f 

glutathione modulation using agents such as buthionine sulfoximine in patients with 

heavily pretreated, drug-resistant ovarian cancer has been assessed in phase I clinical 

trials [251],

Another approach exploits loss o f the DNA-MMR pathway through 

hypermethylation o f the MLHl gene, which has been shown to lead to resistance to 

cisplatin and carboplatin, and predicts for poor survival o f patients with ovarian 

cancer [242], This has led to the concept o f using the DNA demethylating agent 

decitabine in combination with cisplatin or carboplatin to reverse this resistance 

mechanism. Pre-clinical studies have used platinum drug-resistant human ovarian or 

colon carcinoma cells that are MMR deficient owing to MLHl hypermethylation. 

Nude mice with xenografts o f these cells were treated with decitabine in combination 

with either cisplatin or carboplatin, which decreased tumour growth further than is 

seen with either platinum drug alone, thus demonstrating proof o f  principle for the 

combination therapy o f a demethylating agent and a platin [252],

1.14.3.15 Taxane resistance

Taxanes are microtubule-stabilizing drugs that have been extensively used as 

effective chemotherapeutic agents in the treatment o f solid tumours, such as ovarian, 

lung and breast cancer. However, taxane resistance limits clinical utility to 

approximately 50% o f patients with breast or ovarian cancer.

Paclitaxel, a prototype taxane, a potent drug o f natural origin isolated from the bark 

o f  the pacific yew, Taxus brevifolia, acts by stabilizing microtubule (MT) polymers- 

inhibiting MT depolymerization and changing MT dynamics- leading to mitotic 

arrest and apoptosis [253], It also induces post-translational modifications o f  tubulin, 

such as detyrosination or acetylation that accumulate in these stable microtubules. 

Detyrosination exposes Glu residues at the carboxy terminus o f  a-tubulin, which can 

be detected using antibodies and therefore used as a marker o f  microtubule stability
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[254]. Taxol-treated cells are unable to proceed normally through the cell cycle and 

arrested in the G2/M phase [255]. As paclitaxel primarily targets polymerized 

microtubules, an increased in the proportion o f unstable microtubules induces 

paclitaxel resistance (Figure 1.22) [256],

Figure 1.22 Taxol inhibits dissassembly of mitotic spindles and microtubules 

during the M phase by binding to tubulin heterodimers. The mitotic block fiirther 

increases polymerization o f microtubules and formation o f microtubular bundles, 

which block entry at the S phase.

General mechanisms o f drug resistance can apply to taxanes, including 

overexpression o f the ABC/MDR transporter family o f proteins [257], delayed G2/M 

transition [258], defective mitotic checkpoints [259] and alterations in apoptosis 

regulation [260]. More specifically, alterations o f microtubules, such as those caused 

by b-tubulin mutations [261] induce severe taxane resistance [262], Alternatively, 

factors that increase the ratio o f unstable to stable microtubules induce profound 

taxane resistance, probably by mutations in nonpaclitaxel binding sites or alterations 

in tubulin isoforms [263], ECM proteins appear to modulate microtubule stability and 

alter paclitaxel sensitivity in ovarian cancer [264]. In support o f this, integrin-
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mediated adhesion o f  cells to fibronectin induces microtubule stabilization [265], 

suggesting that ECM and paclitaxel might have additive effects on microtubules.

The functional status o f p53  can regulate the sensitivity o f cancer cells to 

chemotherapeutic drugs [266], p53  regulates the sensitivity o f  antimicrotubule drugs, 

such as taxanes and Vinca alkaloids, by controlling the expression o f  proteins that 

affect the dynamic equilibrium o f microtubule assembly [267].

In pathological specimens, morphological changes typical o f paclitaxel-induced 

cytotoxicity include cytoplasmic vacuolation and multinucleation [268],

A list o f cytotoxic agents routinely used in the clinical setting o f ovarian cancer 

treatment is summarised in Table 1.7 and illustrates the diversity o f molecular 

targets, schedule dependence and potential for interaction with platinum.

Table 1.7 Cytotoxic agents used in ovarian cancer treatm ent

Abbreviations: GSH, glutathione; MDR, multidrug-resistant glycoprotein; MRP, 

membrane-associated resistance protein.
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1.15 Genomic approaches in Biomarker Discovery

Molecular research studies may improve the management o f ovarian cancer patients. 

The finding that no single gene marker can reliably predict response to therapy and 

outcome and advances in genomics and proteomics have generated many candidate 

markers with potential clinical value [269], Gene expression profiling by micro 

arrays or real-time reverse transcription polymerase chain reaction (RT-PCR) can be 

useful in the classification or prognosis o f various types o f cancer, including ovarian 

cancer [270], With the advent o f microRNA (miRNA) expression profiles, significant 

efforts have been made to correlate miRNA expressions with tumour prognosis.

1.15.1 Complementary DNA (cDNA) Micro arrays

DNA micro arrays were originally developed in the Brown laboratory at Stanford 

University. This technology enables investigators to measure the expression o f tens 

o f thousands o f genes in a biological specimen in parallel [271]. This represents a 

significant advantage over the previously available techniques for measuring gene 

expression, ie. Northern Blot and RT-PCR, where only a few genes could be studied. 

This is made possible in one hybridisation experiment because o f two basic 

principles o f nucleic-acid hybridisation: DNA and RNA will specifically bind to their 

complementary sequence and this binding happens in proportion to the abundance o f 

a sequence in a mixture.

The resultant expression signatures can also give valuable information on key 

pathways involved in carcinogenesis and tumour behaviour. It also allows 

identification o f genes within each pathway that show altered expression within a 

tumour, thereby gaining insight into the origin o f pathway deregulation and possibly 

tumour pathogenesis.

DNA micro arrays, also called “gene chips”, fundamentally consist o f DNA attached 

to a surface in an ordered, predetermined fashion at extremely high density. The most 

commonly used micro arrays are “spotted” micro arrays” [271] in which the array 

probes are manufactured separately from the arrays and consist o f cDNA and either 

PCR products or oligonucleotides. Using a robotic system, microscopic quantities o f 

any designed probe are typically spotted onto the arrays. Probes can be quality

72



controlled prior to spotting making it easier to determine if probes have been 

correctly synthesized prior to running an experiment [272],

Prior to the development o f genome-wide expression analysis technology, efforts to 

delineate the molecular underpinnings o f ovarian cancer relied on single-gene 

strategies [273], In those studies p53  tumour suppressor gene was the single 

molecular marker more consistently shown to be associated with ovarian cancers that 

present with metastatic disease [274]. Mutation o f p53  is the most common genetic 

alteration in ovarian cancer, occurring in at least 70% of advanced stage cases [275]. 

However, neither p53 mutational status nor other single gene alterations have proven 

strong predictors o f outcome. Studies on the role o f single molecular markers have 

shown ovarian carcinogenesis to be a complex process, multifactorial in nature and 

associated with genetic abnormalities in multiple gene families. This “gene by gene” 

analysis, while helpful, has not been able to provide a global mechanistic basis for 

the clinicopathologic characteristics o f these tumours, nor determine the biological 

relationship among these different tumours.
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1.15.2 Transcription profiling in ovarian cancer

Microarray technology (Figure 1.23) has permitted analysis and simultaneous 

monitoring o f  expression levels o f  thousands o f genes within a cell. The gene 

expression pattern can be correlated with many clinically relevant characteristics o f 

an individual tumour [276]. Therefore, it can be used to characterize the biological 

relationships among histological subtypes o f ovarian cancer and identify genes whose 

altered gene expression is important in the development o f ovarian cancer. Further, it 

has the potential to identify activated pathways and key genes which can be targeted 

for the effective prevention and treatment o f the disease.

Mi e r a r c r h i  o a l  c r l u s t e r

expression array Bioinformatics

Figure 1.23 Search for molecular determinants of ovarian cancer. RNA is

hybridized to microchips containing probes representing the entire pattern of 

expressed human genes. The complex patterns obtained from these microchip 

experiments require a sophisticated bioinformatics analysis to reveal those signatures 

associated with recurrent ovarian cancer.

As with many cancers o f epithelial origin, it is important to establish an appropriate 

control for evaluating differential gene expression between “normal” and cancer. 

Expression profiling studies o f  ovarian cancer have relied on a variety o f  sources o f 

“normal” cells for comparison with tumours, including whole ovary samples, OSE 

exposed to short-term culture and immortalised OSE cell lines [277]. As a result the 

selection o f a normal control to compare to EOC samples can strongly influence the 

genes that are identified as differentially expressed. In fact, the majority o f genes 

found in each molecular gene signature comparing “normal” to ovarian tumour are
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unique to that comparison pair as deluded by low Pearson correlation between any 

“tw o” normal groups.

In addition, these studies have allowed the identification o f  thousands o f  additional 

differentially expressed genes, for which there is little structural or functional 

information. Clustering o f  genes with know n and unknown functions provides 

insights into signaling pathways that are essential for development o f  human cancers.

Several studies using DNA microarrays to determine gene expression profiles in 

ovarian cancer cell lines or ovarian carcinom as have been reported (Table 1.8).

Table 1.8 DNA m icroarray studies and their specific aims in ovarian cancer
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C arc in o m a s

10

Most studies have tried to identify diagnostic m arkers by comparing ovarian cancers 

or cancer cell lines with normal ovarian epithelium. Cell line models were also used 

to identify genes related to drug resistance [278] [279]. M icroarray technology also 

allowed for the identification and subclassification o f  tumors based on their distinct 

m olecular signatures, also addressing the m olecular differences o f  tum ors o f  varying 

grades [280] [281].
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Gene expression profiling has been used to characterize the histotypes and the unique 

clinical phenotypes displayed by ovarian cancer (Figure 1.24). Comparisons o f gene 

expression profiles from tumours with similar histotypes across different organs have 

also been performed to allow understanding o f the similarities and differences o f the 

transformation processes that produce these tumours. It is well recognized that 

tumours o f similar histology are found in the ovary and in the endometrium [282], 

Expression profiling on EOC of varying histologies has also afforded the elucidation 

o f genes which contribute to the biological and clinical features seen in the four 

major histological types o f ovarian carcinoma [283],

Figure 1.24 Gene expression patterns can be used to classify ovarian carcinom as 

into clinically relevant subtypes

Gene expression profiling has been also used to address the molecular differences o f 

tumours o f varying grades. LMP and grade 1 serous tumours share a similar 

molecular fingerprint and may lie on the same developmental continuum, whereas 

low and high- grade tumours develop along two different pathways [91].

Other studies have looked at prognostic and/or predictive genes and gene profiles for 

predicting individual disease outcome in advanced ovarian cancer and response to 

chemotherapy [284] [285-288], Ovarian cancer cell line models were mostly used to 

identify genes related to drug resistance. Spentzos et al. [284] used 34 tumour 

samples to identify a 115-gene profile. When applied to a validation set o f 34 

samples, the profile distinguished patients with a favorable overall survival.
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Interestingly, that prognostic 115-gene profile for overall survival, showed no gene 

overlap with another 93-gene profile associated with predicting response to 

chemotherapy. Berchunk et al. [289] by using classification tree models, identified 

26 genes that reflected short-term versus long-term survival from 54 advanced stage 

ovarian cancer patients. These genes held their prognostic value in the set of 

independent tumours profiled by Spentzos et a l, [284, 290].

Alternatively, microarray technology discovered gene signatures that can predict 

early response in ovarian cancer after chemotherapy [192], In this way, they 

attempted to predict which women were at risk for early (<21 months) versus late 

(>21 months) relapse. By profiling 79 advanced stage, high-grade tumours, a 14-gene 

profile was predictive for early recurrence.

In addition to these prognostic studies, others attempted to identify a profile 

predictive o f  response to platinum-based therapy. Spentzos et al. [290] discovered a 

93-gene profile predictive o f pathological complete response to chemotherapy by 

profiling tumours from patients undergine second-look surgery. The same profile 

could distinguish patients with favourable versus unfavourable profile in a validation 

set. Combination o f micro arrays and RT-PCR was used to classify ovarian tumours 

according to their response to platinum-based therapy based on a 9-gene profile 

[291]. Using RT-PCR, this profile predicted platinum resistance in an independent 

validation set o f 72 patients. In contrast to the Spentzos study, clinical response was 

assessed not according to pathological but WHO criteria. Obviously, the differences 

in definition o f response to chemotherapy could be the reason for the low number o f 

genes shared between the two studies. A predictive model for response to platinum- 

based therapy on a training set of advanced serous ovarian cancers showed an 

accuracy o f 78%.

In parallel, expression signatures defining the status o f oncogenic clinical pathways 

were evaluated. Integration o f chemotherapy response signatures with signatures o f 

oncogenic pathway deregulation can be used to identify new therapeutic strategies 

[270]. In patients with platinum resistance disease the authors identified expression 

signatures consistent with activation o f Src, P-catenin and Rb/E2F signaling 

pathways [292]. Several genes reported are known to affect the malignant phenotype 

(such as those encoding heat shock protein 27, BAX, PDGFR, lysophospholipase II,
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fibronectin, etc) [293-296] yielding m echanistic insights into ovarian carcinogenesis 

and chemoresistance.

Clinical evidence o f  prognostic m icroarray studies shows that they never progressed 

beyond the level o f  a small retrospective study [297], Reasons to explain the limited 

overlap betw een the prognostic profiles in ovarian cancer m icroarray studies include 

a) overfitting, that is, finding a discrim inatory pattern by chance, when large numbers 

o f  potential predictors are used to discrim inate among a small num ber o f  outcome 

events [298] b) different types o f  m icroarray platforms using different types o f  

probes and c) low signal-to-noise ratio. Intensities observed from m icroarray 

experiments are com posed o f  signal (gene expression level) and experim ental noise 

[299]. Potential experim ental sources o f  error include dye, print-tip or array effects. 

As such, cross-validation o f  genom e-wide m icroarray results, using additional 

methods, such as real-time quantitative RT-PCR remain critical steps. M oreover, 

independent test set analysis not used for determ ining pre-processing param eters, 

model building or model selection can be used to estimate the true performance o f  

models [300]. This is further strengthened by a recent review, which indicated a 

biased estim ation o f  the accuracy as the most com m on flaw in recently published 

m icroarray studies focusing on cancer related outcom es [301]. Predicting response to 

chem otherapy appears even more challenging than predicting disease stage [302].

However, m icroarray analyses, providing lists o f  significant genes with p-values, are 

insufficient to understand the aetiology or m olecular regulation o f  ovarian cancer. 

Full functional armotation and knowledge o f  the relative distribution o f  the gene 

product and its interaction with other genes has to be further ensured, by placing 

these genes in gene regulatory netw orks to reveal whether m olecular pathways are 

deregulated. It is equally im portant to elucidate which m olecular pathways contribute 

to the developm ent and clinical outcom e o f  ovarian cancer.

1.15.3 Gene expression profiles of ovarian surface epithelial cells in vivo.

As discussed earlier, EOC is thought to arise from  the OSE and that constant rounds 

o f  proliferation and repair following ovulation contribute to neoplastic
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transformation. A recent study higlilighted on genes and pathways which are 

involved in the normal functions o f  the ovarian epithelium, in particular hormone 

responsive genes, central to ftinctions such as proliferation and apoptosis [303], This 

approach can also lead to a better understanding o f the aberrations leading to a 

malignant transform ation (Figure 1.25).
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Figure 1.25 Pathways with the highest number o f OSE genes include actin 

cytoskeleton, focal adhesion, cell cycle, apoptosis, M APK signaling and Wnt 

Signaling pathways irrespective o f  estrous developmental stage (Adapted from Gava 

N 2008, J o f  Mol Endocrinology). A subset o f these genes overlap with gene 

upregulated in our cohorts o f  prim ary versus recurrent ovarian cancers as discussed 

later.

1.15.4 Validation of microarray experim ents

Quantifying gene expression levels has become a staple o f  most molecular biological 

laboratories. By measuring the amount o f  cellular RNA, one is able to determine to 

what extent that particular gene is being expressed. For many genes, the expression 

levels may change dram atically from gene to gene, cell to cell or during various
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experim ental conditions. Quantitative gene expression studies include most 

comm only a validation o f  the extent o f  transcription o f  a gene.

3 methods o f  m icroarray validation have been reported so far:

a) Validation o f  the level o f  expression by RT-PCR has the advantage o f  unparalleled 

sensitivity, although it does not generate the throughput achieved by cDNA micro 

arrays. It is ideal in situations where one wants to profile up to several hundreds o f  

genes (given that PCR instruments are equipped with 96 or 384 well plate 

configuration. Another such application is miRNA.

b) Validation by application o f  selected targets in another set o f  samples.

c) Run o f  the samples on another array platform: to examine platform  differences. An 

ANOVA test is usually performed looking for differential effect o f  response by 

platform.

1.16 microRNAs (miRNAs)

Regulation o f  gene expression is a complex process requiring the co-ordinated 

interaction o f  proteins and nucleic acids and de-regulated gene expression is one o f  

the key hallm arks o f  cancer (Figure 1.26). miRNAs are small non-coding RNAs o f  

19-24 nucleotides in length that negatively regulate gene expression. Discovered just 

over a decade ago, they are thought to regulate up to 30% o f  hum an genome. Each 

miRNA is supposed to target several hundreds o f  transcripts, m aking miRNAs one o f  

the biggest family o f  gene regulators [304]. They are commonly clustered and located 

in the introns o f  protein coding genes [305].
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Figure 1.26 miRNA function in the regulation of gene expression. miRNAs are 

non-coding small RNA molecules that represent a new class o f regulators o f gene 

expression. miRNAs negatively regulate gene expression by obstructing the 

translation o f  messenger RNAs into protein, in a manner analogous to short 

interfering RNAs (siRNAs). The fiindamental role o f the RNAi machinery in 

modulating the flow o f genetic information through posttranscriptional gene silencing 

was highlighted by the joint award o f the 2006 Nobel Prize in Medicine and 

Physiology.

miRNAs act at the translational stage to orchestrate profound changes in gene 

expression. In this way they impact fundamental cellular processes such as 

differentiation, proliferation and survival and provide new insights in cancer research 

[306] [307],

Hundreds o f miRNAs have now been identified in humans and an overwhelming 

body o f evidence now implicates miRNAs in the process o f carcinogenesis.

1.16.1 miRNA nomenclature

miRNA terminology can be confiasing and international guidelines have been put 

forward for their annotation [308]. A “miR” prefix is typically used to denote 

miRNAs and a prefix to identify the species o f origin, for example “hsa” to represent 

Homo Sapiens. The only exception to this rule is the let-7 family o f  miRNAs which 

have retained their originally described “let” prefix (e.g. has-let-7a). A unique 

identifying number is also given for each miRNA, sequentially assigned; genes 

coding for miRNAs are similarly named: miRNA paralogs differ by only one or two 

nucleotides and are given lettered suffixes (e.g. has-miR-27a and has-miR-27b, 

which differ at only one base) [309].
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1.16.2 miRNA history

miRNAs were discovered in 1993 during ground breaking research in the laboratories 

o f Victor Ambros and Gary Ruvkun. They found that the lin-4 gene, known to be 

crucial for temporal regulation o f developmental changes in C. elegans, does not 

encode a protein, but instead gives rise to a small 22 nucleotide RNA molecule. Gene 

expression was regulated through translational repression o f the miRNA o f the lin-14 

gene, via antisense complementarity to its 3 ’ untranslated region (UTR) [310], Later 

in 2000, the let-7a family o f miRNAs was discovered and subsequently, hundreds o f  

miRNAs have been identified and registered in the online database that compiles the 

miRNA sequences (miRBase).

1.16.3 miRNA biology and mechanism of action

miRNAs are produced in a complicated series o f  steps that begin in the cell nucleus 

(Figure 1.27).
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Figure 1.27 Schematic representation of miRNA biogenesis.

miRNA genes are transcribed into long transcripts called primary miRNAs (Pri- 

miRNA) containing multiple stem-loop/hairpin structures. Pri-miRNAs undergo 

cleavage by the endonuclease enzyme Drosha to form approximately 70 nucleotide 

precursor miRNAs (Pre-miRNA). Pre-miRNAs are actively exported to the 

cytoplasm by the nucleocytoplasmic transport factor Exportin 5, and there undergo 

further processing to give rise to mature single stranded miRNAs o f about 20-25 

nucleotides in length. Mature miRNAs are assembled onto the RNA-induced 

silencing complex (RISC) in association with other co-factors, and interact with
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com plem entary sites in the 3 'UTR o f  target messenger RNA (mRNA)s to negatively 

regulate gene expression through inhibition o f  translation. Perfect base pairing 

betw een the RISC-bound miRNA and the target mRNA results in cleavage and 

degradation o f  the latter, whereas imperfect com plem entarity generally leads to 

translational repression o f  the target [311], RISC recruits a multiprotein complex 

containing the anti-association factor elF6. Depletion o f  eiF6 in human cells 

abrogates miRNA-mediated regulation o f  target protein and mRNA levels [312],

1.16.4 miRNA regulation

m iRNA expression can be regulated at multiple steps during RNA biogenesis, 

although it remains to be determined which step is controlled and how this control is 

achieved. Transcriptional regulation appears to be the major control mechanism, 

although some miRNAs seem to be controlled at the post-transcriptional level. 

Expression profiling studies indicate that most miRNAa are under the control o f  

developm ental or tissue-specific signaling, or both [313, 314].

Com m on causes o f  abnormal miRNA expression include:

• Location o f  miRNAs at cancer association genomic regions

• Epigenetic regulation o f  miRNA expression

•  Abnormalities in miRNA processing genes and proteins.

1.16.5 miRNAs and cancer

The first evidence linking miRNAs to human cancers came from findings in chronic 

lymphocytic leukaemia (CLL). Deletions at chromosome 13ql4 are comm on in CLL 

and occur in 50% o f  the patients. Two miRNAs, miR-15 and miR-16 were found to 

be encoded in this region and shown to be downregulated in the m ajority o f  cases 

w ith CLL [315].

Futher evidence linking miRNAs and cancer formation was the observation that over 

50% o f  miRNA genes are located within regions showing LOH, amplification, viral 

integration sites and other cancer associated genomic regions [316].

How does deregulated miRNA expression contribute to cancer formation? If  

miRNAs function as negative regulators o f  gene expression, then over-expression o f
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oncogenic miRNAs can contribute to tumorigenesis by affecting pathways promoting 

the acquisition o f the hallmarks o f  cancer. Equally, reduced expression o f tumour 

suppressive miRNAs can have similar effects. One example o f an oncogenic miRNA 

is miR-21. miR-21 forms part o f a 22 gene miRNA signature in human solid cancers 

and its overexpression has been shown to lead to caspase activation and increased 

apoptotic cell death [317], miR-21 regulates expression o f  the PTEN tumour 

suppressor gene in human hepatocellular cancer [318], Thus it represents an 

oncogenic miRNA or “oncomir” . In contrast, miR-15 and miR-16, through targeting 

BCL2 and freeing the apoptotic pathway, represent tumour suppressor genes [319], 

miRNAs located in genomic regions amplified in cancers (such as the miR-17-92 

cluster) function as oncogenes, whereas portions o f miRNAs located in portions o f  

chromosomes deleted in cancers (such as the miR-15a-miR-16-1 cluster) function as 

tumour suppressors (Figure 1.28).
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Figure 1.28 Chromosomal alterations at miRNA loci. OncomiRNAs and tumour 

suppressor genes may represent two different views o f the same gene.

A common signature for distinct types o f solid carcinomas indicates that specific 

miRNAs are involved in common molecular pathways [317] (Figure 1.29).
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Figure 1.29: Common miRNA genes are differentially expressed in 6 solid 

cancers suggesting common altered pathways (Adapted with permission from 

Volivia e( a l, 2007) [317],

1.16.6 Clinical applications of miRiNAs

The discovery o f miRNAs and their role in tumorigenesis opened up opportunities 

for translational bridging o f this latest research into clinical gain (Figure 1.30). 

Foremost amongst these is the ability o f miRNAs to allow diagnosis and 

prognostication, even better than mRNA profiling. miRNA based approaches can 

also be adapted for therapeutic applications with use o f synthetically designed 

miRNAs to specifically silence genes in vivo.
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Figure 1.30 Published data on miRNA expression up to 2006.
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Table 1.9 summarises the facts about miRNA profiling in human cancers.

Table 1.9 Facts about miRNA profiling in human cancers

C a n c e r  ty p e *

Chronic lymphocytic 
leukaemia

Lung adenocarcinom a

Breast carcinoma

Endocrine pancreatic 
tum ours

Hepatocellular carcinoma 

Papillaiy thyroid carcinoma

Glioblastoma 

Human cancers

MiRNA p ro f ilin g  d a ta

A unique signature of 13 genes associated w ith prognostic factors 
(ZAP70 and  IgVH m utation status) and progression (time from 
diagnosis to  therapy)

M olecular signatures th a t differ with tum our histology; miRNA profiles 
correlated w ith survival (miR-155 and  let-7)

S ig n if ic a n c e

MiRNAs as diagnostic marlcers (the 
identification of tw o categories of 
patients)

MiRNAs as prognostic and diagnostic 
markers

MiRNA expression correlatesw ith  specific pathological features MiRNAs as prognostic marl(ers

A signature th a t distinguishes endocrine from acinar tum ours; the  
overexpression of miR-2I is strongly associated w ith both a high Ki67 
proliferation index and  th e  p resence of liver m etastases

M iRN A expressioncorrelatedw ith differentiation

MiRNA upregulation (for example, miR-221 and miR-222) in tum oral 
cells and normal cells ad jacen t to  tum ours, bu t not in normal thyroids 
w ithout cancers

A specific signature com pared with normal tissues

MiRNA-expression profiles accurately classify cancers: an miRNA 
classifier classes poorly differentiated samples be tte r  than a 
m essenger RNA classifier

Human solid cancers Comm on signature for d istinct types of solid carcinomas

MiRNAs as diagnostic and prognostic 
markers

MiRNAs as prognostic markers

MiRNAs probably involved in cancer 
initiation

MiRNAs as diagnostic markers 

MiRNAs as diagnostic markers

Specific miRNAs are involved in 
com m on m olecular pathways

1.16.7 miRNAs as a diagnostic tool

Several aspects o f  miRNAs make them useful for clinical diagnostics. One possible 

application is in establishing a diagnosis o f cancer and a number o f studies have 

shown that miRNA expression patterns can accurately differentiate tumour tissue 

from benign disease [320]. miRNA profiling can also determine the tissue o f origin 

o f tumour [321-324]. miRNA expression signatures are also helpfial in distinguishing 

different classes o f tumours [325] or identifying the tissue o f interest in poorly 

differentiated tumours with non-diagnostic morphological appearances [326],

1.16.8 miRNAs in prognostication

Perhaps more importantly than simply classifying tumours, miRNA expression 

patterns can also predict the clinical behaviour o f  certain tumours. High miR-155 and
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low let-7a-2 expression levels correlate with poor survival in lung cancer [327], In 

colorectal cancer, miR-200 has been associated with overall survival (OS) after 

surgery [328], Apparently, m iRNA based profiling has clear advantages over 

conventional mRNA based methods. miRNAs are long lived and stable in vivo and 

can be efficiently extracted from conventional formalin fixed paraffin embedded 

tissue, whereas mRNAs are subject to significant degradation [329, 330], The fewer 

relative numbers o f  miRNAs (hundreds only) compared to mRNAs (tens o f  

thousands) also makes analyses easier and more applicable to clinical practice.

1.16.9 miRNAs as therapeutic targets

Although at present there are no reports o f  m iRNAs being trialled in human cancer 

therapy, theoretical evidence for implication o f  deregulated miRNAs in novel 

treatments has emerged. Oncogenic miRNAs can be targeted for downregulation by 

use o f  anti-sense miRNA oligonucleotides to their precursor or mature forms and 

tum our suppressive miRNAs may be directly upregulated for an anticancer effect. 

For example, in breast cancer, miR-21 can inhibit proliferation [331] whereas 

reduced invasion and migration is induced by miR-125 [332]. Recent work also 

demonstrates that miRNA directed therapy may be useful in combination with 

conventional chemotherapy [318]. Significant advances in the more established area 

o f  RNA interference and the similarities betw een RNAi and miRNAs can make 

possible the delivery o f  stable and non-toxic levels in into target cells. Intravenous 

administration o f  chemically engineered oligonucleotides, termed “antagom irs” in 

mice resulted in powerful silencing o f  endogenous miRNAs in a variety o f  organ 

systems [304]

miRNA genes are scattered in all chrom osom es in humans except for the X 

chromosome. This observation may be more helpful in elucidating the com plexity o f  

female cancers. Approximately 50% o f  known m iRNAs are found in clusters 1, 3 and 

26. The miRNAs in a given cluster are often related to each other, suggesting that the 

gene cluster is a result o f  gene duplication. U nrelated miRNAs are also included. A 

plausible possibility is that the clustered m iRNAs target the same gene or different 

genes in the same pathway.
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1.16.10 miRNA quantification

A range o f  techniques are available for miRNA quantification, including northern 

blotting, dot blotting, RNase protection assay, primer extraction analysis and 

quantitative PCR. New easy quantification methods, such as cDNA cloning, micro 

arrays and bead based flow cytometry, have enabled for large-scale expression 

profiling o f miRNAs [305], Although microarray is a powerful method for high- 

throughput analysis, the small size o f  miRNAs poses a challenge because it is 

difficult to create a single hybridization condition for all miRNAs on a chip.

RT-PCR is the most sensitive method but would be very laborious in high through­

put analysis if the number o f  miRNAs exceeds 300. A recent study showed that RT 

primers containing a stem-loop structure enhances the specificity for mature miRNAs 

[333]. Stem-loop RT-PCR involves a 2-step approach; step 1 involves annealing o f 

stem-loop RT primers in a RT reaction followed by a RT-PCR.

1.16.11 Evidence of coupling of expression between mRNA and miRNAs

Both miRNAs and mRNA genes are encoded in DNA. Both classes o f primary 

transcript are formed by RNA polymerase II [334]. Both types o f  RNA are 

extensively processed post-transcriptionally [335], In model systems, miRNAs and 

mRNAs have been shown to interact directly, forming a regulatory circuit [312].

1.17 High content screening (HCS)

Understanding cellular biology in a physiologically relevant setting has tremendously 

increased the need to capture specific cellular events in a spatial-temporal fashion for 

target discovery/validation and drug identification and subsequent development.

Over the last few years. High Content Screening (HCS) has firmly established itself 

as a high-throughput fully automated technology for the analysis o f microscopy- 

based cellular assays (Figure 1.31). It applies sophisticated image processing 

algorithms to analyze cell images generated by automated fluorescence microscopy.
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This technology opens up a wide range o f  cell biological param eters for high- 

throughput analysis, essentially allowing measuremement o f  changes in object 

localisation, intensity, texture or shape, thereby enabling the analysis o f  cellular 

events. HCS has been rapidly adopted by the drug discovery industry and has quickly 

established itself as a core technology for secondary compound screening.

Figure 1.31 HCS Workstation

Historically, the number o f  prim ary publications on HCS has been low. Earlier 

literature was mainly restricted to reviews o f  the technology and its potential [336] 

[337]. Current high content analysis hardware and software tools are robust for 

custom developm ent o f  specific algorithms. Limitations in reagents for live imaging 

o f  post translational modifications, which are the key events that control intracellular 

signaling mechanisms in cellular growth and homeostasis has prim arily divided high 

content screens into two subtypes, namely fixed cell assays and live cell assays.

Cells fixation has been the one o f  the key means to analyze various events as 

endpoint readouts at a given time in space. Although live cell imaging has taken 

precedence over fixed cell imaging, fixed cell imaging still rem ains the single choice 

to monitor critical early events such as phosphorylation. Events in fixed cell assays 

can be captured using specific antibodies or dyes that can be excited to emit 

fluorescence at specific wavelengths. The major drawback with fixed cell assays is
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the additional steps in preparation o f  the cells for analysis. For this reason, it may not 

be a preferred method for most high throughput prim ary screens.

The use o f  fluorescent antibody-based detection or imm unofluorescence staining 

allows the monitoring o f  specific protein targets. For these types o f  assays, cells are 

routinely fixed which essentially freezes the cellular phenotype at a given time point. 

Although surface staining does not require additional steps, imaging o f  intracellular 

changes in fixed cell assay o f  various proteins requires additional m anipulations like 

perm eabilization to allow the entry o f  antibodies into the cell and bind to specific 

targets. M onitoring post-translational events, such as phosphorylation on critical 

residues o f  target proteins, can be achieved using specific antibodies that recognize 

site-specific phosphorylation. A critical param eter that is essential to high throughput 

high content data acquisition via im m unofluorescence requires defm ing cells in the 

acquisition field. This is accom plished by the use o f  nuclear dyes such as Hoechst 

33258 or 33342 or ethidium bromide for fixed cell assays.

Visualization o f  specific com partm ents can be performed using compartm ent specific 

fluorescent dyes. These can be used to monitor protein trafficking or assess changes 

in organelles. Such dyes can target specific organelles such as the nucleus, 

mitochondria, and lysosomes and can emit in specific color ranges such as green, red 

and blue. Hence, they can be used in various com binations with im m unofluorescence 

assays in a m anner that will allow monitoring changes with respect to the 

redistribution o f  the target.

1.17.1 Cytotoxicity screening

M ultiparametric analysis o f  compound cytotoxicity at the level o f  individual cells 

using cellular im aging-based approaches such as HCS have played key roles in the 

detection o f  toxicity and classification o f  cytotoxic compounds. Historically, cellular 

toxicity screening has relied on the use o f  single-param eter readouts for toxicity 

markers such as cell proliferation, m itochondrial activity or membrane permeability. 

However, parallel analysis o f  multiple m arkers for cytotoxicity allows early 

reversible and late irreversible effects to be distinguished and in this way, it provides 

a more thorough interpretation o f  com pound-induced toxicity [338].

90



HCS-based cytotoxicity assays analyze the effects o f  compounds on a num ber o f  

parameters such as nuclear size, mitochondrial m em brane potential, membrane 

permeability, lysosomal mass and cell count, offering increased specificity and 

selectivity for toxic events.

1.18 Aims of study

Our hypothesis is that:

• A distinct transcriptome and miRNA profile exists betw een prim ary and recurrent 

ovarian cancers

Alterations in transcriptom e and miRNA profiles may ultim ately define the 

development o f  recurrence/chemoresistance

Targeting potential biomarkers o f  recurrence/chem oresistance will have 

important therapeutic potential in the treatment o f  ovarian cancer

Based on the above combined approach, our aim is:

To identify novel biomarkers, which govern the recurrence and resistance to 

chemotherapy in ovarian cancer

• To investigate the cytotoxicity effect o f  targeting potential biomarkers, using 

multiparametric cytotoxicity assays
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CHAPTER 2 

Material and Methods
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2.1 Introduction

This chapter is a comprehensive account o f  all methodologies employed in this 

thesis, accom panied by background information on some o f  the newer and more 

complex techniques, several o f  those being used in a number o f  chapters. W here this 

occurs, the fiall description o f  the technique is restricted to this chapter, with specifics 

appearing in their relevant chapters only.

A list o f  all the samples (primary and recurrent ovarian cancers) used in this study 

with their clinicopathological details are displayed in Table 2.1 and 2.2.

The specimens are divided into 4 groups according to what study they were used for. 

Transcriptome specimens were fresh frozen (FF) and used in chapter 3. miRNA 

specimens were fresh frozen and used for miRNA analysis in chapter 4. Samples in 

bold were used as the training set. Dicer/Drosha specimens were fresh frozen and 

used for TaqM an analysis in chapter 4, samples in bold here represent the additional 

histologies which will be referred to in chapter 4. miRNA FFPE were formalin fixed 

paraffin embedded samples used for miRNA analysis in chapter 4.
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Table 2.1 Primary Ovarian Specimens

Sample Age Transcriptome miRNA fresh Dicer/Drosha miRNA FFPE Histology Stage Grade

PI 64 X X Serous papillary adenocarcinoma 3C 3

P2 48 X X X Serous papillary adenocarcinoma 3C 3

P3 59 X X Serous papillary adenocarcinoma 3C 3

P4 58 X X X Serous papillary adenocarcinoma 3C 3

P5 84 X X X Serous papillary adenocarcinoma 3C 3

P6 43 X X Small cell carcinoma 3C 3

P7 39 X X Serous papillary adenocarcinoma 4 2

P8 74 X X Mixed mullerian 3C 2

P9 74 X X Serous papillary adenocarcinoma 4 3

PIO 61 X X Serous papillary adenocarcinoma 3C 3

P l l 74 X X Serous papillary adenocarcinoma 3C 3

P12 60 X X X Serous papillary adenocarcinoma 3C 3

P13 44 X X X Serous papillary adenocarcinoma 3A 3

P14 64 X X Serous papillary adenocarcinoma 3C 3

P15 74 X X X Serous papillary adenocarcinoma 3C 3

P16 68 X X X Serous papillary adenocarcinoma 3C 3

P17 54 X X X Serous papillary adenocarcinoma 3C 3



P18 42 X X Serous papillary adenocarcinoma 3B 3

P19 58 X Serous papillary adenocarcinoma 4 2

P20 86 X X Serous papillary adenocarcinoma 3C 3

P21 59 X Serous papillary adenocarcinoma 3C 3

P22 63 X Serous papillary adenocarcinoma 3C 2

P24 66 X Serous papillary adenocarcinoma 2 3

P25 71 X Serous papillary adenocarcinoma 1C 3

P26 63 X Serous papillary adenocarcinoma 2C 3

P27 59 X Serous papillary adenocarcinoma 3C 2

P28 55 X Serous papillary adenocarcinoma 4 2

P29 56 X Serous papillary adenocarcinoma 3C 3

P30 45 X Serous papillary adenocarcinoma 3C 2

P31 59 X Serous papillary adenocarcinoma 3C 3

P32 40 X Serous papillary adenocarcinoma 3C 3

P33 47 X Serous papillary adenocarcinoma 4 3

P34 85 X Serous papillary adenocarcinoma lA 3

P35 59 X Serous papillary adenocarcinoma 3C 3

P36 59 X Serous papillary adenocarcinoma 3C 3
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Table 2.2 Recurrent Ovarian Specimens

Sample Age Transcriptome miRNA fresh Dicer/Drosha miRNA FFPE Histology Stage Grade

R1 68 X X X X Serous papillary adenocarcinoma Recurrent 3

R2 45 X X X Serous papillary adenocarcinoma Recurrent 2

R3 43 X X X Serous papillary adenocarcinoma Recurrent 3

R4 47 X X X Serous papillary adenocarcinoma Recurrent 2

R5 59 X X Serous papillary adenocarcinoma Recurrent 3

R6 43 X X Small cell carcinoma Recurrent 3

R7 43 X X X Serous papillary adenocarcinoma Recurrent 2

R8 74 X X X Mixed mullerian Recurrent 3

R9 59 X X Serous papillary adenocarcinoma Recurrent 3

RIO 45 X X X Serous papillary adenocarcinoma Recurrent 3

R ll 67 X X X X Serous papillary adenocarcinoma Recurrent 3

R12 40 X X X X Clear cell adenocarcinoma Recurrent 1

R13 53 X X Yolk Sac Recurrent D

R14 71 X Adenocarcinoma and clear Recurrent 2-3

R15 53 X Serous papillary adenocarcinoma Recurrent 1-2

R16 71 X Clear cell adenocarcinoma Recurrent 3

R17 66 X Serous papillary adenocarcinoma Recurrent 2



R18 44 X Serous papillary adenocarcinoma Recurrent 2
R19 62 X Serous papillary adenocarcinoma Recurrent 2

D: Differentiated
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2.2 Fresh ovarian tissue archive

All surgically rem oved ovarian tissue with appropriate informed consent was 

considered for tissue banking. Fresh tissue was taken directly from  theatre to 

pathology laboratory. O n receipt, a pathologist was available to dissect the specim en 

and harvest the tissue for banking, in order to ensure no comprom ise o f  the diagnostic 

potential o f  the specimen.

A piece o f  normal or tum our/diseased tum our was taken in all cases when 

appropriate. A new scalpel blade was used for each sample. The amount o f  tissue 

harvested, depended on the size o f  the specim en or tumour. Tissue was transferred to 

sterile Eppendorf tubes and labelled with specim en num ber and date. Additional data 

sheet with all patient clinical information was completed. Tissue was immersed in 

liquid nitrogen for 1 min prior to their storage in a dedicated section o f  the freezer at - 

80°C.

For a minority o f  known tumours, tissue fragm ents were placed in Eppendorf tubes 

containing RNA later® (Ambion, Huntington, UK), a proprietary stabilizing solution 

used for storing RNA without degradation, to be used w ithin 4 weeks at 2-8°C or for 

archival storage at -20°C or -80°C.

2.3 RNA extraction from fresh tissue

The extraction o f  pure, intact RNA is very im portant in a variety o f  m olecular 

biological techniques and is also essential for gene expression analysis. The 

RNeasy® mini kit (Q iagen Ltd, W est Sussex, UK) was used to obtain larger 

quantities o f  RNA, when required. The RNA produced is com pletely free o f  both 

DNA and protein.

RNeasy® Mini Kit

RNeasy M ini Spin Colum n 

Collection tubes (1.5ml)

Collection tubes (2ml)

Buffer RLT 

Buffer R W l 

Buffer RPE
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RNase-free water (tube and bottle)

Buffer RDD 

RNase-free DNase

2.3.1 Preparing solutions

The volume needed for RLT buffer was prepared with P-mercaptoethanol in the hood 

(P-mercaptoethanol is toxic and an aliquot lasts for 6 weeks). 50ml falcon tube was 

wrapped in tin foil as the buffer is light sensitive. IO|j,l P-mercaptoethanol was added 

per 1 ml RLT buffer.

70% ethanol was made up and then filtered through 20|j,m membrane with syringe 

into a clean sterile universal.

DNAse 1 was prepared in stock solution before using the RNAse-free DNAse set for 

the first time. Solid DNAse I (1500 Kunitz units) was dissolved in 550|il o f  the 

RNAse-free water provided by securing that no DNAse I was lost when opening the 

vial and then mixed gently by inverting the tube. DNAse was not vortexed as it is 

extremely sensitive to physical denaturation. For long-term storage o f  DNAse 1, the 

stock solution was removed from the glass vial, divided it into single-use aliquots and 

stored at -20"C for up to 9 months. Thawed aliquots can be used at 2-8°C for up to 6 

weeks. Aliquots were not refreezed after thawing. DNase was prepared in RDD 

buffer and kept in the fridge at 4°C until needed; lOfil DNase was then added to 70|il 

buffer RDD.

4 volumes of96% -100%  ethanol were added to RPE to create a working solution.

Diethylene Pyrocarbonate (DEPC) water was prepared as follows:

500ml bottles were filled with distilled water and autoclaved.

500ul o f  DEPC was added to each 500ml bottle, incubated at room tem perature for 1- 

2 h and reautoclaved.

Liquid Nitrogen (LN2) container was cleaned out with DEPC water, dried out in the 

oven and and kept in the fridge to cool before use.
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Tissue was transferred directly from the freezer to the plate and cut with sterile blade 

to a maximum amount o f 30mg. It was then immersed in LN2. The LN2 may be 

allowed to evaporate but the tissue should not be allowed to thaw. It was then 

thoroughly homogenised by grinding and the resultant powder or tiny fragments 

transferred directly to an RNA free Eppendorf tube.

2.3.2 Sample preparation 

2.3.2.1 Preparation of fresh tissue for RNA extraction

A max o f  30|j,g can be processed with RNeasy® mini columns. For ovarian tissue the 

binding capacity o f  the column (100|ig) and the lysing capacity o f buffer RLT never 

exceeded this amount. The tissue was not allowed to thaw during weighing or prior to 

disruption in buffer RLT.

Prior to extraction using the RNeasy® mini kit, fresh tissue was homogenised with a 

mortar and pestle as described below.

The banked frozen tissue was removed from the -80“C freezer and placed on dry ice 

during the extraction process

The mortar and pestle was autoclaved, treated with an RNAse inhibitor (RNA Zap®) 

and washed with DEPC water prior to homogenisation. DEPC inactivates 

ribonucleases by covalent modification. It was then placed in an ice box with tin foil 

and precooled with LN2.

2.3.2.2 RNeasy mini kit

Qiagen Shredder system  QIA shredders® are a commercially available spin column 

based shearing system, used for further homogenization o f tissue initially 

homogenised by mortar and pestle or for cultured cells as a primary form o f 

homogenization. It allows for up to IOO|j,g o f RNA (that equals to more than 200 

bases to bind to RNeasy silica membrane.

2.3.3 Protocol for on column DNA digestion

Although the RNeasy silica membrane technology efficiently removes most o f  the 

DNA without DNAse treatment, fiirther DNA removal might be necessary for certain 

RNA applications that are sensitive to very small amounts o f RNA (eg, TaqMan RT- 

PCR analysis with a low-abundant target) and cDNA micro arrays.
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2.3.3.1 Overview of RNA extraction

• One shredder column (purple) and one m ini-colum n (pink) were placed in 

eppendorf spare collection tubes.

• Fresh tissue was ground into the mortar with LN2 to a fine powder.

• The mortar was taken into the hood and using a new pestle, 600|^1 o f  RLT 

buffer was added. Grinding was continued until the powder was liquidified 

again (Disruption).

• Lysate was pipetted onto the purple shredder colum n in a 2 ml collection tube 

and centrifuged lysate at max speed for 5 min to homogenize 

(Homogenization). The supernatant was pipetted into a new 2ml collection 

tube and the pellet was discarded.

• 600|j,l (1:1) o f  70% ethanol was added to the cleared lysate and mixed well by 

pipetting without centrifugation. (Adjusting binding conditions).

• Up to 700p,l o f  the sample (including any precipitate) was applied to an 

RNeasy mini column placed in a 2ml collection tube and centrifuged for 15 

sec at 10,000 rpm. Flow through was then discarded and tube was changed 

(washes).

• 350|il o f  buffer RW l was pipetted into the RNeasy mini column and 

centrifiaged for 15 sec at 10,000 to wash. The flow through was then 

discarded.

• 10|il DNase I was added to 70|^1 buffer RDD and the DNase incubation mix 

(80p,l) was directly pipetted onto the RNeasy silica- gel m em brane and place 

on the benchtop for 15 min at 20-30°C.

• 350|il o f  buffer RW l was pipetted into the RNeasy mini colum n and 

centrifuge for 15sec at 10,000rpm to wash. The flow through and collection 

tube were then discarded.

• Using a new collection tube, 500|il RPE buffer was pipetted onto the column 

and centrifuged for 15 sec at 10,000rpm to wash. The flow through was 

discarded and collection tube was reused.
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• Another 500|o,l RPE buffer was pipetted onto the column and centrifuged for 2 

min at 10,000rpm to dry the RN easy silica-gel membrane. The flow through 

and collection tube were then discarded.

• The RNeasy colum n was transferred to a new 2ml collection tube and 

centrifuged at full speed for 1 min.

• The RNeasy colum n was transferred to a new 1.5 ml collection tube. 30-50fxl 

RNAse-free w ater was directly pipetted onto the RNeasy silica-gel membrane 

and centrifuged for 1 min at 10,000rpm to elute (E lution).

I f  the expected RNA yield was >30|ig , the elution step was repeated with the same 

second volume o f  RNAse free water in the same collection tube. Colum n was 

discarded and RNA concentration was determ ined by measuring the absorbance at 

260nm (A260) in a spectrophotom eter.

Purified RNA was stored at -80°C in RNAse-free water.

2.4 Nano-Drop 1000 Spectrophotometer (N D-1000)

RNA concentration and quality was m easured using the N anoD rop®  (Figure 2.1). 

The NanoDrop® is a full spectrum  (220-750nm ) spectrophotom eter that measures 

l|j,l sample with high accuracy and reproducibility. It utilizes a patented sample 

retention technology that employs surface tension alone to hold the sample in place 

and eliminates the need for cuvettes and capillaries which decreases the measurement 

cycle time. In addition, ND-1000 is capable o f  m easuring highly concentrated 

samples w ithout dilution (SOX increased concentration than the samples m easured by 

a standard cuvette spectrophotom eter).

To measure nucleic acid samples, the “nucleic acid”application m odule was selected 

and then “RNA sam ple” was clicked.
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ZNanoDrop

User Default

N u c lo i c  A c id  ; P r o t e in
A 2 8 0

P r o t e in s
L a b a l:

U s e r  I
v l B t a n c v s l

IS & I
■ t o o  fO tili t t i

D io g n o !

P r o t e in
B C A

D y n /C h r o m o -  
p h o r e  E d ilo r

C « ll
C u ltu r e s

P r o t e in
B r a d fo r d

A c c o u n t  I 
M o n a g e m e n t  {

D a t a
V ie w e r

P r o t e in
L o w ry

CJhnna|M
f* r » s n w o r r t

Figure 2.1 Nandrop ND-1000 Spectrophotometer and main software menu 

2.4.1 Loading of samples (RNA and water blanks)

With the sampling arm open, the sample/blank was pipetted onto the lower

measurement pedestal. Sampling arm was closed and measurement was initiated 

using the operating software on the PC. The sample arm slightly compresses the 

droplet and a sample column is autom atically draw n (Figure 2.2). Surface tension 

alone holds the sample in place. The spectral measurement is then made and

quantification is made based on the tightly controlled path length o f  1mm.

Figure 2.2 Loading of samples on Nanodrop® Spectrophotometer
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When measurement was complete, the sampling arm was opened and was wiped 

from both the upper and lower pedestals using a soft laboratory wipe to prevent 

sample carryover.

2.4.2 Blank measurement

The measurement pedestal surfaces were cleaned, Ifil water sample was loaded onto 

the lower measurement pedestal and 'O K ' button was clicked. Then a message 

"'Initializing Spectrometer-please wait” appeared. When this message disappears, the 

instrument will be ready for use.

Before making a sample measurement, a blank must be measured and stored. After 

making an initial blank measurement, a straight line will appear on the screen; 

subsequent blanks will clear any sample spectrum.

A blank sample was loaded and the 'B lank' button was clicked.

The blanking buffer was wiped from both pedestals using a laboratory wipe.

An aliquot o f the blanking solution was analysed as if it were a sample by using the 

'M easure' button. The result should be a spectrum with a flat baseline. Sample 

measurement was initiated after wiping the blank from both measurement pedestal 

surfaces.

2.4.3 Sample measurement

Following blank measurement, the sample was loaded exactly as described above in 

2.5.2. l |i l  samples were loaded to ensure accurate results when measuring aqueous 

RNA samples.

2.4.4 Interpretation of the results

A260/280 Ratio o f sample absorbance at 260 and 280 nm. The ratio o f absorbance at 

260 and 280nm provides an estimate o f the purity o f  RNA with respect to 

contaminants that absorb in the UV spectrum. A ratio o f -2 .0  is generally accepted as 

“pure” for RNA. I f  the ratio is appreciably lower in either case, it may indicate the 

presence o f protein, phenol or other contaminants that absorb strongly at or near 280 

nm. The A260/280 ratio is considerably influenced by pH; lower pH results in a 

lower ratio and reduced sensitivity to protein contamination.
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A260/230 Ratio o f  sample absorbance at 260 and 230 nm. This is a secondary 

measure o f  nucleic acid purity, being usually higher than the respective 260/280 

values for “pure” nucleic acids. It is usually in a range o f  1.8-2.2; if  lower, it may 

indicate co-purified contamination.

Concentration (ng/^l) Sample concentration in ng/|il based on absorbance at 260nm 

minus the absorbance at 340 nm (i.e. normalized at 340 nm) and the selected analysis 

constant.

2.5 M icroarrays

The developm ent o f  m icroarray technology has been phenom enal in the past few 

years; it has revolutionized the approach to biological research. Instead o f  working on 

a gene-by-gene basis, scientists can now study tens o f  thousands o f  genes at once. 

The Applied Biosystems (AB) Expression Array System, integrated with AB 

Sequence Detection System (SDS)-based products for gene expression analysis and 

the Celera Discovery System online platform, is based on a m icroarray that 

represents the whole human genome (Figure 2.3).

Figure 2.3 The AB 1700 cDNA Array system and microarrays. M icro arrays are 

sealed in a pre-assem bled cartridge and contain oligonucleotides that target 

transcripts in each gene o f  the human genome.

The AB Expression Array System is based on highly sensitive, chemilum inescent 

technology for gene expression detection and incorporates DNA probes that are each 

approximately 60 base pairs long. Chem ilum inescent detection uses an enzymatic 

initiated chemical reaction to generate light w ithout the need for a laser. The
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combination o f  chemiluminescence and long oligonucleotides provides higher 

sensitivity and specificity compared with other commercially available microarray 

products that incorporate shorter oligonucleotide lengths or use fluorescence 

detection methods. The long oligonucleotides enable tighter binding to the target, 

which leads to the detection o f more genes with greater selectivity and specificity. 

All probes, prior to microarray manufacture undergo analysis by mass spectrometry 

for quality control. As a result, customers should be able to detect more genes using 

less biological sample, which should be a significant advantage for researchers 

working with small, difficult-to-obtain or expensive samples, such as samples often 

required for cancer research.

In oligonucleotide arrays, the probes are short sequences (small DNA fragments) 

designed to match part o f the sequence o f known or predicted open reading frames. 

Oligonucleotide arrays are produced by printing short oligonucleotide sequences 

designed to represent a single gene or family o f  gene splice-variants by synthesizing 

this sequence directly onto the array surface.

The Applied Biosystems Expression Array System includes, on a single microarray, 

probes to detect an annotated and fully curated set o f more than 30,000 human genes. 

In particular, these “oligonucleotide” arrays contain 32,878 oligonucleotide probes 

(60 base pairs long) and target a complete annotated and fully curated set o f  29,098 

human genes from the public and Celera databases Applied Biosystems employed its 

sophisticated bioinformatics pipeline to design oligonucleotide probes (synthetic 

DNA) based on these well-defined genes for use on the microarray.

In addition to the microarray, the system comprises the 1700 Chemiluminescent 

Microarray Analyzer, software, and reagents. The Analyzer can image arrays in 

chemiluminescence and then measure the gene expression even at very low levels 

and in fluorescence to locate auto-grid features. The 1700 is also equipped with a 

high resolution, large format CCD camera, back illuminated that has very low read 

noise. This feature, coupled with low background noise from chemiluminescence is 

responsible for the very high sensitivity. To facilitate analysis o f results, the system is 

supplied with an industry standard database, continuously updated that includes gene 

acronyms, gene names, cross references for gene identification, gene ontologies and 

protein characterization data from the Panther^w Protein Classification System.
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2.5.1 Digoxigenin (DIG) Labeling Kits

Excellent results can be achieved from as little as 500ng o f  starting total RNA by 

using the AB Chem iluminescent reverse transcription-in vitro transcription (RT-IVT) 

Labelling Kit. The chem istry o f  the RT-IVT kit, based on a linear am plification 

procedure, increases the yield o f  cRNA from cDNA by >1,000 fold. A genetically 

modified Reverse Transcriptase with no RNase H activity incorporates 

deoxynucleotides and digoxigenin-dUTP (DIG-dUTP) in the synthesis o f  single­

stranded cDNA from sample RNA and RT Labelling Control RNA (Figure 2.4). 

Multiple transcription rounds result in the production o f  DIG-labelled cRNA, which 

can then specifically hybridize to the AB microarray.

mRNA

AAAAAAA 3'

Reverse Tr ans cri pti on
RNA d e g ra d a tio n  

t DMA purification

5

PurHled DIG-labeled cDNA

JT T T T T T  5'

DIG
DIG

3'

DIG •  D ig o x ig en in

Figure 2.4 RT-IVT DIG-labelling o f sam ple mRNA. The RT labeling process 

begins with reverse transcription o f  poly(A) mRNA, a component o f  total RNA, 

using an oligo (dT) primer. Transcription o f  the m RNA into cDNA incorporates a 

nucleotide m odified with DIG-dUTP. Extraneous mRNA is then rem oved from the 

mixture. After purification, the DIG-labeled cDNA is ready for hybridization to 

Applied Biosystems microarrays.
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2.5.2 Chemiluminescence Detection kit

When unbound materials have been washed from the microarray, The AB 

Chemiluminescent Detection kit is used to visualize features that have digoxigenin- 

labelled cDNA or cRNA bound to the oligonucleotide probes by incubating the 

microarray with an anti-digoxigenin alkaline phosphatase conjugate. Alkaline 

phosphatase hydrolyses the chemiluminescent substrate and emits light at a 

wavelength o f ~458nm. The signal intensity is proportional to the mRNA level 

expressed in the cells (Figure 2.5).

OIGUDIGMDIG

Enhancer
M i c r o r r a y

DIG Antibody 
p h o sp h a U sa  c on ju g a te d llu line  p h o tp t ia u s a .  and  

d ia n i lu m l r e u e n l  u l s t i a t e  
p r o d u n s  lijlit w ilh  e n iH w n  

m axim a of 4S6 nm.

•  Ami-difmifenin < Enchanc«r
Antibody

DIG ° [CS] * C ti s m ilu n i in t ic a i i t  
^  S u b i t f i t t

Figure 2.5 Chemiluminescent detection of bound DlG-iabelled cRNA. The

addition o f substrate and a chemiluminescence enhancer initiates the 

chemiluminescent reaction. The presence o f enhancer fiarther strengthens the 

chemiluminescent signal.

During microarray manufacture, in addition to the unique probe (60-mer), an internal 

control probe (a 24-mer oligo) is co-spotted on the microarray. At the hybridization 

step, this complementary oligo is included with the hybridization mixture. It is 

referred to as an internal control target that is pre-labeled with a fluorescent dye 

(LIZ® dye). The fluorescent signal, which has a close spatial correlation with the 

chemiluminescent signal, locates all features on the microarray, even in the absence 

o f gene expression signal products (chemiluminescent signal) (Figure 2.6). As a 

result, the internal control probes monitor microarray manufacturing quality, 

providing normalization o f  feature-to-feature and array-to-array variations. Also,
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spot-finding and autogridding o f  the array is enabled by fluorescent internal-control 

probes.

60-mer
Oligo

M icn^array M icroarray

lmmob<lta?d ICP Oligo Hybridization
(CO-spotted in e v e ry  location)

DIG •  D lg o x lg e n ln  •  L ii DyQ

Figure 2.6 Fluorescence used to image m icroarray features 

2.5.3 M ultiple [Microarray Images

The AB Chem iluminescent Analyzer incorporates a CCD camera capable o f  

detecting chem ilum inescent and fluorescent signals when the microarray is moved 

into the optical path o f  the analyzer. W hen the microarray is loaded into the 1700 

analyzer, the tem perature is raised to 35°C in order for the enzymatic reaction to 

reach a steady state. M ultiple images are then taken in both short (5 seconds) and 

long (25 seconds) read times to bring the m icroarray into focus and to measure, in 

turn, the fluorescent and chemilum inescent signals. The total time required to image 

a microarray, including the pre-incubation and focus steps, is approxim ately 12 

minutes. Light production on the m icroarray reaches a steady state within the first 

five minutes, while the m icroarray is being focused and brought up to 35°C. The 

chemiluminescent reaction emits light at a steady state for at least 60 minutes 

thereafter. System software can then relate the resultant intensities to gene 

expression, accurate feature registration and data quality control.

Hybridization conditions, such as sample m ixing and washing stringency are 

monitored by use o f  chemilum inescent and fluorescent fiducials to ensure signal 

uniformity. Labeling kit controls are also included with both the AB 

Chemiluminescent RT Labeling Kit and the RT-IVT Labeling Kit. These are
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synthetic bacterial control genes {Dap, Lys, Phe, BioB, BioC, and BioD) that provide 

quality information on RT and RT-IVT Kit enzyme activity and DIG-label 

incorporation efficiency for each experiment. Labelled oligonucleotides are also 

included with hybridisation controls in the AB Chemiluminescent Detection Kit, 

being complementary to those deposited on the microarray during manufacture.

2.5.4 Microarray Data Management

I m a Q e  
a c q u i s t t i o n

I m a g e  
a  n a l y s i s

I
O ats 

p repro oee 8 i ng 
and 

n o m ia liz a tio n
I

Figure 2.7 Steps in the management of Microarray Data

Image analysis

Following image acquisition, computational image analysis involves inspection o f 

the gridding result and application o f  an appropriate segmentation-differentiation o f 

the pixels within a spot-containing region into foreground (true signal) and 

background-algorithm and all quality measures to aid decision o f spot quality. 

SubstractLng the averaged background pixel intensities from the averaged pixel 

foreground intensities, gives the average spot intensity.

Data preprocessing and normalization

The data extracted from image analysis need to be pre-processed to exclude poor- 

quality spots and normalized to remove as any systematic errors as possible before 

downstream analysis. In this respect, noise, which is o f  no biological significance and 

can arise from sample preparation, labelling, hybridization or scanning must be 

minimised to ensure the accuracy o f  downstream data analyses. Various forms o f  

global normalization have been applied to micro arrays in recent studies, most 

commonly Median, Quantile and Trimmed Mean. We applied the quantile method to 

our microarray study, in order to make the distribution o f each array in our set o f
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arrays the same. This method implies that each array can be given the same 

distribution by talcing the mean quantile and substituting it as the value o f  the data 

item in the original set. Spots with intensity lower than the background plus at least 2 

SD are excluded. Intensity ratios are also log-transform ed so that up or down 

regulated values are o f  the same scale and comparable.

The 1700 Gene Expression M icroarray System  uses an Oracle® object relational 

database to manage the m ultitude o f  data content types and values that are associated 

with each o f  the millions o f  experimental data points produced over the course o f  a 

m icroarray gene expression project. This third-party software covers all main 

analysis steps through the experimental set-up and m anagement, m icroarray imaging, 

algorithm  data management, primary analysis, and final output o f  the m icroarray data 

to secondary analysis (Figure 2.8).
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Figure 2.8 Software workflow; from experimental set-up to secondary analysis.

A flowchart o f  our microarray experiment is illustrated in figure 2.9.
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Figure 2.9 Flowchart of our microarray experiment: Gene expression analysis 

was performed using the chemiluminescence based Applied Biosystems 1700 array 

system. Bioinformatics was performed using Spotfire and R.

2.6 RT-IVT labeling 

2.6.1 RT labeling

Performing Reverse Transcription and second strand synthesis 

Sample and reagents were thawed on ice: 9|j.l o f  RNA sample (made up by mixing 

2|xg total RNA and nuclease free water), 4|al Control RNA and 2^1 T7-01igo (dT) 

primer (for a total volume o f 15|al per tube. They were mixed by vortexing and then 

tubes were briefly centrifuged.

The RNA and primer mixture was heated and cooled in a thermal cycler (70°C for 

5min, 4°C hold). After the run, the tube was placed on ice.

The following components were added to the reaction tube on ice and mixed 

thoroughly by pipetting: 2|o,l lOX 1®' Strand Buffer Mix and 3jxl RT Enzyme Mix.

RT (1*‘ strand cDNA synthesis) was performed in a thermal cycler: 25°C for lOmin, 

42°C for 2h, 70°C for 15min and 4°C hold. After the run, the tube was placed on ice
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and the following components were added to the cDNA mixture: 30^1 5X 2"'̂  Strand 

Buffer Mix, 5|j,l Strand Enzyme Mix and 95 |il nuclease-free water (for a total volume 

150p,l, including 20^1 o f  the cDNA mixture).

Second strand synthesis was performed in a therm al cycler: 16°C for 2h, 70°C for 

15min and 4°C hold.

Purifying cDNA

In a 1.5ml nuclease-free microcentrifijge tube, the following reagents were combined: 

150|il DNA Binding Buffer and 150|^1 2"'̂  strand synthesis reaction mix.

A nano DNA purification column was inserted into a 2.0-ml receptacle tube. The 

reaction-DNA Binding Buffer mixture (300|il) was transferred to the column and 

centrifuged at 10,000rpm for Ih.

The column was removed from the tube, the liquid was discarded and the column 

was reinserted into the tube.

300|il o f  DNA W ash Buffer was added to the colum n and centrifuged at 10,000rpm 

for Imin.

The column was removed from the tube, the liquid was discarded and the column 

was then reinserted into the tube.

300|j,l o f  DNA W ash Buffer was added to the colum n and centrifuged at l(),000rpm 

for 1 min.

The column was then rem oved from the tube, the liquid was discarded and then the 

column was reinserted into the tube.

The column and tube were centrifiiged at 13,000rpm for Imin.

The column was transferred to a new 1.5-ml elution tube.

30p,l o f  DNA Elution Buffer was pipetted onto the fiber matrix at the bottom  o f  the 

column and incubated the column at room tem perature for 1 min.

The column and tube were centrifuged at 13,000rpm for Im in for an elution volume 

o f  10|J,1.

Elution step was repeated twice for a final elution volume o f  20|j,l and the column 

was discarded.

2.6.2 IVT labeling

The volume o f  cDNA output required was calculated based on the amount o f  RNA 

input:

113



Amount of RNA input Volume of cDNA output required

<2 lag 2A\i\ (volume o f cDNA+ nuclease free water)

The following IVT components were added to the 24|il cDNA output at RT: 8|il 5X 

IVT Buffer Mix, 4\i\ DIG-UTP and 4|al IVT Enzyme Mix, for a total o f 40^1.

IVT was performed in the thermal cycler: 37°C for 9h followed by a 4°C hold. After 

the run the tubes were placed on ice.

Purifying cDNA

In a new 1.5ml nuclease-free microcentrifuge tube, the following components were 

combined and then vortexed briefly to mix: 20p,I nuclease-free water and 40|il IVT 

reaction.

200|il RNA Binding Buffer and 140|il 100% ethanol were added and mixed by 

pipetting.

An RNA purification column was inserted into a 2ml receptacle tube.The IVT 

reaction-RNA and Binding Buffer-ethanol mixture (400|il) was added to the column 

and centrifuged at 10,000rpm for 1 min.

The column was removed from the tube, the flow through was discarded and the 

column was then reinserted into the tube.

500|il o f RNA Wash Buffer was added to the column and centrifiaged at 10,000rpm 

for I min. The flow through was then discarded.

500|il o f RNA Wash Buffer was added to the column and centrifuged at 10,000rpm 

for 1 min. The flow through was then discarded.

The column and tube were then centrifuged at 13,000 x g for 1 minute.

Eluting the cRNA

The column was transferred to a new 1.5 ml elution tube. 50|o.l o f  RNA Elution 

Buffer was pipetted onto the fiber matrix at the bottom o f the column.

The column was incubated at room temperature for 1 minute.

The column and tube were centrifuged at 10,000rpm for 1 minute for an elution 

volume o f 50|il.

50|il o f cRNA Elution Buffer was pipetted onto the fiber matrix at the bottom o f the 

column and incubated at room temperature for 2min.
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The column and tube were centrifuged at 10,000rpm for Imin for a final elution 

volume o f 100|il.

Labeled cRNA was stored on ice and quantity was assessed using UV spectroscopy. 

cRNA can be stored at -20°C for up to months or -80°C for long term storage.

2.6.3 Chem ilum inescence detection

Before starting, the hybridization oven was powered on and the temperature was set 

to 55°C, as it takes up to 3h to equilibrate to this temperature.

Pre-hybridization

Once the oven temperature was verified at 55°C, microarrays were equilibrated to 

room temerature.

Pre-hybridization mixture was prepared in a nuclease-free tube and vortexed to mix: 

150|il nuclease-free water, 330|,il Hybridization Buffer, 100|il Hybridization 

Denaturant and 420|.il Blocking Reagent.

It was then transferred (1ml) into each microarray cartridge: after removing the foil 

wrapping from a cartridge it was pipetted into the port with tip at a 90" angle. The 

port surface was dried with lint-free tissue and the port was sealed with the plug. The 

plug was turned 90° to secure it. The arrays were tilted several times to wet evenly.

All cartridges were rocked in a vertical orientation on the rocking platform shaker for 

5 min.

All cartridges were incubated in a 55°C oven at 100 rpm for Ih.

Fragmenting cRNA

The following components were combined in a 0.2 ml Microamp® reaction tube on 

ice and mixed by pipetting: 10|il cRNA Fragmentation Buffer and 90|i.l o f DIG- 

labelled cRNA and nuclease-free water. Reagents were allowed to equilibrate at room 

temperature for Ih before use.

The tubes were heated in a thermal cycler at 60°C for 30 min.

50|il o f cRNA Fragmentation Stop Buffer was added, mixed by pipetting and placed 

on ice.

Hybridization 

For each microarray:
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A hybridization mixture in a nuclease-free microcentrifuge tube was prepared; lOOfxl 

nuclease free water, 170p.l H ybridization Buffer, 30p,l Hybridization controls, 50|al 

Hybridization Denaturant and 150|J,1 fragm ented cRNA targets.

The hybridization mixture was vortexed and centrifuged briefly.

The hybridization mixture was quickly transferred into each m icroarray cartridge, 

drying the port with lint-free tissue prior to sealing.

The cartridge was returned to the oven and incubated at 55°C at 100 rpm  for 16h. 

Hybridization washes

600p,l hybridization wash buffer 1 was added to a clean wash tray.

M icroarrays were rem oved from their cartridges; liquid was decanted and submerged 

in wash buffer. They were then agitated on the rocking platform  shaker for 5min (tilt 

angle 10°C, tilt speed 30 tilts back and forth per min)

600^1 hybridization wash buffer 2 was added to a clean wash tray. M icroarrays were

transferred to a new tray, draining them  in the process. It was then agitated on the 

rocking platform  shaker for 5 min.

The buffer was discarded from the wash tray.

400|al chem ilum inescence rinse (CL) rinse buffer was added to the wash tray 

ensuring that all m icroarrays were subm erged in buffer.

It was then agitated on the rocking platform  shaker for 5 min.

The wash tray was rem oved from the rocking platform  shaker. M icroarrays may be

left in CL rinse buffer at room tem perature for up to Ih.

Antibody binding

The following com ponents were combined for the CL blocking buffer/antibody 

m ixture in a nuclease free tube and mixed by inversion w ithout vortexing: 2.8m l 

nuclease free water, 200|j,l Chem ilum inescence Rinse Buffer Concentrate, 1ml 

Blocking Reagent and 15|il Anti-Digoxigenin-AP.

Each m icroarray was rem oved from the wash tray, gently shaken and tapped, then 

placed vertically on the rocking platform  shaker.

4 |il CL blocking blocking buffer/ antibody mixture was imm ediately to the 

microarray.

The arrays were covered with the wash tray  cover and agitated on the rocking 

platform  shaker for 20 min at room tem perature.
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Antibody washes

500p,l CL Rinse Buffer was added to a clean wash tray.

CL blocking buffer/ antibody mixture was decanted, the microarray was shaken and 

tapped gently and then placed in the wash tray.

The wash tray was covered and agitated on the rocking platform  shaker for 10 min. 

The buffer was drained from the wash tray.

500|j,l CL Rinse Buffer was added to the wash tray and agitated on the rocking 

platform shaker for 10 min.

The buffer was then discarded from the wash tray.

500|^1 CL Rinse Buffer was added to the wash tray and agitated to the rocking 

platform shaker for 10 min.

The wash trays were rem oved from the rocking platform  shaker. M icroarrays may be 

left in the CL Rinse Buffer at room tem perature for up to 3h.

Chemiluminescent reaction

This step needs to be performed quickly as it is time-dependent. Only one microarray 

was used at a time:

100|il CL Enhancing Rinse Buffer was placed in a 4X5 inch tray.

One m icroarray was removed from the wash tray, CL Rinse Buffer was decanted, 

then gently shaked and tapped, then placed in the CL Enhancing Rinse Buffer.

It was then agitated on the rocking platform  shaker for 10 min.

The microarray was rem oved from the small tray, decant CL Enhancing Rinse Buffer 

was decanted, the microarray was gently shaken and tapped, then placed vertically on 

the rocking platform  shaker.

4 |il o f  Chem iluminescence Enhancing Solution was quickly added to the microarray

and agitated on the rocking platform  shaker for 20 min.

lOOfil CL Enhancing Rinse Buffer was added in a second small tray.

The Enhancing solution was decanted from the microarray.

The m icroarray was gently shaken and tapped, then placed in the second small tray 

and agitated on the rocking platform  shaker for 5 min.

The microarray was rem oved from the small tray, the CL Enhancing Rinse Buffer 

was decanted, the m icroarray was then gently shaken and tapped.
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The bottom o f the microarray was wiped with lint-free tissue and 3.5 |j,l o f 

Chemiluminescence Substrate was added to it.

We then proceeded immediately with performing CL detection on the AB 1700 

Chemiluminescent Analyser.

2.6.4 Starting cDNA micro arrays

After entering username and password, the 1700 gene expression window was 

clicked, a new username and password was entered and then:> AB Navigator 

>Expression Array System Software and New Microarray was double clicked.

The following information was entered for each array:

Barcode/ID (ie,HB00056)

Lot number

Microarray type.- human

Security group: AB

Chemistry method: RT-IVT

Sample name {ie, primary recurrent)

2.6.4.1 Reading the 1700 Microarray Data

The Analyzer was powered on at least lOmin before getting started with reading data. 

The Expression Array System Software was activated as per above >AB1700 >Data 

Collection and OK clicked when temperature was set to 35°C and camera 

temperature to -49°C.

Bar code was entered as per above (ie, HB00056) and tab was pressed; all details 

appeared on the screen including the cartridges settings and then start button was 

clicked.

2.6.4.2 R script Analysis

A dataset was created in AB1700 and all the arrays analysis data were added. 

Clicking on filter gene features allowed the transfer o f  necessary data. Data were 

exported as ASCII Wide format. The following features were needed: Probe ID, 

Gene ID, Signal, S/N and flags.

The columns read across the top in the order mentioned above with signal, s/n and 

flags for each sample. The new file was saved in a new folder as a text tab delimited 

file (working file).
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A design file was created and placed in the same folder so that only the two files 

were in this folder.

A design file has 3 columns, sample name, assay name and group; sample name m ust 

be the same as what is in the working file and assay name can also be the same e.g if 

working file says Signal untreated then the sample name in the design file is 

untreated, (it is very important to be named exactly as in the working file).

The sample names were put in the same order as the working file.

The group column allows you to specify what you want to compare e.g prim ary vs 

recurrent etc, so each sample was labelled as prim ary or recurrent. The design file 

was saved as a text tab delimited file.

After opening R:

The folder was selected, specified where to go to file and directory was changed.

The following commands were entered: 

library(Biobase) return 

library(1700) return

ese t< -1700(“workingfile.txt” ,”design.txt” ,”group”)retum  e.g. 

ese t< -1700(“ovary.txt”,”designovary.txt’V’group” ) no spaces 

This order puts the results in the same folder.

2.7 Ingenuity® Pathway Analysis (IPA)

Ingenuity® Pathways Analysis (IPA) was additional used to quickly analyze our 

experm ental data. Using Ingenuity's® extensive library o f  well-characterized 

signaling and metabolic pathways as a starting point, we attempted to build our own 

dynamic pathway model or key interactive pathways representing the key genes 

identified in our work. The IPA explores beyond the constraints o f  "canonical" 

pathways with a range o f  interactive tools for modeling upstream  and downstream  

relationships among identified genes, thus bridging novel discovery and known 

biology. In this respect, it was also used to validate our experimental assumptions.

2.8 M icroRNA Expression Analysis using Real-Tim e PCR (RT-PCR)

Several methods have been used to study m iRNA expression levels: m icroarray 

analysis, real-time PCR, Northern blots, in situ hybridization (ISH), etc. O f those, 

RT-PCR is the most sensitive and accurate m ethod (Figure 2.10).

119



mirVana” 
miRNA 

Isolation Kit

Convert to  cDNA
Quantiutc
microRNA
Expression

TaqMan* 
MicroRNA Reverse 
Transcription Kit

TaqMan" 
MicroRNA Assays

TaqMan* Universal 
PCR M aster Mix

7900HTFast 
Real-time PCR 

System

Figure 2.10 miRNA experim ental overview  

2.8.1 m iRNA extraction from fresh tissues

Isolation o f  m iRNA begins when total RNA that includes the small RNA fraction is 

isolated from the samples o f  interest. RNA was extracted from fresh tissues using the 

Am bion mirVana™  miRNA isolation kit (Ambion, Austin, TX) (Figure 2.11). The 

kit uses a fast and efficient glass fiber filter based procedure to isolate total RNA 

ranging in size from kilobases dow n to 10-mers. It also includes a procedure to enrich 

the population o f  RNAs that are 200 bases and smaller, which enhances the 

sensitivity o f  small RNA detection by solution hybridization and Northern blot 

analysis.

Lysis and  O rganic
Disruption Extraction Final RNA isolation

Total RNA
Total
RNA<

Add 1 .2 5  volumes 
ethanol and p ass  

through filter

E lu te

Figure 2.11 Overview o f  the mirVana^^ m iRNA Isolation Kit Procedure. The

first step involves disruption o f  the sample in a denaturing lysis buffer. Next, the 

sample is subjected to Acid-Phenol:Chloroform  extraction which rem oves most o f 

the other cellular components, leaving a semi-pure RNA sam ple.Different protocols 

are then used for final RN A purification. To isolate RNA for m iRNA expression 

profiling, the procedure for total RN A isolation was followed.

120



2.8.2 Overview of the mirVana^'^ miRNA Isolation Kit Procedure

The W ash solutions were prepared first by adding and mixing 21ml o f  100% ethanol 

to the bottle labeled m iRNA W ash Solution 1 and 40ml o f  100% ethanol to the bottle 

labeled W ash Solution 2/3.

Fresh sample removed from the -80°C freezer was prepared as described in section 

2.3.2.1, starting with 30mg tissue, then processed imm ediately and ground to powder 

using a mortar and pestle.

Sample disruption

300|j,l Lysis/Binding Solution (10 volumes per tissue mass) was added. Tissue cells 

lysed immediately upon exposure. The mixture was then transferred to a tube and 

vortexed to completely lyse the cells and to obtain a hom ogenous lysate.

Organic extraction

30|al o f  miRNA Homogenate Additive (1:10 volume) was added to the tissue lysate 

and mixed well by inverting the tube several times. The mixture was left on ice for 

lOmin.

300|al o f  Acid-Phenol: Chloroform  (1:1 volume) was added and vortexed for 30-60 

sec to mix, followed by centrifiagation for 5 min at maximum speed at room 

temperature to separate the aqueous and organic phases. The interphase was ensured 

to be compact or else the centrifijgation was repeated. The aqueous (upper) phase was 

then removed, the volume was noted and transferred to a fresh tube.

Total RNA isolation procedure

375|j,l o fR T  100% ethanol was added to the aqueous phase (1.25 volumes).

A Filter Cartridge was placed into the collection tube and up to 700|xl o f  the 

lysate/ethanol mixture was pipetted onto it. I f  the sample was larger, the mixture was 

applied in successive applications to the same filter.

The mixture was centrifiiged for 15 sec at 10,000 rpm  to pass the mixture through the 

filter. The flow through was discarded and centrifijgation was repeated until the 

whole mixture is through the filter. The collection tube was reused for the subsequent 

washing steps.
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700|o.l W ash Solution 1 was applied to the Filter Cartridge and centrifuged for 10 sec, 

the flow through was then discarded from the collection tube and the Filter Cartridge 

was replaced into the same collection tube.

500|o.l W ash Solution 2/3 was applied through the Filter Cartridge as per previous 

step.

The above step was repeated with a second 500|j,l aliquot o f  W ash Solution 2/3.

The flow through was discarded and the asssem bly was spun for 1 min to remove 

residual fluid.

The Filter Cartridge was transferred to a fresh collection tube and 100|^1 o f  pre-heated 

(95°C) nuclease-free w ater was applied to the center o f  the filter, followed by 

spinning for 30 sec at m axim um  speed to recover the RNA. The eluate was collected 

and stored it at -20°C or below.

2.8.3 miRNA extraction from formalin fixed paraffin embedded (FFPE) tissues

This was performed using the Recoverall™  Total Nucleic Acid (NA) Isolation Kit 

(Ambion, Austin, TX). The kit is designed to extract NA, including miRNAs from 

archived FFPE tissue. Up to 20 |im  sections or up to 35 mg o f  unsectioned core 

samples can be processed per reaction. Although degree o f  the RNA fragmentation in 

FFPE tissues carmot be reversed, the protein digestion conditions o f  the RecoverallTM 

kit are designed to release a maximum  amount o f  RNA fragm ents o f  all sizes, 

including miRNA, in a relatively short amount o f  time. The recovered miRNAs are 

then suitable for downstream  applications such as m icroarray analyses, qRT-PCR and 

m utation screening.

122



2.8.3.1 Overview o f iniRNA isolation using the R ecoveralF^* Total Nucleic acid 

Isolation Kit (Figure 2.12)
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Figure 2.12 O verview o f the RecoveralF'^ Total Nucleic Acid Isolation  

procedure

20|im  sections from FFPE tissue blocks (4slices) were cut using a microtome. 

Deparrafinization

1 ml o f  100% xylene was added to the sample, removing the paraffin from the 

sections.

The sample was vortexed briefly to mix and then heated at 50°C for 3 min to melt the 

paraffin.
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The sample was centrifuged for 4 min at room temperature and maximum speed to 

ensure a tight pellet.

The xylene was then removed and discarded without disturbing the pellet.

1ml o f  100% ethanol was added to the sample and vortexed to mixing and removing 

xylene from the sample and accelerating drying o f the tissue. The sample was then 

centrifuged for 2 min at room temperature and maximum speed to pellet the tissue. 

The above wash was repeated for a second time with 1ml o f  100% ethanol and 

briefly centrifuged to remove any residual ethanol in the bottom o f the tube without 

disturbing the pellet which was then dried for 15 min.

Protease digestion

400|j,l Digestion Buffer and 4|o.l o f  protease were added to each sample and the tube 

was swirled gently to immerse the tissue.

The sample was incubated in a heat block for 3h at 50"C.

RNA isolation

480)0,1 Isolation Additive was added to each sample and vortexed to mix. The solution 

usually appears cloudy white and cloudy after mixing.

1.1ml o f  100% ethanol was added to each sample by pipetting two aliquots o f 550|ol 

to accommodate adjustable pipettors. Each sample was mixed by pipetting up and 

down to make the solution clear.

A filter cartridge was placed in one o f  the collection tubes supplied and 700|il o f  the 

sample/ethanol mixture was pipetted onto it.

The mixture was centrifuged at 10,000rpm for 60 sec to pass the filter, the flow 

through was then discarded and the filter cartridge was reinserted to the same 

collection tube. The above step(s) were repeated until all the sample mixture passed 

through the filter.

700|il o f Wash 1 was added to the filter cartridge, followed by centrifugation for 30 

sec at 10,000rpm to pass the mixture through the filter. The flow through was then 

discarded and the filter cartridge was reinserted to the same collection tube.

500|ol o f  Wash 2/3 was added to the filter cartridge, followed by centrifugation for 30 

sec at 10,000rpm to pass the mixture through the filter. The flow through was then 

discarded and the filter cartridge was reinserted to the same collection tube.
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The assembly was spun for an additional 30 sec to remove residual fluid from the 

filter.

Nuclease Digestion and fin a l nucleic acid  purification

The following solutions were combined to make the DNA mix (or a m asterm ix in 

case o f  one or more samples):

Amount 
(per reaction) Component

6 |J| 10X DNase Buffer

4 |J| DNase

50 Hi Nuclease-free Water

60|j,l o f  the DNase mix was added to the center o f  the filter cartridge and the tube was 

incubated for 30 min at room temperature.

700|al o f  Wash 1 was added to the filter cartridge and incubated for 30-60 sec at room 

temperature, followed by centrifugation for 30 sec at 10,000rpm. The fiow through 

was then discarded and the filter cartridge was reinserted to the collection tube.

500|al o f  Wash 2/3 was added to the filter cartridge and centrifuged for 30 sec at 

10,000rpm. The flow through was then discarded and the filter cartridge was 

reinserted to the collection tube.

The above step was repeated to wash a second time with 500|il o f  W ash 2/3. The 

assembly was centrifuged for 1 min at 10,000rpm to remove residual fluid from the 

filter.

The filter cartridge was transferred to a fresh collection tube. 30 |il o f  elution solution, 

pre-heated in a water bath to 95°C, was applied to the center o f  the filter. The sample 

was allowed to sit at room tem perature for 1 min and then centrifuged for 1 min at 

maximum speed to pass the mixture through the filter.

The above step was repeated with a second 30|il aliquot o f  eluant, using the same 

collection tube. The volume o f  the collected eluate was determined. The eluate was 

stored at -20°C.

125



2.8.4 TaqMan® PCR

The advent o f PCR by Kary B. Mullis in the mid-1980s revolutionized molecular 

biology as we know it. PCR is a fairly standard procedure now, and its use is 

extremely wide-ranging. At its most basic application, PCR can amplify a small 

amount o f template DNA (or RNA) into large quantities in a few hours.

TaqMan® PCR exploits the 5 ’ nuclease activity o f Taq DNA polymerase (o f the 

species Thermus aquaticus, a thermophile whose polymerase is able to withstand 

extremely high temperatures to cleave a TaqMan probe during a PCR. The 

temperature is then alternated between hot and cold to denature and reanneal the 

DNA, with the polymerase adding new complementary strands each time. In addition 

to the basic use o f  PCR, specially designed primers can be made to ligate two 

different pieces o f DNA together or add a restriction site, in addition to many other 

creative uses.

f f ow TaqMan® works:

Figure 2.13 The Taqman probe. The red circle represents the quenching dye that 

disrupts the observable signal from the reporter dye (green circle) when it is within a 

short distance.

The probe consists o f two types o f  fluorophores; while the probe is attached or 

unattached to the template DNA and intact (before the polymerase acts), the 

quencher (Q) fluorophore (usually a long-wavelength colored dye, such as red) 

reduces the fluorescence from the reporter (R) fluorophore (usually a short- 

wavelength colored dye, such as green). It does this by the use o f Fluorescence (or 

Forster) Resonance Energy Transfer, which is the inhibition o f one dye caused by 

another without emission o f  a proton. The reporter dye is found on the 5 ’ end o f  the 

probe and the quencher at the 3 ’ end (Figure 2.13).

TaqMan probe
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Figure 2.14 The TaqMan® probe binds to the target DNA, and the primer binds 

as well. Because the primer is bound, Taq polymerase can now create a 

complementary strand.

Once the TaqMan® probe has bound to its specific piece o f the template DNA after 

denaturation (high temperature) and the reaction cools, the primers anneal to the 

DNA (Figure 2.14). Taq polymerase then adds nucleotides and removes the 

Taqman® probe from the template DNA. This separates the quencher from the 

reporter, and allows the reporter to give off its energy (Figure 2.15). This is then 

quantified using a computer. The more times the denaturing and annealing takes 

place, the more opportunities there are for the Taqman® probe to bind and, in turn, 

the more emitted light is detected.

nucleotides 
from TaqMan

com plem entary strand

3 ' template DNA

Figure 2.15 The reporter dye is released from the extending double-stranded 

DNA created by the Taq polymerase. Away from the quenching dye, the light 

emitted from the reporter dye in an excited state can now be observed.

The TaqMan® PCR based system was selected for mRNA quantitation. It requires 

very small amounts o f target RNA (only a few ng).
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Quant ificat ion

The light emitted from the dye in the excited state is received by a computer and 

shown on a graph display, such as this, showing PCR cycles on the X-axis and a 

logarithmic indication o f intensity on the Y-axis (figure 2.16).
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Figure 2.16 An example o f  a graph printout using the TaqM an® probe 

displaying various amplification plots.

2.8.5 Real-time quantitative TaqM an® RT-PCR

Real-time PCR allows the scientist to actually view the increase in the amount o f 

nucleic acid as it is amplified (ie, in real time).

It is the most sensitive technique for mRNA detection and quantitation currently 

available. Data is collected through the PCR process rather than at the end o f  the 

PCR. This completely revolutionizes the way one approaches PCR-based 

quantitation o f  RNA because reactions are characterised by the point in time during 

cycle when amplification o f a target is first detected, rather than the amount o f  target 

accumulated after a fixed number o f  cycles. The higher the starting copy number o f 

the RNA target, the sooner a significant increase is observed.

RT-PCR has become the preferred method for validating results obtained from array 

analyses used to evaluate gene expression changes on a global scale.

RT-PCR can be one-step or two-step in nature. In the initial cycles, there is a little 

change in fluorescence signal. This defines the baseline for the amplification plot. An 

increase in fluorescence above the baseline indicates the detection o f the target. A 

fixed fluorescence threshold can be set above the baseline. The parameter threshold
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cycle (Ct) is defined as the fractional cycle number at which fluorescence passes the 

fixed threshold.

For relative quantitation, quantity is expressed relative to some basis sample, such as 

the calibrator. For all experimental samples, target quantity is determined from the 

standard curve and divided by the target quantity o f the calibrator. Thus, the 

calibrator becomes the IX sample and all other quantities are expressed as an n-fold 

difference relative to the calibrator.

For quantitation normalized to an endogenous control, standard curves are prepared 

for both the target and the endogenous reference. Then the target amount is divided 

by the endogenous reference amount to obtain a normalized target value. For the 

quantitation o f gene expression, various endogenous controls have been used such as, 

P-actin, GAPDH, or ribosomal RNA (rRNA).

Several methods have been developed over the years to present relative gene 

expression. The efficiency correction method calculates the relative expression ratio 

from the real-time PCR efficiencies and the Ct. RT-PCR data have been analysed 

using the sigmoidal curve method that fit the experimental data to an empirical 

equation and results in the prediction o f PCR efficiency [339]. The commonest 

method o f presenting RT-PCR data is the comparative Ct method (also known as the 

2 to the power-Delta Delta CT method (2'^*'')) [340] and has been widely used by 

scientists [341].The comparative Ct method makes several assumptions, including 

that the efficiency o f the PCR is close to 1 and the PCR efficiency o f the target gene 

is similar to the internal control gene [340],

The final form o f the as has been previously reported in Applied Biosystems 

User Bulletin No 2 is:

Fold change

This form o f equation may be used to compare the gene expression in two different 

samples (sample A and sample B); each sample is related to an internal control gene. 

Sample A may be a primary diseased sample and sample B the normal state or a 

recurrent diseased sample. Expanding the above equation to its fiall form:

2-aaq ^  internal control) sample A -  (Ct gene o f  interest -C t

internal control) sample B)].
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In this way our data are interpreted as “the expression o f  the gene o f interest relative 

to the internal control in the primary diseased sample compared with the recurrent 

control”.

2.8.5.1 Two-step PCR

Two-step PCR is performed in two separate reactions; total RNA is reverse 

transcribed into cDNA, which is then amplified by PCR. This method is useful for 

detecting multiple transcripts from a single cDNA template or for storing cDNA 

aliquots for later use. In our study a large number o f gene targets were amplified 

including the endogenous cnotrol. Table 2.3 lists the recommended kits for two-step 

RT-PCR.

Table 2.3 Recommended kits for two-step RT-PCR.

Chemistry Step Reagent

TaqMan kit RT High Capacity cDNA Archive Kit

TaqMan reagent PCR TaqMan Universal PCR Master Mix

2.8.S.2 cDNA synthesis

The High Capacity cDNA Archive Kit (AB, USA) was used to convert total RNA to 

single stranded cDNA. This kit uses the random primer scheme for initiating cDNA 

synthesis. Random primers ensure first strand synthesis occurs efficiently with all 

species o f  RNA molecules present including mRNA and rRNA. cDNA is preferred as 

it is considered less susceptible to degradation than RNA and more stable for long 

term archiving.

cDNA reaction preparation

A Reverse transcription (RT) Master Mix was prepared using the following reagents; 

lOX Reverse Transcription Buffer, 25X dNTPs, lOX random primers, MultiScribe 

Reverse Transcriptase and Nuclease-free water.

The volume o f components needed to prepare the cDNA archive plate was 

calculated, using table 2.4 below:
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Table 2.4 List of reagents used for preparation of RT Master Mix with their 

volumes

Component
Volume (iiL) 

Reaction

10X R everse  Transcription Buffer 10

25X  dN T P s 4

10X random  primers 10

M ultiScribe'" R everse  Transcriptase, 50  U iiL 5

N u clea se -free  H2O 21

Total per Reaction 50

50}il 2X RT M aster Mix was used for each reaction. An equal volume o f  RNA 

sample (2 |ig  RNA brought up to 50|j,l with Rnase free water) was added per reaction. 

50p,l o f  2X RT M aster Mix was pipetted into a PCR tube.

50|il o f  RNA sample was pipetted into the PCR tube and mixed by repeated pipetting 

up and down three times.

The tube was placed on ice and loaded to the PCR Thermal Cycler (Thermo Hybaid) 

using the following conditions; 25°C for 10 min, 37°C for 2 hours (Program 20 REV 

in the thermal cycler). The reaction volume was set to lOOfil.

The cDNA was stored at -20‘’C until further use.

2.8.5.3 TaqMan® Gene Expression Assays

TaqM an® Gene Expression Assays consist o f  a 20X mix o f  unlabeled PCR prim ers 

and TaqM an® MGB probe (FAM'^’'^ dye-labeled). These assays are designed for the 

detection and quantitation o f  specific human genetic sequences in RNA samples 

converted to cDNA. Gene expression quantitation is perform ed as the second step in 

a two-step RT-PCR protocol on the 7000 AB PRISM ® Sequence Detection System  

Instrument.

2.8.5.4 PCR amplification

The second step in the two-step RT-PCR procedure is amplifying the cDNA. 

TaqM an® Universal M aster M ix reagents provide a PCR mix to be used with 

appropriately designed primers and probes to detect cDNA sequences.
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Preparing the PCR M aster Mix

Table 2.5 below refers to the preparation o f  the reaction components for a single 10|il 

reaction (96-well plate). Components were prepared in separate wells (singleplex 

assay). Also an endogenous control o f  choice 18S (Ribosomal RNA control reagent, 

VIC probe, Part no: 4308329 Applied Biosystems) was run in separate wells as this 

does not require any validation experiments.

Table 2.5 Reaction components for a single RT-PCR

10|j,l reaction with their volumes A) Gene Expression Assay® B) Endogenous 

control

A

Reaction component Volume/W ell (10^l volume reaction)

TaqM an® Universal 

PCR M aster Mix,

No AmpErase® UNO

5

20X Assays-on-Demand™  

Gene Expression Assay Mix

0.5

Rnase- free-water 3.5

cDNA 1

Total 10

B

Reaction component 

for 18S

Volume/W ell (10^1 volume reaction)

TaqM an® Universal 

PCR M aster Mix

5

Forward primer 0.28

Reverse primer 0.28

TaqMan probe 0.2

cDNA sample 1

Nuclease free water 3.44

Total 10

The reaction plates were labelled ensuring that an endogenous control was included 

on each plate.
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9|a,l o f  the appropriate PCR master mix and l|o,l o f  cDNA for each sample were 

pipetted into each well o f  the plate. Samples were vortexed before use.

The same tip was used to load the M aster M ix onto the well and different tips to load 

our samples onto each well. Notes o f  any bubbles in the wells were taken and 

separate tips were used to remove them, if possible.

After finishing loading, a cover was added and the tips were held w ithout touching 

the cover. The plate was vortexed briefly to spin down wells and elim inate bubbles. 

The reaction plates were kept on ice until ready to load into the 7000 system.

Creating a Relative quantitation (RQ) Plate Document

cc
T hr,

L T cri~ rrT rfT V «

Md Tlinifi^atsi C a n trD l

s m s  
Cycle Number

X

Figure 2.17 A representative am plification plot including some o f the terms 

frequently used.

An RQ plate document is an SDS document that stores data collected from an RQ run 

for a single plate; it also stores info about the run, including sample names and 

detectors.

A new plate document was created by:

Selecting Start> Programs> ABI Prism 7000>AJBI Prism  7000 SDS Software. 

Selecting file>New. In the drop-down list, RT plate was selected and the default 

settings were accepted, eg 96-well Clear and Blank document. By clicking ok, the 

software opened a new RQ Plate document.

The detectors for the plate were specified by selecting Tools> Detector Manager. 

New detectors were created if no detectors were listed in Detector M anager dialog
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box. Appropriate detectors were selected. The detectors were then added to the plate 

document by clicking “Add to Plate document” and then click Done.

After selecting View>Well Inspector, the wells on the plate were labeled by 

highlighting the replicate wells for our samples. The sample name was entered in the 

well inspector.

In the well Inspector, the detectors were selected and the detector tasks were assigned 

(FAM or VIC) for each sample. After closing the well inspector the information was 

verified on each well in the set up tab. This sample information was saved as a 

template document to set up ftarther plate documents.

The instrument tab was selected. The standard PCR conditions for the PCR step o f 

the two-step RT-PCR method (RT step completed) are displayed by default as shown 

in the following table (Table 2.6). The sample volume was set to 10|^1.

Table 2.6 Standard PCR conditions

Initial step PCR(each o f 40 cycles)

PCR AmpErase® UNO Melt Anneal/Extend

step Activation

HOLD CYCLE

2min at 50°C 15sec at 95°C 1 min at 60°C

A name for the RQ plate document was entered and the file was saved.

The plate was loaded into the instrument with well A1 at the upper left-hand comer 

and the run was initiated by clicking Start.

During the run, the instrument recorded the fluorescent emissions resulting fi'om 

cleavage o f TaqMan probes in the presence o f  the target and reference sequences. All 

data generated were saved to the RQ plate document.

Analyzing and viewing RQ Plate Data

By selecting Analysis>Analyze, the SDS software automatically transformed the raw 

fluorescent data to establish a comparative relationship o f the changes between the 

reference dye and the reporter dyes. Based on that comparison, the software
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generated 4 different result views: Plate, spectra, Component and Am plification Plot 

(Figure 2.18).

In the Results tab, the results o f  the run were view ed and the parameters were 

changed if  necessary. For exam ple, options were provided for omitting samples or 

manually setting the baseline and threshold. I f  any parameters were changed, the data 

was reanalyzed. The Results tab has four secondary tabs, each o f  which is described  

below.

P la te  Tab
D is p liiy s  th e  r e s u l ts  d u ta  o f  c u c h  w e ll ,  in c lu d in g  the :

• S lu n p le  n u m e  a n d  d etcc ti> r ta s k  a n d  c o lo r  to r  
exich w e il

• C a lc u la te d  \  a lu e

S p e c tr a  Tab
!> isp la \ s  ti jc  tlu tM 'c sccn ce  s jH x tra  o f  s e le c te d  w e lls .

• T h e  C 'y c le s  s l id e r  allo> \‘s y o u  to  se e  th e  s p e c t ra  
to r  e a c h  c y c le  b> drayig^ui^ it w ith  th e  |K >im er

• The ( . 'y c le  ^  te x t b o x  s h o w s  th e  c u r re n t  |x> silion  
o f  th e  slid e r.

C o m p o n e n t Tab
I '> isp lays th e  c o i i ip le tc  s}>ectral c o n t r ib u t io n  o t 'e a c h  
d y e  in  a  s e le c te d  w e ll  o v e r  th e  d u r a t io n  o f  th e  PC'R 
ru n . O n ly  th e  f irs t s e le c te d  w e ll  is  s h o w n  a t o n e  t im e .

N o te :  I f  y o u  a r e  usin^t la q M a n *  p ro d u c ts ,  th re e  
con i|K > nen ts  ( R ( )X " ' d> e . rc|X >rter d> e . a n d  T A  V I R .\ '“  
( |u e n c h e r )  a r e  d isp la >  e d  in  tl ie  ( 'o iii |K > n en t ta b  I f  y m i 
a rc  u s in g  r a ( ] \1 a n ^  \fC H 3 p r in iu c ts . o n ly  tw o  
con)|x> ncn t.s  (R C )X  a n d  r e p o r te r  d \  e s )  a r e  d is p la c  ed , 
a s  sh o w  n in  th e  f ig u re  o n  th e  rig h t.

A m p lifica tion  P lo t Tab
[d is p la y s  a  p lo t o f  R,, a s  a  f u n c t io n  o f  c> c le  nuiiil> er fo r 
th e  s e le c te d  d e te c to r  a n d  w cll<s).

f r w r i  T C « f in » n t t i

tJ U

flca B o  ia

iiS97 r e »  r e ! e  rsT?

I R B  S | ? 3 i  r « i e  r « i 4  r s i o  r a ^

a n  I

i  ->a I

Vr«i^fSic«S"'~3

s

Figure 2.18 Result views for an RQ plate Docum ent

The amplification plot or Rn vs C ycle (Log) displayed Rn dye fluorescence as a 

function o f  cycle number. This plot can be used to identify and exam ine irregular 

amplification and manually set the threshold and baseline parameters for the run.
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Exporting RQ Plate Documents

By selecting File> Export the data type were selected to export. Enter a file name for 

the export file was entered and saved.

2.8.6 Early Access Human miRNA Panel

The AB TaqMan® miRNA assays (Foster City, CA, USA) are designed to detect and 

quantify mature miRNAs using a looped-primer real-time PCR. The human early 

access panel used in this study contained 180 individual assays covering many o f the 

identified human miRNAs. Quantification was carried out using a two-step RT-PCR 

process; step 1 involves annealing o f  stem-loop RT primers in a RT reaction followed 

by a RT-PCR (Figure 2.19).

Figure 2.19 Schematic diagram of stem-loop RT-PCR

Step 1: Stem-loop RT primers anneal to miRNA targets and extend in the presence 
o f reverse transcriptase.
Step 2: microRNA-specific TaqMan® PCR primers and probes are used to amplify 
cDNA.

2.8.6.1 Reverse Transcription

Reverse transcription was performed as per section 2.8.5 above.

2.9 Laser Capture Microdissection (LCM)

LCM enables the dramatic increase o f  sensitivity and accuracy o f molecular assays 

by starting with samples o f  homogeneous cell types and multi-cellular structures
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isolated from whole tissue or cytology samples. This unique approach to 

m icrodissection, developed in 1996 at the National Institutes o f  Health ensures that 

biological m olecules such as RNA and DNA, remain undamaged during the 

m icrodissection process.

LCM has enormous flexibility with respect to tissue and cell fixation preparations. 

LCM effectively extracts cells from both paraffin-em bedded and frozen tissue 

sections prepared using a wide variety o f  different dyes, slide surfaces, and protocols 

(Figure 2.20).

Microdissecticn Tumour area

Figure 2.20 Laser Capture M icrodissection (LCM ) To avoid contam ination with 

normal or stromal tissue present in tumours, areas containing tumour cells are laser- 

m icrodissected and the DNA or RNA from these areas are isolated according to 

different protocols.

LCM utilizes a low-power infrared laser to melt a special therm oplastic film over the 

cell(s) o f  interest, especially developed CapSure M acro Caps that are coated with this 

therm oplastic film are placed on the tissue section or cytology sample. The PixCell™  

LCM instrument (Figure 2.21) is then used to direct the laser through the cap to meh 

the film onto the cells o f  interest. It can transfer cells from  paraffin-em bedded frozen 

tissue samples, stained and immunolabelled slides. A single cell or large groups o f 

cells can be located. LCM preserves the exact m orphologies o f  both the captured 

cells as well as the surrounding tissue. W hen the cap is lifted, the selected cells 

rem ain attached and are captured for fiirther analysis. The entire process is 

docum ented and images can be stored in the archiving workstation.

LCM was employed in six o f  the recurrent FFPE tum our samples to yield sufficient 

hom ogenous populations o f  malignant epithelilal cells. 8|im  sections were cut from 

each block, dewaxed and stained with haem otoxylin and eosin (H&E). M alignant

137



epithelial cells from the tum our papillae in each case were laser capture 

m icrodissected, using the PixCell 11™ System (Arcturus Engineering Inc., CA, 

USA) for subsequent expression analysis.

Figure 2.21 The Arcturus PixCell IT Laser Capture Microdissection system 

2.9.1 LCM procedure

Th« Las«r C a p tu r t  M k ro d lss« c tlo n  P rocess

1 Pfac« cap on tissue

2  Pulse las«r at target celts

3  R«fnov« CAD with »dh«red t«rg«t

P W
4  Extract molecules from target cells

Figure 2.22 Overview of the LCM process
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After turning on power switches for PixCell II, Controller and Video M onitor (Figure 

2.22), the laser was enabled via the keyswitch located on front o f  Controller.

The cassette module was removed from the PixCell platform. The flanges o f  the 

cassette module were pressed down and the end locking pins were pressed in to hold 

the place dow n in the loading position.

A CapSure® cartridge, which holds four film carriers slided into the cassette module 

until it hit a stop.

The flanges o f  the loaded cassette were pressed down, the locking pins were retracted 

to gently raise the cassette to its loaded position.

The joystick was moved to the vertical position to centre the translation stage on the 

optical axis ensuring proper registration o f  the sample slide relative to the capture 

area. This also maximises the transfer area available for microdissection.

The vacuum  chuck was turned o ff  via the switch and was covered by the slide placed 

on the translation stage. It was further m anually positioned to locate the transfer area 

in the centre o f  the field o f  view. The vacuum  chuck was then turned on and the 

illumination and focus control was adjusted.

The CapSure Placement Arm was rotated over the tissue sample.The visualizer was 

inserted by pressing the silver plunger button located above the joystick.

In order to perform  LCM, the tab located below the plunger button was pressed to 

retract the visualizer and the microscope light source was re-adjusted.

The CapSure®  cassette module was slided to a detent position making sure there was 

a CapSure at the load line.

The placem ent arm  was rotated to the CapSure pick-up position. The placement arm 

was vertically raised to remove the CapSure® from the cassette module, then rotated 

to transfer position over the slide and released. In this way the CapSure® 

autom atically lowered onto the slide to ensure that the placement arm would seat the 

CapSure® properly on the sample.

W hen the laser was enabled, an aim ing beam was visible on the monitor.

A laser spot size was selected with the “Spot Size Adjust” and the joystick was used 

to aim the laser beam on the capture region.

Cells were captured according to a standard protocol as follows: Laser spot size=30 

|im, pulse power=40m W , pulse width= 1.5ms, threshold voltage=285mV. The total 

num ber o f  pulses in each case was approxim ately 700. Laser power and duration 

determine the size o f  the LCM Transfer. Optimum  transfers usually occur when the
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melted plastic after firing the laser is similar in size to the target beam.This yielded a 

tissue volume in the range o f 10'^ to 10'^ um^ (representing 5000 cells).

The laser was fired by pressing the “fire” button and an audible beep was noticed.

The activated portion o f the transfer film was visible as a ring o f film fused to the 

tissue. The joystick was moved to other areas in the tissue to capture other cells o f 

interest.

The captured tissue was then removed by lifting the placement arm in a smooth but 

swift motion.

Following microdissection the Capsures'^''^ were placed in sterile Eppendorf tubes 

2.10 Tissue Microarray (TMA)

A paraffin tissue microarray (TMA) o f 56 primary EOC and 15 recurrent OC was 

constructed, composed o f tumors arrayed in quadruplicates. Samples were age- 

matched to 40 normal ovaries containing normal ovarian surface epithelium (NOSE). 

FFPE blocks were selected that contained over 90% tumour. Slides o f  archival 

material were reviewed to determine suitable areas for the TMA construction. 4 

representative areas were selected and verified by a secondpathologist (CV) for core 

biopsy.

^  Im m uno-
h isto ch em istry

Protein

Figure 2.23 Tissue MicroArray (TMA). Validation o f candidate genes can be 

rapidly performed on TMAs containing up to hundreds o f  tumour samples from an 

independent cohort o f  cancer patients with known clinical status.

2.10.1 Immunohistochemistry (IHC) of eIF6 and Dicer (miRNA process 

machinery proteins) on TMAs

4|j,m sections o f the ovarian serous carcinoma (OSC) tissue array were cut and 

mounted on glass slides. For antigen unmasking, deparaffmized sections were boiled
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(eIF6) or microwaved (Dicer) in citrate buffer [lOmmol/L sodium citrate buffer (pH 

6.0)] before incubation with primary antibodies. eIF6 (BD Biosciences, Belgium) and 

Dicer (Abeam, UK) protein levels were examined using mouse monoclonal 

antibodies at dilutions o f 1:200 and 1:50 respectively. Antibody staining was done 

using the Biogenex Super Sensitive^''^ Link-Label IHC Detection system.

Intensity o f eIF6 and Dicer immunoreactivity was recorded in the neoplastic glands 

for every specimen. The intensity o f staining was graded on a scale from 0 to 3. “0” 

reflected a lack o f immunoreactivity, “ 1” reflected weak immunoreactivity, “2” 

reflected moderate immunoreactivity and “3” reflected strong homogenous 

nucleocytoplasmic (eIF6) or cytoplasmic (Dicer) staining. “0” and “ 1” were the most 

common pattern o f staining in NOSE. Scores from all cores were averaged. Two 

pathologists (RF, CB) scored the stained slides.

2.11 Cell culture o f ovarian cancer ceil lines 

Cell lines

Human ovarian epithelial carcinoma cell lines A2780 and A2780cis (the cisplatin 

resistant counterpart), were purchased from the European Collection o f  Cell Cultures 

(ECACC, Sahsbury, UK).

Formulation of Cell Culture media and other solutions

Culture media: The base medium for the above cell lines was RPMI 1640 (Gibco). 

To make the complete growth medium, the following components were added to the 

base medium: fetal bovine serum FBS (SIGMA) to a concentration o f  10%, 1% L- 

glutamine (Gibco), 1% penicillin/streptomycin (Gibco) (lOOunits/ml). Media was 

stored at 4°C.

Trypsin- EDTA 0.25% (Gibco): 5ml aliquots were made and stored at -20°C. 

Freezing solution: Dimethyl sulfoxide (DMSO) (Gibco). Stored at -20°C.

2.11.1 Resuscitation of frozen cells from stocks

All surfaces were wiped with 70% alcohol. Everything going in the laminar flow 

cabinet was spayed with alcohol. Aliquots for all purchased media were made and 

dated.

141



Cell culture media was prewarmed for 30 minutes at 37°C. A T25 culture flask 

(Coming), with bottom surface areas o f  25cm^, was brought to the laminar flow 

cabinet and the caps were loosened. 5ml cell culture media was added to the T25 

flasks.

One cryovial o f  cells (1 ml in each) was removed from LN2 and brought to the, at 

room temperature. A tissue soaked in 70% alcohol was held around the cap o f the 

frozen ampoule and the cap was turned a quarter to release any residual LN2, then it 

was re-tightened. The ampule was quickly transferred to a 37°C waterbath, but not 

totally immersed, until one or two small ice crystals, if any, remained (usually 1-2 

min). Rapid thawing was ensured to minimize any damage to the cell membranes.

The ampule was wiped with a tissue soaked in 70% alcohol prior to opening.

The whole content o f the ampoule was pipetted into the T25 flask, containing 5ml 

pre-warmed medium that has been already supplemented with the appropriate 

constituents. Before incubation, the cells were quickly checked for any obvious 

defects by using an inverted microscope.

The flask was then laid flat and incubated at 37°C in a humidified atmosphere 

containing and 5% CO2 as recommended on the data sheet, overnight.

The cells were checked the following day; some cells were expected to adhere to the 

media surface but also some dead ones floating around, particularly for the A2780 cis 

cell line. The media was changed to remove the nonadherent cells.

2.11.2 Subculture of adherent cell lines (A2780 and A2780cis)

Adherent cell lines will grow in vitro until they covered the surface area available or 

the medium is depleted o f nutrients. At this point, the cell lines were sub-cultured to 

prevent the culture dying. To subculture cells, cells are required to be brought into 

suspension. Proteases such as trypsin, are used to release cells from the flask. 

Following overnight incubation, cultures were viewed using an inverted microscope 

to assess the degree o f confluence and confirm the absence o f contaminants.

The media was changed usually every second day by tilting the flask and removing 

the spent medium with a sterile stripette from the comer.

The cells were harvested in the log phase o f growth as close to 80-90% confluency 

as possible. At 80% confluence, as specified on the cell line data sheet, the spent 

culture medium was carefully removed and monolayer o f cell was washed twice with 

2 ml PBS (volume equivalent to half the volume o f culture medium).
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2ml o f  0.25%  Trypsin/EDTA (Gibco) solution was added ensuring that all cells were 

covered.

Flasks were incubated for 5-7min at 37°C or until the cells started detaching from the 

flask. The cells were examined using an inverted m icroscope to ensure all cells were 

detached and floating. The sides o f  the flasks were gently tapped to release any 

rem aining attached cells. Cells that were difficult to detach were incubated at 37°C to 

facilitate dispersal.

The cells were resuspended in the same volume o f  fresh medium to inactivate the 

trypsin and centrifuged on 1200rpm for 5-lOmin to pellet the cells. The supernatant 

was carefully rem oved and resuspended in 1ml o f  fresh medium. At that stage, a cell 

count was performed using a trypan blue stain, a haem ocytom eter and an inverted 

m icroscope to count the cells. The required num ber o f  cells was transferred to a new 

labeled flask containing pre-warmed medium and incubated as appropriate for the 

cell line.

2.11.3 Cryopreservation

After cell pellets were obtained by centrifugation, cells were resuspended slowly in 

1ml o f  DM SO in cryovials (1 ml in each cryovial).

The vials were placed on ice for 10 minutes, then at -20°C for Ih and overnight at - 

80°C. They were then transferred to a LN2 storage tank for long-term storage.

2.11.4 Cell counting with Trypan blue to assess cell viability

Cells were reconstituted in 1ml o f  media.

1ml o f  trypan blue was filter sterilized into a clean sterile container (in the fLime 

hood).

The haem ocytom eter was cleaned with alcohol and sterile gauze and then a cover slip 

was attached to the counting area (square area).

10|j,l o f  cell suspension was added to 90|al o f  sterilized Trypan blue and mixed gently 

by pipetting up and down.

10)j,l o f  the resulting solution were added to the edge o f  the coverslip allowing it to 

diffiise into the counting area.

The haem ocytom eter area is divided into 4 areas and a central area was divided into 

16 to make counting easier.
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Viable cells were those which had excluded Trypan blue only. Clum ped cells were 

counted as one. Each o f  the four quadrants was counted separately, then the cell 

counts were averaged.

The cell count obtained, was the average count xlO" .̂ We next allowed for the 

dilution factor, ie m ultiplied by 10. This would give us the final cell count per ml 

since the cells were reconstituted in 1ml.

2.12 Cytotoxicity Assay

The cytotoxicity o f  the following compounds shown in Table 2.7 was tested. 

Table 2.7 List of cytotoxic and cytostatic drugs used in our study

Drug Manufacturer PPC(^g/ml) IC50(nM)

Cisplatin(cytotoxic) Sigma-Aldrich 2.5

M M P-9/M M P-2  

inhibitor 1 (cytostatic)

Calbiochem 240

The toxic effect o f  M M P-9i (cytostatic) and cisplatin (cytotoxic) alone or/and MMP- 

9i+cisplatin in com bination was determined using the m ultiparam eter cytotoxicity 1 

Kit by Thermo Fisher®.

A pre-incubation for 3 hours with M M P-9i prior to treatment with cisplatin for 3 and 

6 hours was also assessed. Cells were plated (8X10'^) in triplicate in 96-well plates 

overnight and then treated with titrated concentrations o f  drugs for 3, 6 and 24 hours. 

Only the inner 60 wells o f  96-well plates were used due to evaporation-related edge 

effects in the outside wells. Prior to staining, cells were washed with PBS, then 65ul 

o f  a fluophore mixture containing Hoechst 33342, lysosomal mass/pH indicator and 

cell m em brane perm eability dye were made up in 10% supplem ented RPMI media. 

Cells were incubated with 50ul o f  the fluophore mixture for 40m in under tissue 

culture conditions to enable m easurem ent o f  cytotoxicity indicators (Table 2.8). Cells 

were washed twice with lOOul o f  PBS and 200ul o f  wash buffer was added in each 

well.

To get reliable information six fields per well were imaged and analysed at lOx 

magnification using the HCS tool. This instrument enables fully autom ated 

monitoring o f  fluorescence intensity at three wavelengths. Fluorescence was 

m onitored kinetically for the three dyes for 3h with a single cell count made at the
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end o f  the assay. The relative fluorescent intensity was used to quantify the 

cytotoxicity indicators. The channels for detecting em ission o f  dyes were set to auto­

exposure so that the exposure time was autom atically determined based on the 

cellular fluorescence o f  untreated (negative control) cells and then set constant for the 

whole plate. The High Content Screening (HCS) assay was conducted imm ediately 

after addition o f  drugs to cells with the exception o f cases in which a preincubation o f  

cells w ith M M P-9i was required.

2.12.1 Cytotoxicity 1 M ultiparam eter Kit 

Reagents

Table 2.8 Contents o f the Cytotoxicity 1 M ultiparam eter Kit

Dyes Location

Hoechst 33342 Nucleus

Lysosomal mass indicator Cytoplasm

M embrane perm eability dye Cytosol

A commercial kit, the Cytotoxicity 1 M ultiparam eter Kit (Therm oscience) is an in 

vitro assay tool, used to monitor the toxic effects induced by cytotoxic daigs on live 

cells. It allows users to rapidly acquire inform ation on the changes in the following 

cellular properties: (1) nuclear m orphology/size, (2) cell membrane perm eability, (3) 

lysosomal mass/pH and (4) cell density (num ber o f  cells per field). Therefore it can 

also be used as a cell health assay. It does not require cell lysis, purification, or 

filtration steps, thus saving time and labor.

2.13 High Content Screening (HCS)

The HCS is a fully autom ated system that can provide quantitative and qualitative 

information at the sub-cellular level. It involves fluorescent cell-based assays and 

carries the ability to use a wide variety o f  fluorescent indicators. In this respect it 

allows for live cell imaging and observation o f  cellular or subcellular m orphological 

and structural changes (Figure 2.24).
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The cytotoxicity assay was performed using the HCS in a 96-well format on a well- 

by-well and cell-by-cell basis. After labeling, cells are fixed with formaldehyde and 

scanned and analyzed with the ArrayScan HCS Reader and the M ultiparam eter 

Cytotoxicity 1 Bio Application software.

2.13.1 Image acquisition and analysis

This system autom atically aquires images fi'om cells seeded into multiwell plates. It 

has the capability o f  sim ultaneously acquiring digital images fi'om several fluorescent 

channels, all o f  which have excitation and emission characteristics that roughly 

correspond to different stains used.

Image analysis utilizes dedicated algorithms designed to identify and distinguish 

between whole cells and/or subcellular structures. The HCS system perm its 

compartm entalisation or segmentation using the multi coloured channel cellular 

imaging, thus allowing for the m onitoring o f  biological processes within defined 

regions o f  cells (Figure 2.25). Once cells or objects arc segmented, the information 

from these defined regions can be extracted and exported to an excel file. The large 

amount o f  data obtained ensures robustness o f  the assay.
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Figure 2.25 M ultiparam eter C ytotoxicity Assay. The nucleus (Hoechst dye, blue) 

is gated (highlighted) in channel 1. Channel 2 (green) is used to measure cell 

membrane permeability. Any inclusions within a defined radius from  the nucleus 

were gated for m easurem ent o f  the lysosomal pH in channel 3 (red). Values o f  the 

size o f  the nucleus are usually in pixel numbers, while the perm eability and 

lysosomal pH are quantified as the average intensity o f  pixels within the gated area.

Depending on the type o f  toxic insult, cells often undergo either necrosis or 

apoptosis, accom panied by changes in nuclear size or morphology. The assay uses 

the nuclear stain (Hoechst 33342), that labels DNA and emits a blue fluorescence, to 

identify individual nuclei (and hence the cell) and measures nuclear changes that 

result from toxic insults.

The cell membrane m aintains cellular homeostasis, providing a specialized 

environm ent different from its extracellular surroundings, and providing a 

m echanism  for the controlled exchange o f  its nutrients with its surroundings. Certain 

toxins can affect cell m em brane integrity leading to the cell becom ing perm eable, 

eventually causing cell death. Healthy cells are nearly impermeable to the indicator 

dye used in this assay; however, after comprom ising the cell m em brane’s 

perm eability, the dye stains the nucleus with a green fluorescence.
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Physiologically healthy cells have intracellular organelles with characteristic 

properties, including lysosomes and endosom es that m aintain specific internal acidic 

pH ranges for cells to function normally. Toxins can interfere with cell ftinctionality 

by affecting the pH o f  these organelles or by causing a change in iysosome number. 

The dye used in the assay to determine changes to lysosomal physiology is a w eak 

base that accumulates in acidic organelles such as lysosomes and endosomes. A 

decrease in pH caused by the cytotoxicity o f  a compound directly correlates to the 

amount o f  accum ulated dye and thus to the fluorescence (red) intensity. Conversely, 

an increase in pH results in a decrease in staining intensity. On exposure to toxic 

compounds, cells can respond by exhibiting changes in nuclear size and shape, 

increased cell membrane perm eability and increases in the pH (Figure 2.26).

Untreated cells Positive ControlT reated

Blue; Nuclei

Red; Lysosomal fluorescent

Green; Cell membrane permeability indicator

Figure 2.26 Live ceil HCS images showing the fluorescence dye response for a) 

lysosomal mass/pH (red) b) nuclear size and intensity (blue) c) cell membrane 

permeability (green) for cells 1) untreated 2) treated with cytotoxic drug c) treated 

with positive (vehicle) control. Increases in green intensity are indicative o f  increased 

permeability, while increases in red indicate an increased lysosmal mass or decreased 

lysosomal pH.
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2.14 Preparation of cell lines for RNA extraction

Following trypsinization o f  cultured cells, 1-5 x 10^ cells were centrifuged for 12 

m inutes at 1200rpm and supernatant was removed. The num ber o f  cells was then 

determined. The cell pellet was then loosened thoroughly by gently flicking the tube 

and disrupted by adding 350|il Buffer RLT. RNA extraction was then carried out as 

per tissue protocol.
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CHAPTER THREE

An integrative model for recurrence in ovarian

cancer
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3.1 Sum m ary

Background: Ovarian cancer is a devastating disease partly because conventional 

chemotherapy ignores aspects o f  tum our biology. Recurrence represents the “true 

killer” among ovarian cancer patients and identification o f  novel m olecular markers 

present in recurrent tumours is urgently required. We carried out gene expression 

profiling betw een prim ary and recurrent ovarian cancers and identified potential 

biomarkers o f  recurrence.

Results: Using cDNA m icroarrays, we identified distinct patterns o f  gene expression 

between prim ary and recurrent ovarian cancers from different patients with the same 

histology and from the same patients with different histology. Selected targets were 

validated and correlated with m icroarray results. Signatures from both cohorts were 

also validated against an independent set o f  serous papillary ovarian 

adenocarcinom as. Notably, upregulated genes in the recurrent compared to primary 

tumours in both cohorts, segregated in the same gene families.

Conclusions; Collectively, our data propose an integrative model for recurrence in 

ovarian cancer, in which tum our cells during relapse produce adhesion molecules to 

mediate attachm ent, cytokines and inflam m atory m ediators to stimulate survival and 

a variety o f  growth factors bound to their cognate receptors to fully proliferate in 

order to confront and m odulate their immediate environment. Some o f  the 

mechanisms involved in recurrence could be specific to the drugs used.
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3.2 Introduction

3.2.1 AB M icroarray Platform

Throughout the course o f  the study the Expression Array system from Applied 

Biosystems was used, which has 31,077 probes and targets a complete annotated and 

fully curated set o f  27,868 human genes from the public and Celera databases. 21% 

o f  the genes have been curated only by Celerea genom ics and the other 79% are 

based on public-dom ain reference sequence (R ef Seq), Gen Bank mRNAs and MGC 

(M ammalian Gene Collection) transcripts. The system  combines chemilum inescent 

detection with improved probe design, providing an average sensitivity o f  0.5 copies 

per cell as opposed to 1-3 copies per cell afforded by most fluorescent platforms. In a 

fluorescent reaction, the light used to excite the fluorescent probes can overlap with 

their emission spectra. However, a chem ilum inescent reaction produces light only 

when a label binds to a substrate, rather than relying on light to excite the bound 

label, thus eliminating the problem. The probes are 60 pairs long and are designed to 

report an activity level from alternatively spliced transcripts o f  a gene. Another 

advantage is AB offers custom  probes for subsequent real-time PCR analysis for 

validation work (Figure 3.1).
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S creen  V alidated T argets

V alidate with TaqMan® 
G ene E xpression  A ssay s

D eterm ine Biological 
S ignificance

PANTHER

Gene Ontology

Figure 3.1 Continuous integrated workflow of microarray data with Panther onUne 

tool for gene ontology and TaqMan® Assay system streamlines gene expression 

research. “Follow on” experiments from microarrays were achieved by linking to 

qRT-PCR TaqMan® probe based assays that enable microarray data validation.

3.2.2 Aim of the study

While numerous studies have characterized primary ovarian cancers, less information 

is available regarding expression patterns o f recurrent ovarian cancers. The aim o f 

this study was to determine whether primary and recurrent ovarian tumors could be 

distinguished based on their gene expression profiles, by using gene expression 

arrays and to identify potential biomarkers o f recurrence.

3.3 Materials and Methods

2 cohorts were used in this study: In the first one, we selected a homogeneous series 

o f primary and recurrent serous papillary adenocarcinomas from different patients 

(Between patient cohort). The second cohort consisted o f 3 paired ovarian cancers 

(primary and recurrent samples coming from the same patient) but o f different 

histology (Within patient cohort). Selected genes identified from microarray 

experiments were validated for both cohorts and a subset o f these genes (n=12) were
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validated in an independent set (test set) o f  13 serous papillary adenocarcinom as 

using TaqMan® PCR. A flow chart o f  our study is shown in Figure 3.2.

Figure 3.2 Flow chart o f our study design.

3.3.1 Patients and tissue samples (see Table 2.2 M aterials and M ethods)

The study consisted o f  2 cohorts; cohort 1 comprised 5 prim ary serous papillary 

adenocarcinom as (P1-P5), grade 3, FIGO stage III and 5 recurrent serous papillary 

adenocarcinomas (R1-R5) o f  the same grade. The mean age in years for patients in 

the primary and the recurrent group in cohort 1 was 62.6 (range 48-84) and 52.4 

(range 43-68). The recurrent group consisted o f  patients for which prim ary surgery 

was performed prior to the comm encem ent o f  the study. In cohort 2, 3 paired ovarian 

cancers were used (primary and recurrent coming from the same patient), but o f  

different histology, namely small cell carcinom a o f  hypercalcem ic type (P6, R6), 

papillary serous (P7, R7) and mixed mullerian (P8, R8) carcinomas. The mean age in 

years for patients in cohort 2 was 52 (range 39-74) for the prim ary and 53.3 (range 

43-74) for the recurrent.

To further validate identified gene targets in cohorts 1 and 2, an independent set (test 

set) o f  serous papillary ovarian adenocarcinom as were interrogated. This additional 

cohort comprised o f  13 serous papillary ovarian adenocarcinom as, 10 prim ary (P9- 

P18) and 3 recurrent (R9-R11) cases. An additional two patients (R12, R13) with 

different histological subtypes o f  recurrent ovarian cancer (one patient with well

Microarray

155



differentiated clear cell carcinoma and one patient with dedifferentiated germ cell 

carcinoma) were also included in the test set.

All tumors were staged according to the International Federation o f  Gynaecology and 

Obstetrics standards (FIGO). Patients were optimally debulked (residual disease o f 

< lcm  in greatest diameter), had received no neoadjuvant treatment before surgery 

and they were all treated post operatively with paclitaxel and platinum. The two 

additional recurrent patients in the test set were optimally debulked, one received 

postoperative carboplatin/paclitaxel and the other bleomycin/etoposide/platinum.

All samples were removed as part o f patient treatment for ovarian cancer at St 

James’s Hospital, Dublin, Ireland. The study had approval o f the hospital ethics 

committee and informed consent was obtained from each patient by the research 

team prior to surgery.

Specimens were snap frozen on collection within 1 hour o f surgery and stored at - 

80°C. After tissue processing in a cryostat at -20°C, frozen sections were cut and 

mounted on slides. The slides were stained with H&E and examined by a pathologist 

to ensure >70% presence o f tumor cells.

3.3.2. cDNA Arrays

cDNAs were performed as described in chapter 2. Briefly, samples were placed in 

liquid nitrogen, ground thoroughly with a mortar and pestle and homogenized in RLT 

buffer (Qiagen Ltd, UK). Total RNA was extracted using the Qiagen RNAeasy 

(Hilden, Germany) RNA Mini Kit and on-column RNase-free DNase digestion was 

performed according to the manufacturer’s instructions. RNA quantity and quality 

was determined using Nanodrop spectrophotometer (Nanodrop Tehnologies).

Gene expression profiles were examined using the Applied Biosystems (ABI) (Foster 

City, CA, USA) Human Genome Survey Microarrays V2.0 system. These arrays 

contain 32,878 oligonucleotide probes (60 base pairs long) and target a complete 

annotated and fully curated set o f  29,098 human genes from the public and Celera 

databases. Double stranded cDNA was prepared from 2 micrograms o f total RNA 

using an oligo dT priming approach followed by in vitro transcription and labelling to
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generate Digoxigenin (DIG) labelled cRN A (ABI Chem ilum inescent RT-IVT 

Labelling Kit) according to the m anufacturer’s protocol.

Each microarray was first pre-hybridized at 55°C for 1 hr in hybridisation buffer with 

blocking reagent. 10|o,g o f  labelled cRNA targets were random ly fragmented by 

incubating with fragmentation buffer at 60°C for 30 min, mixed with internal control 

target (ICT, 24-mer oligo labelled with LIZ fluorescent dye) and then hybridized to 

each pre-hybridized m icroarray at 55°C for 16 hr. Following hybridisation, the arrays 

were washed with hybridisation wash buffer and chemilum inescence rinse buffer and 

stained with anti-DIG alkaline phosphatase, further enhanced with 

Chem iluminescence Enhancing Solution and finally with Chem iluminescence 

Substrate. Each array was then scanned on the ABI 1700 Platform  for image 

collection. Technical replicates were performed on a subset o f  samples to ensure 

concordance and only those with greater than 90% concordance were considered 

valid.

3.3.3 Bioinformatics 

Data Output

M icroarray data analysis included both prim ary and secondary data analysis. The 

prim ary data analysis was performed using the software provided with the Applied 

Biosystems Expression Array System. For secondary analysis, the system  software 

was compatible with both GeneSpring® and Spotfire® software application 

packages. The Expression Array System could also export m icroarray data in a fiat- 

file format and industry standard M AGE-M L as per method.

3.3.3.1 Statistical analysis

The R statistical package, was used as per m ethod for all the analysis (R 

Development Core Team, 2004) [342], This program  applied filtering m ethods to 

identify genes that showed differential expression across two study groups.
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Data Analysis

Differential Gene Expression

Generally, the following three steps are used to determine differential gene 

expression;

Step 1: Regression analysis on biological replicates (and/or technical replicates), 

which rejects array outliers based on regression threshold. For example, the data 

point that has a correlation coefficient o f  R2 < 0.75 or R2 < 0.95 is used as threshold.

Step 2: Perform  t-test/A N O V A  analysis to determine differentially expressed genes 

based on p-value threshold (e.g. p < 0.001, p < 0.01 or p < 0.05). This is dependent 

on the confidence level researchers would like to select between test samples and 

normal samples.

Step 3; Determine fold change o f  genes by m easuring the average ratios between test 

and normal samples using variable fold change cutoffs and associated p-values.

In general, each array is normalized by the median chem ilum inescent signal (i.e. 

assay norm alization signal from output); the data set is filtered using a threshold o f 

S/N > 3; and fold change is determ ined by the ratio o f  test sample(s) vs. normal or 

control sample(s) and p-values that associate with each fold change based on 

ANOVA test.

3.3.3.2 Normalisation and filtering

Following quality control assessm ents, a two-step algorithm  autom atically processed 

raw image data, including gridding and quantification to remove control elements, 

such as hybridization controls, RT-IVT controls, so that genes were deem ed 

undetectable if they had signal- to-noise (S/N) ratio threshold > 3 in 75% o f  the 

samples. Data were norm alized with quantile normalization. The goal o f  the Quantile 

m ethod applied in this m icroarray study is to make the distribution for each array in a 

set o f  arrays the same. The m ethod implies that each array can be given the sam e 

distribution by taking the m ean quantile substituting it as the value o f  the data item  in 

the original dataset. In this respect, a quantile-quantile plot shows that the distribution
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o f  two data vectors is the same if the plot is a straight diagonal line and not the same 

if  it is other than diagonal.

3.3.3.3 Com paring samples

In sample comparison, non-parametric t-tests are used to generate p-values. The t-test 

looks at the mean and variance o f  the sample and control distributions and calculates 

the probability that the observed difference in means occurs when the null hypothesis 

is true. The null hypothesis states that the m ean o f  the two distributions is equal. The 

aim  is to look for genes that show a distinct difference in expression between the 

groups.

3.3.3.4 Fold change and adjusting p-values for multiple com parisons (FDR)

The p value (0.05, 0.01) has classically been used to control the rate o f  false positive 

values or the type 1 error rate. For example, a p value o f  0.05 means that from 100 

tests, 5 tests would never be statistically significant. This means that the use o f  this p 

value as a setting cut o ff would yield 1,500 false positive genes, a number rather 

unacceptable. A more strigent statistical m ethod is that introduced by Benjamini and 

Hochberg to correct for multiple comparisons [343]. The FDR is the expected 

proportion o f  erroneously rejected null hypotheses among the rejected ones. 

However, if no or very few genes passed the Benjamini-Hochberg corrections, those 

with the smallest p value were evaluated, using p<0.01.

Fold change (FC) and log2 (FC) for detected probes were also calculated. FC 

com pares the expression level o f  the same gene in both classes and assesses how 

many fold up- or downregulated the gene is in one class compared to the other. Only 

genes with a FC>2 were included in analysis.

Paired t and ANOVA tests were performed to generate p values for statistical 

differences between the two groups, with p<0.05 considered significant. The p values 

were further adjusted using more stringent Benjamini-Hochberg false discovery rate 

(FDR) at preset levels: 0.01, 0.1. Gene expression profiles were examined based on 

fold change, p and FDR values.
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3.3.3.5 Hierarchical clustering

Clustering is the classification o f  sim ilar objects into different groups, or more 

precisely the partitioning o f  a data set into subsets so that the data in each subset 

share some com m on trait according to some defined distance measure. Therefore, a 

key step in hierarchical clustering is to select a distance measure. We used the 

Euclidean distance in our experim ent, the most comm only chosen type o f  distance, 

which is the geometric distance in the m ultidim ensional space.

3.3.3.6 Analysis of Gene Lists and PANTHER

The R package, version 1.9.1 was used to visualize hierarchical clustering betw een 

differentially expressed genes and m anipulate the final gene lists. U nsupervised 

hierarchical clustering was applied to the data set using the Unweighted Pair Group 

M ethod with Arithmetic M ean (UPGM A) based on Euclidean distance as the 

sim ilarity measure. Functional classification o f  the data and gene ontology was 

defined by using the PA NTH ER Classification System. This is a unique resource that 

classifies genes by their functions, using published scientific evidence and 

evolutionary relationships to predict function even in the absence o f  direct 

experimental evidence [344]. Proteins are classified into families and subfam ilies o f  

shared function, which are then categorised by m olecular function and biological 

process ontology terms.

Designed for PANTHER high-throughput analysis o f  protein sequences, the database 

provides a sim plified ontology o f  protein function, which allows browsing o f  the 

database by biological functions. For an increasing num ber o f  proteins, detailed 

biochem ical interactions in canonical pathways are captured and then can be viewed 

interactively. Biologist curators have associated the ontology terms with groups o f  

protein sequences rather than individual sequences. Statistical models (H idden 

M arkov M odels, or HM M s) are built from each o f  these groups. The advantage o f  

this approach is that new sequences can be autom atically classified as they becom e 

available. To ensure accurate functional classification, HM M s are constructed not 

only for families, but also for fijnctionally distinct subfamilies. M ultiple sequence 

alignments and phylogenetic trees, including curator-assigned information, are 

available for each family. The current version o f  the PA NTH ER database includes

160



training sequences from all organisms in the GenBank non-redundant protein 

database, and the HM M s have been used to classify gene products across the entire 

genomes o f  human, and Drosophila melanogaster,

A binomial statistical tool was employed to compare gene lists to a reference list (i.e. 

the complete human genome) to determine over- or under- representation o f  

PANTHER classification categories. To ftirther refine the gene lists, it was 

investigated if any o f  these genes were known to interact biologically. To this end, 

pathway analysis using the Ingenuity Pathways Analysis (IPA) tool was used which 

is a web-based software application that enables scientists to identify the biological 

mechanisms, pathways and ftinctions most relevant to their experimental datasets or 

genes o f  interest [345].

Expression data from m icroarray and TaqMan® PCR data were correlated with 

nonparametric Spearm an’s correlation coefficient (r) to avoid distributional 

assumptions.

3.3.4 Validation of gene expression targets

RNA was initially reverse transcribed as per method. The mRNA levels o f  31 overall 

differentially expressed genes were validated. All reactions were carried out on the
(K)ABI Prism 7000 Sequence detection system using the TaqM an Universal PCR 

m aster Mix and Gene Expression Assays® (Applied Biosystems). Gene symbols and 

assay ID ’s are shown in Table 3.1 and 3.2. Relative quantitation was carried out 

using the AACt method with 18S ribosom al RNA as an endogenous control. 

Transcript quantification was performed in triplicate for each sample.
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Table 3.1: List o f gene targets selected for TaqMan® validation in cohort 1

Gene Symbol Probe ID P value Array fold 

change

Expression in 

recurrent vs primary

Assay ID

CLDN16 163630 0.0068 9 Upregulated Hs00198134_ml

SWOB 114188 0.0001 6.12 Upregulated Hs00389217_ml

CACNAID 127127 0.00012 3.9 Upregulated Hs00167753_ml

BTC 112710 0.0006 2.67 Upregulated Hs00156140_ml

IL27RA 145754 0.0005 1.82 Upregulated Hs00175472_ml

CH ORDCl 183675 0.0002 1.359 Upregulated Hs00854389_ml

LASS4 155606 1.78E-05 9.02 Downregulated Hs00226114 m l

STARDIO 115998 4.26E-05 6.03 Downregulated Hs00246405_ml

CSRP2 137165 0.0003 5.7 Downregulated Hs00426717 m l

RNPCI 215065 0.0003 4.87 Downregulated Hs00246405_ml

A R F R P l 118657 0.0003 4.85 Downregulated HsOO182389 ml

ESMJ 174810 0.005 4.68 Downregulated Hs00199831_ml

CASK 143978 0.00035 4.42 Downregulated Hs00177620_ml

WASFI 118398 0.0001 4.32 Downregulated HsOO187514 m l

PVRL2 128369 0.0002 4.23 Downregulated Hs00161054_ml

MGAT4B 186405 0.0002 4.13 Downregulated Hs00365001_ml

LGALS3BP 185853 9.49E-05 4.12 Downregulated Hs00174774_ml

PERP 141176 0.0004 3.52 Downregulated Hs00751717_ml

PGM2L1 138177 0.0005 3.04 Downregulated Hs00328100_ml

IFN G Rl 190183 0.0003 2.57 Downregulated Hs00166223_ml

USF2 144617 0.0005 1.94 Downregulated Hs00231528_ml
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Table 3.2: List o f gene targets selected for TaqMan® validation in cohort 2

Gene Symbol Probe ID P value
Array fold 

change

Expression in 

recurrent vs primary
Assay ID

S100A8 196494 0.034 11.6 Upregulated Hs00374263_m l

ZNF218 217273 0.002 6.06 Upregulated Hs00542836_m l

MMP9 112640 0.0169 4.975 Upregulated Hs00234579_ml

IL IR 2 186009 0.038 4.46 Upregulated Hs00174759_ml

SEPTIN6 122775 0.019 4.16 Upregulated Hs00248408 m l

NRG2 170215 0.013 3.6 Upregulated Hs00171706_ml

SPD EF 155169 0.005 2.87 Upregulated Hs00171942 m l

TJP3 182089 0.013 2.7 Upregulated Hs00274276_ml

FGF2 113042 0.03 2.7 Upregulated Hs00266645 m l

FOXFI 145754 0.0015 6.58 Downregulated Hs00230962 m l

21 genes were selected for our validation in cohort 1. We selected some o f  the most 

differentially expressed genes (FC>4) but we also included genes that had a 2-4 fold 

change and also some genes involved in the most differentially expressed pathways 

using the PANTHER binomial statistics tool.

In cohort 2, 10 targets were selected for validation. These included some o f  the most 

differentially expressed genes from both p value lists but also genes o f  known 

biological significance.

3.3.5 External and independent test set validation

Randomly selected genes identified in cohort 1 as upregulated in recurrent compared 

to primary samples (n=5) were validated against cohort 2 samples. Likewise, 

random ly selected genes identified in cohort 2 with a special emphasis on those again 

upregulated in recurrent versus primary (n=10) were tested against cohort 1 samples.
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Validation o f 12 upregulated genes in the recurrent samples from both cohorts was 

performed in an independent set o f 10 primary and 3 recurrent serous papillary 

adenocarcinomas. An additional 2 recurrent samples o f  different histology were 

included.
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3.4 Results

3.4.1 RNA sample analysis

The quahty and quantity o f  RNA extracted from the prim ary and the recurrent fresh 

frozen ovarian tum ours was examined prior to its inclusion in m icroarray analysis. 

Sample results from the Nano Drop are shown on Table 3.3.

Table 3.3 Nano Drop Analysis of prim ary (P) and recurrent (R) ovarian 

cancers

(Cohort 1)
Samples RNA conc ng/|xl A 260/280  A260/230

PI 1310.8 2.14 1.83

P2 746.3 2.15 1.83

P3 292.4 2.14 2

P4 783.5 2.15 1.88

P5 277.3 2.11 2.22

R1 297.4 2.13 1.95

R2 421 2.1 1.84

R3 388.1 2.10 2.10

R4 114.5 2.15 1.89

R5 480 2.1 2.07

(Cohort 2)

Samples RNA conc ng/p.1 A 260/280  A260/230

P6 357.2 2.12 2

P7 138.4 2.15 1.87

P8 234.3 2.14 2.05

R6 138.1 2.15 1.80

R7 228.3 2.08 2.03

R8 323.6 2.09 1.92

3.4.2 Statistical analysis

3.4.2.1 Norm alisation o f Raw Data

The Quantile m ethod o f  normalization was utilized in the study as per method 

3.3.3.2. The goal o f  the Quantile method is to make the distribution for each array in 

a set o f  arrays the same [346].
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Figure 3.3 Quantile Normalisation of Raw Data in cohort 1 A) Box Plot o f  Raw 

Data before Quantile N orm alisation B) Box Plot o f  Data after Quantile 

Norm alisation. Quantile N orm alisation in cohort 2. C) Box Plot o f  Raw Data before 

Quantile Norm alisation D) Box Plot o f  Data after Quantile Norm alisation.

The box plots for signal distribution range were divided into quartiles. Each o f  four 

quartiles describes the signal distribution o f  one fourth o f  the signal data for that 

sample (minus outliers). The box plot itself contains the middle 50% o f  the data. The 

dark line w ithin the boxed region indicates the median value for the entire 

distribution o f  signals. The small black circles at the ends o f  the first o f  the first and 

fourth quartile ranges are probes having signal intensities greater than 2X the value o f  

the interquartile range (boxed region). In general, the raw signal distributions o f  

samples being com pared in an analysis should have similar intensity distributions. 

Quantile norm alization shifts all intensities so that the median value and intensity 

distributions are the same for all array samples included in the analysis (Figure 3.3).
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Data distribution and expression variability betw een hybridizations for both cohorts 

is displayed in Figure 3.4.
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Figure 3.4 M A plots showing data distribution and expression variability between 

hybridizations. The plot shows all pairs o f  hybridization in the selected experimental 

inpool in cohort 1 A) primary samples B) recurrent samples and in cohort 2 C)
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prim ary samples D) recurrent samples. M A plots for replicates are symmetrical 

around zero and show no appreciable difference (green boxes) whereas M A plots for 

two unrelated samples show more m arked variation, in keeping with what would be 

expected for a com parison betw een technical replicates versus a com parison o f  two 

unrelated samples.

3 .4.2.1 Detection Concordance

S/N detection concordance. The signal is detected if  the probe shows S/N ratio equal 

or above a user defined threshold (default is 3). The S/N detection heatmap shows 

detection concordance betw een any pairs o f  hybridization (Figure 3.5).

Cohort 1

Signal Correlation Quantile group

B Cohort 2

Detection Concordance (S/N >= 3)

t v - 4 / -  •

Figure 3.5 Detection concordance heatm ap o f the quantile norm alized data for 

A) cohort 1 and B) cohort 2. The plots in the form o f  a heatmap represent all 

possible pair-w ise com binations o f  samples used in the analysis. The signal is said to 

be detected if  S/N ratio for the probe is equal to or above 3. The concordance value is 

calculated by taking the intersection o f  probes considered present (S/N>=3) in both
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samples being compared and dividing the average num ber o f  genes considered 

present in both samples.

3.4.3 Gene expression profiling distinguishes primary and recurrent ovarian  

cancers

To identify potentially important mediators o f  recurrence in the most frequent 

histological pattern o f  ovarian cancer, we perform ed cDNA m icroarray experiments 

on a homogenous set o f  prim ary and recurrent serous papillary ovarian tum ors 

(cohort 1).

Between patients results

Gene expression profiling revealed a total o f  907 genes as differentially expressed 

between prim ary and recurrent samples at p<0.01. Using the more stringent false 

discovery rate (FDR 0.1), this list was narrowed down to 182 genes. Differential 

expression between prim ary and recurrent is displayed by scatter and volcano plots in 

figures 3.6 and 3.7. Included in this FDR list (with the exception o f  CLDN16, which 

was the top differentially expressed gene in the p value list), were BTC, SWOB, 

IL27RA, CSRP2, ARF RPl, PVRL2, WASFl, STARDIO, LASS4, LGALS3BP, CASK, 

IFNGRl, PGM2L1, USF2, PERP, ESM, CHORDCl, RNPCl, MGAT4B  and 

CACNAID  which were selected for validation. Table 3.1 displays the fold changes 

observed for these genes, the corresponding probe identification and the p values.
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A verage of Log2 Signal

Figure 3.6: Detectable probes with A) p value 0.01 B) FDR 0.1 in primary versus 

recurrent ovarian cancers in cohort 1. Fold changes are plotted against the 

average of log2 signal o f each gene.
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Volcano Plot piim-recur

log2  of F C  prirrvrecur

Figure 3.7 Volcano plot of fold changes and p values for differentially expressed 

genes between primary and recurrent ovarian cancers in cohort 1 for a p 0.01.

Within patients results

To address whether recurrence follows similar patterns and to avoid individual 

genetic variation, we profiled paired samples from the same patient (cohort 2). A 

total o f 586 genes were differentially expressed between primary and recurrent at 

p<0.05 and this was reduced to 75 genes at p<0.01. Differential expression between 

primary and recurrent is displayed by scatter and volcano plots in figures 3.8 and 3.9. 

(Figure 3.8). Genes with a fold change greater than 4, upregulated in recurrent 

compared to primary tumors included: Septin6, ZNF218, S100A8, MMP9, FOXFl 

and ILIR2 (Table 3.2).
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Figure 3.8 Detectable probes with A) p value 0.05 B) p value 0.01 in primary 

versus recurrent ovarian cancers in cohort 2. Fold changes are plotted against the 

average o f log2 signal o f each gene.
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Volcano Plot prim-recur

lo g 2  of F C  p rinrvrecur

Figure 3.9 Volcano plot o f  fold changes and p values for differentially expressed 

genes between primary and recurrent ovarian cancers in cohort 2 for p 0.01.

Hierarchical heat maps, presented in Figures 3.10A and B, for both cohorts, 

demonstrated distinct gene expression patterns between primary and recurrent 

ovarian cancers.

A

C l u s t e r  FDR 0.1 g r o u p  E u c l id e a n



B

Clu » f  r pval 0.01 g roup  Euclidean

Figure 3.10 Hierarchical cluster heatm aps dem onstrating distinct patterns o f  gene 

expression between prim ary and recurrent ovarian tumors. These are produced when 

less than 500 probes are differentially expressed for a particular threshold level, (a) 

Heatmap o f  the ovarian tum ors in cohort 1 based on the FDRO. 1 list with the prim ary 

clustering on the left and the recurrent samples on the right. Vertical bars represent 

the samples and the horizontal bars represent the genes. Green bars reflect 

downregulated genes and red bars upregulated genes, (b) Heat map discrim inating 

recurrent (right) and prim ary (left) ovarian tumours in cohort 2 based on the pO.Ol 

list. P, prim ary tumours; R, recurrent tumors.

Com bined results

We then attem pted to combine both cohorts to determine whether a distinct pattern o f  

expression is m aintained betw een prim ary and recurrent ovarian tum ours independent 

o f  the histological type. Indeed, total o f  a 526 genes were differentially expressed 

between prim ary and recurrent at p<0.01 and this was reduced to 67 genes at 

FDR<0.25 (Figure 3.11 and 3.12).
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Figure 3.11 Detectable probes with A) p value 0.01 B) FDR 0.25 in primary 

versus recurrent ovarian cancers in combined cohorts 1&2. Fold changes are 

plotted against the average o f  log2 signal o f  each gene.
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C lu s te r  FDR 0.25 g r o u p  E u c l id ea n

R6 R6 R2 R l R3 R4 RS R5 R5 P6 P7 P8 P2 R7 P4 P3 PI R8 R8 P5 P5

Figure 3.12 Example of a hierarchical cluster heatmap demonstrating distinct 

patterns o f  gene expression between prim ary and recurrent ovarian tumors in 

combined cohorts 1+2 based on the FDR 0.25 list.

We also aimed to identify which probes were comm only shared between the two 

cohorts. Surprisingly only two genes o f  known molecular functions were identified, 

namely PVRL2  and LASS4  but their fold changes were not statistically significant (p 

values o f  0.93 and 0.97 respectively).

Notably, upregulated genes in the recurrent compared to primary tumors in cohort 1 

and 2 segregated in the same gene families. Included among these genes are SIOOB 

and S100A8  belonging to the S I 00 family o f  calcium  binding cytoplasmic proteins, 

TJP3 and CLDN16  belonging to the family o f  tight junction proteins, BTC  and NRG2  

belonging to the family o f  EG FR  ligands, and interleukin receptors IL IR 2  and 

IL27RA  (Figure 3).

Upregulation o f  tight junction proteins and EGFR  ligands, developm ent o f  a cytokine 

response via interleukin receptors and intracellular signaling via calcium  binding 

SlOO proteins appear to contribute to the “recurrent” signature and possibly have a 

role in drug resistance.
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Figure 3.13 Gene families involved in the m olecular regulation of recurrence in 

ovarian cancer. Some o f  the upregulated genes in recurrent compared to primary 

ovarian carcinom as that we vahdated in cohort 2 belong to the same gene families 

with some o f  the upregulated genes validated in cohort 1.

3.4.4 PANTHER

Final gene lists were uploaded and analysed in the online database known as 

PANTHER. Among its functions included are the ability to merge and differentiate 

genes within lists, to graphically breakdown the protein families o f  the selected genes 

and the ability to check for over/under representation o f  genes in a particular 

biological fianction.

3.4.4.1 Pathway Analysis

Final gene lists were uploaded and analysed using Panther. Its functions included the 

ability to merge and differentiate genes within lists and to graphically breakdown 

biological processes, molecular functions and “canonical” biological pathways based 

on the list o f  deregulated genes in prim ary versus recurrent ovarian cancers. 

Examples o f  biological pathways pie charts are dislplayed in Figures 3.14 and 3.15.
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D o w n r e g u l a t e d  P r im a r y  V s R e c u r r e n t  
F D R  0.1, n = 6 8

P A N T H E R  P a t h w a y  
T eoJ 0  C*n«f: 70 Tot>i #  piitwvey h r tc  4

^  A lzheim er disease-am yloid  secretase pathw ay 

J  EOF receptor signaling pathw ay 

^  Interleukin signaling pathw ay 

H  N icotinic acetylcholine receptor signaling pathw ay

F o ld  C h a n g e  >4 n= 4
2-4 n = 4 3

1.6-2  n = 1 5
1.2-1 .6  n = 6

Figure 3.14 Example of a biological pathways pie chart o f genes downregulated in 

primary versus recurrent (hence, upregulated in recurrent versus primary) in cohort 1 

based on the FDR 0.1 list. A total o f  68 genes were now upregulated in the recurrent 

compared to the primary samples with various fold changes as displayed. 

Upregulated pathways include Alzheimer disease-amyloid secrease pathway, EGF  

receptor signalling pathway, interleukin signaling and nicotinic acetylcholine 

receptor signalling pathway.
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Figure 3.15 Example of a biological pathways pie chart o f  genes upregulated in 

prim ary versus recurrent in cohort 1 based on the FDR 0.1 list. A total o f  114 genes 

were upregulated in the prim ary compared to the recurrent samples with various fold 

changes as displayed. The largest sector on the pie chart represents inflammation 

pathways.

179



3.4.5 Validation of gene expression by RT-PCR

A panel o f  genes from both cohorts was selected to confirm the reproducibility o f  the 

array data. Using TaqMan® PCR we validated dysregulated genes against different 

interrogation sets in order to select those likely to represent markers o f recurrence 

(Figure 3.16). Gene selection for TaqMan validation was based on the most 

differentially expressed genes from the p and FDR value list with a fold change > 4 

but also included genes that had a 2-4 fold change and also some genes involved in 

the most differentially expressed pathways. Priority was given to selection o f genes 

upregulated in recurrent compared to primary samples, which might provide 

“ recurrence”  signatures in ovarian cancer. Upregulated genes validated in both 

cohorts were alternatively interrogated (external validation) and fijrther advanced for 

validation in the test set. Independent validation on a test set referred to completely 

distinct samples o f  serous histology that were not previously employed in marker 

development.

FC>4 (FDR, p<0.01 ) 

2<FC<4 of known biological 

significance (n=21)

Training set 
Cohort 1

n=5 n=10

Target selection
Training set 

Cohort 2

Test set

J

(p<0.01 , pc0.05) 
(n=10)

upregulated genes in 
recurrent vs primary from 

training sets (n=12)

Figure 3.16 TaqMan PCR validation of target genes in both training and test 
sets.

A list o f the genes chosen for validation together with their molecular function and 

biological processes is shown in Table 3.4.
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Table 3.4 List o f selected genes differentially expressed in recurrent versus 

prim ary tumours in cohorts 1 and 2 with information about their molecular 

function, biological processes or pathways involved. Some of these genes have 

not been previously implicated in ovarian cancer. These genes were chosen to be 

validated as they might represent markers o f recurrence).

Gene Symbol M olecular function Biological processes/pathways

Cohort I

CLA UDIN 16 Tight junction Cell structure

SIOOB Ca2+ related protein Assembly o f  microtubules and 

intermediate filaments

CACNAID Voltage gated Ca2+ protein Transfer o f  cations,

BTC EGFR  binding ligand EGFR  signaling

IL27RA Cytokine receptor Inflammation, immunity

CH ORD Cl Cysteine and histidine rich Transport signaling 

zinc binding protein

LASS4 Ceramide synthesis Lipid metabolism

STARDIO Transfer protein Lipid and fatty acid transfer

CSRP2 Actin binding protein Cell growth

RNPCI

A RFRPl

Transcription factor RNA Nucleic acid m etabolism

binding protein

Small GTPase Cadherin signaling



WASFl

PVRL2

MGAT4B

LGALS3BP

PERP

PGM2L1

IF N G R l

USF2

CASK

ESM l

Cohort 2

S 1 0 0 A 8

ZNF218

MMP9

Rho GTPase

Actin binding protein 

Receptor

Glycosyl transferase 

Galectin binding protein 

p53 induced protein related 

Mutase 

Receptor

Transcription factor 

acid

Protein kinase

Endothelial cell specific 

growth factor

TK receptors and cytoskeleton

Defense immunity 

Signal transduction

Glycosylation, cell growth

Cell adhesion signaling

Apoptosis

O antigen synthesis

Interferon signalling pathway

Regulation o f  steroid, nucleic 

and lipid metabolism

Phosphorylation, cell adhesion

Cell structure

Ca2+ related protein Assembly o f  microtubules and

intermediate filaments

Transcription factor Transcription regulation

Extracellular matrix protein Proteolysis

182



ILIR2 Cytokine receptor Inflammation, immunity

SEPTIN6 Cytoskeletal protein Cytokinesis

NRG2 ERbB  receptor binding ERbB receptor signalling 

ligand

SPDEF ETS  containing 

transcription factor

Transcription regulation

TJP3 Tight Junction Cell structure

FGF2 FGF  binding ligand FGF  signaling pathway

FOXFI Transcription factor Cell cycle control, proliferation

Correlation was carried out using Spearman correlation co-efficient. The fold 

changes in the arrays were plotted against relative quantitation from the TaqMan® 

analyses o f recurrent versus primary tumors. High concordance was revealed 

between TaqMan® and microarray experiments in cohort 1 (r=0.874, p<0.01) (Figure 

3.17) and cohort 2 (r=0.845, p<0.05) (Figure 3.18).
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Figure 3.17 TaqMan® PCR validation of microarray experiments in cohort 1.

The TaqMan® values are displayed in blue and the array results in red.
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■  TAQMAN lA R R A Y

Figure 3.18 TaqM an® PCR validation of microarray experiments in cohort 2. A

similar concordance was observed as in cohort 1.

I LIR2  and ZNF218  identified in cohort 2 as upregulated in recurrent, when validated 

in samples from cohort 1, gave the best distinction with fold changes o f  2.81 and 2.94 

respectively (Figure 3.19). No significant difference was observed between recurrent 

and prim ary samples for the remaining 13 which is in accordance with the array 

results.

185



ZNF2

IL1R2 —

SI 00 — — ■^— —

FGF2

TJP 3

M M P9 ^ ^ ^ ^ ^ ________ ,
0  0 .5  1 1.5  2 2 .5  3 3.5

■  Fold change

Figure 3.19 External validation of a subset o f upregulated genes in cohort 2 that 

validated in cohort 1. Bars indicate the relative overexpression o f  target genes in 

recurrent vs prim ary tumors. IL1R2  and ZNF218  gave the best distinction between 

recurrent and prim ary tum ors with greater than twofold changes.

Validation o f  candidate genes by RT-PCR from an independent set o f  specim ens 

represents a more accurate m ethod for m easuring gene expression, as opposed to 

establishing a test set from the m icroarray data. Consecutively independent validation 

o f  a subset o f  the above genes (n=12) from both cohorts was carried out in our test set 

o f  prim ary and recurrent serous papillary adenocarcinom as (n=13) using TaqMan® 

PCR to identify if  these targets were possible markers o f  recurrence for serous 

papillary adenocarcinom as (Figure 3.20). BTC  and FGF2  provided the best 

distinction between recurrent and prim ary tum ors with fold changes o f  2.8 and 2.71 

respectively. Adding 2 recurrent samples o f  different histologies to the previously 

hom ogeneous histological sample cohort conferred no statistical significance for any 

o f  the validated genes (fold changes<2). These were subsequently excluded from  the 

analysis to preserve hom ogeneity in the test set.
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In n I
Figure 3.20 Independent TaqM an® PCR validation o f a set o f selected genes, 

upregulated in recurrent samples, from both cohorts in a test set o f serous 

papillary adenocarcinom as o f varying grade and stage. B TC  and FGF2 provided 

the best distinction between recurrent and primary tum ours with fold changes 

of 2.8 and 2.71 respectively.

The results confirm  the utility o f  the derived set o f  markers as potential markers o f  

recurrence. The IPA software [345] was used to analyse the above upregulated genes 

from both cohorts in an attempt to integrate them in a single dynamic pathway. 

Recurrence is rather multifactorial as indicated by non identification o f  such a 

biochemical pathway to relate the above targets.
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3.5 Discussion

This investigation demonstrates a distinct pattern o f gene expression between 

primary and recurrent ovarian carcinomas in vivo and represents an effort to discover 

potentially important mediators o f recurrence. It also addresses whether mechanisms 

o f gene dysregulation in recurrent versus primary paired tumors are unique to those 

pairs. In order to address chemoresistance and minimise parameters introducing 

variations, well characterized tumors o f the commonest histological subtype (serous 

papillary adenocarcinoma) were selected in cohort 1. In cohort 2, we used paired 

samples with identical genetic background (from the same patients). Such samples 

are valuable since second-look laparotomy in Europe is a rather uncommon practice 

in the treatment o f ovarian cancer. To our knowledge, this dual approach o f profiling 

primary and recurrent ovarian cancers in vivo has never been previously performed.

Unsupervised hierarchical clustering o f  the samples in both cohorts unambiguously 

separated primary and recurrent tumors. The substantial number o f gene expression 

differences between the two groups, in particular cohort 2, reflects progression o f  the 

tumours from a primary to a relapsed state, but is also consistent with the hypothesis 

that tumor cells surviving chemotherapeutic treatment alter their gene expression 

allowing them to withstand the selective pressure o f the drugs used. In fact, the “log 

kill” effect o f cytotoxic chemotherapy significantly reduces tumor cells that are 

sensitive to the administered therapy [347]. Hence, one is inclined to think that 

recurrent tumors are enriched with resistant clones and likely to display molecular 

signatures more associated with acquired chemoresistance. Acquired resistance is 

likely to reflect changes in gene regulation rather than mutation-dependent clone 

selection [348], especially in solid tumors which have relatively low doubling rates.

Nonetheless, genes upregulated in recurrent compared to primary advanced ovarian 

tumors could be invoked as “recurrent metastasis virulent genes” that provide a 

selective advantage in recurrent sites but not in primary tumorigenicity [349]. This 

does not exclude the importance o f genes identified and validated as upregulated in 

primary versus recurrent tumours as they can also signify mechanisms involved in 

recurrence/chemoresistance. To mention but a few, CHORDCl, has a less well 

established role in mediating chemotherapy resistance. The gene, located in l lq l4 .3  

chromosome, encodes a zinc binding protein, a cysteine rich domain and by
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facilitating cysteine entry in exchange to glutamate, it can regulate intracellular 

glutathione levels, which in turn may lead to drug inactivation and therefore 

chemoresistance [217]

STARDIO, which encodes a START  domain protein, was the most upregulated gene 

in our primary tumours. STARDIO expression is abundant in liver, where it acts as a 

steroidogenic acute regulatory protein that mediates binding o f lipids. Apart from a 

function in intracellular lipid transfer, START  domains are hypothesized to act as lipid 

sensors with a regulatory role in signal transduction and transcription. For example, 

the START  domain proteins DLCl/2  are candidate tumor suppressors in 

hepatocellular cancer [350]. STARDIO was identified as a protein overexpressed in 

breast cancer that cooperates with the ErbB family o f receptor tyrosine kinases in 

cellular transformation [351]. Lower expression o f STARDIO and other (ie, LASS4, 

DENND, TNSC, C1QTNF7) tumour suppressor or anti-proliferative genes in the 

recurrent tumours would support the concept that a decreased proliferative state may 

be involved in the development ofaquired chemoresistance.

Validation o f targets was satisfactory as indicated by Spearman coefficients. Some 

variation may be due to differences in sensitivity between the two techniques, 

probably because o f the number o f absent cells made during normalisation o f the 

microarray data or the asymmetry in the number o f samples used in both cohorts.

We identified and validated genes upregulated in the recurrent tumors, which may be 

the signature expression pattern o f drug resistant cancers (Tables 3.1 and 3.2). Some 

of the genes identified in the two cohorts belong to the same gene families 

corroborating the importance o f  several distinct gene families in the molecular 

regulation o f ovarian cancer recurrence. Since all patients in both cohorts were 

treated with platinum based therapy and some o f  the identified genes are thought to 

be correlated to the mode o f action o f chemotherapeutic agents as discussed below, it 

is interesting to speculate that some o f the mechanisms involved in recurrence are 

specific to the drugs used. Whether the genes represent etiologic causes o f drug 

resistance or treatment failure remains to be further answered.
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SWOB was the most differentially upregulated gene in recurrent serous tumors (FDR 

0.1). It constitutes a calcium binding cytoplasmic protein, involved in intracellular 

signaling. Historically used in the clinical management o f malignant melanomas, it 

was found to be a negative regulator o f p53  [352]. If elevated SWOB levels cause 

downregulation o fp53, apoptotic pathways are not induced resulting in uncontrolled 

tumor growth or resistant phenotypes [353]. A recent proteomic study identified a 

putative SlOO protein to be upregulated in cisplatin resistant cell lines [354]. Other 

members o f the SlOO family, including SW0A8, identified in cohort 2, are 

overexpressed in common cancers. SWOB is also involved in the assembly and 

disassembly o f  microtubules [355] and therefore might interfere with the mechanism 

o f action o f paclitaxel, which is currently used in the treatment o f ovarian cancer.

CLDNI6  was the most upregulated gene in the recurrent serous tumors (p<0.01) in 

cohort 1. It belongs to the family o f  claudins, tight junction (TJs) - associated 

proteins endowed with well-characterized roles in individual viability, epithelial 

differentiation and tumor growth probably by stabilizing tumor cell connection. A 

link between cisplatin exposure and cytoskeletal alterations has been reported [356]. 

Notably, CLDN16 has been characterized as a novel human ovarian cancer-specific 

transcript using serial analysis o f  gene expression data [357],

Other members o f the family, CLDN3 and CLDN4 are frequently overexpressed in 

ovarian cancer, as identified by both SAGE and microarray studies [358] [359] . In 

one o f these studies, small interfering RNA (siRNA) analysis has also shown CLDN3 

expression to increase invasion and survival o f ovarian tumor cells [358]. They have 

also been described to function as receptors for Clostridium Perfringens Enterotoxin 

[360], a finding that might open novel treatment approaches in ovarian cancer. 

CLDN7 is significantly overexpressed in all main histologic types o f EOC and in 

single neoplastic cells disseminated in peritoneal cavity and pleural effiisions, 

suggesting its potential role as novel diagnostic marker in ovarian cancer [361]. 

Expression levels o f CLDNW  are associated with recurrence o f primary 

hepatocellular carcinoma [362]. A proteomic study identified CLDN4 as 

overexpressed in cisplatin resistance cell lines [354],
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TJP3, another discrim inatory gene identified in cohort 2, anchors to the cytoplasmic 

tail o f  claudins [363], No studies on the relationship between TJs and chem otherapy 

response have been carried out. The flinctional role o f  CLDN16  and TJP3 in 

carcinogenesis is unknown. As loss o f  cell-cell contact has been noted to induce 

apoptosis [364], one would hypothesise that increased contact through tight junctions 

as a result o f  upregulation o f  these com ponent proteins may favor tum or survival. 

Transm embrane proteins are also more likely to remodel the tum or 

microenvironment to favor drug resistance [365].

O f particular interest are putative markers among the coexpressed genes ILIR2  and 

ZNF218  that we validated in cohort 2 and they provided the best discrim ination 

between prim ary and recurrent serous neoplasm s in cohort 1. The role o f  cytokines 

and their receptors is well established in the epithelial cancer microenvironm ent 

[366] with 1L8 and IL6  known to be involved in ovarian cancer pathogenesis [367]. A 

novel regim en o f  im m unomodulatory cytokines and carboplatin show prom ising 

results on completion o f  a phase II clinical trial, in recurrent ovarian cancer [368]. 

The function o f  IL l ,  a proinflam matory cytokine, is closely associated with the 

interactions between B-Cells and T-Cells. IL I  activates Antigen Presenting Cell and 

CD4+ lymphocytes affecting the differentiation o f  the B-Cells and T-Cells and other 

immunocompetent cells and takes part in the regulation o f  productions o f  other 

cytokines and Granulocyte-M acrophage Colony-Stim ulating Factor [369]. IL I ,  is 

required for tum or invasiveness and angiogenesis in a variety o f  malignant lesions 

[370] and particularly in metastatic human tum or specim ens [371]. Targeting IL IR 2  

may be an appropriate therapeutic strategy for inhibiting tum or angiogenesis. 1LIR2  

may provide an insight into the biology o f  recurrent ovarian tumors, suggesting an 

initial immune response to the relapsing neoplasm  and may secondly represent a 

surrogate m arker o f  recurrence in ovarian cancer.

ZN F 218 encodes for a newly described zinc finger protein located on chrom osome 

20ql3 .2  and has never been previously reported in ovarian cancer. Frequent 

amplification o f  DNA at 20q has been dem onstrated by comparative genomic 

hybridization in ovarian cancer [372] and is associated with poor prognosis [373]. 

Given that amplification appears to be the predom inant m echanism  leading to
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overexpression o f genes, ZNF 218 emerges as a strong candidate oncogene related to 

ovarian cancer [374],

External validation using independent sets o f samples is a critical step in view o f the 

potential for false-discovery using microarrays. In this regard, a test set o f 13 serous 

papillary ovarian adenocarcinomas (primary and recurrent) o f various stages and 

grades, given the same initial chemotherapy treatment, was used for relative 

quantitation o f  12 targets upregulated in recurrent versus primary tumors. An 

elevated mRNA expression (FC>2) was observed for 2 out o f 12 genes, namely BTC  

and FGF2, which bind to Epidermal Growth Factor Receptor {EGFR or E rhB l)  and 

Fibroblast Growth Factor Receptor (FGFR) respectively. These genes gave the best 

distinction between primary and recurrent tumors in our test set o f serous tumors. 

The inclusion o f two tumors (n=2) o f nonserous histologies (i.e. yolk sac and clear 

cell) in the previously homogenous test set conferred no statistical significance for 

any o f the validated genes (FC<2), suggesting that various histological types may 

have variable chemosensitivities. Since EGFR and FGFR stimulate a similar 

repertoire o f intracellular signaling pathways [375], this certain pattern o f expression 

evident in the recurrent serous ovarian cancers deserves special consideration.

Despite the well established significance o f EGFR in the progression o f  ovarian 

cancer [376], the role o i  EG F  ligands in ovarian cancer is still poorly understood. 

Overexpression o f  EGFR is found in up to 75% of ovarian cancers and is associated 

with chemoresistance and poor prognosis [377]. Co-overexpression o f EGFR  and 

HER2-neu is also common in ovarian cancer [378]. Our study suggests that 

overproduction o f ligands {BTC and NRG2), rather than overproduction o f  receptors 

could be the predominant mechanism that the ErbB pathway uses to generate cancer 

cell proliferation signals. Combined targeting o f ErbB receptors and their ligands 

produces a synergistic antitumor effect [379] because o f their non-overlapping 

functions.

BTC  binding to EGFR initiates significant signal transduction pathways, such as 

MAPK and PI-3-kinase-Akt (FDK/Akt) [380] in a metalloprotease dependent 

manner [381, 382]. The PI3K/Akt pathway promotes cell survival and has been 

identified as a potential contributor to drug resistance [383]. MMP-9 co-upregulation 

was also observed in our study, which is in agreement with the finding that MMP-9
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(and MMF-14) mRNA levels are selectively increased in response to EGFR activity 

in ovarian tumor cells [384], Metalloproteases have also been described in a novel 

drug-resistant phenomenon [385], Overexpression o f  stromal MMP-9 is 

independently associated with shorter disease-specific survival (DSS) in EOC [207], 

Evaluation o f MMP-9 expression seems to add valuable information for breast cancer 

prognosis [386], MMP-9 overexpression has been recently reported in human 

prostate cancer stem cells [387]. EGFR ligands and matrix metalloproteases 

constitute a vascular-remodeling program that facilitates pathological angiogenesis in 

mammary tumours [388].

FGF  ligands are mitogenic growth factors, generally known to act in a local manner. 

Binding o f  the FGFs to their high affinity receptors cause the activation o f  intrinsic 

tyrosine kinase and a cascade o f events, leading eventually to the induction o f  gene 

transcription and to cell proliferation. They also represent important tumour 

angiogenic and endothelial cell (ECs) survival factors. FGF2 is responsible for 

extracellular matrix (ECM) production and release o f MMPs for selective 

degradation and reorganization o f ECM. This function seems to be implicated in 

cancer invasion and metastasis, probably through upregulation o f MMP9 [389], 

which was also upregulated in our study, as mentioned above. MMP9 proteolytically 

cleaves and activates latent TGF-fi, promoting tumour invasion and angiogenesis 

[390]. It has been described in prostate cancer [391] and hepatocellular carcinoma 

augmenting a KisGF-mediated angiogenesis [392]. FGF2 also induces expression o f 

the antiapoptotic proteins hcl-XL and bcl-2 via the MEK/ERK  signaling pathway and 

correlate with resistance to etoposide-induced apoptosis [393]. A recent study on the 

repertoire o f mutated human cancer genes, based on the family o f protein kinases, 

identified the FGF  signaling pathway to confer growth advantage by the highest 

enrichment for kinases containing “driver” mutations [394]. FGF2 critically 

modulates mesenchymal-to-epithelial transition, which is now widely accepted to 

contribute to carcinoma invasiveness [395]. These findings would explain the 

acquired metastatic capacity or recurrence pattern o f  advanced epithelial ovarian 

cancers, which are mesothelially derived and suggest a role for FGF2 as an epithelial 

marker in strategies to block epithelialization o f metastases.
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Collectively, our data propose an integrative model for recurrence in ovarian cancer, 

in which tumor cells during relapse produce adhesion molecules to mediate 

attachment, cytokines and inflammatory mediators to stimulate survival and a variety 

o f growth factors bound to their cognate receptors to fully proliferate in order to 

confront and modulate their immediate environment, which they must eventually 

overtake (Figure 3.21).

T u m o u r
ce lls

A tta c h m e n t

^  v _ » y i u r \ i M c

prod u c tio n

Invasion

S ig n a l tra n sd u c tio n  Ca^* signa lin g  

G e n e  reg u la tion
Surv ival

A n g io g e n e s is
T a rg e t  cellJ r a n s c r ip t io n

Figure 3.21 An integrative model for recurrence in ovarian cancer. Schematic 

representation o f putative genes and gene families involved in the recurrence o f  

ovarian carcinomas. According to our current working concept, tumour cells during 

relapse produce adhesion molecules to mediate attachment and invasion via co­

overexpression o f matrix metalloproteinases, cytokines and inflammatory mediators 

to stimulate survival and a variety o f growth factors bound to their cognate receptors 

to flilly proliferate in order to confront and modulate their immediate environment, 

which they must eventually overtake.

To date, the histological type o f the ovarian cancer is not used as a factor to 

determine chemotherapy management. As the best strategy for second-line 

chemotherapy has not yet been defined, the proposed panel o f  genes could reduce at 

least in individual patients, unnecessary chemotherapy treatment and toxicity or
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alternatively could be readily used for early detection o f  disease recurrence. Clearly, 

a definite role for the candidate targets will be provided by functionally investigating 

the mechanisms involved in the developm ent o f  recurrence and drug resistance. 

These types o f  analyses may lead to novel approaches for the development o f  therapy 

aimed at reversing or decreasing drug resistance or alternatively optim ization o f  the 

already available standard drugs [270]. A synchronous targeting o f  co-amplified 

genes may in the future offer better treatment for recurrent ovarian cancer.
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CHAPTER 4 

Potential role of miR-9 and miR-223 in recurrent

ovarian cancer
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4,1 Summary

Background: microRNAs (miRNAs) are small, noncoding RNAs that negatively 

regulate gene expression by binding to target mRNAs. miRNAs have not been 

comprehensively studied in recurrent ovarian cancer, yet an incurable disease.

Results: Using real-tim e RT-PCR, we obtained distinct m iRNA expression profiles 

between prim ary and recurrent serous papillary ovarian adenocarcinom as (n=6) in a 

subset o f  samples previously used in a transcriptom e approach. Expression levels o f  

top dysregulated miRNA genes, miR-223 and miR-9, were examined using TaqM an 

PCR in independent cohorts o f  fresh frozen (n=18) and FFPE serous ovarian tumours 

(n=22). Concordance was observed on TaqM an analysis for miR-223 and miR-9 

between the training cohort and the independent test cohorts. Target prediction 

analysis for the above miRNAs identified genes previously validated in our 

transcriptome study. Common biological pathw ays well characterised in ovarian 

cancer were shared by miR-9 and miR-223 lists o f  predicted target genes. This 

’’recurrent metastatic signature” can predict progression free survival in ovarian 

cancer patients.W e provide strong evidence that miR-9 acts as a tumour suppressor 

gene in recurrent ovarian cancer. Components o f  the miRNA processing machinery, 

such as Dicer and Drosha are not responsible for m iRNA deregulation in recurrent 

ovarian cancer, as deluded by TaqM an and immunohistochemistry.

Conclusion: We propose a miRNA model for the m olecular pathogenesis o f  

recurrent ovarian cancer. Some o f  the differentially deregulated miRNAs identified 

correlate with our previous transcriptom e findings. Based on integrated transcriptom e 

and miRNA analysis, miR-9 and miR-223 can be o f  potential importance as 

biomarkers in recurrent ovarian cancer.
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4.2 Introduction

A new and surprisingly abundant class o f  RNA regulatory genes know n as 

microRNAs (miRNAs) has been found to confer a novel layer o f  genetic regulation 

in cells. They flinction as endogenous, highly conserved, non-coding small R N A ’s, 

22 nucleotides long that silence gene expression by binding to target mRNAs. Their 

5 ’ end binds its target com plem entary sequence in the 3 ’-untranslated  region 

(3 ’UTR) o f  m RNA and given the degree o f  complementarity, m iRNA binding 

appears to result in translational repression, or in some cases, cleavage o f  cognate 

mRNAs, causing partial or ftxll silencing o f  the respective protein-coding genes 

[3101.

An accum ulating body o f  evidence reveals critical functions for m iRNAs in various 

biological processes as diverse as proliferation, apoptosis, and cell differentiation 

[396] and given their diversity and abundance, miRNAs appear to functionally 

interact with various com ponents o f  many cellular networks. Almost 30% o f  the 

human genome is estim ated to be regulated by miRNAs [397]. Therefore, they 

should be considered one o f  the largest classes o f  gene regulators. Figure 4.1 

illustrates the miRNA biogenesis and evolution.

Figure 4.1 miRNA biogenesis and evolution.

In an attempt to understand the biology o f  recurrent ovarian cancer, we examined the 

expression o f  180 miRNAs in prim ary and recurrent serous papillary 

adenocarcinom as, which were previously interrogated in a transcriptom e study in 

recurrence [398, 399] as described in chapter 3. miRNAs with greatest changes in 

expression were further used in a larger group to predict progression free survival
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(PFS) and overall survival (OS). The aim o f  this chapter is to investigate the role o f  

m iRNAs in recurrent ovarian cancer and to examine the expression levels o f  key 

components o f  the miRNA machinery. A flow chart o f  our experimental design is 

shown in Figure 4.2.

RT-PCR

Figure 4.2 Flow chart o f our study design. m iRNA profiling was performed using 

TaqM an PCR in a hom ogenous set o f  3 prim ary advanced and 3 recurrent serous 

papillary ovarian adenocarcinom as from different patients. Selected miRNA targets 

(n=2) were validated in two independent sets o f  prim ary and recurrent fresh frozen 

(n=18) and FFPE serous papillary adenocarcinom as (n=22). We also attempted to 

determine whether components o f  the miRNA processing machinery (Dicer and 

Drosha) are responsible for miRNA dysregulation in recurrent ovarian cancer.
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4.3 Materials and methods

All samples were obtained at initial cytoreductive from patients treated for ovarian 

cancer at St Jam es’s Hospital, Dublin, Ireland. The study had approval o f  the hospital 

ethics com m ittee and informed consent was obtained from each patient by the 

research team  prior to surgery. All tum ors were staged according to the International 

Federation o f  Gynaecology and Obstetrics standards (FIGO).

4.3.1 Patients and tissue samples (See Table 2.2 Materials and Methods).

A pilot study was undertaken to examine the expression o f  180 miRNAs with the 

objective o f  generating a training set.

4.3.1.1 Fresh frozen samples

The initial cohort (training set) consisted o f  3 (P2, P4, P5) fresh frozen prim ary 

serous papillary (stage III and grade III) and 3 (R l, R2, R4) fresh frozen recurrent 

serous papillary adenocarcinom as o f  the same grade but from different optim ally 

debulked (residual disease o f  < lc m  in greatest diameter) patients. The mean age in 

years for patients in the prim ary and the recurrent group was 63.3 (range 48-84) and

53.3 (range 45-68). Patients had received no neoadjuvant treatment before surgery 

and they were all treated postoperatively with platinum  and/or paclitaxel.

A subset o f  miRNAs selected from the trainng set was further analyzed in fresh 

frozen and formalin fixed paraffin em bedded (FFPE) cohorts.

The additional cohort o f  fresh frozen tissues, which were analysed with the putative 

signature m iRNA panel com prised 18 serous papillary adenocarcinom as, 11 prim ary 

(P11-P18, P20-P22) and 7 recurrent (R3, R7,R8, R10-R12, R18) cases. This cohort 

was fiirther expanded to 22 serous papillary adenocarcinom as-14 prim ary (P I-P 5 , P7, 

P9, PIO, P I 2, P I 3, P I5 -P 17, P I 9) and 8 recurrent (R l, R2, R4, R5, R7, R 9-R 1I)- and 

used to examine the relative expression levels o f  Dicer and Drosha. An additional 2 

prim ary (P6, P8) and 5 recurrent ovarian cancer patients o f  different histology (1 

patient with small cell carcinom a (R6), I patient with mixed m ullerian carcinom a 

(R8), I patients with poorly differentiated clear cell carcinom a (R12), I patient with
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dedifferentiated germ cell carcinom a (R13) and 1 patient with adenosquam ous (R14) 

differentiation) were subsequently added to the cohort (n=29).

Specimens were snap frozen on collection within 1 hour o f  surgery at -80°C. After 

tissue processing in a cryostat at -20°C, frozen sections were cut and m ounted on 

slides. The slides were stained with Hc&E and examined by a pathologist to ensure 

>70%  presence o f  tum our cells.

4.3.1.2 miRNA extraction from fresh tissues

miRNA was extracted from fresh tissues using the Am bion mirVana™  m iRNA 

isolation kit (Ambion, Austin, TX) according to the m anufacturer’s recom m endations 

as described in section 2.8.2.

4.3.1.3 Formalin-fixed paraffin-embedded (FFPE) tissues

An independent set o f  22 ovarian serous carcinom as (OSC) tumours- 14 prim ary 

(P20, P24-P36) and 8 recurrent (R l, R3, R l l ,  R12, R15, R16, R17, R I9)- classified 

according to the FIGO system: stage (ll-III) and grade 2-3, were selected from 

archival FFPE tissue, between the years 1996-2006 from St Jam es’s Hospital, 

Dublin. H&E slides o f  all tum ors were reviewed by a histopathologist (RF) to 

confirm original diagnoses.

An additional paraffin tissue m icroarray (TM A) o f  56 prim ary EOC and 15 recurrent 

OC was constructed, composed o f  tumors arrayed in quadruplicates as described for 

TMA Section.

4.3.1.4 miRNA extraction from formalin-fixed paraffin-embedded (FFPE) 

tissues

This was performed on the above mentioned independent set o f  OSC (n=22) using 

the Recoverall™  Total Nucleic Acid Isolation Kit (Ambion, Austin, TX). W here 

tumour cell density was >90% (n=16), whole sections were taken for miRNA 

analysis. In cases that tumour stroma com ponent was significantly present (n=6). 

Laser Capture M icrodissection (LCM) was performed to produce pure cell 

population for analysis. Up to 3 extractions were performed in parallel with one
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pellet in each extraction. Follow ing dissection from the blocks, these preparations 

were deparaffinized, followed by protease digestion for 3 hours at 50°C for RNA 

isolation, on colum n D N A digestion and elution as described in m ethod 2.8.3.1.

4.3.1.5 Laser capture microdissection (LCM)

Laser Capture M icrodissection was em ployed in six o f  the recurrent FFPE tumour 

samples as described in section 2.9.1.

4.3.L6 miRNA expression analysis and Real-time TaqMan PCR using full 

miRNA panel

miRNA expression levels were exam ined using the Applied Biosystem s TaqM an® 

M icroRNA Assay Human Panel Early Access kit (Applied Biosystems, Foster City, 

CA) consisting o f  180 well characterized miRNAs. The kit uses gene-specific stem- 

loop reverse transcription prim ers and TaqM an probes to detect mature miRNA 

transcripts in a 2-step qRT-PCR assay as described for the Early Access kit protocol 

in section 2.8.6. Briefly, single stranded cDNA was generated from total RNA 

sample by reverse transcription using the Applied Biosystems High-Capacity cDNA 

Archive Kit (Applied Biosystems, CA, USA) as described in methods. RT reactions 

contained 10 ng o f  total RNA, 50 nM stem -looped RT primer, 1 x RT buffer, 0.25 

mM each o f  dNTPs, 3.33 U/|il M ultiscribe reverse transcriptase and 0.25 U/|a 1 

RNase Inhibitor. PCR am plification was carried out using sequence specific primers 

on the Applied Biosystem s 7900 Real-Time PCR system. The reactions were 

incubated in a 96-well optical plate at 95°C for 10 min, following by 40 cycles o f  

95°C for 15 s and 60°C for 10 min. The assay was run in triplicate for each case to 

allow for assessm ent o f  technical variability. let-7a was used as endogenous control. 

Four negative controls were also used, ath-m irl59a, cel-lin-4, cel-miR-2 and cel- 

miR-124 as they show no expression in hum an tissue.
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4.3.1.7 Selected miRNA expression analysis in independent cohorts using 

TaqM an M icroRNA Assays

The Applied Biosystems stem loop RT/PCR kit (AB) and TaqM an microRNA 

Assays were used to detect and quantify selected m ature miRNAs in both fresh 

frozen and FFPE samples, as described in section 2.8.6.

4.3.1.8 TaqM an gene expression analysis of D icer and Drosha

The expanded cohort o f  fresh frozen samples was used for this analysis. Dicer (Assay 

ID; H s00203006_m l) and Drosha (Assay ID: H s00229023_m l) were analysed using 

qRT-PCR as described in section 2.8.4.

4.3.1.9 Im m unohistochem istry of eIF6 and Dicer on tissue m icroarrays (TM A)

4 [im sections o f  the OSC tissue array were cut and m ounted on glass slides. For 

antigen unmasking, deparaffm ized sections were boiled (elF6) or microwaved 

(Dicer) in citrate buffer [10 mmol/L sodium  citrate buffer (pH 6.0)] before incubation 

with primary antibodies. cIF6 (BD Biosciences, Belgium) and Dicer (Abeam, UK) 

protein levels were examined using mouse m onoclonal antibodies at dilutions o f  

1:200 and 1:50 respectively. Antibody staining was done using the Biogenex Super 

Sensitive™  Link- Label IHC Detection system.

Intensity o f  eIF6 and Dicer imm unoreactivity w as recorded in the neoplastic glands 

for every specimen. The intensity o f  staining was graded on a scale from 0 to 3. "0" 

reflected a lack o f  immunoreactivity, "1" reflected weak immunoreactivity, "2" 

reflected moderate imm unoreactivity and "3" reflected strong homogenous 

nucleocytoplasmic (eIF6) or cytoplasmic (Dicer) staining. Scores from all cores were 

averaged. Two pathologists (RF, CB) scored the stained slides.

4.3.1.10 Data analysis and bio-informatics in the pilot study

Relative quantitation using the AACt method in recurrent versus prim ary was carried 

out. Expression levels o f  each miRNA were norm alized by calculating the ACt values 

based on substracting the Ct value o f  target m iRNA from the CT o f  the internal
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control (let 7-a) and fold changes were calculated for each gene. Replicates with a 

ct>40 were excluded.

4.3.1.11 Unsupervised classification

Spotfire® software [400] was used to visualize hierarchical clustering between 

differentially expressed genes. Unsupervised clustering was applied to the data set 

using the UPGMA mean based on Euclidean distance as the similarity measure. 

Target prediction analysis was carried out using the miRGen Webserver 

(www.diana.pcbi.upenn.edu/miRGen). Functional classification o f the data and gene 

ontology o f the predicted mRNA targets was defined by using the PANTHER 

Classification System. A binomial statistical tool was employed to compare gene lists 

to a reference list (i.e. the complete human genome) to determine over- or under­

representation o f PANTHER classification categories [401].

4.3.1.12 Supervised classification

Prognostic miRNAs for recurrent versus advanced primary tumor class prediction 

were determined by using the Prediction Analysis o f Microarays (PAM) [402]. PAM 

is a statistical technique for class prediction from gene expression data using nearest 

shrunken centroids. The method o f nearest shrunken centroids identifies subsets o f 

genes that best characterize each class. The technique is general and can be used in 

many other classification problems. It can also be applied to survival analysis 

problems. The algorithm was used for training set prediction, creating a multivariate 

predictor for determining which o f  the two classes (recurrent versus primary) a given 

miRNA belongs.

Correlations o f miRNA expression levels were carried out using student’s t-test for 

age and CA-125 and Fischer’s test for debulking status with significance level set at 

p<0.05.

The traditional endpoints for the study were disease free survival (DFS) and overall 

survival (OS). DFS was calculated from date o f primary surgery to the date o f disease 

recurrence and OS until the date o f  death. The expression levels o f miRNA genes 

were dichotomised as high or low, with the median values o f normalised miRNA
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expression as the cu toff points. Kaplan-M eier survival curves by clinical miRNA 

expression levels were calculated and com pared using the log-rank test. Statistical 

tests were one or two-tailed with a significance level set at 5%. All statistical 

analyses were performed using the Analyze-It™  Software Ltd.

All statistical analysis o f  imm unohistochem ical studies was done with Analyse-It'*’'^ 

Software Ltd. Two sample comparisons (recurrent versus primary) were performed 

with the M ann-W hitney rank sum test.

4.4 Results

4.4.1 miRNA expression signature discrim inates between primary and 

recurrent ovarian cancers (training set).

Using the Early Access Kit, 180 known miRNAs were examined for their expression 

levels and distinct expression signatures were identified between prim ary and 

recurrent ovarian cancers. 60 miRNAs were greater than 2-fold deregulated between 

primary and recurrent cases (Table 4.1 and Figure 4.3). A marked upregulation o f  

miRNAs in recurrent tumours compared to prim ary was observed (52 miRNAs 

showed overexpression and 8 underexpression o f  >2 fold in recurrent versus prim ary 

tumours) (Figure 4.6). 12 miRNAs were not detectable in the ovarian samples. miR- 

223 and miR-9 were the top dysregulated in the recurrent versus prim ary samples. 

miR-147 was detected only in the recurrent specim ens and was considered to be 

specific for recurrent ovarian cancer. Notably, we observed expression o f  miRNAs 

previously reported in other human cancers such as miR-155 [403], miR-21 [318], 

miR-221 and miR-222 [404].
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Table 4.1 List of the miRJNA genes differentially expressed between recurrent 

and primary serous papillary ovarian adenocarcinomas

Table shows numerical fold changes ranging from 2 to 11. Common miRNA genes 

highlighted in red have been identified as differentially expressed in diverse cancers. 

m iRNAs highlighted in green were the top dysregulated in recurrent vs prim ary 

serous papillary adenocarcinom as in the training cohort.

miRNA Up in miRNA Up in miRNA Down in

Assay R ecurrent Assay R ecurrent Assay Recurrent

miR223 11.35571231 miR224 3.446998251 miR326 2.018085083

miR206 10.09241373 miR222 3.429526571 miR30d 2.139840206

Iet7i 8.246555615 miR29c 3.363029871 miR125b 2.142173482

miR3()a3p 8.16742082 miR21 3.331135486 miR31 2.290207738

miR368 8.152857788 miR34c 3.158291208 miR99a 2.29788702

iniRlOb 7.727130269 mlR139 3.14175359 m iR 100 2.318059102

miR338 7.704267522 m iR 197 2.937647789 m iR 137 2.974002788

miRI95 7.166781978 m iRI5a 2.928993165 miR9 3.886456405

miR93 5.849476069 m iR2l8 2.883622744

miR23a 5.514310681 mi R 106a 2.815098885

miR185 5.265698431 miR340 2.807685741

miR22 5.149294678 m iR2l9 2.797355288

miR339 4.925213166 miR155 2.710428782

miR321 4.81249158 miR92 2.701058863

miR29b 4.778206067 let7g 2.606706081

miR186 4.479887044 miR328 2.601412983

miR128a 4.42675849 miR149 2.44190036

miR374 4.369029661 miR23b 2.427274867

mi R 193 4.002099215 miR221 2.389278913

miR106b 3.971898585 miR150 2.284171328

miR194 3.840507499 miR190 2.149257886

miR370 3.76950678 miR107 2.106178095

miR128b 3.536203171 miR331 2.091486666

miR198 3.49349966 miR181c

miR133b

2.072063046

2.025726728
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Figure 4.3 Relative fold changes are displayed on the y axis and the miRNAs are 

on the X axis. The most significant altered expression was observed for mir-223 with 

increased expression and mir-9 with decreased expression.

Unsupervised hierarchical clustering o f  the samples in our cohort, based on 

differentially expressed miRNA did not clearly separate prim ary and recurrent 

tumours. Interestingly, it segregated primary “chem osensitive” tumours while the 

prim ary “chem oresistant” tumour clustered together with the recurrent ones (Figure 

4.4).
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H i e r a r c h i c a l  O l u s t e r i n g  m i R N A s

R1 P2 R2 R4 P4 P5

Figure 4.4 Unsupervised hierarchical cluster heatmap based on differential 

miRNA expression patterns identified in the initial cohort. Vertical bars represent the 

samples and the horizontal bars represent the miRNA genes. Green bars reflect 

downregulated genes and red bars upregulated genes. Interestingly, P2 clusters with 

the recurrent samples on the left o f  the heatmap. P2 relapsed w ithin 6 months post 

completion o f  treatm ent and should be considered “chem oresistant” P, primary 

tumours; R, recurrent tumors.

4.4.2 PAM  analysis

To identify the smallest set o f  predictive miRNAs differentiating betw een primary 

and recurrent ovarian cancer tissues we made use o f  the PAM software. A signature 

o f  least 5 miRNAs is needed to correctly predict the two types o f  tum ours (Figure 

4.5).
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Figure 4.5 PAM prediction analysis in prim ary and recurrent ovarian sam ples.

A balance 10-fold cross validation that minimizes classification errors to 50% 

enables choice o f  a threshold. M issclassification errors were plotted against various 

values o f  the threshold. 5 genes were needed to accurately predict between prim ary 

and recurrent ovarian cancers at a maximum threshold o f  1.27.

However, 9 statistically significant genes for a given threshold o f  1.1 that 

corresponds to an FDR<0,5 (Figure 4.6), accurately predicted the 2 classes (prim ary 

and recurrent) with a probability error o f  <20%  for a given threshold (Figure 4.7).
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Mt_imber o f  g e n e s  c a l le d  s ig n iT ican t

Figure 4.6 Esitm ated FDRs for given thresholds plotted against the num ber o f  

genes called significant. If  FDR<0.5 (which corresponds to a p value -0 .05 ), data 

had to be thresholded at 1.1 and this provided with 9 statistically significant genes to 

perform  classification prediction.
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/
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Figure 4.7 PAM class prediction analysis and test probabilities. For a threshold o f  

1.1 (FDR<0.5), there’s less than 20%  probability that training samples are not 

accurately clustered as prim ary and recurrent (classification rate -80% ).

Table 4.2 describes this set o f  genes, 6 upregulated in recurrent vs prim ary (miR-185, 

miR-338, miR-339, miR-lOb, let-7i), 2 upregulated only in the prim ary samples 

(miR-211 and miR-189) and m iR-147 upregulated only in recurrent samples. PAM 

analysis was in concordance with the unsupervised hierarchical clustering analysis in 

for as the prim ary “chem oresistant” tum our clusters with the recurrent ones (Figure 

4.8).
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Table 4.2 PAM list o f significant miRNA genes for classification prediction in 

recurrent versus prim ary tumours. The PAM  algorithm  was used for gene 

identification at a threshold o f  1.1 (FDR<0.5).

miRNA P score R score

miR185 0.2673 -0.2673

miR338 0.2236 -0.2236

miR211 0.206 -0.206

miR339 0.1397 -0.1397

miR93 0.1362 -0.1362

miRI47 -0.065 0.065

miR189 0.0643 -0.0643

miRlOb 0.0436 -0.0436

let7i 0.0094 -0.0094

Test Probabilities (Threshold=0.5)

Sample

Figure 4.8 PAM class prediction analysis and test probabilities. For a threshold o f  

0.5, there’s less than 10% probability that sample P3 is not clustered as prim ary but 

as recurrent. This is consistent with the unsupervised hierarchical clustering results.

4.4.3 miRNA expression in an independent set o f fresh frozen (FF) tum ours o f  

the same histology

To determine the potential importance o f  the initially identified miRNAs, real time 

PCR was performed in an independent set o f  11 advanced prim ary and 7 recurrent
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serous papillary adenocarcinom as. 5 m iRNAs were initially selected from the 

signature panel o f  60 deregulated miRNAs; the top deregulated in the initial cohort 

miR-9, miR-223 and m iR-206, and miR-93 and miR-147 random ly selected from the 

PAM class prediction m iRNA list.

miR-147 was not amplified in either the prim ary or recurrent FF tum our tissues. miR- 

206, the second top upregulated m iRNA in recurrent versus prim ary samples in the 

initial cohort, was detected in 2/3 o f  prim ary samples and 2/3 o f  recurrent ones in the 

initial cohort. It was then detected only in the recurrent samples in the w ider cohort 

o f  FF samples. miR-93 was upregulated in recurrent versus prim ary and consistently 

expressed across all prim ary and recurrent samples. In the wider cohort o f  FF 

samples (n=18), it was consistently expressed across all the primary samples but only 

expressed in 3/6 (50%) o f  recurrent samples. Consequently, miR-147, miR-206 and 

miR-93 expression data were excluded from correlation analysis.

Based on initial training set data and following the above mentioned exclusion 

criteria, 2 miRNAs (miR-9 and miR-223) were selected from the signature panel o f  

60 miRNAs according to a) their degree o f  dysregulation (they dem onstrated the 

greatest changes in expression levels) b) their consistent expression across all the 

tested samples c) their predicted target miRNAs.

A sim ilar pattern o f  dysregulation was observed for miR-9 and miR-223 on TaqM an 

analysis between independent and training cohort (Figure 4.9).
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■ Independent cohort

■ Training coliort

Figure 4.9 TaqM an PCR analysis o f top dysregulated miRNAs. The relative 

quantitation from TaqM ans in recurrent vs prim ary are plotted for miR-223 and miR- 

9. Concordance was observed on TaqM an analysis between the training and 

expanded independent cohort o f  serous ovarian papillary adenocarcinom as 

(comprised o f  snap frozen tissues).

4.4.4 miRNA expression in FFPE ovarian adenocarcinom as correlates with 

training cohort

miRNA expression analysis for the 2 selected m iRNAs was carried out using real­

time PCR in an independent cohort o f  14 prim ary and 8 recurrent FFPE tissues 

(n=22). TaqM an data corroborated with the results obtained from the initial cohort in 

so far as miR-223 was upregulated and miR-9 downregulated (Figure 4.10).
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■ FFPE cohort

■ Training cohort

Targets

Figure 4.10 TaqM an analysis o f top dysregulated genes in training cohort and 

FFPE cohort. Likewise, concordance was observed for miR-223 and miR-9 between 

the 2 cohorts.

4.4.5 Predicted and confirm ed mRNA targets

To investigate the biological consequence o f  altered miRNAs, we analyzed the 

predicted gene targets o f  the top dysregulated miRNA genes identified in our cohort. 

The analysis was conducted using the miRGen Webserver, an online tool that takes 

sets o f  target genes, predicted by the individual programs and presents com piled lists 

o f  the intersection o f  m iRanda and TargetScan algorithms.

214



Table 4.3 List of important miRNA genes differentially dysregulated in 

recurrent vs primary ovarian cancers with their predicted gene targets. These 

represent genes well characterised in ovarian carcinogenesis. Genes highlighted in 

italics were also identified in the earlier transcriptomic study as described in chapter 

3.

miRNAs FOLD CHANGE POTENTIAL TARGET GENES REC
vs

PRIM

miR-223 11.35571231 SEPTIN6, FGFR2, MMP9, EGF, S100A3, USF2. 

KRAS. TGFB2, E2F1

UP

miR-206 10.09241373 E2F5. GTF2B UP

miR-lOb 7.72713 PIK3CA UP

let-7i 8.246555615 TJP3. ABCC5, COL3AI UP

miR-106a 2.815098885 IL27RA UP

miR-93 5.849 PTEN, HIFIA, CDK2. ERBB4, MAPK9, n-MYC UP

miR-9 3.886456405 FGF18, FGFIO, BCL2. BCL6. BRAF, ZNFS, 

CLDN14, CLDN6, SEPTINIO, PVRL2, LASS4

DOWN

4.4.6 mRNA (transcription) and miRNA (regulation) expression correlation

Analysis and validation o f cDNA microarray data as described in chapter 3 identified 

a group o f genes that were upregulated in recurrent compared to primary ovarian 

cancers. Comparing this list o f genes with the list o f putative miRNA targets yielded 

from MIRGEN, showed that several o f the differentially expressed genes in each 

comparison are targeted by several miRNAs identified in the subcohort o f patients 

(Table 4.3 and 4.4). ZNF218 was excluded as no putative miRNA targets were 

identified from the prediction analysis.
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y R G 2 BTC SIOOB SI00A8 C'l .nM 6 TJPJ IL27RA ILIR2 MMP9

m iR 129 m iR lS 4 m iR 26a m iR 135a Iet7e le t! tn iR 106a niiR 379 m iR I3 3 a

m iR 133a m iR 199a m iR 26b m iR 135b m iR 224 m iR I2 S a m iR 106b m iR 4S4-p m iR 133b

m iR 133b m iR 199b m iR 340 m iR 187 m iR 548a m iR 138 m iRIO m iR 494 m iR 149

m iR 138 m iR 217 itiiR565 m iR 202 m iR 184 m iR 140 m iR 616 m iR I8 3

m iR 187 m iR 3a itiiR615 m iR 24 m iR 197 m iR 17-5p m iR 184

m iR 208 uiiR 378 m iR 632 m iR 326 m iR 205 m iR 182 m iR 185

m iR 308 m iR 487a miR671 m iR 423 m iR34S m iR 20a m iR 191

miR431 m iR 487b m iR 496 m iR 453 niiR 20b in iR 204

m iR4S0 m iR 490 m iR 544 m iR 5 I7 tniR22 m iR 205

m iR S17a m iR 587 iniR 520c m iR 296 m iR 223

m iR 517b m iR 520d m iR 320 m iR 24

m iR517c m iR 526b m iR 324 m iR 299-5p

m lR SS Ia m iR 553 m iR372 m iR 300-3p

in iR S S lb miRSSS m iR373 niiR 320

itiiR586 m iR 598 m iR 383 m iR 324-3p

niiR 599 m iR 612 miRSOO m iR 330

m iR 6 Il m iR 658 m iR 5 l2 -3 p m iR 337

m iR61S m iR 765 m iR 512-5p m iR 339

m iR 668 in iR S IS f

m iR 520g

iniR93

m iR 340

m iR 5 l8 e

m iR 345

Table 4.4 mRNAs and predicted miRNA targets.

The list o f  mRNAs used for prediction analysis included those identified and 

validated as upregulated in recurrent versus primary ovarian cancers as described in 

chapter 3.
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Conversely, to determine whether any o f  the identified miRNAs coexpressed with 

their putative m RNA targets, we compiled our previous m icroarray data from the 

same cohort o f  patients. Putative targets for miR-9, previously identified and 

validated in our transcriptome study, as described in chapter 3, included LASS4  and 

PVRL2. Likewise, USF2 was the only putative target for miR223. No inverse pattern 

was observed between paired miRNA and mRNA expression signatures as expected.

4.4.7 miR-9 and miR-223 gene prediction analysis identifies common significant 

biological pathways

The list o f  predicted targets for both miR-223 and miR-9 was further uploaded into 

Panther classification system and examined against the H. sapiens reference list to 

determine what percentage o f  genes were present compared to that expected and to 

determine whether any relevant biological pathways were statistically significant at a 

p value o f  0.01 and 0.05. Com m on significant pathways were observed for the “miR- 

223 list” and “miR-9 list” o f  predicted gene targets at a p<0.05; namely angiogenesis, 

Ras, integrin signalling, Notch signalling and a dynamic signalling pathway involving 

actin and tubulin, well known to interfere with the m echanism  o f  action o fpaclitaxel 

(taxol®) (Figure 4.1 1).
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Figure 4.11 Coinnion significant biological pathways observed for miR9 and 

miR223 based on comparison between percentage o f miR9 and miR223 predicted 

genes and expected genes from the H.Sapiens reference list; namely angiogenesis, 

Ras, integrin signalling, Notch signalling and a pathway involving actin and tubulin.

4.4.8 miRNA signature predicts progression free survival in an independent set 

of ovarian adenocarcinoma patients

To test the ability o f miRNAs to predict survival outcomes such as PFS and OS, we 

measured expression o f 3 miRNAs (miR-223, miR-9 and miR-93) in the set o f fresh 

frozen (FF) and 11 o f the FFPE primary ovarian tumour samples. This panel o f  genes 

was chosen based on their pattern o f expression (for top deregulated genes miR-223 

and miR-9) and their consistent expression across all the primary samples, that would 

allow for analysis to perform (miR-93). Table 4.5 displays the survival data and 

clinicopathological details for these specimens. For mean centered values, a log-rank 

test demonstrated no miRNAs as statistically significant when related to patient’s 

progression free survival and overall survival (Figures 4.12-4.23).
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Table 4.5 Survival Data and clinicopathological details 

A Fresh Frozen

Sample Age Stage Grade CA-125 PFS OS Debulking

P l l 74 3C 3 1051 5+ 5+ 1

P12 60 3C 3 2310 0 9 2

P13 44 3A 3 12618 7 16+ 2

P14 64 3C 3 2895 22+ 22+ 2

P15 74 3C 3 3533 9 23 1

P16 68 3C 3 2719 0 5 T

P17 54 3C 3 883 15 18+ 1

P19 86 3C 3 3621 6 17 1
P20 86 3C 3 2310

7 30 2

P21 59 3C 3 758 3 4 1

P22 63 3C 2 679 8+ 8+ 1
+: Still alive, 1: Optima Debulking, 2: Su >optimal de Dulking

B Formalin Fixed Paraffin Embedded

Sample Age Stage Grade CA-125 PFS OS

P20 86 3C 3 2310 7 9

P24 66 2 3 380 24 24

P25 71 1C 3 1635 22 22+

P26 63 2C 3 463 16 17

P27 59 3C 2 22 22+

P28 55 4 2 9 9+

P30 45 3C 2 10 11

P31 59 3C 3 11 25

P33 47 4 3 9 9+

P36 59 3C 3 8 11
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Survival curves for FFPE sam ples

P r o g r e s s i o n - F r e e  S u r v i v a l

G r o u p
  H i g h  m i R - 2 2 3
  L o w  m i R - 2 2 3

FFPE miR-223 progression free survival 
P=0.081 by log-rank test
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Time

Figure 4.12 Progression free survival curves in FFPE primary ovarian tumours 

in relation to miR-223 expression levels.
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Figure 4.13 Overall survival curves in FFPE primary ovarian tumours in 

relation to miR-223 expression levels.
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Figure 4.14 Progression free survival curves in FFPE primary ovarian tumours 

in relation to miR-9 expression levels.
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Figure 4.15 Overall survival curves in FFPE primary ovarian tumours in 

relation to miR-9 expression levels.
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P r o g r e s s i o n - F r e e  S u r v i v a l
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FFPE miR-93 progression-free survival 
p= 0.7333 by log-rank test
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Figure 4.16 Progression free survival curves in FFPE prim ary ovarian tumours 

in relation to miR-93 expression levels.
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Figure 4.17 Overall survival curves in FFPE prim ary ovarian tum ours in 

relation to miR-93 expression levels.
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Survival curves for fresh frozen (FF) samples

P r og  r e s s i o n - f r e e  s u r v i v a l
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FF miR-223 progression-free survival 
p= 0.4601 by log-rank test
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Figure 4.18 Progression free survival curves in FF prim ary ovarian tumours in 

relation to miR-223 expression levels.
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Figure 4.19 Overall survival curves in FF primary ovarian tumours in relation to 

miR-223 expression levels.
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Figure 4.20 Progression free survival curves in FF primary ovarian tumours in 

relation to miR-9 expression levels.
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Figure 4.21 Overall survival curves in FF primary ovarian tumours in relation to 

miR-9 expression levels.
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Figure 4.22 Progression free survival curves in FF prim ary ovarian tum ours in 

relation to miR-93 expression levels.
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Figure 4.23 Overall survival curves in FF prim ary ovarian tumours in relation to 

miR-93 expression levels.
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We then attempted to combine the results from individual log-rank tests used in 

survival analysis to obtain a p value from a chi-square distribution with 3 degrees o f 

freedom (where 3 is the number o f miRNAs used for survival outcome correlation). A 

one-sided test with mean centered data on fresh frozen ovarian cancer tissues 

demonstrated statistical significance for PFS if miR-9 is combined with miR-93 or 

miR-223 or alternatively miR-93 with miR-223 (p<0.05). The most significant P 

value was obtained by combining all three miRNAs together (p<0.025). For median 

centered data on the above fresh frozen tissues, there is statistical significance for PFS 

when combining miR-9 and miR-223 (p<0.05) (Table 4.6).

Table 4.6 One-sided test analysis of two miRNA signatures

a) n=3 and b) n=2 and PFS in the cohort o f FF primary ovarian cancer samples, 

a)

DF* miR p-value Chi-square Sum p-value

n=l 9 0.0758 3.1517

n=2 93 0.0909 2.8592 6.0109 <0.05

n=3 223 0.0663 3.3729 9.3838 <0.025

One-sided test 

*DF: degrees o f  freedom

b)

DF* miR p-value Chi-square Sum p-value

n=l 9 0.0908 2.861

n=2 223 0.0663 3.3729 6.2339 <0.05

One-sided test 

*DF: degrees o f  freedom

Collectively, a miRNA signature comprising o f miR-9 and miR-223 or miR-93 or 

both can be the best predictor o f PFS but not OS in our validation sets.

Statistical analysis o f  clinical variables including age, CA-125 and debulking status 

did not prove significant when correlated with expression levels o f miR-223 and miR- 

9 (Table 4.7).
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Characteristics Cases miR-9 expression levels Cases miR-223 expression levels

High Low P value* High Low P value*

Age

>50 3 5 3 1.00 3 5 3 1.00

<50 8 2 1 8 2 1

Debulking status

Optimal 6 3 3 0.697 6 4 2 0.7835

Suboptimal 5 4 1 5 2 3

CA 125

>2310 10 4 1 0.697 10 1 3 0.697

<2310 1 3 3 1 5 2

* Fischer’s Exact Test

Table 4.7 Correlation of expression levels of top dysregulated miRNA genes with clinicopathological variables for 

primary tumours. No statistical significance was proven.
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4.4.9 qRT-PCR analysis o f Dicer and Drosha

In order to elucidate the m echanism  o f  miRNA dysregulation in the recurrence o f  

ovarian cancer, we characterised the alteration in expression o f  genes encoding 

proteins o f  the miRNA machinery, namely Dicer and Drosha, in 14 prim ary and 8 

recurrent OSC, using qRT-PCR. Fold changes less than 2 were observed for both 

genes (Relative fold changes prim  vs rec: Drosha FC=0.91 (2-tailed p=0.484) Dicer 

FC=1.19 (2-tailed p=0.968). Our test set was further expanded to 16 prim ary and 13 

recurrent samples by adding tum ours o f  other than OSC histological subtypes. Fold 

changes o f  1.78 (2-tailed p=0.496) and 1.49 (2-tailed p=0.11) were observed for 

Drosha and Dicer respectively, but in the opposite direction (rec vs primary).

4.4.10 Im m unohistochem ical analysis o f eIF6 and Dicer expression in primary 

versus recurrent serous ovarian adenocarcinom as

We also aimed to examine the relative expression levels o f  eIF6 and Dicer in 56 

prim ary OSC and 15 recurrent and to determine whether any correlation exists 

between the two (Figures 4.24 and 4.25). In this respect, we wanted to examine 

functionality o f  the “m ature” part o f  the miRNA m achinery at a protein level. No 

statistically significance was observed in relative expression for both eIF6 (Mann- 

W hitney U, 2-tailed p=0.4374, 95.1%  Cl) and Dicer (M ann-W hitney U, 2-tailed 

p=0.4773, 95.1%  Cl).

Figure 4.24 Expression o f eIF6 and Dicer in norm al ovarian surface epithelium  

and ovarian serous adenocarcinom a (x40): No staining ( ‘0 ’) for eIF6 (A) and Dicer
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(B) in normal ovarian surface epithelium. Strong (‘3 ’) staining for eIF6 (C) and Dicer 

(D) in ovarian serous adenocarcinoma.

e

Figure 4.25 Global staining pattern for (e) eIF6 and (f) Dicer in TM A of  primary  

serous papillary ovarian adenocarcinomas. Global staining pattern for eiF6 and 

Dicer in recurrent ovarian tumours is not shown.
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4.5 Discussion

Not surprisingly, a variety o f  studies have linked aberrant microRNA expression to 

carcinogenesis where they act as both oncogenes and tumour suppressor genes [405], 

Unique miRNA expression profiles have been able to classify various cancers. In one 

study, for example, the expression pattern o f 217 microRNAs identified cancer type 

more accurately than mRNA [406],

A recent study reported aberrant miRNA expression profiles in ovarian cancers 

compared to normal ovary [323], The p53  protein, the most frequently mutated 

transcription factor in ovarian cancer, has been recently linked with suppression o f 

critical miRNA components in EOC proliferation [407] In addition, direct evidence 

that miRNA is o f critical importance in chemoresistance o f human ovarian cancer has 

just been published [408],

This investigation demonstrates discrete miRNA signatures between primary and 

recurrent serous papillary adenocarcinomas on a homogenous set o f ovarian tissues 

from different patients with a view to identifying a miRNA signature that could be 

used in the prediction o f ovarian cancer relapse. Real-time PCR can be employed to 

quantify miRNA expression profiles and study the potential fijnction o f miRNAs as 

well as miRNA precursors in cancer pathogenesis [341]. We utilized a novel stem- 

looped TaqMan RT-PCR method to quantify the expression profiles o f  180 mature 

miRNAs in a collection o f primary and recurrent serous papillary adenocarcinomas. 

This method offers several distinct advantages over conventional miRNA detection 

methods including a higher sensitivity, enhancing specificity for mature miRNAs and 

a fast and simple methodology [333].

The data showed aberrant miRNA expression in recurrent compared to primary serous 

papillary adenocarcinomas. Traditionally, a change in expression o f >2-fold is 

considered sufficient to assert that the change was significant [409]. Therefore, we 

conventionally used a twofold change as a cut-off for differential expression, although 

one would argue, much smaller changes could also be significant, reflecting the fact 

that miRNAs target many genes o f  even similar function, so that disruption o f 

cooperating genes can be a likely event [410]. Marked upregulation o f  miRNAs in 

recurrent compared to primary cancers supports a progressive model for miRNA gene
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expression consistent with progression from prim ary to relapse cancer stage and 

functionally related to drug resistance. We em ployed both unsupervised and 

supervised algorithm s to generate a set o f  candidate genes that could serve as a 

classifier for tumour malignancy. However, segregation o f  samples in prim ary and 

recurrent was not observed in unsupervised hierarchical clustering. Instead, the 

prim ary “chem oresistant” tumour clustered together with the recurrent ones, a finding 

that suggests potential advantage o f  utilizing m iRNA expression patterns to predict 

relapse in ovarian cancer.

Because the expression o f  some miRNAs is highly tissue specific [313], it was 

actually expected that not all o f  the miRNAs would be detected in ovarian cancer 

samples. Furthermore, because o f  the tissue specificity, different sets o f  miRNAs are 

likely to be deregulated in cancers o f  different cellular origin, although it has been 

reported that the miRNA signatures o f  different cancer types could share some 

individual miRNAs [317], O f the miRNAs we detected here as dysregulated, many 

are similarly dysregulated in other cancers; down-regulation o f  m iR-125b in breast 

cancer [322], the let-7 miRNA family in lung cancer [324], miR-21 which activates 

PTEN in hepatocellular cancer [318], miR-155 in B cell lymphomas [411] and miR- 

221 in PTC [404]. miR-21 was shared by the signatures o f  six solid cancers (breast, 

colon, lung, pancreas, stomach, prostate)in a large scale miRnome analysis [317]. 

This signifies that specific miRNAs are involved in comm on m olecular pathways. 

However, the majority o f  the differentially expressed miRNAs detected in this study 

have not been com m only reported to be deregulated in other cancers, suggesting that 

primary and recurrent ovarian cancers may have m iRNA signatures specific for this 

cancer type.

We then set out to determine the expression patterns o f  selected miRNAs across a 

large panel o f  FFPE pathological tissues representing prim ary and recurrent serous 

ovarian adenocarcinom as, routinely seen in the hospital pathology laboratories. 

Unlike mRNAs, miRNAs rem ain largely intact in these routinely collected clinical 

samples [329]. “Recurrent” samples are rather limited, thus valuable, in common 

clinical practice therefore, LCM was performed in a subset o f  recurrent samples, as it 

can harvest tum our cells o f  interest under direct microscopic visualization, in order to 

give histologically pure enriched cell populations [412]. Few earlier studies have
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addressed the expression characteristics o f  miRNA genes from FFPE tissues [329], 

Our results share the obvious advantage o f analyzing tissues from the more 

voluminous archive o f human pathological specimens long after surgery, so that 

survival data can be accumulated.

The comparison o f  miRNA expression levels between primary and relapsed patients 

from independent datasets is a feasible approach for the identification o f  relapse- 

related miRNAs, however further comparison with respect to clinical outcomes 

provides indirect but strong evidence that a specific miRNA signature are consistent 

with drug resistance in ovarian cancer.

Individual miRNAs and miRNA fingerprints have already been shown to have 

prognostic value in some cancers, such as chronic lymphatic leukemia, diffiase large 

B-cell lymphoma, and lung carcinomas [317, 413, 414]. In our study, a 3-miRNA 

signature comprised o f  miR-223, miR-9 and/or miR-93, identified in the snap frozen 

samples, can predict DFS but not OS, probably because OS requires even more 

prolonged follow-up as an endpoint or alternatively takes into consideration 

comorbidities that might or might not reflect the impact o f first-line therapy or might 

be confounded by the effect o f second line therapies. This signature may have the 

capacity to detect patients resistant to conventional drug therapy. To our knowledge, 

this is one o f the first studies attempting to predict survival in ovarian cancer based on 

a miRNA “recurrent metastatic signature” . Deregulation o f miRNA is a recurrent 

event in human ovarian cancer and a recent study showed miR-214 to induce cisplatin 

resistance through targeting the PTEN-Akt pathway [415]. In this respect, our 

signature may deserve some special consideration.

miR-223 was the most upregulated in recurrent cancers when compared to primary. 

Recent work by Chen et al. identified among others miR-223 as a murine 

hematopoietic-specific miRNA and showed functionality o f  these miRNA through in 

vitro and in vivo overexpression studies [416], miR-223 was highly expressed in cell 

lines o f  myeloid origin suggesting important regulatory roles o f  in human 

hematopoiesis and oncogenesis [417]. More recently, it has been reported that miR- 

223 is a key member o f a regulatory circuit involving C/EBPa and NFI-A genes that 

control granulocytic differentiation and clinical response o f acute promyelocytic 

leukemia (APL) blasts to all-trans retinoic acid (ATRA) [418]. Its intriguing
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“m yeloid” pattern appears to be evolutionarily conserved [419], microRNA-223 is 

com m only repressed in hepatocellular carcinom a and potentiates expression o f  

Stathm inl [420],

miR-9 was the most downregulated in recurrent cancers and appears to play a 

functional role in the determ ination o f  neural fates in embryonic stem cell 

differentiation [421], miR-9 was also transcriptionally downregulated in a 

m ethylation-dependent way, in early breast cancer developm ent [422], Epigenetic 

inactivation o f  m icroRNA gene miR-9 is an early and frequent event in human breast 

cancer [423].

The first report describing complete miRNA expression profiles in ovarian cancer has 

just been published, reporting an aberrant miRNA expression in ovarian cancers 

com pared to normal [323]. Specifically, in the serous histotype, 37 o f  41 

differentially expressed miRNAs were down-regulated relative to normal ovary. In 

particular, miR-147 and miR-9 were among differentially expressed genes between 

ovarian tum ours and normals, a finding partly in concordance with our results. The 

absence o f  other common miRNAs between the two studies suggests that different 

m iRNAs are involved in different stages o f  ovarian carcinogenesis. A distinct miRNA 

fingerprint was also identified in drug-resistant ovarian cancer cells [424].

Gene expression levels in the training sample were previously examined as 

docum ented in chapter 3 and over/ under represented genes identified with full 

functional annotation. In this study, miRGen Webserver was used to determine lists o f  

putative m RNA targets o f  differentially expressed miRNAs. Although these lists may 

contain an unpredictable number o f  false positives, m iRGen appears superior to other 

approaches, providing higher specificity for a particular miRNA [425]. It was 

interesting to observe that some o f  the differentially regulated miRNAs in this study 

correlate with our transcriptom e findings [426] as rather few studies have attempted to 

link m RNA with microRNA data in different cancers [427, 428].
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Similarly, our list o f predicted targets for both miR-223 and miR-9 was further 

uploaded into Panther classification system and examined against the H.sapiens 

reference list to determine what percentage o f genes were present compared to that 

expected and to determine whether any relevant biological pathways were statistically 

significant at a p value o f 0.01. No pathway was observed for the “miR-223 lis f’ o f 

predicted gene targets against the reference list. However, for miR-9, five pathways, 

well characterized in the pathogenesis o f ovarian cancer and chemoresistance, were 

identified; namely angiogenesis, Ras, integrin signalling, Notch signalling and a 

pathway involving actin and tubulin, well known to interfere with the mechanism o f 

action o f taxanes (Figure 4.11). It appears that these pathways at a statistically 

significant level contain traits that distinguish primary and recurrent ovarian cancers. 

If downregulated miRNAs are expected to activate overexpression o f mRNA targets, 

it is fair to suggest that miR-9 downregulation can possibly lead to drug resistance.

The target list for miR-223 and miR-9 was interestingly enriched for genes involved 

in FGF cell signaling (FGFR2 and FGF  respectively), which is in concordance with 

our transcriptomic results. This is also consistent with the very latest discovery that 

FGF signaling is crucial for collective invasion o f carcinomas cells following the 

tracks generated by fibroblasts [429]. FGF-mediated signalling also negatively 

regulates the initiation o f miR-206 gene expression [430].

To elucidate the mechanism o f miRNA dysregulation in the recurrence o f  ovarian 

cancer we characterised the alteration in expression o f  genes encoding proteins o f the 

miRNA machinery, namely Dicer, Drosha and eIF6 that appear to have a role in 

miRNA-mediated post-transcriptional regulation. Knocking down Drosha and Dicer, 

reduces the production o f mature miRNAs in cell lines [209]. Individually, tissue- 

specific mammalian miR processing has been recently shown to be regulated by Dicer 

[431]. Dicer upregulation increases expression o f  miR species in prostate cancer and 

is associated with aggressive features [432]. Human Dicer is mapped to chromosome 

14q where LOH occurs in ovarian cancer at a rate o f 49% [17]. Gene expression 

analysis in primary tumours indicated that the widespread downregulation o f  miRNAs 

observed in cancer is due to a failure at the Drosha processing step [433]. EIF6 is a 

ribosome inhibitory protein, essential for ribosome biogenesis, assembly and initiation 

o f protein translation. Fold changes <2 were observed for Dicer and Drosha at an

234



mRNA level. To determine whether the observed gene expression pattern was altered 

at the protein level, prim ary and recurrent ovarian tum ors (n=71) were analysed 

im m unohistochem ically on TM A constructs containing m ultiple histologic sections, 

using specific antibodies for Dicer and EIF6. They are both cytoplasmic and 

responsible for processing o f  mature miRNA, which is the only active in the miRNA- 

mRNA interplay.

O ur results show that Dicer, Drosha and eIF6 may not have a role in recurrent ovarian 

cancer and may only be involved in early tum origenesis [432]. We are unsure whether 

this represents a delay in processing or a com plete block on the m iRNA machinery, 

but it is possible that altered miRNA m achinery is still fianctional and other 

components also participate. Our data do not exclude other important mechanisms, 

such as DNA copy num ber alterations [434] or disrupted epigenetic regulation [311], 

but rather suggest a m ultistep model for the control o f  miRNA dysregulation. The 

exact nature o f  the regulatory mechanism awaits further investigation.

In summary, a miRNA model is proposed for the m olecular pathogenesis and clinical 

cancer progression in recurrent ovarian cancer (Figure 4.26). Some o f  the 

differentially deregulated miRNAs identified correlate with previous transcriptom e 

findings. A molecular signature o f  3 miRNAs is a predictor o f  cancer relapse but not 

survival in ovarian cancer.
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A miRNA model for molecular pathogenesis in recurrent
ovarian cancer
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Figure 4.26 A miRNA model for the m olecular pathogenesis o f recurrent ovarian  

cancer. Based on integrated transcriptom e and miRNA analysis, we identified a 

“recurrent metastatic signature” comprised o f  top dysregulated miRNAs, miR-9 

(down) and miR-223 (up) that correlated with our previous transcriptom e findings. 

miR-9 appears to be a tum our suppressor gene and when downregulated, it can lead to 

drug resistance. miR-223 can act either as oncogene or tum our suppressor gene. 

Genes highlighted in red were previously identified in our transcriptom e study. Genes 

in blue have been well characterised in ovarian cancer. FGF signalling pathway 

appears to be commonly shared between our identified miRNAs.

Not surprisingly, a significant overlap was observed between putative m RNA targets 

and genes identified in the previous transcriptom e study for the same subcohort o f  

patients. No inverse pattern o f  correlation was noticed; it rem ains difficult to identify 

the precise target mRNA o f  each miRNA species. Therefore, w ithout further 

experimental investigation, any m RNA :m iRNA partners are essentially speculative 

and selection involves a degree o f  subjectivity.
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Our findings highlight the potential importance o f  certain miRNA molecules as 

biom arkers in recurrent ovarian cancer, given their abundance, stability and easy 

detection. Future use o f  this miRNA signature as a blood-based diagnostic and 

prognostic tool can ultimately be translated into designing drugs that might offer a 

prom ising treatment to selected ovarian cancer patients.
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CHAPTER 5

Evaluation of MMP-9 inhibitor and cisplatin 

cytotoxicity in ovarian cancer cell lines using high 

content screening (hcs) cell-based assays
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5.1 Summary

Background Resistance to cytotoxic drugs principally limits long-term treatment 

success against ovarian cancer. We previously identified MMP-9 as a potential marker 

o f recurrence/chemoresistance. We hypothesized that using a chemical inhibitor o f 

MMP-9 (MMP-9i) alone or in conjunction with cisplatin the chemoresistance 

phenotype seen in ovarian cancer cells could be overcome.

Materials and Methods A2780cis (cisplatin-resistant) and A2780 (cisplatin- 

sensitive) human ovarian carcinoma cell lines were used. We initially carried out 

TaqMan PCR on 10 gene targets, previously upregulated in recurrent versus primary 

ovarian cancers, in our chemoresistant versus chemosensitive ovarian cancer cell 

lines. The cytotoxic effect o f MMP-9\ and MMP-9i+cisplatin in combination was 

determined using the multiparameter cytotoxicity 1 Kit by Thermo Fisher. Cells were 

plated in triplicate in 96-well plates overnight and then treated with various 

concentrations o f drugs for 3, 6 and 24 hours. A pre-incubation for 3 hours with 

MMP-9i prior to treatment with cisplatin was also assessed and cytototoxicity was 

observed at 3 hours and 6 hours. Cells were then stained with three fluorescent dyes to 

image nucleus, cell permeability and lysosomal mass/pH respectively. Image 

acquisition analysis was performed by using HCS tool (an automated fluorescent 

microscope) and the optimized software. The relative fluorescent intensity was used 

to quantify the above changes.

Results NRG2 and MMP9 were consistently upregulated for an average o f 3 passages 

in A2780cis versus A2780 cell lines. MMP-9'\ alone had a cytotoxic effect in 

cisplatin-resistant cells at high doses (260-520uM) at 3h, 6h and 24h time points but 

also at an early time course (3h) even at a low dose (52um) The combined treatment 

o f MvW-9i+cisplatin enhanced cytotoxicity compared to cisplatin alone. 

Preincubating cells with MMP-9'\ for 3h at all doses were significantly cytotoxic 

followed by treatment with cisplatin for 3h but not 6h suggesting an early apoptotic 

response. Pre-incubating sensitive ovarian cancer cells with MMP-9\ for 3h resulted in 

more enhanced cytotoxicity for the 3h incubation with cisplatin compared to the 6h 

incubation and appeared to be more effective than co-incubation at early time in a 

concentration dependent way.

Conclusion Highly selective MMP-9'\ might have a place in treatment o f 

recurrent/chemoresistant ovarian cancer but their role in vivo remains to be evaluated.
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5.2 Introduction

Platinum compounds, given as com bination o f  cis-and/or carboplatin, constitute the 

most active and standard chemotherapy treatm ent for nearly all w om en diagnosed 

with ovarian cancer. Despite its efficacy, resistance to chemotherapy, both intrinsic 

and acquired, is a major cause o f  treatm ent failure. Resistance to cisplatin occurs in 

roughly one-third o f  wom en during prim ary treatm ent and in alm ost all patients 

treated for recurrent disease [435]. New approaches are clearly needed. Thus, the 

concept o f  m aintenance or consolidation therapy after optimal first line treatm ent is o f  

potential interest.

Inactivation o f  pathways rather than dysregulation o f  single genes has been proposed 

for resistance. Currently, resistance can only be determined retrospectively after 

patients have experienced the burden and toxicity o f  ineffective therapy. Thus, it 

remains a critical point requiring extensive investigation in cell lines and validation in 

clinical specimens.

The m echanism s by which tumours can develop cisplatin resistance appear to be 

multifactorial and can be arbitrarily grouped into two broad categories: 1) the 

m echanism s affecting the amount o f  DNA dam age and 2) the m echanism s affecting 

the response o f  cells to damage. It is believed that cisplatin resistance in a given 

tumour arises through multiple mechanisms.

5.2.1 Matrix Metailoproteinases (MMPs)

M MPs com prise a family o f  calcium  and zinc-dependent endopeptidases that consist 

o f  21 human M M Ps and num erous hom ologues from other species. They are 

synthesized as inactive zymogens and activated by proteinase cleavage. Their activity 

is regulated by endogenous inhibitors, including A2-m acroglobulin and tissue 

inhibitors o f  m etailoproteinases (TIM Ps). TIM Ps regulate the function o f  M M Ps 

either by inhibiting active M M Ps or by controlling their activation process. They form  

tight, non-covalent inhibitory com plexes with M M Ps (Kd = 10 to 50 pM).

They are characterized by the presence o f  a zinc ion in the active site, which is 

required for their catalytic activity. H istorically, they are divided into collagenases,
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gelatinases, stromelysins and matrilysins on the basis o f their specificity for ECM 

components and the common names o f the MMPs reflect this classification (Figure 

5.1). MMP9 belongs to the subfamily o f gelatinases which are highly active against 

collagens and is predominantly secreted by stromal rather than tumour cells. 

However, the list has grown thus far and 28 different types o f MMPs (secreted or 

transmembrane enzymes) have been identified and classified based on their protein 

domain structures derived from genomic data. O f these, 23 MMPs have been found to 

be expressed in human tissues.
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Figure 5.1 Classification of M M Ps based on their specificity for ECM  

com ponents

All MMPs sequenced to date have at least three domains in common. The prodomain 

contains a highly conserved segment o f eight amino acids that fold over to cover the 

catalytic site and helps to maintain the inactive conformation following the release o f 

MMPs. Cleavage o f  the prodomain destabilizes the inhibitory interaction between the 

unpaired cysteine in the sequence and the active site zinc. The catalytic domain 

contains the conserved structural metal binding sites consisting o f 106 to 119 

residues. The highly conserved zinc-binding active site domain contains 52 to 58 

aminoacids.

MMPs have been primarily associated with matrix remodelling, an essential 

component o f invasion. This is accomplished by the ability o f MMPs to modulate the 

availability and activity o f  growth factors and cytokines or their receptors, and to 

process adhesion and signaling receptor targets [436].
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Recent studies confirm ed that M M P activity involves precise MMP localization on a 

cell’s invasive front, exposure o f  key com ponents in the extracellular matrix which 

transform  it from a barrier into a scaffold for invasion and cleavage o f  growth factors 

which result in cell growth, division and inhibition o f  apoptosis [437].

For tum our invasion to occur there must be degradation o f  the extracellular matrix 

and connective tissue surrounding the tum our cells. M M Ps comprise a family o f  

highly specialized enzym es that are able to degrade most components o f  the 

extracellular matrix. In this respect, they can regulate the tumour microenvironment 

and their expression is increased in alm ost all human cancers compared to normal 

tissue. They are expressed in cell- or tissue-specific patterns. M M Ps also play an 

important role in wound healing, angiogenesis, and embryogenesis.

Functions o f  M M Ps also underlie all fundamental hallmarks o f  cancer progression. 

Originally, M M Ps were considered to facilitate exclusively tum or cell invasion and 

m etastasis by at least three distinct mechanisms; (a) by eradicating physical barriers to 

invasion through degradation o f  collagens, laminins, and proteoglycans in the ECM, 

(b) by m odulating cell adhesion and enabling cells to form new cell-to-cell and cell- 

to-matrix attachm ents while breaking the existing ones, and (c) by acting on ECM  

components and other proteins to expose hidden biological activities, such as release 

o f  angiostatin from plasminogen. In normal adults, M M P expression is very low 

except in rapidly rem odeling tissue, such as wound healing and menstrual 

endometrium.

However recent studies document that M M Ps are involved in several steps o f  cancer 

developm ent (Review ed in [438] and illustrated in Figure 5.2). These include cancer 

cell growth, EM T or differentiation, apoptosis, m igration and invasion and the 

regulation o f  tum our angiogenesis and immune surveillance. M M Ps have both cancer- 

promoting and cancer inhibiting functions and pathways with opposing effects on 

cancer progression are sometimes initiated by cleavage o f  the same substrate.
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Figure 5.2 Functions of MMPs in cancer progression Are MMPs good or bad? 

Their basic mechanism o f action- “ degradation o f proteins” - regulates various cell 

behaviours with relevance for cancer biology (Adapted from [438]).

5.2.2 MMP inhibition in anticancer therapy

Several agents have been developed, that block the synthesis o f  MMP, preventing 

them from interacting with molecules that direct their activities to the cell surface or 

inhibiting their enzymatic activity.

MMP synthesis is directly inhibited by transfecting cells w ith antisense mRNA or by 

targeting mRNA with ribozymes. In mouse models, downreglation o f MMP9 by these 

means results in reduced glioblastoma tumour burden [439].
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MMPs can hypothetically be inhibited by blocking their interactions with other 

proteins [440], This simple type o f strategy has not been yet tested in clinical practice. 

To take advantage o f the increased MMP activity in tumours, cytotoxic agents that are 

activated by MMPs have been developed. These include recombinant toxin proteins 

that are activated by MMP cleavage and then internalized by the cell, leading to cell 

death [441],

A more straightforward way is by blocking their enzymatic activity. Natural 

inhibitors, such as TIMP-2 and TIMP-4 have shown efficacy in experimental models 

[442] but systematically administered, can also promote cancer growth [443]. A 

membrane-anchored glycoprotein, RECK, negatively regulates MMP-9 and inhibits 

tumor invasion and metastasis [444],

Instead, five categories o f synthetic MMP inhibitors have been developed:

• The collagen peptidomimetics (Batimastat and Marimastat that mimic the 

cleavage sites o f MMP substrates).

• The collagen non-peptidomimetics (synthesized on the basis o f the 

conformation o f MMP active group, eg Bay 12-9566, BMS 275291).

• The tetracycline derivatives (Metastat that inhibits both activity and synthesis 

o f MMPs without any antibiotic activity).

• Small peptides: These can be selected for high specificity for individual 

MMPs and one such peptide that inhibits gelatinase (both MMP-2 and 9) 

enzymatic activity showed promising effect in animal experiments [445].

• Unconventional MMP inhibitors (a component in green tea acts as an MMP-2 

and MMP-9 inhibitor [446].

A novel anthralinic-acid based MMP-9 Inhibitor 1 (Calbiochem-Novabiochem Corp., 

San Diego, CA, USA) is a potent and selective inhibitor o f MMP-9, which also 

inhibits M M P-l and MMP-3 at higher concentrations [447]. An MMP-2!MMP-9 

inhibitor, 5a, enhances apoptosis induced by ligands o f the TNF receptor superfamily 

in cancer cells [448]. Treatment with Batimastat, a nontoxic to cells synthetic MMP 

inhibitor, potentiates the antitumour activity o f cisplatin in ovarian carcinoma 

xenografts [449].

244



Results from initial clinical trials have proved rather disappointing due to either lack 

o f  benefits or major adverse effects or even non ideal design. However, an 

appreciation o f  their many functions because o f  the current understanding o f  their 

diverse role in cancer progression -o ften  acting in opposing directions -  is needed.

M M P inhibitors have been compared with cytotoxic drugs and tested in patients w ith 

late stage tumours. Evidence also suggests their usefulness as preventive drugs 

because they are cytostatic. M oreover, MMP inhibitors have also an important role in 

tum our angiogenesis, therefore treating recurrent tumours, one would expect to result 

in tum our shrinkage.

Most trials also used the maximum tolerated dose o f  inhibitors. However, at 

m axim um  tolerated doses, apart from the obvious adverse effects, some inhibitors 

m ight lose selectivity for specific MMPs. This necessitates either reduced dosing or 

highly selective targeting or even use in earlier stage than conventional 

chemotherapeutics.

Research has been devoted to the developm ent o f  in vitro methods to accurately 

predict the chem osensitivity o f  human tumours in vivo [450]. The advantages and 

disadvantages o f  these m ethods have been widely discussed [451]. We recently used 

the 3-(4,5-dim ethylthiazol-2yl)-5-(3-carboxym ethoxyphenyl)-2-(4-sulfophenyl)-2H - 

tetrazolium , inner salt (M TS) assay to determine the chem osensitivity/resistance o f  

ovarian cancers [452] [453]. Novel screening m ethods have been since developed, 

including flow cytom etry and HCS.

5.2.3 HCS and Cytotoxicity screening

M ultiparametric analysis o f  drug toxicity at the level o f  individual cells using cellular 

imaging-based approach such as HCS plays a key role in the detection o f  toxicity and 

classification o f  cytotoxic compounds. Historically, cellular toxicity screening has 

relied on the use o f  single-param eter readouts for toxicity markers such as cell 

proliferation, mitochondrial activity or membrane permeability. However, parallel 

analysis o f  multiple markers for cytotoxicity allows early reversible and late 

irreversible effects to be distinguished and in this way, it provides a more sensitive 

interpretation o f  com pound-induced toxicity [338].
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HCS-based cytotoxicity assays analyze the effects o f compounds on a number o f 

parameters such as nuclear morphology, cell membrane permeability, lysosomal 

mass/pH and cell density, offering increased specificity and selectivity for toxic 

events.

MMP-9 was previously identified as a potential marker o f recurrence/chemoresistance 

as described in chapter 3. We hypothesized that using a chemical inhibitor o f  MMP-9 

{MMP-9'\) alone or in conjunction with cisplatin the chemoresistance phenotype seen 

in ovarian cancer cells could be overcome. The cytotoxicity o f the above compounds 

was evaluated by application o f HCS multiparametric cytotoxicity assay.
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5.3 Materials and methods 

5.3.1 Cell cultures

A2780 and A2780cis (cisplatin-resistant) human ovarian carcinom a cell lines were 

purchased from ECACC and cultured as described in section 2.11.

5.3.2 Chemicals

MM P-9IM M P-2  inhibitor, (2R)-2-[(4-Biphenylylsulfonyl)am ino]-3 phenylpropionic 

Acid (C 21H 19N 04S), was purchased from Calbiochem  (M erck, Darmstadt, 

Germany). It is described as a potent inhibitor o f  M M P-2  (IC 50 = 310 nM) and MMP- 

9 (IC50 = 240 nM) [454] (Figure 5.3).

Figure 5.3 (2R)-2-[(4-Biphenylylsulfonyl)amino|-3-phenylpropionic Acid with a 

molecular weight (MW): 381.5.

Table 5.1 displays the concentrations o f  cytotoxic drugs used in our study, alone or in 

combination. A 520mM stock solution was prepared in DM SO (by dissolving 5mg in 

250|iL  DM SO) and escalated concentrations were prepared by further diluting the 

stock dilution in DM SO so that IX refers to the IC50 for M M P-9  inhibition (IC50= 

240nm or 0.24|o,M). 5X and lOX concentrations were also selected that one would 

expect maximum concentrations. Cisplatin, (Pt(NH3)2C12) was obtained from Sigma- 

Aldrich (Sigm a-Aldrich, Ireland Ltd). A 10|j,M stock solution was prepared in 

Phosphate Buffer Saline (PBS) by dissolving 25mg in 8ml o f  PBS immediately before 

use. DM SO was used as a positive control.
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Table 5.1: List of concentrations of Cisplatin and MMP-9'v, IX refers to IC50 for 

MMP-9i. 2X refers to the PPC for cisplatin. Concentrations refer to the stock 

solutions prepared for the cytotoxic drugs.

MMP-9X (nM) Cisplatin (filVI)

52 (IX) 1(1X)

260 (5X) 2 (2X )

520 (lOX) lO(lOX)

5.3.3 TaqMan PCR analysis of selected candidates

11 genes previously identified and validated as upregulated in recurrent com pared to 

prim ary ovarian cancers, using a transcriptom ic approach, as described in chapter 3, 

were selected for TaqM an PCR analysis. This is described in M aterial and M ethods 

(Chapter 2).

All reactions were carried out on the ABI Prism 7000 Sequence detection system  

(Applied Biosystems, Applera UK, Cheshire, UK) using the TaqMan® Universal PCR 

m aster Mix and TaqM an® Gene Expression Assays (Applied Biosystems). Gene 

symbols and Assay ID ’s for the 11 genes are shown in Table 5.2. Relative 

quantitation in A2780cis compared to A2780 cells was carried out using the AACt 

m ethod with I8S ribosom al RNA as an endogenous control. Transcript quantification 

was performed in triplicate for each sample.
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Table 5.2 List of selected genes for TaqMan analysis in the cell lines with their 

assay ID’s. These genes were previously identified in the transcriptomic study as 

described in chapter 3.

Gene

Symbol

Probe

ID

P

value

Array fold 

change

Expression in 

recurrent vs primary

Assay ID

CLDN16 163630 0.0068 9 Upregulated Hs00198134 m l

SWOB 114188 0.0001 6.12 Upregulated Hs00389217_ml

BTC 112710 0.0006 2.67 Upregulated Hs00156140_ml

IL27RA 145754 0.0005 1.82 Upregulated Hs00175472_ml

FGF2 113042 0.03 2.7 Upregulated Hs00266645 m l

NRG2 170215 0.013 3.6 Upregulated Hs00171706_ml

S100A8 196494 0.034 11.6 Upregulated Hs00374263 m l

ZNF218 217273 0.002 6.06 Upregulated Hs00542836 m l

MMP9 112640 0.0169 4.975 Upregulated Hs00234579_ml

TJP3 182089 0.013 2.7 Upregulated Hs00274276_ml

IL1R2 186009 0.038 4.46 Upregulated HsOO174759 m l

5.3.4 Cytotoxicity assay

The cytotoxicity effect o f MMP-9i (cytostatic) and cisplatin (cytotoxic) alone or/and 

simultaneous co-incubation o f MMP-9i+cisplatin was determined using the 

multiparameter cytotoxicity 1 kit by Thermo Fisher® as described in Section 2.13. A 

preincubation for 3h with MMP-9'i prior to treatment with cisplatin for 3h and 6h was 

also assessed. The HCS assay was used to analyze the results o f  cytotoxicity after 

addition o f drugs to cells.

All treated cells were assayed in triplicates and results were expressed as mean 

percent surviving cells. DMSO was used as an endogenous control. Error bars
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represented the coefficient o f  variation for the findings in the rephcate wells. 

Statistical significance was considered at P  < 0.05.

5.3.5 Statistical analysis

Results were expressed as the m ean+-SD (n=3 wells). Statistical analysis was carried 

out by t-test or two-way ANOVA was carried out using the PRISM ® software. 

Statisical significance was inferred at p<0.05.

5.4 Results

5.4.1 RNA sample analysis from cell lines

The quality and quantity o f  RNA extracted from A2780cis and A2780 ovarian cancer 

cells was determ ined prior to TaqM an analysis. No more than 5x10^ cells were used 

for RNA extraction. Sample results from the Nano Drop are shown on Table 5.3A and 

B. A2780cis cell line was obtained at passage P6 and A2780 cell lines at passage 8. 

Passages 6 and 8 were selected respectively for “within passage” RNA extraction. In 

passage 8 A2780cis cell line is expected to maintain its resistance without any 

cisplatin addition as per m anufacturer’s instructions.

Table 5.3A Nano Drop Analysis of A2780cis (resistant) and 

A2780 (sensitive) ovarian cancer cells

Samples

RNA conc 

(ng/ml) A260/280 A260/230

A2780cis

Passage 6 1276 2.15 1.83

Passage 7 320 2.14 1.83

Passage 8 86 1.89 1.74

A2780

Passage 7 87.5 2.21 1.74

Passage 8 2650 2.1 1.94

Passage 10 2255 2.10 2.10
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Table 5.3B: Nano Drop Analysis of A2780cis (Passage 6) and 

A2780 (Passage 8) ovarian cancer cells

RNA conc

Samples (ng/m l) A 260/280 A 260/230

A2780ds (passage 6)

Replicate 1 1276 2.15 1.83

Replicate 2 686 1.94 1.88

Replicate 3 88 1.89 1.65

A2780 (passage 8)

Replicate 1 3830 2.09 2.1

Replicate 2 2650 2.1 1.94

Replicate 3 1956 1.84 2.15

5.4.2 RT-PCR analysis of selected candidates

TaqMan PCR was carried out on previously selected targets (n=10) as discussed in 

chapter 3 and Table 5.1. Relative quantitation was carried out in A2780cis versus 

A2780 ovarian cancer cells. MMP9 and NRG2 were identified as upregulated in 

“resistant” versus “sensitive” cells with fold changes o f 2.12 and 4.37 respectively. 

Upregulation was observed for an average o f three passages in A2780 cis compared to 

A2780 cell line. BTC was excluded from analysis as it was not detected in either cell 

lines. Technical replicates were also performed for a representative passage for each 

line. Each individual passage followed the same overall pattern for the upregulated 

genes.

Clustering o f  selected targets was performed using both heatmaps and K-means 

clustering and the Euclidean distance was used to measure the similarity or 

dissimilarity between the individual genes to reflect their fold changes in A2780cis vs 

A2780 cell lines. MMP9 and NRG” skewed the “cluster” group for any type of 

unsupervised or supervised clustering. (Figures 5.4, 5.5 and 5.6).
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Figure 5.4 Heatm ap dem onstrating two-dim ensional hierarchical clustering o f  

selected gene targets based on their relative quantitation (RQ) in A2780cis vs 

A2780 cell lines for an average o f three passages. The A2780 cell line was used as 

a calibrator, so that RQ=1 for each assay. Colour changes other than bright green 

represent varying degrees o f  upregulation as was observed for NRG2  (red) and M M P9  

(brown) that correspond to fold changes o f  4.37 and 2.12 respectively.
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Figure 5.5 K-means unsupervised clustering of the 8 deregulated genes in A2780 

vs A2780 cell lines. It validates the heatmap clustering and clusters the upregulated 

genes separately (K=3). The slope o f the graphs indicates the RQ o f the above genes 

in A2780cis vs A2780 cell lines. Since we focused on the upregulated genes, S100A8 

was omitted from analysis as it was highly downregulated in A2780cis vs A2780 

cells. Fold changes for upregulated genes NRG2 and MMP9 (highlighted in red) were 

4.37 and 2.12 respectively.
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Scatter Plot

NRG2

P8A 2790 CIS

Figure 5.6 Scatter plot three dimensional clustering of tested genes based on 

their fold changes in A2780cis compared to A2780 cell lines. Each gene represents 

one point with 3 attributes (x; A2780cis, y; A2780, z; Hierarchical clustering) and is 

placed as a coordinate in an attribute space based on Euclidean distance 

measurements. The scatter plot demonstrated a main group o f genes with similar fold 

changes. MMP9 and NRG2 appeared to “skew” from that main group given their 

upregulation pattern in A2780cis vs A2780 cells.
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5.4.3 M M P-9\ induces cell death in chem oresistant ovarian cancer cells

A flowchart o f  our cytotoxicity experiment is shown in figure 5.7.

M M P9i

O u tp u ts
(H CS) 1Cisplatin <- MMP 9i 

(Co incubation)

A2780
Cisfdalin f  MMP 9i 

(Pre incubation)

24h

niM K C O D R SIi

Figure 5.7 Flow chart o f our dose and time response experim ents using the 

cytotoxicity assay in A2780 cis and A2780 cell lines. Cells were treated with 

cisplatin or MMP-9'i alone or in combination at different time points (3h, 6h and 24h). 

Cytotoxicity param eters were assessed using the HCS tool.

We first screened the A2780cis cell line for resistance to cisplatin-induced apoptosis. 

As shown in figure 5.8, cisplatin induced cell death in 17%-18% o f  A2780cis cells 

following 3h incubation, up to 30% o f  A2780cis cells following 6h incubation and in 

47% -66%  o f  A2780cis cells following 24h incubation, however, the proportion o f  

apoptotic cells was not significantly different. Changes in cytotoxicity param eters 

such as cell density, cell membrane perm eability, lysosomal mass/pH, nuclear 

morphology were assessed. Although there was no effect in lysosomal mass/pH and 

cell membrane permeability, cisplatin induced significant nuclear m orphology 

changes that were more pronounced at the longest incubation time (24hr) (Figure 

5.8A-E).
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Figure 5.8(A-E) Simultaneous monitoring of changes in A) cell density B) cell 

membrane permeability C) lysosomal mass/pH D) nuclear condensation and E) 

nuclear size following treatment of the A2780cis cells with cisplatin (l|aM , 2|aM, 

10|iM) and incubation for different time points 3h, 6h and 24h. DMSO was used as a 

vehicle control. Representative data are shown as means +-SD (n=3 wells).
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To determine if  M M P-9i alone was cytotoxic to resistant ovarian ceils in vitro, cells 

were treated with or without M M P-9i at titrated concentrations (52 |iM , 260fiM, 

520|^M) for different time points, 3h, 6h and 24hr. Effects in cytotoxicity are shown 

in figure 5.9A-E.

There was no significant effect o f  M MP-9\ alone in cell density. M M P-9i induced cell 

death in 22% -49%  o f  A2780cis cells. The apoptotic effect was sim ilar following 6h 

and 24h incubation (45% -50%  vs 44% -53% ). Increase in cell m em brane perm eability 

was significant following treatm ent with 260um  at 24h, as displayed in figure 5.9B. 

Lysosom al mass increase was significant at all concentrations after treatm ent for 24h 

(Figure 5.9C).

Treatm ent with 260|xm o f  M M P -9’\ caused a significant increase in nuclear 

condensation at 3h and 24h but the effect was also significant at 52 |im  and highest 

(520m ) concentrations 6h post incubation. An increase in nuclear size (nuclear 

swelling) was significant for MMP-9'i at high toxic concentrations (260-520p,M ) at an 

early tim e course (3h). Treatm ent with M M P-9i vs DM SO was not significant at all 

doses and all tim e points.
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Figure 5.9(A-E) Simultaneous monitoring of changes in cell density, cell 

membrane permeability, lysosomal mass/pH, nuclear condensation and nuclear 

size following treatment of the A2780cis cells with MMP-9\ (52|xM, 260|xM, 

520|iM) and incubation for different time points 3h, 6h and 24h. DMSO was used as a 

vehicle control. Representative data are shown as means +-SD (n=3 wells).
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5.4.4 Drug cytotoxicity in the A2780cis ceil line and changes in cell morphology

Using the HCS, we observed changes in m orphology o f  cisplatin and M M P-9i treated 

cells as dem onstrated in Figure 5.10. A2780cis cells were incubated with DM SO 

(vehicle control) (E), cisplatin (B, C, D) and M M -9i (F, G, H). Untreated cells were 

also shown (A). HCS images were obtained following 3h treatment (XIO). Negative 

control wells had more cells, whereas wells with toxic doses o f  drugs had fewer cells 

m easured per field, depending on the cytotoxicity o f  the drugs. A decrease in cell 

density was observed following treatment with ciplatin or M MP-9\ in a concentration 

dependent manner.

A  B C D

Untreated cells 1 ̂ iM cisplatin 2(iM cisplatin 10 )oM cisplatin

E F G H

DMSO 56jiMMMP-9i 260^iM MMP-9i 520jiMMMP-9i

Figure 5.10 Morphology of cisplatin and MMP-9'\ treated cells as demonstrated 

by HCS image analysis.

5.4.5 MMP-9\ enhances cisplatin-induced cell death in chemoresistant ovarian 

cancer cells at an early time point

We then sought to determine whether co-treatm ent o f  ovarian cancer cells could 

enhance cisplatin-induced apoptosis at 3h and 6h. Resistant ovarian cancer cells were 

coincubated along with varying concentrations o f  M M P-9\ (52-520|j.m). l)o.m 

cisplatin/260|im  MMP-9i was significantly cytotoxic in 40%  o f  A2780cis cells at 3h. 

Highest cytotoxicity (-55% ) was observed at maximum concentrations o f  cisplatin
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(lOfiM) and MMP-9'\ (520|iM ) at 3h but was not significant. No significant result in 

ceil density was observed at 6h for any dose combination.

Co-incubation o f  a subtoxic dose (1(^M) o f  cisplatin with 260uM M M P-9i at 3h 

appeared to result in significantly greater cytotoxicity as compared to cisplatin or 

MMP-9'i treatm ent alone (Figures 5.11 A, C, E, G, I compared to 5.11 B, D, F, H, J 

and figures 5.8A and 5.9A).
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Figure S .ll(A -J )  Effects on cytotoxicity following co-incubation o f A2780cis cells 

with cisplatin and MMP-9'\ for 3h and 6h.

We then decided to investigate whether preincubating resistant ovarian cancer cells 

with MMP-9'\ for 3h may result in more enhanced cytotoxicity. Indeed, preincubation 

with MMP-9i followed by treatment with cisplatin at all concentrations for 3h was 

significantly cytotoxic (Figure 5.12A, C, E, G and I). Less significant cytotoxicity 

was observed with at 6h incubation time (Figure 5 .12B, D, F, H and J).

Pre-incubation o f  1|liM o f cisplatin with 260|iM MMP-9i at 3h appeared to result in 

significantly greater cytotoxicity as compared to cisplatin or MMP-9'\ treatment alone 

(Figures 5.12 A compared to 5.8A and 5.8B).

Ij^m cisplatin/260|iim MMP-9i was significantly cytotoxic in 40% o f A2780cis cells 

at 3h. Highest cytotoxicity (-55% ) was observed with maximum concentrations o f  

cisplatin (10|iM) and MMP-9i (520|iM) at 3h but was not significant Figure (5.12A). 

No significant result in cell density was observed at 6h for any dose combination 

(Figure 5.12B).
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Figure 5.12(A-J) Preincubation of A2780cis ceil line with M M P-9\ for 3h 

enhances cytotoxicity. Resistant cells were incubated with M M P9-i for 3h prior to 

addition o f  cisplatin and incubation for 3h and 6h.

Next, we compared the cytotoxic effect o f  com bination treatment (sim ultaneous 

cisplatin and MMP-9i) with pre-treatm ent (preincubation with MMP-9'i for 3h 

followed by treatment with cisplatin for 3h and 6h). Significant results from 

com bination comparisons are displayed in Table 5.4 and Figure 5 .13A-D).

No significant results were observed for cell m em brane permeability. The most 

significant cytotoxicity was observed for lysosomal mass with a preincubation 

combination 52fiM or 260|iM  M M P-9i followed by 2|aM Cisplatin versus 

coincubation with 2 |iM  Cisplatin +52|j,M M M P-9i (p<0.01) (Table 5.4).
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Table 5.4 Incubation comparisons between pre-incubation versus co-incubation 

treatments (3h) with their p values.

Cytotocicity parameters pre-incubation (3h) co-incubation (3h) p value

Cell density 1 nM Cisplatin 

+520nM  MMP-9\

l|iM  Cisplatin 

+260^M  MMP-9i

<0.05

l^M  Cisplatin 1 nM Cisplatin <0.05

Lysosomal mass/pH +260^M  MMP-9i +52nM  MMP-9i

l^M  Cisplatin 

+260|iM  MMP-9i

1 Cisplatin 

+260nM  MMP-9\

<0.01

l|iM  Cisplatin 

t-52^M MMP-9\

l^M  Cisplatin 

+520nM  MMP-9[

<0.01

Nuclear condensation
2|iM  Cisplatin 

+ 520nM  MMP-9\

2|xM Cisplatin 

+260^M  MMP-9\

<0.05

2|iM  Cisplatin 

^260nM MMP-9\

2[iM  Cisplatin 

+52^M  MMP-9\

<0.05

Nuclear size
l|xM Cisplatin 

( 52nM  MMP-9i

1 |iM Cisplatin 

( 52nM  MMP-9\

<0.05
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Figure 5,13(A-D) Pre-incubation with M M P-9\ compared to co-incubation for the 

A2780cis cell line (3h incubation).

Preincubation with MMP-9\ for 3h did not result in any significant decrease in cell 

density compared with co-incubation for the same period o f time. In fact, combination 

treatments with cisplatin (2|aM) and MMP-9i (52|liM and 260jaM) proved more 

significant than pre-treatment with the same concentrations (Table 5.5 and Figure 

5.14).
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Table 5.5 Incubation comparisons between pre-incubation vs co-incubation 

treatments for 6h with their p values.

Cytotocicity parameters pre-incubation (6h) co-incubation (6h) p value

Lysosomal mass/pH 10|iM Cisplatin 

+52nM  MMP-9\

lOfiM Cisplatin 

+520nM  MMP-9i

<0.05

l^M  Cisplatin 

+52nM  MMP-9\

1 |j,M Cisplatin 

+52nM  MMP-9i

<0.01

luM  Cisplatin 

+260^M  MMP-9i

1 p.M Cisplatin 

+52)iM MMP-9i

<0.001

l|j,M Cisplatin 

+520nM  MMP-9i

1 |iM  Cisplatin 

+52|jM  MMP-9i

<0.05

2^M  Cisplatin 

+52^M  MMP-9i

2[iM  Cisplatin 

+52hM  MMP-9\

<0.05

2)iM Cisplatin 

f260nM  MMP-9i

2\iM  Cisplatin 

+52nM  MMP-9i

<0.001

2\j.M Cisplatin 

+520nM  MMP-9i

2|iM  Cisplatin 

+52nM  MMP-9'i

<0.01

Nuclear condensation l|iM  Cisplatin 

+260^M  MMP-9i

1 |iM  Cisplatin 

+52nM  MMP-9\

<0.05

l|iM  Cisplatin 

+520nM  MMP-9[

1 )iM Cisplatin 

+52nM  MMP-9i

<0.05

2^M  Cisplatin 

+260nM  MMP-9i

2jiM Cisplatin 

+52|iM  MMP-9i

<0.001

2|o,M Cisplatin 

+520nM  MMP-9i

2^iM Cisplatin 

+52^M  MMP-9i

<0.01

Nuclear size 2[iM  Cisplatin 

+52^M  MMP-9i

2|xM Cisplatin 

+520^M  MMP-9i

<0.05

10|j M Cisplatin 

+52nM  MMP

10p,M Cisplatin 

+520|iM  MMP

<0.05

Lysosomal mass was by far the parameter most frequently affected by 3h pre­

incubation versus co-incubation for the 6h timepoint (Figure 5.20A-C). Pretreatment 

with MMP-9i for 3h followed by treatment with l|j,M or 2|aM o f cisplatLn for 6h was 

more significant than co-treatment for 6h with exactly the same concentrations 

(Figure 5.20C). The most significant effects were observed with pre-Lncubation
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treatment o f 260|^M MMP-9'\ followed by l i iM  or 2|o,M cisplatin compared to co­

incubation o f 52^M o f MMP-9’\ with l(j,M or 2|jM o f cisplatin (p<0.001) (Figures 

5.20C-F).
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Figure 5.14(A-H) Pre-incubation with MMP-9i compared to co-incubation for 

the A2780cis cell line (6h incubation).

5.4.6 MMP-9i induces cell death in chemosensitive ovarian cancer cells

Time and dose course experiments were initially performed in the A2780 cell line to 

determine the sequence o f  changes in cytotoxicity parameters. At a threshold 

concentration o f  cisplatin (10|iM), cytotoxicity effects progressively increased with 

time o f incubation (Figure 5.15A).
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Time course experiments on cisplatin cytotoxicity indicated that a decrease in cell 

density was significant at the highest concentration (10|iM ) after 24h incubation 

(Figure 5.15A). 24h incubation with cisplatin also significantly increased lysosomal 

mass and nuclear condensation (Figure 5.15B-C). The highest concentration o f  

cisplatin (lOfiM) significantly altered 3 out 5 cytotoxicity param eters, namely cell 

density, lysosomal mass and nuclear condensation.
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Figure 5.15(A-C) Sim ultaneous m onitoring o f changes in A) cell density B) 

lysosom al m ass/pH C) nuclear size following treatm ent of the A2780cis cells with 

cisplatin (Ip-M, 2 |iM , 10p.M) and incubation for different time points 3h, 6h and 24h. 

DMSO was used as a vehicle control. Representative data are shown as means +-SD 

(n=3 wells).
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To determine whether MMP-9i alone was cytotoxic to sensitive ovarian cancer cells, 

time and dose experiments in MMP-9i cytotoxicity were performed in chemosensitive 

A2780 ovarian cancer cells. Changes in cell density, lysosomal mass/pH, cell 

membrane permeability and nuclear morphology were measured after treatment with 

MMP-91

Treatment with MMP-9'\ for 3h significantly decreased cell density (Figure 5.16A). 

The concentration-response curve was characterised by early positive response at 3h, 

an effect that is known as hormesis. Nuclear condensation was observed following 

24h incubation with MMP-9\ (Figure 5.16B). Changes in lysosomal mass/pH, cell 

membrane permeability and nuclear morphology were observed in a concentration- 

dependent manner (Figure 5.16C-D). A 52|j,M concentration o f MMP-9i following 3h 

incubation and 52|aM or 260|o,M o f MMP-9i following 24h incubation were the best 

indicators o f cytotoxicity in A2780 cells (Figure 5.16A-D).
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Figure 5.16 Sim ultaneous m onitoring o f changes in A)cell density B) nuclear 

condensation C) cell m em brane perm eability D) lysosomal mass/pH, following 

treatm ent o f the A2780 cells with M M P-9i (52|.iM, 260|aM, 520|o,M) and incubation 

for different time points 3h, 6h and 24h. DM SO was used as a vehicle control. 

Representative data are shown as means +-SD (n=3 wells). Only significant results 

are shown.

We sought to determine whether co-treatment o f  sensitive ovarian cancer cells could 

enhance cisplatin-induced cytotoxicity. Sim ultaneous incubation o f  A2780 cells with 

cisplatin and MMP-9'\ induced a significant decrease in cell density after 3h 

incubation (Figure 5.17A-B). The effect was more prominent for 3h than 6h 

incubation period and follows a dose response pattern (Figure5.18A-B).
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Figure 5.17(A-B) A) M orphology of cispiatin and M M P-9i chem osensitive 

ovarian cancer treated cells as dem onstrated by HCS image analysis. B) Co­

incubation of A2780 cells for 3h induced a significant decrease in cell density.
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with cispiatin and M M P-9i for 3h and 6h.
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Lysosomal mass was significantly increased when coincubating cisplatin ( l |iM ) with 

MMP-9'\ (520|iM ) at 3h (Figure 5.19A). Changes in cell membrane perm eability, 

nuclear size and nuclear condensation were not significant.

Nuclear condensation and an increase in lysosomal mass were observed with X doses 

o f  drugs (cisplatin l|j,M and M M P-9i 52^M ) following 6h incubation (Figure 5.19A- 

B). Similarly, an increase in cell membrane perm eability was significantly observed 

6h following coincubation with cisplatin (2|aM) and M M P-9i (520|iM ) (Figure 

5.19C).
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Figure 5.19(A-C) Effects on A) lysosomal m ass/pH B) nuclear condensation C) 

cell m em brane perm eability following co-incubation o f A2780 cells with cisplatin  

and M M P-9i for 6h.
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Co-incubation o f  cisplatin with M M P9-i appeared to result in significantly greater 

cytotoxicity com pared to cisplatin alone for the 3h and 6h incubation period as 

observed by a decrease in cell density and increase in lysosomal mass and cell 

m em brane perm eability (Figures 5.18 and 5.19 compared to figure 5.15 A-B).

Co-incubation o f  M MP9-\ with 2)j.M and 10|xM cisplatin for 6h resulted in greater 

cytotoxicity than either the IC50 or highest cytotoxic dose o f  M MP-9\ alone for the 

same incubation period as observed by a decrease in cell density, increase in 

lysosomal mass, increase in cell m em brane permeability, nuclear size and nuclear 

condensation for the same incubation time. Com bined treatment with M M P-9i 

(520|j,M) and cisplatin (10)iM ) resulted in significant cytotoxicity compared to the 

highest dose o f  M M P-9i (520|aM ) alone as indicated by changes in all cytotoxicity 

parameters.

We then reasoned that preincubating sensitive ovarian cancer cells with M M P-9i may 

result to more enhanced cytotoxicity. Indeed, preincubation with M M P-9i for 3h 

followed by treatm ent with cisplatin for 3h rendered a significant decrease in cell 

density (com pared to untreated cells) for almost all the combination concentrations 

compared to preincubation for 3h followed by treatment with cisplatin for 6h (Figures 

5.20A compared to 5.20B).
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Figure 5.20(A-B) Preincubation of A2780 cell line with MMP-9\ for 3h followed 

by treatment with cisplatin and incubation for 3h and 6h.
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5.5 Discussion

The major goal o f  cancer chemotherapy is to comm it tum our cells to apoptosis 

following exposure to antitum our agents. Tum our resistance to chemotherapy is a 

well known clinical phenomenon, now yielding its secrets to investigation at the 

molecular level. Several m echanism s have been im plicated as determ inants o f  cellular 

resistance to drugs, with alterations in genes controlling cell cycle progression and 

apoptosis as well as m odulators o f  signal transduction pathways appearing to play the 

major roles [455].

Cell culture systems have been pivotal in defining the m olecular and cellular 

m echanism s responsible for the drug-resistance phenotype. Studies in cell lines do not 

always correlate with results from tissue tumours [456]. A lthough m echanism s o f  

resistance have been largely derived from tissue culture studies, there is good 

evidence for a general agreement [457]; only cells that withstand drug-induced 

pressure will regrow.

Com bination therapy (carboplatin or cisplatin with paclitaxel) is the standard 

treatment for patients with ovarian cancer but cisplatin and paclitaxel might have 

opposite effects on the expression o f  certain proteins.

The major mechanism o f  cisplatin tumour killing is via induction o f  apoptosis [458]. 

A lthough cisplatin is a very potent inducer o f  apoptosis, resistance develops and is 

implied when cells fail to undergo apoptosis at clinically relevant drug concentrations. 

This resistance can be acquired through chronic drug exposure or present as an 

intrinsic phenomenon. W ith the understanding that the cytotoxic effect o f  cisplatin is 

a complex process, extending from  initial drug entry into cells to the final stages o f  

apoptosis, it follows that intracellular events interfering with any stage o f  this process 

will inhibit apoptosis and lead to drug resistance. Therefore, resistance is 

m ultifactorial; mechanisms to explain cisplatin resistance include the reduction o f  

cisplatin accum ulation inside cancer cells, the ability to detoxify cisplatin, faster 

repair o f  eisplatin-DNA adducts, m odulation o f  apoptotic pathways, upregulation in 

transcription factors and a higher concentration o f  glutathione and m etallothioneins 

[459].
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The exact level o f  cisplatin resistance in patients is difficult to define, but at least a 

twofold resistance is inferred from clinical studies, when the standard clinical dose o f 

cisplatin is doubled in drug-intensive therapy protocols [460]. In general, resistance to 

cisplatin may be substantially greater, as judged from studies with cell line established 

from clinically refractory tumours, which require cytotoxic concentrations as much as 

50-100 fold in excess o f  those needed for sensitive tumour cells [461], The extent o f 

cellular sensitivity to platinum drugs has been extensively evaluated in vitro, most 

commonly by use o f  growth-inhibiting assays [462],

Genes that are differentially expressed between cisplatin-resistant and cisplatin- 

sensitive ovarian cancer cell lines are likely to be involved in pathways that modulate 

the sensitivity o f ovarian cancer to cisplatin and therefore can be sensible candidates 

for treatment response and therapeutic targets. Gene Ontology reveals biological 

processes involved in RNA splicing, processing and DNA replication were over 

represented in cisplatin resistant cells [463], Increased activities in these biological 

processes may allow faster repairs o f  cisplatin-induced damages such as cisplatin- 

DNA adducts, thus resulting in a resistant phenotype.

In recent years, much attention has been focused on the function o f MMP enzymes, 

given their sophisticated pattern o f modulating opposite effects in cancer progression 

(Figure 5.21). Unlike classical oncogenes, MMPs are not upregulated by gene 

amplification or activating mutations. Therefore, increased MMP expression in 

tumours is probably due to transcriptional changes rather than genetic alterations. This 

might be the result o f activation o f oncogenes or loss o f  tumour suppressors. Cancer 

cells, stromal cells and cells undergoing EMT synthesize MMPs in a paracrine 

manner through secretion o f interleukins and growth factors [464].

A subgroup o f those, the gelatinases (MMP-2 and MMP-9), appear as key regulators 

o f tumor angiogenesis and therefore as potential targets for therapeutic intervention in 

cancer.
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Figure 5.21. M M Ps can be viewed as sophisticated m odulators, positive or 

negative regulators o f cancer developm ent and metastatic dissem ination.

The expression and activity o f MMPs are iricreased in almost every type o f  human 

cancer [465] and this correlates with increased invasion and metastasis and shortened 

survival [466], As a resulty, the antimetastatic prospensity o f MMPs was further 

investigated by the development o f MMP inhibitors (MMPIs) as a new class o f 

anticancer drugs. Despite extensive research, very few inhibitors specific for the 

gelatinases have been described to date, the most potent also inhibit several other 

MMP family members. Nonspecific inhibitors could cause side effects during 

antitumour therapy bccause o f  disruption o f several physiological processes.

The exact mechanism o f their action is not yet completely understood. Apoptosis is 

induced by many but not all endogenous inhibitors and not necessarily by synthetic 

MMP inhibitors, thus suggesting that the mechanism may not rely on the inhibition o f 

a MMP [467]. Synthetic MMP inhibitors appear to mimick most o f the actions o f  

TIMPs including MMP inhibition but also cell growth and proliferation [468, 469], In 

sharp contrast, differing effects o f endogenous and synthetic MMPs have been 

demonstrated in gastrointestinal cancers [470], that supports the idea that synthetic 

inhibitors are unlikely to have actions other than MMP inhibition.

We observed a consistently higher level oiM M P-9  and NRG2 in A2780cis compared 

to the A2780 ovarian cancer cell line for a given passage. However, this higher level 

o f expression was maintained for successive passages and before treatment o f the 

A2780cis cell line with cisplatin to maintain chemoresistance. In vivo, it is well 

known that both proteins are also produced by peritumoural (microenvironmental)



factors, suggesting that microenvironmental factors are necessary for MMP-9 and 

NRG2 production.

Co-expression o f NRGs, cognate ligands for ErbB receptors, has been observed in 

solid tumours, such as breast [471] and ovarian [472]. NRG2 binds both ErbB-3 and 

ErbB-4 and is linked with direct induction o f  PI3K  pathway [473]. An increase in 

cisplatin sensitivity can be achieved achieved experimentally by certain signal 

transduction inhibitors o f PKC  or EGFR [474],

MMP-9 was more prevalent than NRG2, suggesting that ovarian tumours have 

alternative MMP-9 sources and mechanisms o f regulation. In ovarian cancer, MMP-9 

is expressed in both the stroma and the ovarian epithelial tumour cells and MMP-9 

expression in either compartment is indicative o f poor prognosis [475].

Other authors have demonstrated ovarian carcinoma cell lines (OVCA 429 and 

OVCA 433) also produce MMP-9 [476], so the presence o f MMP-9 in ascites and 

tumour cell, regardless o f  the cellular source suggests that MMP-9 might also 

contribute to the pathology o f ovarian carcinoma. The high expression levels for both 

MMP-2 and MMP-9 have been clearly documented in early passage cultures o f 

ovarian carcinoma cells and their importance was clearly demonstated in studies 

examining the effect o f their synthetic inhibitor (Batimastat) on human ovarian 

carcinoma xenografts growing in nude mice, with resolution o f ascites and prolonged 

survival.

Elevated EGFR activation in ovarian cancer is associated with poor patient outcome. 

Numerous activators o f EGFR exist in the ovarian cancer microenvironment including 

NRG2. EGFR engagenent by ligand results in activation o f signaling pathways. One 

consequence o f  EGFR activation is induction o f MMP-9 in vitro and in vivo. A recent 

study supports concomitant activation o f  EGFR and MMP-9 in ovarian cancer cells 

triggering down-modulation o f E-cadherin [477].

In this study, we used a novel gelatinase inhibitor, derived from N-sulfony-lamino 

acid [454], for which inhibition o f gelatinase activity in implanted tumour tissues has 

been demonstrated by means o f  film in situ zymography (ISZ) [478]. Such inhibitors
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appear to have two levels o f  specificity. First, they specifically inhibit MMP-9 and to 

a lesser extent MMP-2\ second, they selectively target tumours because these enzymes 

are overexpressed and also accessible for homing in the tumour vasculature. Their 

combination o f tumour targeting, antiangiogenic and anti-invasive properties renders 

them a potential lead compound (Figure 5.2).

Dose selection for our experiment renders a real challenge. Large trials use a 

maximum tolerated dose o f MMP inhibitors. However, at the highest tolerated doses, 

the inhibitors might loose selectivity for specific MMPs. To investigate the molecular 

changes that occur during cisplatin exposure, analysis was not extended to late time 

points where apoptosis becomes significant or non specific [479] and may mask 

cisplatin or MMP-9/-dependent gene expression changes. Assays that target late 

events in the process o f cell injury are more likely to miss toxicities that require 

chronic exposure or exert adverse but not lethal effects, therefore they have low 

sensitivity.

Detailed knowledge about mechanisms o f toxicity can be obtained by examining the 

multiparametric responses at the level o f individual cells, as most cellular processes, if 

not all, require a spatial and temporal context. The multiparametric cytotoxicity assay 

involved the performance o f >8x10^ individual cellular measurements, o f which a 

subset was relevant to analysis o f  cytotoxicity. The analysis was made possible for 

each individual cell by use o f fluorescent reagents in a format that reports on averages 

from large cell populations. Hoechst 33342 appears to be the best marker for 

monitoring multidrug resistance transporters efflux in cancer-stem cells (CSC) [480]. 

The model o f ovarian cancer sternness has not been fully dissected and it would be 

interesting to determine whether MMP-9i represents a cancer stem marker by use o f 

HCS tools. On exposure to toxic compounds, cells can respond by exhibiting changes 

in nuclear size and shape, increased cell permeability, increases in lysosomal mass/pH 

and decrease in cell density.

Nuclear condensation occurred on a variable timescale, often accompanying 

membrane permeability but occasionally beginning before it. In general, a dose and 

time response heterogeneity in cellular responses was observed in every case.
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The combined treatment o f  MMP-9'\ and cisplatin enhanced cytotoxicity compared to 

cisplatin or MMP-9\ alone. Preincubating cells with MMP-9'\ for 3h at all doses were 

significantly cytotoxic following treatment with cisplatin for 3h but not 6h suggesting 

an early apoptotic response.

Our time course results support the notion that if MMP-9 is considered a 

chemoresistant marker, the ability to acquire drug resistance arises early during the 

tumorigenesis process, as recently proposed and validated in an ovarian cancer model 

[481 ] and is assococitated with immediate adaptive response to treatment.

Out inhibitor has been shown to possess a novel proapoptotic function when 

combined with TNFa, TRAIL or FAS ligands [448]. This alternative mechanism could 

explain the enhanced apoptosis observed with synergistic interaction between our 

inhibitor and cisplatin, although the proposed antineoplastic mechanism has not been 

tested in an ovarian cancer model.

A similar inhibitor, marimastat, has been assessed in Phase I trials at doses X6 the 

IC50 for MMPs and despite increasing effect with increasing dose, it was associated 

with dose hmiting toxicities [482], Tanomastat administration to advanced ovarian 

cancer patients after optimal response to first-line therapy showed no evidence o f  an 

impact on either PFS or OS [483]. A new trial is now under way for ovarian cancer 

patients achieving at least a partial response to second line carboplatin therapy [484]. 

A novel inhibitor o f MMP-2 and MMP-9, BAY 12-9566 appears to have a more 

favourable toxicity profile by perturbation o f the cell cycle [485], Oral treatment with 

the highly selective MMPI RO 28-2653 decreases the incidence o f liver metastases 

due to reduced MMP-2 and MMP-9 concentration in a pancreatic cancer model [486], 

No mechanism o f action was proposed in the above studies. It remains to be 

determined whether proapoptotic activity is related to inhibition o f gelatinases.

In conclusion, we report a successful adaptation o f  HCS for cytotoxicity using a 

novel M M P-9’\IMMP-2i alone and in combination with cisplatin and we provide 

evidence regarding MMPI involvement in the treatment o f ovarian cancer (Figure 

5.22). An enhanced early time and concentration-dependent cytotoxic/apoptotic effect
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has been observed, consistent with a hormetic effect. M anipulation o f  doses and use 

o f  antisense m olecules to create highly selective M M PIs might be useful in the 

preclinical setting o f  these markers. However, a major advantage with many o f  these 

settings is that drug exposure may not have to be long-term and/or systemic thus 

reducing the possibility that side-effects. It may be also most effective for m inimal 

residual disease and in addition is suited to chronic oral adm inistration and associated 

with minimal toxicity [487],
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Figure 5.22 A m odel o f possible im plication o f M M PIs in the treatm ent o f  

ovarian cancer. Hypothesized phases in the induction o f  apoptosis in response to 

com m on chemotherapeutic agents in ovarian cancer. In phase I, cytotoxic agents 

impart damage to a critical component o f  the cell such as DNA or microtubules. In 

phase II, the cell recognizes the damage through signalling mechanisms. In phase III, 

the cell assesses the extent o f  damage and decides the appropriate response. In most 

cancer cells, the preferred response is the induction o f  apoptosis, whereas the response 

can also involve growth arrest to allow for repair or senescence or terminal cell 

differentiation. Cancer cells may acquire resistance to apoptosis at several points in 

this pathway. M M Ps appear to induce the irreversible phase o f  apoptosis. Highly 

selective M M PIs may have a complem entary role in the treatment o f  ovarian cancer.
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CHAPTER 6 

General Discussion
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6.1 Introduction

Ovarian cancer is a devastating disease. Conventional chem otherapy in ovarian cancer 

is still unsatisfactory as it ignores aspects o f  tumor biology during recurrence. The 

identification o f  new markers o f  recurrence/chem oresistance in selected patients 

undergoing urmecessary chem otherapy would greatly assist their individualised 

treatment.

In this study we used cDNA and m iRNA gene expression patterns as a set o f  data that 

may augment the use o f  HCS to help determ ining novel cytotoxicity compounds in 

prim ary and recurrent ovarian cancer.

6.2 Molecular profiling of recurrent versus primary ovarian cancers

The main focus o f  this thesis was centered on addressing chem oresistance in the 

comm onest histological type o f  ovarian cancer and tum our heterogeneity. A dual 

transcriptom ic approach o f  profiling prim ary and recurrent ovarian tumours was 

undertaken and distinct expression profiles were identified. These would reflect the 

natural history o f  the disease as well as chemoresistance. We observed that most o f 

the genes identified in our microarray experim ents had a higher expression in the 

recurrent compared to the prim ary tumours. A similar imbalanced distribution has 

been observed for chemotherapy-based discovery sets [285]. We therefore propose 

that the overexpression o f  discrim inatory genes is more often associated with 

chemotherapy resistance than sensitivity.

A significant num ber o f  the identified genes were functionally involved in the 

regulation o f  gene expression, including m ainly transcription factors that bind DNA, 

thus allowing faster repairs o f  drug induced DNA damages, suggesting that nucleic 

acid proteins may have even a predicitive role in conferring drug resistance in ovarian 

cancer [488].

The observation that some o f  the genes identified in different cohorts belong to the 

same gene families corroborates the importance o f  several distinct gene families in the
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m olecular regulation o f  recurrence in ovarian cancer. This likely represents the fact 

that gene families are activated as part o f  com m on signaling pathways or that 

extensive cross-talk exists between several pathways in ovarian cancer. Co- 

upregulation o f  genes rather than gene families has been previously reported in 

ovarian cancer using a statistical m odel [489]. Some o f  the identified genes are 

thought to be correlated to the mode o f  action o f  chemotherapeutic agents. It appears 

that some o f  the mechanisms involved in recurrence are specific to the drugs used, 

however cisplatin and paclitaxel m ight have opposite effects on the expression o f  

certain genes, even within the same gene family.

The interactions between the “ovarian cancer recurrence” signatures have not been 

extensively explored. Cell-to-cell growth signalling is likely to operate in the vast 

majority o f  hum an tum ours as well. In this respect, tumours should be regarded as 

complex tissues in which mutant cancer ceils coexist with normal cell types that serve 

as collaborators in their neoplastic agenda. Successfial tum our cells are those that 

acquire the ability to co-opt their normal neighbors by inducing them to release 

growth stim ulating signals, in which the stromal microenvironm ent plays a crucial 

role [490]. Inflam m atory cells or cells meditating immune response are typical 

examples o f  normal cells that can enhance tumour growth potential [491].

The relationship between Ca2+ binding proteins such as SIOOB and chem oresistance 

has not been studied. M oreover, the relationship between increased CLDN16  protein 

expression and cisplatin resistance is also unclear at present. Indeed to our knowledge, 

no studies on the relationship betw een tight junction and chem otherapy response have 

been carried out. It is proposed that claudin-m ediated increased cancer cell invasion 

might be m ediated through the activation o f  MMP proteins [492]. A reasonable 

hypothesis could be that CLDN16  can alter the balance o f  cellular uptake and export 

o f  cisplatin; a change in the intracellular levels o f  cisplatin can result.

6.3 miRNA profiling of recurrent versus primary ovarian cancers

Identification o f  the m olecular pathways involved in drug resistance plays a 

prom inent role in the establishment o f  rational therapeutic approaches aim ing to
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circumvent or retatd the acquisition o f  drug resisance phenotype. In this context, the 

recent identification o f  the regulatory role o f  miRNAs has extended the spectrum  o f  

possible key factors involved in these processes. In fact, m iRNAs are involved in 

various biological processes through the fine tuning o f  gene expression [493].

miRNAs have not been com prehensively studied in recurrent ovarian cancer, yet an 

incurable disease. Very few reports are also available on the characterization o f  the 

miRNAs involved in the ovarian cancer drug resistance mechanisms [424]

The com parison o f  miRNA expression levels between prim ary and relapsed cancers 

from independent datasets is a feasible approach for the identification o f  relapse- 

associated miRNAs. We attempted to predict survival in ovarian cancer based on a 

miRNA “recurrent metastatic signature” , consisted o f  the top deregulated genes, miR- 

223 and miR-9. This signature can predict PFS but not OS in ovarian cancer patients, 

possibly because it is also included in a bigger list associated with human cancer 

m etastasis [494].

The therapeutic potential o f  miRNAs is still unexplored and m iRNA-based cancer 

gene therapy offers the theoretical appeal o f  targeting multiple gene netw orks that are 

controlled by a single miRNA. Strategies o f  “ in patients” delivery o f  miRNAs are 

currently in advanced preclinical developm ent and are expected to enter soon in 

clinical experim entation [495].

To this end, the com bination o f  miR-9 and miR-223 is an attractive candidate to 

circumvent drug resistance in ovarian cancer. We propose a miRNA model for the 

molecular pathogenesis o f  recurrent ovarian cancer (Figure 4.10). Some o f  the 

differentially deregulated miRNAs identified correlate with our previous 

transcriptom e findings. miRNAs, unlike mRNA targets, remain largely intact in 

routinely collected FFPE clinical samples, enhancing their potential utility and 

suggesting their overall levels are unlikely to be affected by storage or collection 

procedures.
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6.4 HCS cytotoxicity screening

We implem ented a live-cell m ultiparam etric HCS cytotoxicity assay m easuring cell 

density, nuclear m orphology, lysosom al mass and cell membrane integrity. These 

represent principle param eters o f  com prom ised cell health. In this respect, knowledge 

o f  the behaviour o f  individual cells w ithin a population is critical for detailed 

characterisation o f  cellular processes. W hereas drug-induced cytotoxicity may 

indicate potential for in vivo cytotoxicity, it is not predictive o f  such. Cytotoxic 

effects in vivo may be limited or even aggravated, compared to those occurring in 

vitro. A cytotoxicity model rather ignores cell types, cell structures or interactions 

within a tissue, organ, even the whole body; toxicity may occur secondary to direct 

cytotoxicity due to other processes such as, inflammation, innune mediated 

hypersensitivity, volume expansion and endocrine effects.

An important finding in the study is that early measurem ents o f  toxicity m echanism s 

are probably critical. Conventional cytotoxicity assays (eg, LDH release, cell rupture, 

membrane blebbing) usually observe late-stage toxicity and cellular events associated 

with a lethal apoptotic or necrotic effect [479].

Further studies are also needed to enhance assay sensitivity; to determine which 

additional cell health param eters are necessary to assemble a cytotoxicity assay that is 

more or less sensitive to agents that are cytotoxic in humans. This will require 

performance o f  studies where different combinations o f  cell health indicators are 

m easured simultaneously. How ever, in a screening environm ent, it may be more 

practical to apply specific m echanistic assays such as DNA damage, apoptosis and 

cell cycle inhibition as follow-up assays given the intensive nature o f  data analysis 

when high m ultiplexed assays are implemented. In any case, the process o f  data 

analysis described here, presents a significant bottleneck in the rapid application o f  

this assay to even small sets o f  compounds.

6.5 Recommendations for future research

The identification o f  robust biom arkers for ovarian cancer that can predict 

response/resistance to chem otherapy or be used as diagnostic markers is a recognised 

priority in the field.
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The analysis o f  prim ary and recurrent ovarian cancers as described in chapter 2 

provided a long list o f  differentially expressed genes. A subset o f  31 such genes was 

selected for TaqM an® validation with a special emphasis on the mRNA targets that 

were upregulated in recurrent versus prim ary tumours, as they might represent 

markers o f  recurrence/chemoresistance. However, to investigate fially the genes 

discussed in chapter 3, it will be necessary to conduct further validation at the protein 

level in a larger cohort o f  FFPE samples. IHC is such an alternative validation m ethod 

in conjunction with a TM A. A TM A could potentially contain hundreds o f  tissue 

samples from a wide range o f  archival ovarian cancers, for which clinicopathological 

data are readily available. This method has proven powerful in the past for correlating 

gene and protein expression patterns.

In the future, miRNA profiles, as described in chapter 4, may ultim ately be useful for 

targeted treatment in cancer. Recent success o f  miRNA inhibition at the cellular level 

[496] also enabled miRNA targeted therapy [497], Most o f  these clinical applications 

will depend on accurate assessment o f  miRNA profiles in human samples.

W hile individual m iRNA biomarkers are important discoveries, the variability among 

different patients, even with the same type o f  cancer, makes using just one m arker an 

unreliable m ethod o f determ ining cancer status. However, if a miRNA biomarker 

fingerprint can be established, a more accurate assessment would be more likely.

W hile cancer-specific miRNAs are also important for shedding light onto the 

molecular basis o f  cancer, being able to identify cancer-specific miRNAs in the blood 

to be used as biomarkers o f  cancers could be vital in detecting early-stage cancers. As 

technologies continue to improve, miRNA profiling will get even easier, faster, and 

cheaper. In order to show their usefulness for detecting cancers early, it would also be 

interesting to determine how early these biom arkers become significant; when a 

cancer is at its earliest stages or perhaps even before a tum or has fully developed? At 

most, published studies identifying serum biomarkers have only looked at ~150 

cancer patients from very limited populations; therefore, further testing on larger 

populations will be necessary before any such markers can be proven to be useful in a 

clinical setting. M eanwhile, analyzing m iRNA levels in serum is a prom ising area for
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identifying biomarkers o f  cancer [498], This emerging field o f  study has only just 

begun identifying biomarkers in serum, the first such biomarker being miR-21 in 

diffuse B-cell lymphom a [499]. The detection o f  differentially expressed m icroRNAs 

from the serum  o f  ovarian cancer patients using a novel real-time PCR platform  has 

been only recently made feasible [500].

m iRNAs are very stable in blood plasm a and serum: they are well protected from 

RNases and rem ain stable after being subjected to harsh conditions [501]. Therefore, 

their stability makes m iRNA levels well suited for being tested in patient samples.

Currently a study is underway with our collaborators to identify early m arkers in the 

detection o f  ovarian cancer. Serum  samples are being collected from patients with 

ovarian cancer and age matched controls and incubated against a protein expression 

library o f  10,000 different (non-redundant) human proteins. This is being extended to 

correlate the finding with response to chemotherapy and outcome o f  the patient so 

additional bloods will be taken following completion o f  chem otherapy and on 

presentation o f  a recurrence. Should novel biomarkers for chemoresistance arise in 

this study they will be further investigated.

We are now entering a new era where we will be able to combine gene expression 

data, pathological data and proteom ic data (defined as disease traits) with imaging 

traits obtained from M RI, CT, 3-D Doppler and PET scans in order to construct 

association maps so that using non invasive techniques we will be able to determine 

who will really benefit from surgery and individualize chemotherapy so that patients 

will not relapse (highlighted in Figure 6.1).
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Figure 6.1 Examples of imaging traits in ovarian cancer. Model for constructing  

association maps between imaging traits, gene expression, proteomic and 

pathological data. Assessing the biochemical m akeup o f  living tissue through 

noninvasive imaging will be a key goal o f  our future project.

It appears that towards this direction, we will need major bioinformatic support in 

order to be able to deliver our results from “bench to bedside” . M uch o f  this falls 

under the um brella o f  systems biology that uses computational models to capture the 

netw ork dynamics o f  interacting genes. It is also important in the future to couple 

genomic and pathway alterations with patient outcomes and responses to 

chemotherapy. Putting all this together into a netw ork analysis would enable 

clinicians to ask what all the changes in a given patient add up to.

Our combined transcriptom ic approach showed that there are probably many genetic 

routes to the same end point: perturbation o f  com m on cellular pathway(s) leading to 

relapsed ovarian cancer. I f  a personalized m edicine approach to cancer is the aim in 

the years to come, then we need to look directly at the protein information for our 

proposed markers at a functional signalling level.
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The advent o f  HCS or the integration o f  tools that include autom ated systems for high 

content cell analysis, data m anagem ent and knowledge mining, prom ises to drive a 

revolution in cell biology similar to that o f  DNA sequencing in the pregenom ic era. 

Further studies are needed to define optim al strategies for fluorescent m onitoring o f  

relevant cytotoxicity biomarkers. The effectiveness and m echanistic inform ation o f  

the HCS cytotoxicity assay may be enhanced by the replacem ent o f  existing dyes w ith 

others that could measure glutathione or reactive oxygen species, safety-signal 

transduction, additional m orphological features and cell cycle information. G iven the 

importance o f  oxidative stress in drug-induced toxicity [502], perhaps, an oxidative 

stress biom arker could be incorporated and prelim inary studies from  our group in 

hypoxia and chemoresistant ovarian cancer are currently underway.

In addition, non-toxic drugs need to be tested to more accurately assess the safety 

m argin to interprete cytotoxicity. As the usefiilness o f  conventional non cancer drugs 

in the treatm ent o f  cancer is currently revisited, knowledge o f  their potential 

cytotoxicity can create alternatives with lower toxicity potential.

Based on the results o f  our study, a prospective clinical trial using a highly selective 

M M P-9  inhibitor in com bination with current chemotherapeutic agents should be 

carried out to compare the results o f  chem otherapy in patients with recurrent ovarian 

cancer.

Another key unresolved issue is the identity o f  the in vivo substrates o f  M M Ps. In 

future studies, it will be o f  great interest to use mouse models to establish the specific 

m echanism s for activation and inactivation o f  M M Ps, to unfold the full core group o f  

the perturbed pathways and to determine the potential role o f  these pathways in the 

pathogenesis o f  human ovarian cancer.
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6.6 Conclusions

In conclusion, this thesis is unique because:

• We identified a distinct gene expression profile between prim ary and 

recurrent ovarian cancers and we identified genes that might represent 

markers o f  recurrence/chemoresistance.

• We identified a distinct miRNA profile between prim ary and recurrent 

ovarian cancers that strongly correlates with our transcriptom e profile and we 

propose a miRNA signature that can predict PFS in ovarian cancer

• We successfully adapted a novel technology, the High Content Screening 

(HCS) analysis tool to assess cytotoxicity o f  a com m ercially available M MP- 

9 inhibitor in chemoscnsitive and chem oresistant ovarian cancer cell lines. 

We provide strong evidence that a highly selective M M P-9i might have a 

place in the treatm ent o f  recurrent/chem oresistant ovarian cancer.
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