
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



PLATINUM AND TAXANE CHEMORESISTANCE 

MECHANISMS IN OVARIAN CANCER CELLS

m T R IN IT Y  
m COLLEGE 
W D U B L I N

A Thesis submitted to the University of Dublin for the degree of

Supervisors: Prof. John O’Leary, Dr. Sharon O’Toole & Dr. Britta Stordal 

Department; Histopathology & Morbid Anatomy/Obstetrics & Gynaecology 

University of Dublin 

Trinity College 

March 2015

Doctor of Philosophy (Ph. D .)

by

Steven Busschots (B. Sc)



Declaration

I hereby certify that the work in this thesis has not been submitted for any other degree 

or diploma at this, or any other university, and that all of the work described herein is 

entirely my own except where otherwise acknowledged. This thesis may be made 

available from the library for lending, consulting or copying.

^TRINITY college '

1 4 MAY 2015 

^LIBRARYDUBLIN ^

/flvd \0S3

Steven Busschots



Summary

Ovarian cancer is the leading cause of death from a gynaecological malignancy, 

typically presenting at late stage due to difficult diagnosis and lack of suitable screening 

tools. The standard treatment of combination taxol/carboplatin chemotherapy often fails 

and patients relapse with chemoresistant disease. Patients have a median survival of 

two years following recurrence and will all eventually die from their disease. Patients 

with BRCA1 deficiencies have an increased lifetime risk of approx. 39-46% for 

developing ovarian cancer. There exists an inverse resistance relationship between 

platinum and taxane therapies in relation to BRCA1. Cells with non-functional BRCA1 

are sensitive to platinums but resistant to taxanes. The opposite is true for cells with 

functional BRCA1. The focus of this study is to uncover a greater understanding of the 

mechanisms of ovarian cancer chemoresistance in order to contribute significantly to 

the improved treatment of ovarian cancer patients.

As part of this study we devised a clinically relevant comparative selection strategy to 

allow us to investigate the effects of resistance development on the inverse resistance 

relationship between platinum and taxane chemotherapy in relation to BRCA1 status. 

By selecting 0VCAR8 (BRCA1-methylated) and UPN251 (BRCA1-wildtype) with 

different combinations of carboplatin and taxol treatments, we produced dual and 

singulariy resistant models for carboplatin and taxol. Results indicated that resistance 

to both carboplatin and taxol developed quicker and more stably in UPN251 (BRCA1- 

wildtype) compared to 0VCAR8 (BRCA1-methylated) and that taxol resistance 

developed quicker in BRCA1-wildtype and BRCA1-methylated cells models 

irrespective of BRCA1 status.

The resulting carboplatin and/or taxol-resistant UPN251 sublines were characterised 

using multiple methods including Affymetrix gene/miRNA screening in order to 

elucidate the mechanism of resistance that developed after clinically relevant selection. 

The main mechanisms of taxol resistance were, increased efflux of taxol via over

expression of P-glycoprotein, increased expression of PLAC8 and MAP3K15 and 

inability to decrease Bcl-2 resulting in resistance to apoptosis, circumvention of G2/M 

arrest and a reduction in growth rate. The main mechanisms of carboplatin resistance 

were increased expression of PLAC8 and MAP3K15, reduced expression of BMPR1B 

and BMP2 and inability to decrease Bcl-2/Bcl-XL resulting in resistance to apoptosis 

and resistance to changes in the cell cycle when exposed to carboplatin. Results 

regarding our dual carboplatin/taxol resistant models UPN251-6CALT and UPN251- 

6TALT indicated that the cytotoxic agent that a cell-line was exposed to first influenced



the mechanisms of resistance that developed. Also, as cross resistance to PARP 

inhibitors CEP8983 and veliparib did not develop in any of our resistant UPN251 

models, they have been recommended as possible candidate drugs for the treatment 

of carboplatin/taxol resistant ovarian cancer.

Affymetrix gene/miRNA screening investigated expressional changes between 

carboplatin resistant subline UPN251-7C, taxol resistant subline UPN251-7T and 

parental cells. This provided an array of novel genes/miRNAs associated with the 

chemoresistance phenotype in ovarian carcinoma. The expression of the most 

promising of these markers (CCL20, GLI3, LIN28B, SRPX2, let-71 and miR-205) were 

examined in a pilot study which contained 32 clinical ovarian cancer samples. The 

patients were subdivided by their response to chemotherapy. GLI3 and the 6 markers 

in combination were found to be predictive of disease-free survival and overall survival 

in ovarian cancer patients and may represent important therapeutic targets for future 

investigation.

The above findings have contributed substantially to the cun-ent knowledge on ovarian 

cancer chemoresistance and have the potential to contribute to the improvement of 

ovarian cancer treatment in the future.
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Chapter 1 Introduction

1.1 Ovarian cancer

1.1.1 Definition

Ovarian cancer can be defined as cancerous growths that originate from the tissues of 

the ovary or fallopian tubes. Ovarian tissue includes one of a pair of female 

reproductive glands in which the ova, or eggs, are formed. The ovaries of the female 

reproductive system can be described as being two almond shaped organs residing in 

the pelvic region, one on either side of the uterus to which it is connected by the 

fallopian tubes. From puberty to menopause the ovaries alternate in releasing eggs 

(ova) which are transported to the uterus by the fallopian tubes. The ovaries also 

produce and secrete the hormones oestrogen and progesterone, which regulate the 

menstrual cycle, pregnancy and the development of secondary sexual characteristics 

in females (breasts, body hair and body shape) {Lentz et al. 2014). Figure 1.1 shows 

the architecture of the female reproductive track.

Ovarian cancer cells are extremely heterogeneous at both a cellular and molecular 

level. There are three main types of ovarian cancer classified by origin of the tumour. 

Epithelial, derived from surface cells of the ovary or fallopian tubes; germ cell, derived 

from the ovum producing cells within the ovary, and sex cord stromal cells, derived 

from connective tissue cells and the hormone producing cells of the ovary {Cho et al. 

2009).

Sex-chord stromal tumours make up approximately 7-8% of ovarian tumours. They 

arise from two groups of cells with different embryological precursors, the stromal cells 

(fibroblasts, theca and leydig cells) and primitive sex chord cells (granulosa and sertoli 

cells). Tumours are usually made up of more than one cell type {Outwateret al. 1998).

Germ Cell tumours comprise of approximately 5% of ovarian tumours. They are rare 

malignancies that usually occur in young women. Histotypes include dysgerminoma, 

yolk sac tumour, embryonal carcinoma, polyembryoma, nongestational 

choriocarcinoma, teratomas and mixed cell tumours (Mate! et al. 2006).

The most common type of ovarian cancer is epithelial ovarian cancer. This is found to 

be the cause of 85-90% of ovarian cancer malignancies and will be the focus of this 

thesis {Lentz et al. 2014). 90% of epithelial ovarian cancers are clonal in nature and 

develop from single cell progenies that have accumulated genetic alterations over a
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Figure 1.1 The female reproductive tract.

Adapted with permission from {National Cancer Institute 2014). © 2009 Terese Winslow, U.S. 

Govt, has certain rights.

period of time. Usually 5 or more genetic alterations have occurred from a repertoire of 

more than 30 tumour suppressor and oncogenes that have been associated with 

ovarian cancer. This repertoire drives changes in signalling pathways that induce 

proliferation, block apoptosis, stop anoikis, increase motility, adhesion and invasion 

and attracts stromal components {Bast et al. 2009). Epithelial ovarian cancer is split up 

into a number of histotypes; papillary serous (most common histotype, approximately 

70% of tumours), endometrioid, mucinous, clear cell, transitional, squamous, mixed 

and undifferentiated subtypes. Classically, epithelial ovarian cancer is believed to arise 

from malignant transformations of the ovarian surface epithelium which is in contact 

with the peritoneal epithelium. Also, it can be derived from cells that line subsurface 

cortical inclusion cysts, developing from the ovarian surface epithelium {Cannistra 

2004\ Feeley et al. 2001). Recent evidence from morphological and molecular studies 

now indicates that a subset (possibly half) of high grade serous epithelial ovarian 

cancer can develop from cortical inclusion cysts that arise from tubal epithelium and 

not from the ovarian surface epithelium (Kurman 2013). Recently, epithelial ovarian 

cancer has been classified into two groups based on its histological grade, molecular

3



phenotype, and genotype. See Table 1.1. This is opposed to the traditional 

classification; well-, moderate- or poorly-differentiated tumours. Type I cancers are low 

grade of serous, mucinous, endometrioid and clear cell histotypes, that grow slowly, 

resist conventional chemotherapy, may respond to hormone therapy, and are often 

diagnosed at an early stage (I or II) {Romero et al. 2012). They are associated with 

mutations in ARID1A, BRAF, CTNNB1, ERBB2, KRAS, PIK3CA, PPP2R1A and PTEN 

genes {Kurman 2013] Kurman et al. 2011] Vang et al. 2009). Type II cancers are more 

prevalent and are high grade serous, endometrioid or undifferentiated histotypes that 

grow aggressively, respond to conventional chemotherapy, respond less often to 

hormonal treatment and are diagnosed at late stage (III or IV) {Romero et al. 2012). 

They are most commonly associated with mutations in TP53 and BRCA1/2 genes 

{Kurman 2013] Kurman et al. 2011] Vang et al. 2009).

1.1.2 Prevalence, mortality and risk

Ovarian cancer is the leading cause of death from a gynaecological malignancy. 

European cancer incidence statistics show that ovarian cancer was the 5th most 

common cancer for all European women in 2012. There was a reported estimate of 

more than 65,000 new cases and approximately 42,000 deaths {Ferlay et al. 2013). 

This gives a mortality rate of approximately 65% in Europe. Ireland had in excess of 

350 reported cases in 2012 with approximately 260 deaths {Ferlay et al. 2013). This 

gives Ireland a mortality rate which is greater than the European average at 

approximately 75%. When compared to breast cancer, which is the most common 

cancer amongst European women, more than 460,000 cases were reported in Europe 

in 2012, with more than 130,000 deaths, giving a mortality rate of only 28% {Ferlay et 

al. 2013). This highlights the need for improved treatment of this disease.

One of the greatest risk factors associated with epithelial ovarian cancer is a family 

history of the disease. This is most often linked to germline BRCA1/2 mutations found 

in 8.6-13.7% of ovarian cancer patients {Pal et al. 2005] Risch et al. 2001] Rubin et al. 

1998). A recent study, examining somatic and germline mutations in ovarian cancer, 

has revealed that incidences for BRCA1\2 mutations might be even higher at 18.3% 

{Hennessy et al. 2010). A woman with a BRCA1 mutation has a 39-46% chance of 

developing ovarian cancer in her lifetime, while a woman with BRCA2 has a 12-20% 

chance {Hennessy et al. 2009).

Other factors that are associated with increased or reduced risk are influenced by the 

reproductive history of a woman. This may be related to oestrogen and progesterone 

exposure. Nulliparity, early menarche, late menopause and infertility all seem to
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Table 1.1 Epithelial ovarian cancer classification.

Classification Type 1 Type 2

Histotypes low grade of serous, 

mucinous, endometrioid 

and clear cell

High grade serous, 

endometrioid or 

undifferentiated

Growth rate Slow Aggressive

Chemotherapy response Resistant Responders

Hormone treatment 

response

May respond Often poor response

Diagnosis Early stage (1 or II) Late stage (III or IV)

Common mutated genes ARID1A, BRAF, CTNNB1, 

ERBB2, KRAS. PIK3CA, 

PPP2R1A and PTEN

TP53 and BRCA1/2

increase the risk of developing ovarian cancer {Hennessy et al. 2009\ Jensen et al. 

2009] Tworoger et al. 2007). Reduced risk is associated with use of the oral 

contraceptive, pregnancy, increasing parity, lactation, hysterectomy and tubal ligation 

{Collaborative Group on Epidemiological Studies of Ovarian Cancer 2008', Hankinson 

et al. 1993', Hennessy et al. 2009', Salehi et al. 2008). In particular, a reduction in the 

incidences of ovarian cancer in Western Europe and the USA has been linked with the 

increased use of oral contraception. In regions such as Southern and Eastern Europe 

where the oral contraceptive pill has not had the same impact, there have been 

increased incidences of ovarian cancer (Brewster 2005). Also, as with the majority of 

cancers, increasing age is also a risk factor. Pregnancy seems to have a protective 

effect against ovarian cancer, where the greater number of pregnancies a mother has 

had decreases the risk (Pasalich et al. 2013', Riman et al. 2004).

Hormone replacement therapy, which is often used to relieve menopausal symptoms, 

has been shown to increase risk by approximately 50%, compared to women who have 

not undergone this treatment {Riman et al. 2004). Infertility in women has been 

reported to increase the lifetime risk of ovarian cancer by 36-46%. This is not 

associated with the taking of fertility drugs {Jensen et al. 2009', Tworoger et al. 2007).



other diseases, such as pelvic inflammatory disease, endometriosis, polycystic ovarian 

syndrome and mumps have been linked to increased risk, but this association is poorly 

understood and more studies are needed {Riman et al. 2004). It must also be 

mentioned that lifestyle choices such as smoking and obesity have also been linked 

with increased risk, but the evidence is not conclusive and again, more studies are 

needed in this area {Jordan et al. 2006\ Schouten et al. 2008).

1.1.3 Ovarian cancer onset

There are four popular theories which have been proposed to explain the onset of 

ovarian cancer. The first is the ‘incessant ovulation hypothesis’ which suggests that 

genomic abnormalities may be accumulated by repeated wounding of the ovarian 

surface epithelium and cell proliferation after ovulation. Rupture of the ovulating follicle 

damages epithelial cells on the surface of the ovary, which then must be repaired. This 

continuous damage and repair results in an increased chance of errors occurring from 

replication (Fathalla 1971). This is supported by evidence that the average number of 

ovulations in a women’s lifetime has increased dramatically since the 19’” century. This 

corresponds to increased incidences of ovarian cancer over this time period. Also, 

there is a correlation between decreases in ovulation through pregnancy or oral 

contraceptive use and decreased risk of developing ovarian cancer {Jensen et al. 

2009] Modan et al. 2001\ Riman et al. 2002\ Salehi et al. 2008, Titus-Ernstoff et al. 

2001', Tworoger et al. 2007). Arguments against this hypothesis include that the use of 

progestin-only contraceptive pill, which does not stop ovulation, better protects against 

the risk of developing epithelial ovarian cancer than ovulatory impeding contraceptives. 

Furthermore, some women with anovulatory infertility are at increased risk of 

developing epithelial ovarian cancer {Fleming et al. 2006).

The second hypothesis is the ‘gonadotropin theory’, suggesting that increases in 

pituitary gonadotropins during ovulation and persistently high concentrations of 

gonadotropins after menopause stimulate epithelial cells, causing the accumulation of 

genetic changes in response. This results in cancer progression (Cramer et al. 1983). 

This may be due to direct stimulation by gonadotropins on the surface epithelium or 

due to indirect stimulation due to the stimulation of oestrogen production {Mohle et al. 

1985). Supportive evidence for this hypothesis includes; increasing gonadotropin levels 

with age (with high levels during menopause) and lower levels of circulating 

gonadotropin levels during pregnancy and during oral contraceptive use {Beltsos et al. 

1996', Risch 1998). However, It must be noted that there are significant increases in 

oestrogen and human chronic gonadotropin levels during pregnancy, which is counter
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to this theory {Risch 1998). Evidence against this theory also includes the observation 

that lactating women have increased levels of circulating follicle stimulating hormone 

and that some ovanan cancer patients have an increased risk of ovarian cancer, but 

have low levels of gonadotropin {Fleming et al. 2006).

The third theory suggests that inflammation and changes in redox potential during 

ovulation and surface epithelium repair contribute to the onset of ovarian cancer. It is 

suggested that this theory may explain the links of pelvic inflammatory disease, 

endometrosis, mumps and talc or asbestos exposure to the increased risk factors of 

ovarian cancer {Cramer et al. 1983] Fleming et al. 2006).

The fourth theory is the ‘hormone’ theory’, which attempts to explain the conflict of 

evidence arising from the 'incessant ovulation’ and ‘gonadotropin’ hypothesis. It 

suggests that excess androgen stimulation of epithelial ovarian cancer cells leads to an 

increased risk of ovarian cancer, while increased progesterone is protective {Risch 

1998). Androgens are produced in the ovary by developing follicles at a higher rate 

than estrogen and are the main sex steroids present within the fluid of growing follicles 

{McNatty et al. 1979). It may be the case that epithelia-lined inclusion cysts, which are 

close to developing follicles, experience high levels of androgens. Some evidence 

supporting this theory includes increased levels of androgen in polycystic ovarian 

syndrome, hirsutism and a history of acne which have all been linked to increased risk 

of ovarian cancer {Schildkraut et al. 1996\ Wynder et al. 1969). In addition, the 

protective nature of the oral contraceptive pill has been linked with reduced levels of 

androgens and increased levels of progestins. Further to this, progestin-only pills, 

which do not suppress ovulation, are more protective than the combined pill (Ho 2003; 

Rosenberg et al. 1994). Pregnancy has also been suggested to be protective due to 

increased levels of progesterone which dwarf androgen levels, rather than the 

reduction in ovulation being the protective factor {Risch 1998).

The most recent theory for ovarian cancer’s origin suggests that epithelial ovarian 

cancer can also arise from cells of the fallopian tubes. Most serous ovarian cancers 

present with preinvasive legions in the distal fallopian tube {Erickson et al. 2013). From 

a study examining tubal segments removed after bilateral salpingo-oophorectomy, from 

women with increased risk of ovarian cancer, it was found that out of 12 samples, five 

had areas of hyperplasic lesions and six had cellular dysplastic lesions in their tubal 

epithelium. These legions were histologically similar to that of high-grade serous 

ovarian cancer {Piek et al. 2001). Further studies from larger cohorts of patients 

harbouring BRCA1 mutations revealed that women who have undergone risk-reduction 

surgery had early tubal malignancies with an intraepithelial component {Callahan et al.
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2007; Cass et al. 2005] Leeper et al. 2002). Thus, evidence suggests that patients 

have a higher risk of developing serous ovarian cancer from cells derived of the 

fallopian tube and not the ovary itself. A theory was subsequently put forward that the 

majority of hereditary serous ovarian cancer originates from the epithelium of the 

fallopian tube and that these cells translocate onto the surface of the ovary making it 

appear as if the malignancy originated from the ovary {Piek et al. 2003). Further 

studies, not limited to BRCA1 mutation carriers, have shown that 59% of patients with 

serous ovarian cancer had tubal intra-epithelial carcinoma (TIC), which is composed of 

regions of dysplasia within tubule epithelium {Przybycin et al. 2010). As TIC is not 

present in all cases of epithelial ovarian cancer, there appears to be a dual pathway 

where the majority of serous tumours originate from the distal fallopian tube, while the 

rest have ovarian origin {Erickson et al. 2013).

1.1.4 Detection and screening

Ovarian cancer has a high mortality rate due to poor detection at an early stage. When 

detected early, the 5-year survival rate is approximately 90%. However, cancer 

diagnosed at late stage has a 5-year survival rate of approximately 33% (Clarke- 

Pearson 2009). Ovarian cancer typically presents at late stage. This is mainly because 

symptoms experienced from the onset of ovarian cancer are not specific to the disease 

and are often overlooked. Symptoms include abdominal pain, distension, early satiety 

or bloating, a feeling of fullness, dyspepsia, change in frequency of urination, pain 

during sex, back pain and irregular periods {Bankhead et al. 2008', Goff et al. 2007). 

The chances of detecting ovarian cancer at an early stage may be increased in women 

who have more than one symptom. For example, abnormal post-menopausal bleeding 

(although not a common symptom) and the presence of an abdominal mass are much 

more likely in women with ovarian cancer than those without. Therefore, these 

symptoms are good markers to warrant examination for the presence of ovarian cancer 

{Hamilton et al. 2009).

To date, no suitable screening program has been established to detect ovarian cancer 

at an early stage. The main strategies investigated are transvaginal sonography (TVS), 

serum markers, and a combination of both. TVS has been proposed as a strategy to 

detect changes in the size and architecture of the ovary, which precede symptoms or 

detection by a pelvic examination.

Cancer antigen 125 (CA125), a high-molecular-weight glycoprotein, is the most 

commonly used marker for ovarian cancer. Reports showed that 82% of patients with 

ovarian cancer had increased CA125 levels and that rises and falls in antigen levels
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correlated to progression or regression of disease In 93% of cases. Screening for 

CA125 Is not specific enough to permit early diagnosis. It can give false positive 

results, as CA125 Is naturally up-regulated during both ovulation and many benign 

conditions. Including endometriosis, fibroids, uterine myomas, cystadenomas, acute 

chronic salpingitis and pelvic inflammatory disease {Jacobs et al. 1989). Furthermore, 

in stage I ovarian cancer only 50% of patients express CA125 {Jacobs et al. 1989). 

Assessment of CA125 levels Is currently used with other predictors of ovarian cancer, 

for example ultrasound and menopausal status, in order to calculate a Risk of 

Malignancy Index (RMI) {Jacobs et al. 1990). This method is not ideal due to CA125’s 

aforementioned weaknesses. However, CA125 could be used in combination with 

other markers or strategies to increase Its predictive value {Bast, Jr. et al. 1983). The 

Risk of Ovarian Cancer Algorithm (ROCA) was developed In order to improve CA125’s 

predictive power. It measures the relative closeness of a woman’s long-term CA125 

pattern to the change-point profile In women with ovarian cancer compared with the flat 

profiles obtained from women without ovarian cancer. With this method only a small 

fraction of women are sent for TVS {Skates et al. 2001\ Skates et al. 2003).

in a large randomised clinical thal, annual screening with TVS alone was compared to 

the efficiency of ROCA in combination with TVS screening in the early detection of 

ovarian cancer (UK Collaborative Trial of Ovarian Cancer Screening) {Menon et al. 

2009). The trial randomly assigned 638 postmenopausal women (50-74 years old) to 

both groups. Although both strategies resulted in an encouragingly high sensitivity In 

detecting ovarian cancer at an early stage, ROCA in combination with TVS was more 

sensitive and resulted in fewer repeat tests and surgery. Although two-staged 

strategies, like ROCA In combination with TVS, promises to be more cost effective, 

only 82% of ovarian cancers express CA125. This highlights the need for more specific 

detection strategies to be developed.

Human Epididymis protein 4 (HE4) Is a serum biomarker which shows much promise In 

ovarian cancer screening. This protein Is found to be transcriptionally up-regulated In 

ovarian cancer patients by nuclear factor-KB. It Is part of the disulfide-core protein 

group encoded by the WFDC2 (HE4) gene. It Is an I lk D a  protein which acts as a 

precursor protein to the epidldymal secretory protein 4E. It was found to be up- 

regulated to a much lesser extent in benign disease compared to CA125 as was seen 

in a study by Moore et al. (2008) where HE4 was tested along with a panel of other 

biomarkers. As a single marker, HE4 shows high sensitivity In stage I ovarian cancer, 

higher than other markers tested, such as CA125, SMRP, CA72-4, Inhibln, actlvin, 

osteopontin, epidermal growth factor (EGFR), and ERBB2 (Her2). However, when HE4
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was combined with CA125 the highest sensitivity (76.4%) and specificity (95%) was 

seen. The addition of other biomarkers to this combination had minimal effect. The 

study showed that the combination of HE4 and CA125 was a more accurate predictor 

of malignancy than either marker on its own and could be useful in a biomarker panel. 

A subsequent study was carried out to compare RMI to the Risk of Ovarian Malignancy 

Algorithm (ROMA) using a combination of CA125 and HE4 values and menopausal 

status to predict ovarian cancer. It was found that ROMA, using CA126 and HE4 

values, achieved higher overall sensitivity than RMI 85.3% compared to 64.7%, which 

strengthens the case for using CA125 in combination with HE4 as a screening tool 

{Moore et al. 2010). More recently it has been reported that including CT scans in a 

workflow in combination with ROMA could improve HE4’s predictive potential for 

women with a pelvic mass {Stiekema et al. 2014).

It is thought that a combination of serum markers will be needed to detect all cases of 

ovarian cancer. The combination of haemoglobin, haptoglobin and apolipoprotein E 

with CA125 has been shown to improve sensitivity and specificity in all stages of 

ovarian cancer {Kim et al. 2012b). A new serum-based screening test which shows 

promise and has been approved by the US Food and Drug Administration (FDA) in 

2009 is called the OVA1 test {Fung 2010). This is used in order to identify patients who 

are at risk for ovarian cancer who have presented with an adnexal mass. It was not 

designed as a standalone test but rather to assist physicians in tandem with physical 

and radiological findings. It uses a panel of 5 markers (CA125, P2-microglobulin, 

apolipoprotein A1, transferrin, transthyretin) which are measured and fed into an 

algorithm which gives an overall 0VA1 score. This test gives >90% sensitivity with a 

90% negative predictive value for women with ovarian tumours. Some sources suggest 

that consumer pressure may lead to the 0VA1 test becoming a screening tool {Muller 

2010). As 0VA1 was not designed for this purpose, it may lead to a higher rate of false 

positive results and costly interventions It is a high cost test and has not yet been 

tested for patient screening to detect early-stage ovarian cancer {Rein et al. 2011).

To summarise, much research is being put into the development of new serum 

biomarkers for the detection of ovarian cancer which will improve detection and 

screening. CA125, the most widely used marker, is not specific enough for early 

detection. However, ongoing research is working on improving sensitivity, specificity 

and positive predictive value for detection and screening by looking at other markers, 

such as HE4, or using a combination of markers.
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1.2 Current treatment options

The primary goal of treatment in epithelial ovarian cancer is to cure a patient of the 

disease or prolong a patient’s survival. Treatment strategies will depend on the stage of 

disease at presentation. Disease stage has been defined by FIGO. See Table 1.2

1.2.1 Early stage disease

Only 20-25% of patients present with early stage disease (FIGO I or II) (Ozo/s 2005). 

At this stage, while the tumour is still restricted to the pelvis, there is a good chance of 

patient survival (Ozo/s 2005). Patients who present in stage lA or IB with well 

differentiated tumours are treated with surgery alone. The surgery usually consists of 

the removal of the uterus, fallopian tubes and ovaries (hysterectomy with bilateral 

salpingo-oophorectomy). Cure rate at this stage is >90%. Early stage patients with 

poorly differentiated tumours (typically stage 1C and II) have a high relapse rate of 

about 40-50% after treatment. It is not certain what the optimum treatment for this 

group of patients is. Options include treating patients with surgery alone, treating 

patients with surgery and adjuvant chemotherapy, or treating patients with 

chemotherapy only after a re-occurrence. This has been investigated in two large, 

randomised, parallel clinical trials, the International Collaborative Ovarian Neoplasm 

(ICON) and Adjuvant Chemotherapy in Ovarian Neoplasm (ACTION) (Trimbos et al. 

2003a) and by the ‘Adjuvant chemotherapy in ovarian neoplasm trail’ {Trimbos et al. 

2003b). With the knowledge obtained from these trials, the current standard for the 

treatment of early stage ovarian cancer from the German Consortium of 

Gynaecological Oncology (AGO), which was recommended in 2009, is 3-6 cycles of 

platinum based adjuvant chemotherapy for stages l-IIA excluding stage lA who benefits 

greater from surgery alone. Appropriate surgical staging must be performed to gain 

benefit from these guidelines. This improves recurrence free and overall survival. In the 

case of chemotherapy, it is not clear whether carboplatin mono-therapy or 

carboplatin/taxane combination therapy is the optimal treatment {Burges et al. 2011).

1.2.2 Advanced stage disease

Patients with advanced disease are classified as FIGO stage III or IV The current 

standard for treatment for these stages is surgical debulking, followed by intravenous 

combination of platinum and taxane-based chemotherapy. The most effective platinum 

agents used for ovarian malignancies are carboplatin and cisplatin and the most 

effective taxane agents are taxol and docetaxel {Cannistra 2004). The most efficient 

combination with the least adverse effects is three hour intravenous (IV) administration
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Table 1.2 FIGO staging of ovarian cancer.

Tumour is limited to the ovary / ovaries

Only one ovary is affected by the tumour, the ovary capsule Is intact 

No tumour detected on the external surface of the ovary 

No iVlallgnant cells can be detected in ascites or peritoneal washings

Both ovaries are affected by the tumour, the ovary capsule is intact 

No tumour detected on the external surface of the ovaries 

No Malignant cells are detected in ascites or peritoneal washings

The tumour is in stage lA or IB but with any of the following:

The ovary capsule is ruptured

The tumour Is detected on the ovary surface

Positive malignant cells are detected in the ascites or peritoneal washings

Tumour involves one or both ovaries and has extended to other pelvic organs or surfaces

STAGE IV

The tumour has extended and/or Implanted Into the uterus and/or the fallopian tubes.

No Malignant cells are detected in ascites or peritoneal washings

The tumour has extended to another organ In the pelvis 

No Malignant cells are detected in ascites or peritoneal washings

Tumours are as defined In IIA/B, but malignant cells are detected in the ascites or peritoneal 

washings

The tumour involves one or both ovaries with microscopically confirmed peritoneal 
metastasis outside the pelvis and/or regional lymph node metastasis.

Includes liver capsule metastasis.

Microscopic peritoneal metastasis beyond the pelvis to abdominal peritoneal surfaces or the 

omentum

: Same as MIA above but Microscopic peritoneal metastasis beyond the pelvis 2 cm or less in size

Same as MIA above but Microscopic peritoneal metastasis beyond the pelvis more than 2 cm In 

size and/or lymph node metastases to Inguinal, pelvic or para-aortic areas observed

Distant metastasis beyond the peritoneal cavity. And, liver parenchymal metastasis.

Adapted from (Heintz et at. 2006)
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of taxol (175mg/mP) and carboplatin (area under the concentration time curve (AUC) 

5), every 3 weeks for 6 cycles. Meta-analyses show that the combination of these two 

agents is superior to platinum mono-therapy {Covens et al. 2002). Optimal surgical 

debulking prior to chemotherapy is a key factor in prolonging recurrence-free and 

overall survival. An optimal residual tumour of less than 1cm can be achieved in 50- 

85% of advanced stage ovarian patients {Bristow et al. 2002).

The combination of cisplatin and taxol became the initial standard chemotherapy 

regime following the results of a number of clinical trials. This regime was replaced by 

the current standard of carboplatin and taxol as this combination had lessened non- 

hematologic toxicity associated with it {du Bois et al. 2003', McGuire et al. 1996\ Ozols 

et al. 2003] Piccart et al. 2000). The combination of docetaxel and carboplatin may be 

even more favourable as less neuropathy is seen with this regime, when compared to 

taxol and carboplatin {Cannistra 2004). Recently clinical trials such as the GOG-0218 

{Burger et al. 2011) and the IC0N7 {Perren et al. 2011) have shown that chemotherapy 

administered with bevacizumab (Avastin) improves progression free survival for 

patients with advanced ovarian cancer compared to the current standard 

chemotherapy regimes. However, there have been no reports that the drug improves 

overall survival. Based on this data, Bevacizumab in combination with chemotherapy 

has been approved for treatment of advanced ovarian cancer in Europe and Japan. 

Bevacizumab works by inhibiting angiogenesis. It binds to vascular endothelial growth 

factor (VEGF) in the tumour’s micro-environment and stops it binding to target 

receptors on the tumour surface, thus inhibiting angiogenic signalling {Wang et al. 

2004). Ordinarily, angiogenesis is tightly regulated in adult humans and only occurs 

during ovulation and wound repair. Tumours, which are greater than 1mm in size, 

require angiogenesis to grow further and activity stimulate this process. This presents 

an attractive target for intervention in ovarian cancer. Blocking this process may 

prevent growth of tumours and improve survival.

With current treatments, complete clinical remission occurs in 50% of treated patients 

with advanced ovarian cancer. These patients are closely monitored for any indication 

of relapse. Even with invasive surgery and treatment with highly active 

chemotherapeutics, 20-30% of patients show no remission whatsoever and have 

sustained residual or progressive disease {Cannistra 2004). Approximately 75% of 

treated patients will have recurrence of disease after treatment with cytoreductive 

surgery and combination chemotherapy with a median survival of 2 years following the 

recurrence. All relapsed patients eventually die from their disease {Ozols 2005).
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1.2.3 Relapse or recurrence of disease

Cancer is recurrent when the disease re-appears after initial treatment regimes. The 

recurrence can be local (in or near the same position as original tumour) or distant 

(tumour is in other organs). The focus of recurrent ovarian cancer treatment is to 

manage the symptoms, increase quality of life, and to extend survival for as long as 

possible. An optimum treatment strategy for this group of patients has not yet been 

found. The first indication of re-occurrence is usually a sequential increase in serum 

CA125 levels {Rustin et al. 1996] Rustin et al. 2004). There are a number of 

considerations to take into account when choosing a treatment strategy for second-line 

chemotherapy. An important factor is the time taken for the disease to re-occur after 

responsiveness to the initial therapy.

Patients who show progression during platinum treatment are classified as platinum 

refractory. Patients who relapse before 6 months are classed as platinum resistant. 

Patients that relapse after 6 months are considered to be platinum sensitive and 

patients who relapse after 18 months can be considered very platinum sensitive 

{Armstrong 2002\ Markman et al. 2000). Other factors to take into account are the 

previous agents used in first-line treatment, the patient’s performance status including 

the presence of further conditions, toxicities experienced, and cost-effectiveness of 

treatments. With all these factors taken into account, the two main groupings for 

treatment are considered to be patients who relapse within 6 months (non-responders) 

and patients who relapse after 12 months (responders) {Salzberg et al. 2005). 

Response indicators are also examined, which include histology, tumour size and the 

platinum-free interval.

In order to increase the platinum-free treatment interval, patients who relapse within 6 

months are resistant to platinum and these patients are usually treated with non

platinum containing regimes including gemcitabine, topotecan, pegylated liposomal 

doxorubicin, vinorelbine, oral etoposide or weekly taxane treatments (taxol or 

docetaxel) {Armstrong 2002; Ozols 2005). Longer gaps in platinum treatment give 

better response rates in subsequent platinum treatment regimes. This is because 

tumours gain acquired resistance to treatment agents. Acquired resistance is generally 

unstable, therefore the resistance can be lost over time {Armstrong 2002). For patients 

treated with first-line chemotherapy including platinum and/or taxol agents, a second- 

line treatment with pegylated liposomal doxorubicin results in longer overall survival 

and improved quality of life with fewer adverse side effects than patients who are 

treated with topotecan or other non-platinum agents {Thigpen et al. 2005). In platinum- 

containing, taxane-free first-line chemotherapy regimes, taxol and pegylated liposomal
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doxorubicin can both be used effectively. However, both drugs have adverse side 

effects associated with their administration. By modulating the dosing schedule and 

closely monitoring tolerability these side effects can be managed {Armstrong 2002).

Patients who relapse after 12 months are generally sensitive to platinum treatment, as 

enough time has passed to lose much of the acquired resistance to platinum. The main 

choice for therapy in this patient group is platinum and taxane combination or platinum 

and gemcitabine combination.

1.3 Platinum chemotherapy

The first platinum drug approved for clinical use was cisplatin in 1978. It was approved 

by the FDA for the use in testicular and ovarian cancers and has now become one of 

the most widely used anticancer drugs {Higby et al. 1974). There was little progress in 

improving mortality rates in ovarian cancer between the 1950’s and 1960’s. The 

introduction of cisplatin improved ovarian cancer treatment dramatically {Piccart et al. 

2001). Cisplatin is used in many types of cancer treatments, including testicular, 

ovarian, bladder, osteogenic sarcoma, head and neck, endometrial and cervical and 

small cell lung cancers (Reedijk J 1987). Some treatment challenges are that cancers 

can have an intrinsic resistance to cisplatin (such as ovarian, colorectal and non-small 

cell lung cancer) or develop acquired resistance (as seen in ovarian or small cell lung 

cancer) {Fuertes et al. 2003a). Cisplatin treatment is also associated with severe side 

effects, which include nephrotoxicity, neurotoxicity, ototoxicity, nausea and vomiting 

{Giaccone 2000). In order to improve on cisplatin’s therapeutic ability, a number of 

analogs have been synthesized. These have been investigated via clinical trial to 

identify possible improvements in toxicity, cross resistance and pharmacological 

aspects of prospective drugs when compared to cisplatin. To date only carboplatin and 

oxaliplatin have been accepted as possible alternatives {Weiss et al. 1993).

1.3.1 Cisplatin

The anti-tumour potential of cisplatin was first discovered during experiments carried 

out by Rosenberg et al. in the 1960’s who were studying the growth of E-coli bacteria 

under the influence of electric fields. The inhibition of cell division in E-coli was 

observed in the presence of an electric field, which caused filamentous growth of the 

bacteria. It was found that the inhibition of cell division by cell cycle arrest was caused 

by the presence of group VIIIB transition metal compounds. The most stable and most 

active of these compounds was a cis-Pt(ll) species characterized and developed as
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cis-diamminedichloroplatinum(ll) now known as cisplatin {Rosenberg et at. 1967). The 

structure of the cisplatin angent is presented in Figure 1.2.

It is widely accepted that the main mechanism of action for cisplatin is its binding to 

nuclear DNA causing accumulation of adducts on DNA strands, which interferes with 

transcription and DNA replication processes. This in turn can initiate cytotoxic 

processes within the cell leading to cell death {Fuertes et at. 2003b). Cancer patients 

receive cisplatin compounds intravenously. Cisplatin is carried around the body by the 

blood before diffusing into tissue and reaching the tumour cells. Platinum compounds 

have a high affinity for sulphur and thiol groups of amino acids such as cysteine. 

Approximately 90% of platinum becomes inactivated by binding to blood plasma 

proteins (mainly albumin) before reaching its target cells {Judson et al. 2000). It must 

be noted that cisplatin will also be taken up by normally functioning cells. It is thought 

that cancer cells are more susceptible to the DNA damage induced by cisplatin due to 

a possible reduced ability to repair the DNA damage or via inhibition during replication, 

which is a key part of cell division and must occur frequently in rapidly dividing cells like 

cancer cells {Reedijk J 1987).

The cisplatin molecule can be actively taken into the cell by copper transporter CTR1. 

A hydrolysis reaction occurs upon entering the cell by the substitution of a chloride 

group with a water molecule (aquation). One or both chloride groups may be removed 

in this reaction resulting in a mono or diaquo positively charged cisplatin species 

{Jamieson et al. 1999). The structure of cisplatin is seen in Figure 1.2. Aquation is 

inhibited in the blood serum due to high concentrations of chloride. The resulting 

species of cisplatin are very reactive towards nucleophile centres of biomolecules. 

Because of this reactivity, cisplatin will bind to a number of intracellular molecules 

including cytoskeletal microfilaments, RNA and thiol-containing proteins and peptides 

{Jordan et al. 2000). The most important non-DNA molecule that cisplatin binds with is 

the tripeptide glutathione (GSH). GSH is present in high concentrations within the cell 

and binds rapidly to cisplatin upon entering the cell. The binding of cisplatin to these 

non-DNA molecules within the cell may have a role to play in its cytotoxicity by blocking 

these molecules from carrying out important cellular functions. For example, binding of 

cisplatin to methionine 1 and/or histidine 68 of ubiquitin might inhibit the degradation of 

intracellular proteins by blocking the ubiquitin-proteasome pathway. This can cause 

deregulation of many important cellular functions {Peleg-Shulman et al. 2001). Cisplatin 

is also known to inhibit heat shock protein 90 (Hsp90) by binding to and blocking its C- 

terminus ATP binding site. Hsp90 is an ATP-binding chaperone involved in cell cycle 

regulation and signal transduction {Soti et al. 2002).
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Figure 1.2 Structure of cisplatin (cis-diammine) platinum complex.

On the left is the structure of cisplatin as it appears in the blood and on the right is the structure 
of cisplatin after aquation in the cytoplasm. Red boxes indicate changes to the structure after 
aquation. Adapted from (Piccart et al. 2001).

Cisplatin that reaches the nucleus of the cell can bind to nuclear DNA and form 

adducts {Jamieson et al. 1999), although 99% of the cisplatin will have bound to other 

extracellular and intracellular molecules prior to reaching the nucleus. It has the highest 

affinity for the nucleophilic N7 atoms of guanine and adenine in the major groove, as 

this is the most reactive site for metal binding {Yang et al. 1999). There are a number 

of different types of adduct that can be formed by Cisplatin-DNA binding. Cisplatin can 

form 1,2-intrastrand cross-links, interstrand cross-links, monofunctional adducts and 

protein-DNA cross-links {Fuertes et al. 2003b). See Figure 1.3. Formation of adducts 

on the DNA strand causes contortion and bending towards the major groove {Fuertes 

et al. 2003a). Monoadducts are first formed by the loss of one water molecule. 90% 

further react to form intrastrand adducts the majority of those being 1,2-intrastrand 

adducts {Rabik et al. 2007). It is the 1,2-intrastrand adducts that are believed to be 

most important in the cytotoxic action of cisplatin. This notion is not proven but is
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Figure 1.3 Structure of DNA adducts formed on DNA.

Structure of main DNA adducts formed by cisplatin: (a) 1,2 intrastrand cross-link (b) interstrand 

cross-link (c) monofunctional adduct (d) protein-DNA cross-link. Adapted from (Cepeda et al. 

2007)

supported by the discovery of High Mobility group (HMG) proteins that specifically 

recognize this type of adduct and may be involved in regulating the processing of these 

adducts {PH et al. 1992). HMG proteins are composed of basic domains of 80 amino 

acids containing three a-helical domains. The binding of HMG proteins blocks 

replication machinery and has been shown to block Nucleotide Excision DNA repair 

(NER) components from repairing the DNA lesions {Rabik et al. 2007). Also the NER 

recognises and repairs 1,3 intrastrand adducts formed on DNA to a much greater 

extent than it locates and repairs 1,2 intrastrand adducts {Zamble et al. 1996). This 

strengthens the theory that 1,2-intrastrand adducts are the most important in the 

mechanism of action of cisplatin. The other adducts formed by cispiatin may also play 

an important role in cytotoxicity. Interstrand adducts will cause deformation of DNA
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structure through the bending of the helical axis towards the minor groove and DNA 

unwinding {Malinge et at. 1999). The distortions in the DNA caused by platinum 

adducts and intra/inter-strand crosslinks can be recognised by DNA binding proteins 

which can either initiate DNA repair or signal a cell to undergo apoptosis (triggered by 

the impeded separation of DNA strands impairing replication and DNA synthesis) 

{Siddik 2003).

1.3.2 Carboplatin

Carboplatin was first approved for use in treatment in the mid 1980's. It has a similar 

method of action to cisplatin. The same positively charged acquated species of 

platinum are formed when carboplatin or cisplatin undergo hydrolysis reactions upon 

entering a cell. Also carboplatin causes the formation of the same DNA adducts as 

cisplatin which have been previously described in section 1.3.1.1 (Go et al. 1999). 

However, carboplatin causes less severe side effects than cisplatin. It is more tolerable 

due to less nephrotoxicity and neurotoxicity and causes less nausea and vomiting. 

Carboplatin is also more stable and binds less to proteins. Although it has these 

advantages over cisplatin, it has much less efficiency in treating germ cell tumours, 

head and neck cancers and bladder and oesophageal cancers. However, It does seem 

to have the same efficiency when treating advanced non-small cell lung cancers and 

most stages of small cell lung cancer along with the same ability in suboptimally 

debulked ovarian cancer tumours {Pasetto et al. 2006).

1.3.3 Oxaliplatin

As a derivative of cisplatin, oxaliplatin structure is similar to that of cisplatin, except for 

that the ammine ligands have been replaced by a DACH group, which appears to 

inhibit alkylating-agent resistance. Because of this difference in structure, oxaliplatin 

has been seen to have activity in some cisplatin resistant cancers, including ovarian 

cancer {Piccart et al. 2001). However, it must be noted that this activity is limited to 

highly cisplatin-resistant models. In low-level cisplatin-resistant models cross 

resistance to oxaliplatin is seen {Stordal et al. 2006). This is based on responses from 

patients and evidence from in vitro models {Stordal et al. 2007c). Oxaliplatin can be 

useful in treating cisplatin resistance clinically when combined with other therapeutic 

agents. This may suggest that it is the combination of drugs that has activity against 

cisplatin resistance rather than oxaliplatin as a single agent. Other clinical benefits of 

oxaliplatin over cisplatin is that its toxicity profiles are more favourable {Stordal et al. 

2007c).
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Oxaliplatin's method of action is similar to that of other platinum compounds. Again, its 

main method of action is the formation of DNA adducts causing disruption in 

transcription and DNA replication processes, causing the initiation of cytotoxic 

pathways. It forms the same type of DNA adducts previously described but with 

different chemical conformation. These adducts seems to be better at inhibiting DNA  

replication due to its bulky DACH compound and is better at withstanding DNA repair 

as it is less recognized by mismatch repair proteins (MM R) {Raymond et at. 1998). 

Interestingly, oxaliplatin seems to have a secondary mechanism of action by which the 

compound induces the immune system to target and kill tumour cells. Tesniere et al. 

(2010) have carried out experiments on murine and human colon cancer cells. They 

have shown that exposing colon cancer cells to oxaliplatin causes the cells to release 

immunogenic signals from their surface before they undergo platinum-mediated cell 

death. This caused an immune response against the cancer cell in the form of 

interferon y production by T-cells and interaction with toll like receptor 4 of dendritic 

cells. In advanced colon cancer patients treated with oxaliplatin, patients with a 

defective Toll like receptor 4 gene (TLR4), causing a loss of function, had significantly 

lower progression free and overall survival when compared with those having 

functional TLR4 {Tesniere et al. 2010).

1.4 Mechanisms of platinum resistance

Although initial response to platinum chemotherapy is high in ovarian cancer, most 

patients will relapse with platinum resistant disease. Several platinum drug resistance 

mechanisms have been identified in vitro. Numerous reviews on platinum and 

chemotherapeutic resistance show a number of mechanisms for resistance to 

platinating agents {Piccart et al. 2001 \ Rabik et al. 2007\ Stordal et al. 2007a\ l/asey  

2003). A tumour cell which has a resistant phenotype can utilize multiple mechanisms 

of resistance. The most common of these mechanisms are:

•  Decreased accumulation of the drug in the cell

•  Deactivation of the drug within the cell

•  Loss or decrease in Mismatch repair (M M R)

•  Increased repair of DNA adducts

•  Inhibition of apoptosis

• Mutations in p53
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1.4.1 Decreased accumulation of drug

Reduced accumulation of the drug within cells can be attributed to decreased influx, 

increased efflux or both. It has long been postulated that platinum compounds enter the 

cell by passive diffusion as cells cannot become saturated or inhibited by structural 

analogs {Judson et al. 2000). However, other mechanisms such as active transport 

could play a role in intracellular drug accumulation. For example, cisplatin import is 

blocked by the ouabain molecule which inhibits the action of the membrane 

sodium/potassium ATPase pump. This suggests that cisplatin transport may be 

dependent on the membrane potential of the cell {Andrews et al. 1988).

1.4.1.1 Role of copper transporters

CTR1, the major copper influx transporter, has been found to regulate cisplatin, 

carboplatin and oxaliplatin intake, while ATP7A and ATP7B, two copper efflux 

transporters, are involved in efflux of these platinum compounds from the cell. Copper 

transporters within the cell, which are involved in copper homeostasis, have been 

found to be have the ability to sequester platinums into different subcellular 

compartments, preventing their reaction with DNA {Safaei et al. 2005). Exposing 

ovarian cancer cell lines to cisplatin has been shown to cause down regulation of CTR1 

protein expression by internalization of the transporter from the surface membrane. 

This results in diminished accumulation of the drug within the cell in a time-dependent 

manner {Holzer et al. 2004). Over expression of ATP7B has been shown to increase 

resistance to cisplatin in ovarian cancer cell lines. Studies carried out by {Nakayama et 

al. 2001) on a panel of 9 ovarian cancer cell lines showed high expression of this 

cellular pump in SK0V3, 0MC6 and PA1. This over expression correlated with 

increased cisplatin resistance. SK0V3 had the highest expression of ATP7B. 

Prognosis in ovarian cancer patients is poor when ATP7B is highly expressed in 

tumours in contrast to better prognosis when expression is low {Rabik et al. 2007). In a 

follow up study, 82 ovarian carcinomas were profiled for a number of genes known to 

play a part in cisplatin resistance using RT-PCR (reverse transcription PCR). From this 

gene list only ATP7B could be linked to resistant phenotypes in the majority of ovarian 

carcinomas. It had significantly increased expression in moderately or poorly 

differentiated tumours treated with cisplatin and could be used as a marker of cisplatin 

resistance {Nakayama et al. 2002). ATP7A has been found to sequester cisplatin, 

carboplatin and oxaliplatin into vesicles. Over expression of this molecule has been 

found in ovarian cisplatin resistant cell lines A2780/CP and 2008/C13 *5.25 when 

compared to their non-resistant parent cell lines. Ovarian cancer patients who show
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increased levels of ATP7A after platinum treatment have poorer survival rates than 

patients who do not show elevated levels {Katano et al. 2002).

1.4.1.2 Role of adenosine triphosphate-binding cassette transporters

Members of the MRP-related transport proteins may be linked to active efflux of 

platinums from cells. MRP proteins are members of the adenosine triphosphate- 

binding cassette (ABC) family which transport anticancer drugs from the cell 

{Choudhuri et al. 2006). The M RP family consists of 12 members but in particular 

MRP1 and M RP2 have been linked with multidrug resistance. M RP2 over expression 

has been linked with platinum resistance in ovarian cancer and a number of other 

cancers types. It is deemed to be a good determinant of tumour sensitivity {Kool et al. 

1997] Korita et al. 2010).

1.4.2 Drug deactivation

It has been previously noted that when platinum compounds enter the cell they become 

a positively charged aqueous species that has high reactivity for thiol-containing 

proteins and peptides including GSH and metallothioneins. Increased levels of these 

compounds can be correlated to cisplatin resistance. Studies carried out on eight 

ovarian cancer cell lines have shown an inverse relationship between intracellular GSH  

levels and platinum sensitivity {Mistry et al. 1991). Platinum’s are inactivated by the 

substitution of thiol for platinum. There are many mechanisms in which the GSH  

system may act in conferring cisplatin resistance or sensitivity. Three of these 

mechanisms are described by {Chen et al. 2010). The first is via the formation of 

cisplatin-GSH complexes by GSH-S-transferase t t . These complexes are inactivated 

and effluxed from the cell via the M RP2 membrane protein, a member of the ABCC2  

transporter family. Cisplatin cannot be effluxed from the cell on its own in this way but 

requires GSH {Paulusma et al. 1999). Both G STtt and Y-glutamylcycteine synthetase 

contribute to cisplatin resistance in ovarian, lung and cervical cancer cell lines 

{Kavanagh et al. 2005, LI et al. 2009\ Sakamoto et al. 2001). This mechanism is shown 

in Figure 1.4.

The second proposed mechanism involves the role of glutathione as a cytoprotector in 

cisplatin resistance. It has been discovered that resistant cells often over express 

glutathione and y-glutamylcysteine synthesis, the rate limiting enzyme for glutathione 

synthesis. The more GSH that is within the cell, the more that is present to bind and 

inactivate platinum compounds. Increased Metallothionein !l levels in the cell have also 

been correlated to cisplatin resistance in a number of cell lines. This protein is involved
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Figure 1.4 Efflux of platinum molecules from the cell by GSH.

The building blocks of GSH are cysteine, glutamate and glycine which are assembled into GSH 

by y-Glatamyl Cysteine Synthetase and Glutathione Synthetase. GSH can then bind platinums 

and form a Glutathione-Platinum conjugate which can be effluxed by the cell via membrane 

protein pump MRP-2. Glutathione synthesis can be inhibited by Buthionine sulphoximine (BSO).

in the detoxification of heavy metal ions. Platinums bind to this molecule and become 

inactive and no longer able to carry out its cytotoxic mechanisms of action within the 

cell. Cancers that have been shown to have acquired resistance by this mechanism 

include bladder and oesophageal cancers and transitional primary cell carcinomas. 

However, this mechanism is tissue specific and speculated to play only a minor role in 

platinum resistance {Rabik et al. 2007).

The final mechanism described indicates how GSH up-regulation can confer sensitivity 

to platinums. Up-regulated expression of GSH causes diminished copper levels within 

the cell, which is needed for biological processes. This, in turn, causes the expression 

of CTR1 which can influx platinum compounds into the cell facilitating platinum
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mediated cell death through accumulation of platinum within the cell {Safaei et al. 2005\ 

Song et al. 2008).

1.4.3 Decreased mismatch repair

DNA mismatch repair (MMR) is a strand specific mechanism in which the cell fixes 

incorrectly paired nucleotides and mismatch loops after the cell has replicated its DNA. 

It fixes the errors made by DNA polymerase after replication. The proteins which 

recognize and bind these mismatched nucleotides are MLH1 and MSH2, MSH2 

binding DNA and MLH1 binding the DNA/MSH2 complex. The PMS2 protein acts in 

stabilising this complex {Fishel et al. 1995). Firstly, the MSH2:MSH6 complex bind the 

effected DNA area containing a mismatched DNA nucleotide. This complex will 

undergo a conformational change by phosphorylation of ATP. This complex will then 

recruit the MLH1:PMS2 complex in another ATP driven reaction. This assembled 

complex is able to translocate in either direction along the DNA strand. When it 

reaches a strand discontinuity it will stop and bind PCNA. Recruitment of the EX01 

exonuclease causes the degradation of the interrupted DNA strand in a 5’ direction 

towards the mismatched nucleotide. The gap produced will be stabilized by RPA. The 

MSH2:MSH6:MLH1:PMS2 complex is able to disassociate during this process but 

binding of other complexes will continue until the mismatched nucleotide is reached 

and removed. Replicative DNA polymerase fills in the single strand gap stabilised by 

RPA and DNA ligase anneals the cut in the DNA strand to finish the process {Dzantiev 

et al. 2004\ Genschel et al. 2003) See Figure 1.5 for overview of the MMR system.

The MMR system is able to recognise DNA adducts that are formed by cisplatin or 

carboplatin DNA binding. It is thought that recognition of these adducts causes cellular 

signalling that leads to apoptosis {Meyers et al. 2004). When the system is inactivated, 

an accumulation of unpaired deletions in mononucleotide and dinucleotide repeats 

occur, which leads to variable length repeats. This is known as microsatellite instability 

and could be caused by genetic or epigenetic inactivation, which in turn has been given 

a possible marker for MMR deficient cells. The loss of DNA repair by the system is 

attributed to a tolerance of DNA damage in the cell. This loss and tolerance to 

damaged DNA leads to cisplatin and carboplatin resistance. This correlates to the loss 

of apoptotic signalling by the MMR pathway. Cancer cells with loss of MMR function 

have been shown to be 2-3 fold more resistant to cisplatin than cells with functioning 

MMR {Stojic et al. 2008). No changes in resistance occur with oxaliplatin where MMR  

is functional or non-functional. For this reason it is speculated that the MMR system 

does not recognise the novel adducts formed by this platinum species
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Figure 1.5 Overview of the MMR system.

(a) DNA strands with mismatched nucleotide shown in red. (b) MSH2:MSH6 complex bind the 

effected DNA area containing a mismatched DNA nucleotide, (c) The MSH2:MSH6 complex 

recruits the MLH1:PMS2 complex in an ATP driven reaction. The complex is able to translocate 

in either direction along the DNA strand shown by directional arrows, (d) Complex has reached 

a strand of discontinuity, (e) EX01 exonuclease is recruited and degrades interrupted DNA 

strand in a 5’ direction, (f) The gap produced is stabilised by RPA. The 

MSH2:MSH6:MLH1:PMS2 complex is able to disassociate during this process, but binding of 

other complexes will continue until the mismatched nucleotide is reached and the complex 

disassociates from the DNA strands, (g) DNA polymerase fills in the single strand gap and DNA 

ligase anneals the cut in the DNA (h) Repaired mismatched DNA strand. This figure was 

adapted from (Sfq/'/c et al. 2008)

{Fink et al. 1996). The loss of M M R function could be a mechanism of acquired 

resistance in ovarian cancer after platinum chemotherapy. It has been suggested that 

Methylation of MLH1 in plasma DNA, one of the proteins involved in recognising 

mismatch errors, will result in loss of M M R and in turn contribute to platinum resistance 

in ovarian cancer after chemotherapy with carboplatin and taxol {Gifford et al. 2004).

25



The majority of MIVIR-deficient cancers have mutations in MLH1 or IVISH2 which 

recognised mismatched proteins and initiate repair. One study examined tumour 

sections for MLH1 and MSH2 expression from 54 ovarian cancer patients before and 

after platinum based chemotherapy. They used immunohistochemical staining to seek 

for associations between protein expression of these MMR proteins and clinical 

parameter of prognostic significance as well as treatment response and overall 

survival. It was found that the tumour mass changed after chemotherapy and gave a 

selective pressure for cells expressing lower levels of MLH1 and MSH2 proteins 

{Samimi et al. 2000). This reduction in expression may be due to hypermethylation of 

the promoter regions of these proteins and in theory demethylating agents like 

decitabine could be used to sensitise tumours and inhibit tumour growth {Brown et al. 

2004). To date, however, only a small number of studies have given conclusive links to 

platinum resistance and MMR inactivation in cellular models {Fink et al. 1998] Gifford et 

al. 2004] Helleman et al. 2006b] Watanabe et al. 2001). The pathway is only thought to 

be linked to 10% of ovarian tumours from a systematic review of the literature from 

articles published on the PubMed electronic database on August 31 2009 {Murphy et 

a l 2011).

1.4.4 Increased repair of DNA adducts

Nucleotide excision repair (NER) is a major pathway associated with DNA repair. It is 

one of the main pathways involved in the development of platinum resistance due to 

increased repair of DNA adducts. NER is used in a cell in order to repair DNA lesions 

formed by exposure to chemicals or radiation or by protein addition to DNA {Sancar et 

al. 2004). NER detects DNA damage via the distortion detection factor XPC and the 

XPA and RPA proteins which form a complex that binds to damaged DNA. TFIIH binds 

to this complex and is involved in the initiation of repair {Sancar 1996). All intrastrand 

crosslinks that are a result of platinum adduct formation are recognized by NER 

although 1, 2 crosslinks are less efficiently repaired when compared to 1, 3 crosslinks. 

These adducts are primarily formed by cisplatin and support the theory that 1, 2 

adducts are cytotoxic {Moggs et al. 1997). Adducts are removed by the action of 2 

structure specific endonucleases. XPG will cut the DNA strand on the 3’ side of the 

lesion while ERCC1/XPF will cut the DNA strand at the 5’ side of the lesion. Excision 

fragments range from 24 to 32 nucleotides. A new DNA strand is synthesised by 

PCNA-dependant DNA polymerase completing the NER process {Sancar 1996). See 

Figure 1 6  for an overview of the NER pathway.
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Figure 1.6 Overview of NER pathway.

(a) DNA strand with an adduct. Adduct is represented by yellow object, (b) Adduct or damaged 

DNA is recognized by the XPA:RPA complex which binds to the effected region, (c) TFIIH is 

recruited by XPA:RPA and unwinds the DNA leaving it exposed. XPC:HHR23B is recruited 

through interactions with TFIIH and XPA and binds to the exposed DNA. (d) Recruitment of 

XPG occurs by RPA and TFIIH. XPG makes an incision in the 3’ side of the effected DNA. 

XPF:ERCC1 is then recruited by XPA, XPF and TFIIH and makes an incision to the 5’ side of 

the effected DNA. (e) Damaged DNA is released. RFC causes the disassociation of the post

incision complex. RFC recruits PCNA which associates with DNA polymerase e or 5. DNA 

polymerase fills in the gap and ligase joins the DNA strand back together, (f) Repaired DNA 

strand. This figure is adapted from {Sancar 1996).

In ovarian cancer increased expression of XPA and ERCC1/XPF genes has been 

found in tumours from cisplatin resistant patients. This suggests an increase in NER in 

cisplatin resistant patients (Dabholkar et al. 1994). Other studies in ovarian cancer cell 

lines have also shown that elevated levels of ERCC1 mRNA are linked to increased 

levels of DNA repair of cisplatin induced DNA damage, resulting in drug resistance 

{Selvakumaran et al. 2003). Supporting this evidence, there are low levels of XPA and
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ERCC1 gene expression in Testicular cancer, which is generally very responsive to 

cisplatin treatment {Welsh et al. 2004).

Homologous recombination (HR) is another DNA repair process which is involved in 

repairing DNA damage induced by platinum adducts. HR is used to repair double 

stranded (DS) breaks in DNA strands. DS breaks are very damaging to the cell and a 

large volume of breaks will lead to cell death signalling. DS Breaks are caused by a 

collapse in the replication fork after the replication machinery meets platinum adducts 

bound to the DNA strands. HR uses the homologous chromosome to repair the DS 

break ensuring that the right sequence is maintained keeping the genome stable. It is 

generally regarded as a highly conserved, error free system that takes place in the G2 

and S phase of the cell cycle. However, this leads to loss of heterozygosity at the site 

of repair {Hartlerode et al. 2009, Helleday et al. 2007\ Sancar et al. 2004).

The RAD50;MRE11:NBS1 (MRN) complex acts early on in the process of HR by 

recognising and binding to damaged DNA from DS breaks. MRN activates and 

increases the ataxia telangiectasia-mutated (ATM)’s affinity for its molecular targets by 

undergoing conformational changes and directly interacting with ATM kinase and Nbs1 

{Lee et al. 2004). ATM kinase will then phosphorylate and activate a number of targets 

which include NBS1, H2AX, FANCD2 and BRCA1 which are involved in DNA repair 

{Jacquemont et al. 2007\ Savic et al. 2009). BRCA1 binds and phosphorylates CtIP 

which aids in the processing of DS break ends and results in 3’ overhangs of single

stranded DNA (ssDNA) {Chen et al. 2008a). RPA has high affinity for ssDNA and so is 

quick to coat it. BRCA2 is involved in displacing RPA and loading RAD51 into its place 

{Jensen et al. 2010). The RAD51 protein is important in strand invasion and 

recognising homologous sequences in the neighbouring chromosome. RAD51 actively 

searches for homologous sequences in DNA {Bianco et al. 1998). The invading 3’ 

strand sets up a D-loop intermediate and initiates DNA synthesis using the homologous 

DNA strand as a template. If the D-loop is successful in capturing the second end of 

the broken DNA strand a Holiday Junction forms. RAD54 is a strong candidate for the 

promotion of branch migration, as it can bind many substrates which resemble one end 

of the D-Loop. This promotes branch migration in either a 3’-5’ direction or a 5 -3 ’ 

direction {Bugreev et al. 2006). The resolution of the Holiday Junction can be mediated 

by a number of different complexes. BLM, a protein translated from the Bloom’s 

syndrome gene in complex with topoisomerase ilia, is able to dissolve double Holiday 

Junctions and form non-crossover products {Wu et al. 2003). Also Holiday Junctions 

can be cleaved by the MUS81-EME1 complex resulting in crossovers with an 

exchange in flanking markers {Constantinou et al. 2002). Lastly, the resolvase GEN1
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can mediate Holiday Junction resolution through symmetrical cleavage {Ip et al. 2008). 

Figure 1.7 illustrates the process of HR.

Proteins involved in HR may be useful as markers of resistance. For example, RAD51 

has already proven to be a useful marker for platinum resistance in non-small cell lung 

cancer (NSCLC). It was found that the RAD51 protein, in combination with the ERCC1 

protein, can be an effective marker of resistance from surgically excised tissue samples 

taken from 41 NSCLC patients {Takenaka et al. 2007). Further evidence for RAD51’s 

role in platinum resistance comes from a pilot study examining RAD51 protein 

expression in head and neck cancers. It was concluded that high expression of the 

RAD51 protein lead to poor long term survival and could be used as a resistance 

marker (Connell et al. 2006). From a study on ovarian cancer cell lines, it was found 

that BRCA1 is required for the recruitment of RAD51 to DNA damage sites induced by 

platinum exposure. This process may be a contributing factor in platinum resistance in 

ovarian cancer {Zhou et al. 2005). Germline mutation of BRCA1 and BRCA2 of the HR 

machinery are one of the main risk factors associated with ovarian cancer {Pal et al. 

2005] Risch et al. 2001\ Rubin et al. 1998). A recent study has revealed that 18.3% of 

ovarian cancer patients will have germline BRCA1/2 mutations {Hennessy et al. 2010). 

90% of inherited epithelial ovarian tumours have BRCA1/2 mutation and are linked to 

having better prognosis than cells with functional HR due to increased sensitivity to 

platinum compounds {Ben David et al. 2002] Cass et al. 2003\ Tan et al. 2008). 

However, BRCA1/2 mutated patients also develop resistance. This is thought to be a 

result of secondary mutations in the intrinsic region of BRCA1/2 genes that re-align the 

open reading frame. This results in a functional protein that re-establishes HR function 

{Edwards et al. 2008, Sakai et al. 2008, Sakai et al. 2009] Swisher et al. 2008). 

However, this is not the case in all BRCA1/2 resistant cells. Further studies are 

required in this area. BRCA1/2 and resistance will be further discussed in section 1.7.3.

Other mechanisms of repairing DS breaks include non homologous end joining (NHEJ) 

and single strand annealing (SSA). NHEJ directly ligates broken ends of DNA strands 

causing deletions or mutations in DNA sequence, while SSA anneals both sides of the 

complementary DNA on broken strands causing loss of repeats and DNA sequences 

between repeats {Hartlerode etal. 2009] Helleday et al. 2007] Sancaret al. 2004).

1.4.5 Inhibition of apoptosis

Platinum resistance can be mediated via the inhibition of apoptotic signalling. There are 

two main signalling pathways for apoptosis; the intrinsic (mitochondrial) and extrinsic 

pathways (receptor mediated).
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Figure 1.7 Overview of homologous recombination.

Adapted from {Helleday et al. 2007)

The intrinsic pathway can be induced by DNA damage caused by platinum therapy. 

Most chemotherapy drugs in clinical use target the intrinsic pathway of apoptosis 

{Pennington et al. 2010). We see in the intrinsic pathway, the mitochondria release of 

Cytochrome C in response to apoptotic stimuli. Cytochrome C will bind to Apaf-1 in the 

cytoplasm, which results in ologomerisation and further binding to procaspase-9. This 

complex, termed the apoptosome, gathers procaspase-9 molecules closely together 

and causes the activation of effector caspases-3, -6 and -7 via self activation 

recruitment of the enzymes. This process will eventually end in cell death {Pennington 

et al. 2010). See Figure 1.8.

The activation of the PI3k/Akt pathway can increase resistance in ovarian cancer. 

About 30% of ovarian cancers show activation of this pathway and it is believed to be 

one of the early events in cancer initiation and progression {Landen et al. 2008). The 

activation of the PI3k/Akt pathway results in the expression of NFkB, which inhibits Bcl- 

2 family member Bad, a pro-apoptotic factor that inhibits apoptosis. Cisplatin 

cnemoresistance in ovarian cancer cell lines nas been shown to be diminished when 

PI3k/Akt pathway is inhibited {Yang et al. 2006).
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Figure 1.8 Intrinsic pathway of cell death.

DNA damage triggers the action of p53, which leads to BH3-only proteins activation. BH3-only 

proteins are able to activate pro-apoptotic proteins Bax or Bac or can sequester BCL-2 and 

BCL-XL, which are anti-apoptotic factors. Bax and Bad can act on the mitochondria causing 

increased permeability of its outer membrane, allowing for the release of cytochrome C and 

Smac/Diablo. Cytochrome C will form a complex with apaf-1 and procaspase-9 molecules to 

form the apoptosome complex. This complex will cause auto-activation of caspase-9 which 

activates downstream caspases-3, -6 and -7 which lead to cell death by apoptosis. This 

pathway is regulated by Xiap and Akt. Xiap inhibits the activation of caspases. Akt has a 

number of modulatory roles. Akt can inhibit caspase-9 and also cause the expression of Xiap to 

further inhibit caspase activity. It also reduces the mitochondrial release of cytochrome C and 

Smac/Diable and can block Bad activity, which causes increased permeability of the 

mitochondrial outer membrane. Smac/Diable can also regulate the system by binding to and 

inhibiting Xiap. Figure adapted from {Pennington etal. 2010)
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Aberrant expression levels of Bcl-2 family members, which regulate cytochrome C 

release, have been shown to influence chemoresistance. Over expression of Bcl-2, 

Bcl-XL and Mcl-1, which are anti-apoptotic proteins in the Bcl-2 family, are associated 

with increased resistance to cisplatin chemotherapy. In particular, in ovarian cancer, 

amplified expression of Bcl-XL and Mcl-1 shows strong correlation to chemoresistance. 

Cisplatin chemotherapy is improved in vitro by inhibiting these two proteins {Brotin et 

al. 2010\ Villedieu et al. 2007). Furthermore, down-regulation or mutations in certain 

Bcl-2 family members can confer resistance to chemotherapy. For example, down- 

regulated expression or mutated expression of the BAX gene shows poor response to 

chemotherapy and reduces survival in metastatic breast cancer patients {Krajewski et 

al. 1995).

It has been shown that differential function of apaf-1 can play a role in chemo 

resistance in ovarian cancer. It has been found from cystolic extracts of ovarian 

carcinoma cell lines and primary tumour samples that the ability to activate 

procaspase-9 in the presence of cytochrome C and dATP was deficient when 

compared to control extracts. In particular, SKOV3 which has reduced apoptosome 

activity was more resistant to chemotherapy-induced apoptosis when compared to cell 

lines with functional Apaf-1 activity. This shows that the ability to form a functioning 

apoptosome inhibits activation of caspase-9 which normally induces cell death and 

renders cells more chemoresistant {Liu et al. 2002). As well as the apoptosome 

influencing procaspase-9 activation, the Xiap protein can also block caspase-9’s 

apoptotic ability. Xiap is a member of the lap family of proteins, which are inhibitors of 

apoptosis through caspase interaction. Under expression of Xiap renders cells more 

chemo-sensitive and improves cisplatin treatment {Cheng et al. 2002). Xiap protein 

over expression has been linked to cisplatin mediated chemoresistance in ovarian 

cancer cell lines {Li et al. 2001).

The extrinsic apoptotic pathway is activated through specific ligands binding to specific 

receptors that initiate apoptotic signalling. The receptors in question belong to the 

tumour necrosis family or the nerve growth factor receptor superfamily. Members 

include tumour necrosis factor receptor 1 (TNF-R1), tumour necrosis factor receptor- 

related apoptosis mediating protein (TRAMP), tumour necrosis-related apoptosis- 

inducing ligand (TRAIL) and FAS. The main ligands associated with these receptors 

and activation of this pathway are FAS, TNF and TRAIL. Binding of these ligands 

causes the activation through trimerization of receptors. The cytoplasmic domain of the 

receptor, termed the death domain (DD), recruits adaptor proteins to the death- 

inducing signalling complex (DISC) to which they bind. This activated complex will
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recruit pro-caspase-8 and pro-caspase-10 which, upon activation through 

autocatalysis, will ultimately activate effector caspases -3, -6 and -7. This will lead to 

apoptosis {Pennington e ta i 2010). See Figure 1.9.

There are a number of ways that the extrinsic pathway could influence 

chemoresistance. One way is by over-expressing decoy receptors on the cellular 

surface. DcR3 has been found on the surface of a large amount of different cancer cell 

types. DcR1, DcR2 and DcRS have no intracellular signalling domain and bind 

Apo2L/TRAIL ligands. Sequestration of ligands by decoy receptors and blocking the 

apoptotic signal is speculated to be one form of chemoresistance for cancer cells 

{Ashkenazi 2002).

The Fas-associated death domain (FADD) is one of the adaptor proteins that may be 

recruited to the DD in order to form the DISC. The anti-apoptotic FLICE inhibitory 

protein (FLIP) can block apoptotic signalling by competing with pro-caspase-8 and pro- 

caspase-10 by binding to FADD. It can also inhibit pro-caspase-8 by associating with it 

and inhibiting its binding to FADD {Krueger et al. 2001). It has been found that cisplatin 

chemotherapy in ovarian cancer cell lines causes the ubiquitination and subsequent 

degradation of FLIP, thus rendering it unable to inhibit apoptosis. However, Akt can 

block cisplatin ubiquitination of FLIP in a p53-dependent manner promoting 

chemoresistance {Abedini et al. 2008).

1.4.6 Mutations in p53

A mutation causing inactivation of gene product in the TP53 tumour suppressor gene 

occurs in 50-70% of ovarian cancer patients {Ferreira et al. 1999). p53 the protein 

product of this gene acts as a transcription factor. The main functions of p53 are to 

block cell cycle progression and initiate DNA repair, and initiate apoptosis in response 

to cellular stresses such as DNA damage that can be inflicted by platinating agents 

{IHanahan et al. 2000). In this way, p53 acts to maintain genetic stability. Therefore, 

when a cell is exposed to DNA damaging agents, there are two possible scenarios 

depending on the response by p53. In one scenario, p53 can mediate chemosensitivity 

by inducing apoptosis, while in the second scenario chemoresistance can be the result 

of cell cycle arrest and initiation of DNA repair {Ferreira et al. 1999). Loss of function 

mutation in p53 can therefore cause chemoresistance through loss of p53-mediated 

apoptosis or halting the progression of damaged cells through the cell cycle. It has 

been shown that mutation in p53 is associated with a lack of response to high-dose 

cisplatin chemotherapy in advanced ovarian carcinoma {Righetti et al. 1996). 

However, it must be noted that cellular p53 function is not straightfonward and it is
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Figure 1.9 Extrinsic pathway of cell death.

Binding of ligand to receptor causes trimerization of the receptor and recruitment of adapter 

molecule FADD. Active FADD will bind procaspase-8 or -10 which will become auto activated 

and consequently activate downstream effector caspases-3, -6 and -7. Caspase-8 can also 

cause the cleavage of Bid a member of the Bcl-2 family to its active form. Bid allows for 

crosstalk between the extrinsic and intrinsic pathway. FLIP can regulate the extrinsic pathway 

by competitively binding FADD and blocking the binding and activation of pro-caspase-8. Figure 

adapted from (Pennington etal. 2010).

involved in many different cellular pathways. Therefore, its response to 

chemotherapeutics is not always the same, depending on the cell’s state or preferential 

mechanism of p53 activity. In some models. In vitro studies have revealed that 

inactivation of p53 leads to cellular resistance {Fan et al. 1994), while in other models 

loss of p53 function can incur chemosensitivity to DNA damaging agents {Fan et al. 

1995).
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1.5 Taxane chemotherapy

1.5.1 Taxol and docetaxel

The first taxane agent to be found to have activity in human carcinomas was paclitaxel 

(Taxol), which was first isolated and characterized in 1971. It was originally extracted 

from the bark of the rare Pacific yew tree, T. Brevifolia, in the late 1960’s as part of the 

National Cancer Institute (NCI) screening program to identify anticancer agents from 

thousands of plant species. Its chemical formula is C47H51O 14 and it has a molecular 

weight of 853.9. Taxol has a complex structure in the form of a ring system that is 

linked to a four-member oxetan ring at positions C 4  and C 5  and to an ester side chain at 

C i3 Its structure ensures that it is lipophilic, is insoluble in water and melts at 217°C. In 

1979 it was found that cell division was prevented in cancer cells exposed to the agent 

by the promotion of microtubule assembly {Sciffet al. 1979).

Initially taxol’s potential as an anticancer agent was not recognised as it did not seem  

to be more effective than other agents that were in use at the time. Also, the 

procurement of this scarce natural product was deemed to be too cost and labour 

intensive. It was not until the 1980’s that its true potential was recognised, as it had 

great activity in nude mice with human tumour xenographs. It was then entered into 

phase I clinical trials by the NCI {Oberlies et al. 2004). Due to the scarcity of this agent, 

taxol has since been generated in a semi-synthetic process, which involves a precursor 

1 0 -deacetylbaccatin taken from the needles of other yew species including the readily 

available European yew T. baccata {Rowinsky 1997).

After the success of deriving taxol in the above semi-synthetic route, further research 

began to derive taxoid analogues that might be more efficient and less toxic than taxol. 

The most notable analogue to have been developed to date is docetaxel (Taxotere). 

Docetaxel was developed in a semi-synthetic manner in a similar way to taxol. It also 

involves the 10-deacetyl baccatin III precursor extracted from the needles of the 

European yew T. baccata. The main structural differences between docetaxel and taxol 

are that docetaxel show two modifications. A hydroxyl group replaces an acetyl group 

in the 10 position of the baccatin III and a O C (C H 3)3 moiety replaces a benzamide 

phenyl group at the 3' position on the C13 side chain {Bissery et al. 1995).

The main mechanism of action utilised by taxanes is the binding of the agent to p- 

tubulin subunit of microtubules within the cell. Structurally, microtubules are hollow 

tubes of about 25nm diameter that extend from the microtubule-organizing centre of 

the centrosome in the cytoplasm of cells in interphase {Nogales 2001). Microtubules
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are made up of a backbone of tubulin dimers and microtubule associated proteins 

(MAPs) {Kirschner 1978). Alpha- and beta-tubulin peptides form tubulin dimers, 

stiochiometrically switching between growing and shrinking phases. There are a 

number of different alpha- and beta-tubulin isoforms (six for each in total), which have 

slightly different amino-acid sequences with functional specificity. Microtubules have 

many important functions within the cell. They play a role in cell division, intracellular 

transport, axonemal motility, morphogenesis and migration. The dynamic behaviour of 

microtubules in these functions is hugely important. They are able to assemble and 

disassemble in a matter of seconds to a number of hours. These dynamics are due to 

the biochemical properties of the ap-heterodimer which comprises the basic elements 

of microtubules. The dynamics of the microtubule assembly and disassembly is 

controlled by an array of biochemical entities and MAPs which can be modified by 

different reagents and drugs {Nogales 2001). Ordinarily, after assembly of the a(3- 

heterodimer GTP bound to p-tubulin can hydrolyze to GDP allowing disassembly of the 

microtubule structure. The binding of taxol and other taxanes to the N-terminal 31 

amino acid of (3-tubulin subunit results in an unusually stable and rigid structure that 

resists depolymerisation. This can occur even when GTP and microtubule-associated 

proteins are not present, which are normally needed for the process of tubule 

polymerization {Manfredi et al. 1984\ Rao et at. 1995). Lag time in microtubule 

assembly is reduced in the presence of taxanes promoting the assembly of 

microtubules with a rigid structure. Thus the highly dynamic behaviour of microtubules 

is disrupted, which can result in abnormal mitosis, ultimately leading to initiation of cell 

death signals {Xiao et al. 2006). Docetaxel has been found to have a 1.9 fold higher 

affinity for binding to P-tubulin than taxol and causes tubulin polymerization at a 2.1 fold 

lower critical tubulin concentration. The initial rate at which polymerization occurs and 

the amount of polymer formed is greater for docetaxel. It does, however, bring greater 

toxicity due to its greater potency {Diaz et al. 1993).

Disruption of mitosis is the main cause of cytotoxicity after exposure to taxanes. 

Spindle formation, chromosome segregation or completion of mitosis can all be 

affected which can cause the activation of mitotic or DNA-damage checkpoints 

blocking cell cycle progression and activating specific apoptotic pathways. A number of 

different microtubule processes can be affected by taxane’s method of action, 

depending on the cell cycle stage. Its main mechanism of action is disorganisation of 

microtubules, which causes cellular arrest at the G2/M phase of the cell cycle. This 

results in apoptotic signalling {Downing 2000, Jordan et al. 1998). Casase-3 and -8, 

hyperphosphorylation of Bcl-2 and in increase in Bax expression are linked to taxol

36



cytotoxicity. These are all proteins of the apoptotic pathway {Ganansia-Leymarie et at. 

2003] Wang et at. 1999). Disruption of cell growth and metabolism by taxanes can also 

result in cell death signalling. It has been suggested that taxanes could cause 

impairment of centrosome function, leading to abnormal monopolar and multipolar 

spindles. This causes abnormal mitosis and cell death through apoptosis {Abal et al. 

2003).

1.6 Mechanisms of taxane resistance

Taxane-containing regimens in ovarian cancer chemotherapy can cause relapse with 

taxane-resistant disease. Some of the most extensively reported on mechanisms of 

taxane resistance are the expression of different isotypes of the |3-tubulin subunit 

{Kavallahs 2010), the over-expression of the MDR1 gene {Gottesman et al. 2002] 

O'Connor 2007), and the mutation in the gene that codes for (3-tubulin. Further to this, 

transcriptomic changes in the transcriptome may also play a role in taxane resistance.

1.6.1 MDRI/P-glycoprotein (P-gp, p i70) over-expression

The over-expression of P-gp is one of the main documented methods of taxane 

resistance. P-gp is a product of the MDR-1 gene. This gene is a part of a family of 

genes known as the adenosine triphosphate binding cassette genes, which can be 

found on chromosome 7. P-gp is a transmembrane ATP-dependant efflux pump. It has 

been shown to confer resistance to a wide variety of drugs including vinca alkaloids, 

anthracyclines, epipodophyllotoxins and taxanes by efficiently removing them from the 

cell {Juliana et al. 1976] Ueda et al. 1987).

The pump functions by the activation of ATPase activity by the substrate binding to the 

transmembrane region of the pump. This causes a conformational change that 

transports the substrate to the outer layer of the cell membrane and allows it to diffuse 

into the extracellular matrix. {Ramachandra et al. 1998) In order for the pump to be 

reset so that it can bind more substrate, hydrolysis at the second ATP site must occur. 

This completes one catalytic cycle for the transporter (Sauna et al. 2000).

There is significant evidence that points towards taxol being a substrate of P-gp and 

also that P-gp over-expression plays a role in taxol resistance. For example, it has 

been shown that taxol accumulates in the brain and gut of P-gp-deficient mice where 

P-gp expression had been knocked out. This shows how P-gp is responsible for 

preventing taxol from entering the brain through the blood brain barrier and for the 

biliary elimination of taxol from the gut (Schinkel et al. 1997). P-gp inhibitors, such as 

verapamil and elacridar, can sensitise cancer cell lines to taxol treatment (Hyafil et al.
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1993; Reinecke et al. 2000). Futhermore, elevated levels of MDR1 mRNA and p.gp 

itself have been documented in a wide variety of taxol resistant cancer cell lines, 

innplicating its role in taxane resistance profiles. The national cancer institute carried 

out a study using 60 cancer cell lines (NCl-60 panel) to correlate MDR1 expression 

with drug sensitivity profiles. It found that taxol sensitivity had a high negative 

correlation (-0.896) with MDR1 expression {Alvarez et al. 1995). Increasing levels of 

either MDR1 mRNA or P-gp has been shown to confer resistance to taxol in a number 

of cancer cell lines {Bhalla et al. 1994] Duan et al. 1999c, Parekh et al. 1997a] 

Schondorfet al. 2002). P-gp itself has also been put forward as being a useful indicator 

for taxol-based resistance in ovarian cancer {Duan et al. 1999c] Kamazawa et al. 2002] 

Parekh et al. 1997a] Schondorf et al. 2002). Over-expression of this protein is heavily 

linked with bad prognosis for patients with ovarian and breast cancers, sarcomas and 

other malignant disease {Hoffmann et al. 2010] Nakayama et al. 2002] Rodrigues et al. 

2008).

Resistance to taxanes can also be mediated by other transporters that can be involved 

in changing the intracellular concentration of the drug by increasing drug efflux or 

reducing drug uptake. MRP1, BCRP, LRP have been linked to taxane resistance as 

efflux pumps of taxane molecules in a number of cancer cells, including ovarian cancer 

{Borst et al. 2000] Cole et al. 1994] Duan et al. 1999c] Lee et al. 2000] Litman et al. 

2000] O' Driscoll et al. 2007] Roy et al. 2007). 0ATP1B1 and OATP1B3 have affinity 

for taxol and are expressed in ovarian cancer patient tissues and cell lines. Reduced 

uptake of taxol by 0ATP1B1 and 0ATP1B3 could be a mechanism of taxol resistance 

in ovarian cancer by reducing intracellular concentrations {Svoboda et al. 2011).

1.6.2 p-tubulin protein isotypes

There is a wide variety of different p-tubulin protein isotypes that have been 

documented to date. These isotypes include (31, pll, pill, piVa, piVb, pv, pvi. They are 

all expressed by different genes and found on different chromosomes throughout the 

genome. Some of these have tissue or cellular specific expression. They can also be 

acted on by post-translational modifications, which will change the way that MAPS 

interact with them, thus changing microtubule function. These changes are conserved 

in evolution and help the microtubule carry out specific microtubule based functions 

and also play a role in regulating microtubules specific properties, including stability 

and structure {Hammond et al. 2008). Because of the wide array of different isotypes, 

with varying functions available to the cell, it is not difficult to see how differential 

expression of p-tubulin isotypes could have a role to play in cancerous phenotypes. In
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fact, aberrant expression of p-tubulin isotypes have been shown to play a role in a 

number of different cancers resistant to taxanes, including ovarian, breast, non-small- 

cell-lung cancer, head and neck, pancreatic, gastric and pancreatic cancers.

In ovarian cancer tumours, increased expression in |3III tubulin protein has been 

observed in taxol resistance and has been shown to be associated with poor overall 

survival. Elevated levels of |3III tubulin protein in taxol resistant epithelial ovarian cancer 

were first documented in work carried out by Kavallaris et al. (1997). W hen compared 

to untreated primary ovarian tumours, it was found that tumours displaying taxol 

resistance had elevated levels in pi, pill and piVa tubulin protein isotypes. This was 

proposed to play a role in conferring resistance to taxol {Kavallaris et al. 1997).

A study by Panday et al. (1999) set out to find the main mechanisms involved in 

patients with taxol resistance by investigating three of the main mechanisms found in 

taxol resistance. They investigated over-expression of MDR1, mutations in a and P 

tubulin genes and over-expression of p-tubulin isotypes. They found that over

expression of p-tubulin isotype pill in ovarian tumour tissue was the main mechanism  

involved in taxol resistance for ovarian cancer patients {Panday et al. 1999). Backing 

up this work, poor overall survival in ovarian cancer has been linked with pill tubulin 

isotype protein over-expression. Ferrandina et al. (2006) found that the pill tubulin 

protein was expressed in 82.2%  of assessed patients with advanced ovarian cancer in 

their study after surgical debulking and prior to chemotherapy. After chemotherapy 

those expressing a higher amount of pill were found to have poor outcomes. It is 

suggested that evaluation of pill could be used as a marker to identify poor prognosis 

patients to be able to prescribe more aggressive and/or more targeted therapies 

{Ferrandina et al. 2006). Originally, it was believed that the pill tubulin isotype de

stabilised the dynamics of microtubules, thus counteracting taxane’s main mechanism  

of action (microtubule stabilisation) and conferring resistance {Derry et al. 1997). More 

recently, it has been put forward that the expression of this isotype may be an adaptive 

mechanism of survival for the cell when in unfavourable environments, particularly in 

oxygen-poor conditions and low nutrient environments. The protein isotype confers 

resistance by giving pro-survival signalling by being involved in a signalling cascade 

with other molecules (De Donato et al. 2012).

As well as pill tubulin over-expression, loss of pil tubulin expression has been linked 

to shorter progression-free survival in ovarian cancer. A  study carried out by Ohishi et 

al. (2007) shows that elevated levels of pill tubulin protein and loss of pil tubulin protein 

correlate with earlier recurrence of resistant tumours after taxane treatment {Ohishi et 

al. 2007).
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1.6.3 p-tubulin mutations

There is noteworthy in vitro evidence to demonstrate that mutations in (3-tubulin can be 

a mechanism of taxane resistance. Work carried out on taxol-requiring mutants of the 

Chinese hamster ovary (CHO) was among the first pieces of work indicating that 

mutation in p-tubulin can affect functionality of microtubules when subjected to taxol. 

These cell lines assemble low amounts of microtubule polymers and need taxol in 

order to carry out cell division. Due to mutations at amino acids 250-300 in Tax-18 a 

taxol-requiring mutant CHO cell line, cells were unable to form a full spindle apparatus 

in the absence of taxol. Normal spindles and mid bodies were able to be produced in 

the presence of taxol {Cabral et al. 1983).

In subsequent years Giannakakou et al. (1997) developed two taxol-resistant human 

ovarian cancer sublines from the 1A9 cell line that showed impaired taxol-driven 

polymerisation. It was found that point mutations had occurred in the HM40 isotype of 

P-tubulin in the two sublines. One had a mutation at nucleotide position 810 and the 

other at position 1092. All cells lines were able to retain taxol as normal and no MDR-1 

mRNA was detected. Exposure to taxol in parental cell lines caused increased 

polymerisation, while this was not the case in the resistant sublines. The reason for the 

resistance phenotype was hypothesised to be due to weakened interactions between 

P-tubulin and taxol caused by the mutations in p-tubulin {Giannakakou et al. 1997).

More recently, studies have produced increasing evidence supporting the link of 

mutations in P-tubulin and taxane resistance. In a study carried out by Yin et al. (2010), 

mutations of p-tubulin found in ovarian cancer patients were studied for their ability to 

induce resistance to chemotherapy drugs. It was found that three out of the four 

mutations were able to confer taxol resistance. These mutations were shown to 

counteract the effects of taxol on microtubule stability {Yin et al. 2010).

Taxol resistant CHO cell lines show a high frequency of mutations in p-tubulin. These 

mutations have been shown to confer taxol resistance in a number of cases {Yin et al. 

2007). However, one recent study has revealed that mutation in P-tubulin can also 

cause sensitivity to taxol. An amino acid mutation at L215 in P-tubulin was found to 

enhance taxol sensitivity in CHO cells. It is hypothesised that L215I substitution 

enhances the effectiveness of taxol binding to p-tubulin {Wang et al. 2005).

1.6.4 Genetic changes

Genetic instability caused by the cancerous phenotype can result in mutations that can 

cause both sensitivity and resistance to chemotherapeutics. Work on p53 status in
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taxol-resistant cell lines has revealed that loss of functional p53 may increase 

sensitivity to taxane therapy. Work carried out by Vasey at at. (1996) revealed that after 

transfecting a dominant p53-negative mutant into the A2780 ovarian cancer cell line 

with wild type p53, the cell line remained sensitive to taxol chemotherapy. Also, in this 

study, immature thymocytes taken from mice with non-functional p53 were 

demonstrated to be taxol sensitive {Vasey et al. 1996). This data suggests that 

screening for loss of p53 function could be a marker for taxol activity in otherwise 

resistant patients. Other studies have also shown that aberrant p53 function could 

confer increased taxol sensitivity. Using parental human colorectal cancer cell lines 

with wild type p53 and two transfected colorectal cancer cell lines with inactive p53, it 

was demonstrated that the cell lines with knocked out p53 function had significantly 

increased sensitivity to taxol {Rakovitch et al. 1999). The author suggested that this 

was not correlated with an increase in taxol-mediated mitotic arrest as in other studies 

but linked the method of cell killing to be via cytotoxicity in a p53 independent manner. 

Another study, using the IGROV-1 ovarian cancer cell line, developed a cisplatin 

resistant subline (IGR0V-1/Pt1) with mutant p53. This also showed increased 

sensitivity to taxol. In this case it was concluded that the mechanism of cell death 

imposed on the cells was due to loss in p53 dependant post mitotic spindle checkpoint 

resulting in delayed apoptosis {Cassinelli et al. 2001).

The methods by which cells lacking p53 function confer sensitivity to taxol are 

suggested to be many. It is thought that lack of p53 can increase the expression of 

microtubule associated protein 4. This results in increased microtubule polymerisation 

and increased taxol-associated binding to p-tubulin {Zhang et al. 1999). It has been 

elucidated that taxol can initiate apoptosis through the checkpoint of mitotic spindle 

assembly, changes in cyclin dependent kinase activation, and the c-Jun N-terminal 

kinase/stress-activated protein kinase. One of the main methods of taxol sensitivity, 

related to the loss of p53 function, may be that loss of p53 mediated G1 arrest could 

stimulate cells in reaching the G2/M phase of the cell cycle, causing cells to then enter 

mitotic arrest. Further to this, p21 cannot be expressed when p53 is not present to act 

as a transcription factor. This means that cells cannot be teased out of mitotic arrest in 

a p21 mediated fashion {Wang et al. 2000). It has also been suggested that cytotoxicity 

could be imposed by loss in p53-dependant post mitotic spindle checkpoint resulting in 

delayed apoptosis {Cassinelli et al. 2001).

The effects of aben-ant expression of both Bcl-2 and Bcl-XL, two anti-apoptotic 

proteins, and Bax and Bad, two pro-apoptotic proteins, all of the Bel family of proteins, 

have been shown to play a role in taxol resistance and sensitivity. The over-expression
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of Bcl-2 and Bcl-XL of the intrinsic pathway of apoptosis can be shown to mediate taxol 

resistance. For example, Sharma et al. (2000) carried out a study to investigate what 

factors are involved in taxol sensitivity in colon cancer. They found resistance to taxol 

to be multi-factorial. They showed that an increase in Bcl-2 expression was one of the 

causes for taxol resistance {Sharma et al. 2000). In another study, significant increases 

in Bcl-2 and Bcl-XL were found in taxol resistant leukaemia cell lines. In Bcl-2 and Bcl- 

XL transfectants of the ALM HL-60 cell line, a very high expression of the two proteins 

(5-fold for Bcl-2 and 10-fold for Bcl-XL) was needed to confer taxol resistance. This 

could mean that resistance mediated by these proteins only occurs after a certain 

threshold {Huang et al. 1997). Also, Bcl-2 has been shown to play a role in taxol 

resistance in breast cancer mediated by the Estrogen Receptor (ER) pathway. A study 

carried out by {Tabuchi et al. 2009) extensively shows that ER negative cells were 

sensitive to taxol and ER positive cells are resistant to taxol. It was shown that this 

resistance was coupled with an over-expression of Bcl-2, while ER negative cells 

sensitive to taxol showed no expression of Bcl-2. Expression of pro-apoptotic protein 

Bax was also examined in the ER positive and negative cells, but showed no significant 

differences in expression.

The combined over-expression of Bcl-2 and MDR1 has been shown to be a possible 

marker for predicting inefficiency in taxol chemoradiotherapy in NSCLC patients. Over

expression of both markers correlated to poor response and reduced progression free 

survival when treated with chemotherapy regimens, which include taxol {Maraz et al. 

2011 ) .

Many studies have demonstrated how over-expression of Bax and Bad is correlated to 

taxol sensitivity. It is of particular interest that Bax has been shown to reduce 

resistance in ovarian cancer in cells resistant to taxol. The authors speculate that the 

development of analogues to Bax could be used in order to target cells which are 

resistant to taxol {Strobel et al. 1998). Further evidence for Bad can be shown in a 

study investigating the effects of certain protein levels on cisplatin and taxol sensitivity 

in human head and neck squamous cell carcinoma. It was found that strong expression 

levels of Bax con'elated with significantly higher sensitivity of cells to taxol {Taguchl et 

al. 2004). Recent studies by Craik et al. (2010) have re-enforced the evidence that 

Bad over-expression is linked to taxane sensitivity in vitro and can act as a prognostic 

indicator for survival in breast cancer patients. The study has also found that the 

mechanism by which Bad infers taxane sensitivity is not linked to mitochondrial 

apoptotic signalling in breast cancer. Instead, it is indirectly involved by stimulating cell
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proliferation {Craik et al. 2010). This helps the mechanisms of taxane cytotoxicity, as 

taxanes target actively proliferating cells.

It has been shown that changes in spindle assembly checkpoint (SAC) protein Mad2 

effects sensitivity to taxol. Research has been conducted on ovarian cancer cell lines 

A2780 (taxol sensitive) and SC0V3 (taxol resistant) where Mad2 was knocked out. The 

contrast in taxol sensitivity was measured by MTT assays and was found to be 

significantly different. It was shown that reduced Mad2 expression resulted in a 

weakened spindle check point and caused aberrant expression in Bcl-2 proteins and 

conferred taxol resistance in the ovarian cancer cells. The involvement of Bcl-2 

proteins is believed to play a major part in this process of resistance (Hao et al. 2010). 

A subsequent study has shown that low expression of Mad2 is associated with poor 

progression free survival in ovarian cancer patients and may be a good marker for taxol 

resistant ovarian cancer {Furlong et al. 2012).

A number of studies have shown that MyD88 is an important prognostic factor for 

taxane resistance in ovarian cancer. This protein is an adaptor protein for TLR-4 

signalling, which is known to be involved in taxol resistance. High MyD88 expression 

predicts poor response to taxol chemotherapy and results in shorter disease free and 

overall survival and has been significantly correlated to tumour metastasis in ovarian 

cancer patients {Kim et al. 2012a, Silasi et al. 2006, Zhu et al. 2012).

The above studies and evidence all show how genetic changes in an unstable genome 

have the potential to affect taxane therapy by causing changes that affect sensitivity to 

taxane drugs.

1.7 BRCA1

BRCA1 is a tumour suppressor gene that is located on chromosome 17q21 and 

encodes a nuclear protein of 220kDa in weight and 1863 amino acids long. It contains 

an amino terminal RING finger domain which is highly conserved and involved in DNA 

binding and an acidic carboxyl terminal domain which is seen in many transcription 

factors {Monteiro et al. 1996).

BRCA1 was the first gene to be identified in breast cancer to be linked to susceptibility 

to the disease {Hall et al. 1990). By the age of 70, a BRCA1 mutation carrier has a risk 

of 50-70% of developing breast cancer {King et al. 2003). Furthermore, patients with 

BRCA1 mutations are at higher risk of developing ovarian cancer. Patients can have 

hereditary germline mutations or can develop spontaneous somatic mutations. The 

chances of having a hereditary mutation vary between different populations. Individuals
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with BRCA1 mutations iiave a lifetime risk of approximately 39-46% for developing 

ovarian cancer. It has been reported that about 10-15% of ovarian cancer patients will 

have BRCA1/2 mutations {Hennessy et al. 2009). A more recent study carried out by 

Hennessy et al. 2010 revealed that the incidence of BRCA1/2 mutations might be even 

higher in ovarian cancer patients. 235 samples from ovarian cancer patients were 

examined and it was found that 18.3% of these had BRCA1/2 mutations. Germline 

DNA was available for 28 of these patients and it was found that 39% of these did not 

have a BRCA1/2 mutation. Therefore, these patients developed somatic BRCA1/2 

mutations {Hennessy et al. 2010).

BRCA1 function has not been fully elucidated but it has been shown to have roles in a 

number of cellular functions including DNA damage repair (homologous recombination 

(HR) and mismatch repair (MMR)), initiation of apoptosis (if cell has too much damaged 

DNA), cell cycle regulation (including checkpoint function and chromatin remodelling), 

transcriptional control and ubiquitination {Kennedy et al. 2002\ Murphy et al. 2010). The 

role of BRCA1/2 in HR and MMR function is described in sections 1.4.3 and 1.4.4 

respectively. Its involvement in key DNA repair pathways renders cells with BRCA1 

mutation more sensitive to DNA damaging agents, such as platinums used in ovarian 

cancer treatment. Functional BRCA1 has recently been shown to play a role in the 

removal of bulky adducts from stalled replication forks inflicted by UV damage 

{Pathania et al. 2011). It plays a crucial role in enabling damage excision, damage 

repair, suppression of translational synthesis and correct progression past the G2/M 

checkpoint after UV damage.

Poly ADP ribose polymerase (PARP) inhibitors are a novel class of drug that are 

currently being trialled in BRCA1/2 deficient cancer cells. PARP1 is involved in the 

repair of single strand nicks in DNA. Failure to repair these nicks before replication will 

result in the replication process itself causing double stand breaks when these single 

strand breaks are reached {McGlynn et al. 2002). Cells which are BRCA1/2 deficient 

will be less capable of repairing double strand breaks due to the loss of BRCA1 

mediated HR. Thus, by inhibiting PARP1 from repairing single stand nicks, an 

accumulation of double strand breaks will occur, which will result in cell death 

signalling. This mechanism of action is known as ‘synthetic lethality’, as two separate 

repair pathways are inactivated resulting in cell death {Yap et al. 2011). The results of 

proof of concept clinical trials of the PARP inhibitor olaparib in breast and ovarian 

cancer patients with germline BRCA1/2 mutations have been encouraging as a 

chemotherapy intervention {Audeh et al. 2010\ Tutt et al. 2010).
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It is the loss of genomic integrity that is thought to be the main cause of tumourigenesis 

in BRCA1/2 deficient cells {Silver et al. 2012). Loss of HR may result in cells that rely 

on the more error prone mechanisms of DNA repair such as non-homologous end 

joining (NHEJ). This will result in many genomic wide mutations and instability. It has 

been shown that loss of BRCA1 leads to the production of telomeric chromosomal 

fragments that are no longer connected to centromeres, giving high levels of allelic 

imbalance extending from telomeric regions. This has been observed in both sporadic 

triple negative breast cancer and ovarian cancer and is thought to be an important 

event in the development of these tumours {Birkbak et al. 2012).

1,7.1 BRCA1 mutation

Familial BRCA1 mutations are most often minor changes. These mutations can occur 

along the full length of the gene. Most commonly, mutation results in a truncated 

protein that is the result of the mutation causing a premature stop codon. Also mRNA 

transcribed from a mutated BRCA1 gene could be degraded by nonsense-mediated 

mRNA decay (NMD) or be subject to exon skipping. This would mean the loss of gene 

product as result of missense or nonsense mutation {Liu et al. 2001). Mutations can 

also affect domains that are known to interact with other proteins such as BARD1, 

BRIPI and PALB2, which are also predictors of breast and ovarian cancer 

susceptibility. BRCA1 forms complexes with a number of proteins by which it carries 

out many of its functions.

The reversion of this mutation to wild type may be a mechanism for chemotherapeutic 

resistance in ovarian cancer patients that have presented with a mutated non

functional BRCA1 gene. This mechanism has been reported in platinum-resistant 

ovarian carcinomas. Initially, patients will be more sensitive to DNA damaging agents 

as they have defective DNA repair machinery due to non-functional BRCA1. Excessive 

DNA damage with the inability to repair it will result in apoptotic signalling and cell 

death. However, this susceptibility to DNA damage makes it possible to gain a second 

mutation in the BRCA1 gene, which could restore the open reading frame. This results 

in a functional BRCA1 protein after treatment with a DNA damaging agent. This would 

give these cells a selective advantage over cells without functioning BRCA1 as they 

would be able to repair damaged DNA more easily and survive. In theory, this would 

mean that these cells could outcompete other tumour cells with dysfunctional BRCA1, 

resulting in an overall tumour mass resistant to DNA damage associated agents, such 

as platinums and PARP inhibitors.
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Another theory suggests that BRCA1/2 resistance may arise in BRCA1/2 deficient 

tumours from a small subpopulation of cells in a tumour mass that have functional 

BRCA1/2. Drug treatment of the tumour selects for the resistant cells and kills off those 

deficient in DNA repair, leaving an overall tumour mass with functional BRCA1, which 

is resistant to chemotherapy. This theory stems from evidence obtained in the 

treatment of lung cancer and chronic myelogenous leukaemia {Dhillon et al. 201t, 

Ikeda et al. 2003). These cancers have been seen to have subpopulations of cells 

harbouring resistant mutations to their respective chemotherapy drugs, which become 

the main bulk of the tumour after selection by drug exposure, thus conferring 

resistance.

Evidence for acquired resistance from secondary reversion mutations in ovarian cancer 

has been shown in a study carried out by Swisher et al. (2008) who observed this 

phenomenon in a laboratory setting using clinical samples. The team analysed nine 

samples of recurrent BRCA1 -mutated ovarian cancer patients that had been previously 

treated with platinum. Five cases were initially platinum sensitive but became resistant 

and one case was initially resistant to platinum chemotherapy. Three out of the five 

tumours with acquired resistance and the initially resistant tumour, had a secondary 

mutation in the BRCA1 gene. Conversely, none of the remaining three sensitive 

samples had secondary changes in the BRCA1 gene. This study shows that secondary 

BRCA1 mutations occur frequently in platinum-resistant patient samples suggesting the 

above theories are plausible mechanisms of resistance.

Reversion mutations for BRCA2 conferring resistance have often been observed. 

BRCA2 is also largely important in DNA repair and is critical for HR like BRCA1. For 

example, deletions in the BRCA2 gene were shown to re-align the open reading frame 

in PARP-inhibitor and carboplatin acquired resistance {Edwards et al. 2008). Another 

study also published in Nature in the same year confirmed that secondary mutation in 

BRCA2 is a mechanism for acquired resistance to cisplatin {Sakai et al. 2008). The 

team’s evidence for this mechanism includes a secondary change in the BRCA2- 

mutated breast cancer cell line HCC1428, which re-established BRCA2 function. 

Cisplatin resistance in BRCA2 mutated Capan-1 cells was shown to be a result of five 

possible mutations in BRCA2 that restored the open reading frame. Another piece of 

evidence highlighted that all clones of cells with secondary BRCA2 mutations were 

resistant to both cisplatin and the PARP inhibitor AG 14361. Lastly, recurrent ovarian 

cancer patients with primary BRCA2 mutation which had acquired cisplatin resistance 

were shown to have reversion of BRCA2 to wild-type due to secondary mutation (Sakai 

et al. 2008). A follow up study by the same group also showed reversion mutations in
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ovarian cancer patients with acquired resistance. Saki et al. (2009) used three ovarian 

cancer cell lines (PE01. PE04 and PE06), which were serially derived from a BRCA2 

mutated ovarian cancer patient with acquired resistance to cisplatin. PE01 was BRCA2 

deficient and sensitive to cisplatin. However, PE04 and PE06 were BRCA2 proficient 

due to a secondary mutation which re-established the BRCA2 open reading frame. It 

was of great interest that the development of drug resistance to cisplatin and AG 14361 

in PE01 resulted in cells that were BRCA2 wild-type due to another mutation in BRCA2 

and were also cross resistant to both chemotherapeutic agents {Sakai et al. 2009).

The frequency of BRCA1/2 reversion mutations conferring platinum resistance in 

BRCA1/2 mutation carriers with ovarian cancer was investigated by Norquist et al. 

(2011). They found that 12 out of 26 platinum-resistant recurrent ovarian cancer 

patients had secondary mutations restoring the BRCA1/2 reading frame. This 

accounted for the patients that were platinum resistant in the presence of a reversion to 

wild-type mutation (approximately 46%). Only one in 19 platinum-sensitive patients had 

a reversion mutation (approximately 5%). This suggests that this may be a frequent 

event in BRCA1/2 mutation carriers who develop platinum resistance and it could be a 

predictor of platinum resistance. The authors also speculated that this may also be the 

case with resistance to PARP inhibitors but this was only investigated in six platinum- 

resistant ovarian cancer patients that were treated with PARP inhibitors {Norquist et al. 

2011). The three patients with a BRCA1/2 reversion had non/partial responses to 

PARP treatment, while the other three patients with no reversion had complete and 

partial responses.

1.7.2 Methylation of BRCA1

In ovarian cancer, it has been shown that the loss of BRCA1 gene product may be due 

to hyper-methylation of the promoter region of the gene and could be a component in 

cancer initiation or cancer progression. The first case in which hyper-methylation of a 

tumour suppressor gene was linked to carcinoma initiation was the methylation of the 

RB gene in sporadic retinoblastoma {Sakai et al. 1991). This phenomenon has since 

been seen in a number of different diseases. Recent examples include the tumour 

suppressor gene BLU, which is down-regulated by promoter hyper-methylation in 

myelodysplastic syndrome. Hyper methylation is thought to contribute highly to the 

development and etiology of the disease {Yang et al. 2012). The tumour suppressor 

gene PTX3 has shown similar evidence of down-regulation by hypermethylation in 

human oesophageal squamous cell carcinoma {Wang et al. 2011). For BRCA1 Rice et 

al (2000) has correlated reduced levels of BRCA1 mRNA with methylation of the
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promoter region In clinical human breast cancer cells. The hyper-methylation of BRCA1 

seems to be tumour specific and has been solely detected in sporadic ovarian and 

breast cancers which are the same tissues where familial mutation occurs {Rice et at. 

2000). One exception is sporadic lung cancer where hypermethylation has been 

detected in BRCA1 {Esteller et al. 2001).

In a population-based study it was shown that 12 out of 98 ovarian cancer patient 

samples (12.2%) had methylation of the BRCA1 promoter region {Baldwin et al. 2000). 

Methylation was not seen in patients with a family pre-disposition for the disease. For 

this reason it seems that this only happens in sporadic cases. From the population of 

sporadic cases sampled 12 out of 81 were methylated (15%) {Baldwin et al. 2000). 

Recently, a study on a panel of 41 ovarian cancer cell lines showed that there was 

remarkably less BRCA1 methylation than observed in the clinic. Two out of 41 cell lines 

(4.9%) had promoter methylation {Stordal et al. 2013). The study by Baldwin et al. 

(2000) also found that methylation status was stable in recurrent ovahan cancer. Of the 

six matched samples where recurrent ovarian tissues were available, two of the 

primary tumours were methylated and four were un-methylated. The methylation status 

remained identical in all six samples after recurrent disease {Baldwin et al. 2000).

It may be possible that promoter de-methylation of BRCA1 could also be under a 

similar selective pressure as seen with BRCA1 secondary mutations that causes drug 

resistance. In theory, de-methylation of the promoter region allowing for the re

expression of a functional BRCA1 gene product, could be a possible mechanism of 

acquired chemotherapeutic drug resistance.

1.7.3 BRCA1 in chemo-sensitivity and chemo-resistance

BRCA1 can influence chemotherapeutic responses. It has been shown that down- 

regulation of BRCA1 causes sensitivity to DNA damaging agents such as platinums 

{Foulkes 2006', Yuan et al. 1999). This down-regulation may be due to mutation in the 

BRCA1 gene causing loss of function or methylation of the gene promoter region. In an 

ovarian cancer study the response profile of cancer therapy drugs were tested, in 

relation to BRCA1 status, in a subpopulation of randomly selected Ashkenazi Jewish 

women, who have high percentage of hereditary BRCA1 mutation. It was found that 

patients receiving platinum chemotherapy had an improved prognosis when the 

BRCA1 mutation was present (Cass et al. 2003). It is believed that DNA adducts 

formed by platinums can cause the collapse of replication forks during DNA synthesis. 

This results in double-strand breaks, which are extremely unfavourable for cell viability. 

As BRCA1 plays a major part in homologous recombination, cells deficient in functional
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BRCA1 will be unable to repair the DNA damage, which explains their sensitivity to 

platinums. Other compelling evidence to indicate that BRCA1 down-regulation is 

correlated with platinum sensitivity became evident in the study by Lafarge et al. 

(2001), which showed that decreased expression of BRCA1 leads to cisplatin 

sensitivity in the breast cancer cell line HBL100. Interestingly, this same study showed 

that a decrease in BRCA1 conferred resistance to microtubule-interfering agents such 

as taxol {Lafarge et al. 2001). Chemoresistance was suggested to be linked to 

inhibition of the JNK pathway by transcriptional modification due to lack of BRCA1 

gene product.

In contrast to this, up-regulation of BRCA1 causes resistance to DNA damaging agents 

like cisplatin and sensitivity to microtubule-interfering agents such as taxol. A study 

using cisplatin resistant variants of the breast cancer cell line MCF7 (MFC7-CDDP/R) 

and ovarian cancer cell line SK0V3 (SK0V3-CDDP/R) gives evidence that cisplatin- 

resistance is a result of BRCA1 up-regulation. The study found increased levels of 

BRCA1 in these resistant variants and found that SK0V3-CDDP was more proficient in 

DNA damage repair compared to parental cells. By knocking out BRCA1 expression in 

this cell line, increased sensitivity to cisplatin was seen due to reduced efficiency in 

repairing DNA damage and higher rates of apoptosis {Husain et al. 1998). Another 

study using HCC1937 human breast cancer cells, which were BRCA1-deficient due to 

a mutation in the coding region, demonstrated that by re-expressing the BRCA1 

protein, cells reverted to being resistant to cisplatin and sensitive to taxol and 

docetaxel. These cells were originally more intrinsically sensitive to cisplatin and more 

resistant to the taxanes {Tassone et al. 2003). Evidence of sensitivity to microtubule 

interfering agents comes from the study of Rlghettl et al. (1996). It was reported that 

BRCA1 induces a more than 1000 fold increase in sensitivity to taxol. This study also 

shows that the G2/M arrest is mediated by BRCA1 in response to both DNA damage 

and microtubule interfering agents inferring differential function of BRCA1 by either 

inhibition or induction of apoptotic signalling {Rlghetti et al. 1996).

The above evidence shows that BRCA1 may have a major part to play in an ‘inverse 

resistance relationship’ between platinums and taxanes. The inverse relationship 

between cisplatin and taxol in cell models was examined through systematic review of 

the literature by Stordal et al. (2007b). It was found that in the majority of cellular 

models that had acquired drug resistance and reported sensitivities to platinums or 

taxanes, had an inverse resistance relationship between cisplatin and taxol. Other 

combinations of drug were also reported to have this relationship such as carboplatin 

and taxol, carboplatin and docetaxel and cisplatin and docetaxel. Observations were all

49



independent of cancer type, reported mechanism of resistance or agents that were 

used to develop resistance. Clinical trials of platinum and taxane salvage 

chemotherapy were also investigated. It was found that clinical responses to platinums 

and taxanes in ovarian cancer mirror that of cellular models displaying this inverse 

resistance relationship {Stordal et al. 2007b). A subsequent systematic review by the 

same team set out to investigate the major genetic players involved in this relationship. 

It was found that BRCA1 was the gene that was most associated with the inverse 

resistance relationship between cisplatin and taxol {Stordal et al. 2009). See Figure 

1.10 for graphic representation of the inverse resistance relationship between 

platinums and taxanes.

1.8 Ovarian cancer biomarkers

As ovarian cancers are extremely heterogeneous at a molecular level, the identification 

of biomarkers that could aid in improving treatment and outcome is a huge challenge. 

Contributing to the challenge is the lack of high-quality normal and cancerous tissue 

and biofluid specimens available for research that have well documented clinical data 

associated with them {Suh et al. 2009). Improvements in tissue banking will help in 

rectifying these issues and make biomarker research more accessible {Suh et al. 

2010). Over the last two decades, a number of potential biomarkers have been 

discovered for ovarian cancer, but only a small number have made it into the clinical 

setting. This may be due to the fact that the majority of these markers were only tested 

in cell line models and retrospective formalin-fixed paraffin-embedded biospecimens.

The majority of cun"ent biomarkers only predict what is already predictable by 

established clinical methods. Therefore, pathologists do not see the need to implement 

these in the clinic {Suh et al. 2010). The future scope for biomarker discovery should 

focus on finding stratified and predictive biomarkers. Aims for improving clinical 

methods in the future are to include molecular profiles into routine clinical workflows. In 

order to achieve this, researchers must identify a robust set of biomarkers that can be 

accepted by pathologists in medical centres with no ambiguity. Biomarkers can 

comprise of a combination of genes, proteins, miRNAs, SNPs and mutations that are 

derived from tissue and biofluids {Suh et al. 2010). Many potential biomarkers are 

currently undergoing development and are being entered into preclinical and clinical 

trials. These biomarkers have not yet lead to established panels that can be used for 

diagnosis, prognosis and efficiency platforms. In the future, a variety of combined 

biornarkers stemming froiTi genomiC (genes, mutations, SNPs, miRNA), proteoinic 

(peptides, proteins and modifications) and metabolomic (small, molecular
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Figure 1.10 Inverse resistance relationship between platinums and taxanes.

The left of the diagram represents reduced expression of BRCA1. This will mean reduced ability 

of the cell to carry out DNA repair. This results in sensitivity to cisplatin through increased 

apoptotic signalling and resistance to taxol by reduced apoptotic signalling. On the right hand 

side of the diagram we see the inverse occurring. Elevated expression of BRCA1 means that 

cellular DNA repair will be functional. This results in resistance to cisplatin by decreased 

apoptotic signalling and sensitivity to taxol by increasing apoptotic signalling. Diagram was 

adapted from {Stordal et al. 2009) with permission from the author.

intermediates, hormones, systemic compounds) studies will provide the clinic with 

suitable assay platforms for tailoring patient treatment, depending on the specific 

signature an individual patient with ovarian cancer displays (Suh et al. 2010). This will 

positively impact ovarian cancer treatment and should improve 5-year survival and 

overall survival. An example of a study that shows promise in the discovery of a 

biomarker panel for early detection of ovarian cancer comes from Mor et al. (2005). 

The team used protein microarray analysis to look at expression levels of 169 proteins 

in serum samples from 28 healthy women and 18 women with newly diagnosed 

ovarian cancer. There were significant differences in the expression of proteins 

between healthy and diseased patients. ELISA assays found four proteins (eptin, 

prolactin, osteopontin, and insulin-like growth factor-ll) that could distinguish between
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healthy individuals and ovarian cancer patients, including patients who were diagnosed 

with stage I or II disease {Mor et al. 2005). These proteins were further validated in a 

blind cross-validation study of 106 healthy individuals and 100 patients with ovarian 

cancer from stage l-IV disease. On their own, each protein was unable to distinguish 

between healthy individuals and diseased patients, but in combination they could 

discriminate between them with 95% sensitivity, 95% positive predictive value, 95% 

specificity and 94% negative predictive value.

The two main areas in ovarian cancer that limit clinicians’ ability to cure the disease are 

late diagnosis due to inadequate screening (discussed in section 1.1.4), and the 

persistence of drug resistant cells {Bast et al. 2009). Approximately 70% of ovarian 

cancers will respond to initial chemotherapy, however, 75% of treated patients will have 

recurrence of disease after treatment with cytoreductive surgery and combination 

chemotherapy with a median survival of two years following the recurrence. All 

relapsed patients eventually die from their disease (Ozo/s 2005). In more than half of 

the patients who relapse, residual cancer cannot be detected using imaging studies or 

the current set of serum biomarkers available after the first five months of treatment. A 

small number of drug resistant cells can persist for many months remaining dormant in 

the peritoneal cavity. They will then progressively grow, which leads to the death even 

after aggressive treatment of the recurrent decease. These mechanisms of resistance 

in ovarian cancer are poorly understood. The main aim of this thesis is to elucidate 

these mechanisms by discovering a novel set of biomarkers for chemoresistant 

disease using micro RNAs (mlRNA) and mRNA. Measurement of miRNA expression is 

much more sensitive than that of protein expression for example. They frequently 

target entire pathways and for this reason may be superior drug targets than genes or 

proteins {Pritchard et al. 2012). A robust overview of possible ovarian cancer 

resistance biomarkers could be obtained from the combination of mRNA and miRNA 

expression profiling {Miles et al. 2012). MiRNA represent a new frontier in cancer 

biomarkers that will aid in finding new molecular targets for chemoresistant disease 

and ultimately improve treatment and therapy response.

1.8.1 MiRNAs as novel cancer biomarkers

MiRNAs are small non-coding RNA molecules that are approximately 19-20 

nucleotides in size. They are encoded by the genome of plants, invertebrates and 

vertebrates. It has recently been discovered that miRNAs are an important class of 

gene regulators in tlie human genome. Approximately 1-5% of the human genome 

comprises of miRNAs and about 30% of human genes are regulated by miRNA
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function by interacting with mRNA targets as a post transcriptional regulator of gene 

expression {Lewis et al. 2005). They are involved in the regulation of diverse ranges of 

cellular processes including cell proliferation, cell differentiation, cell growth, cell cycle 

regulation and stress responses {Bartel 2004).

MiRNA are part of a number of small endogenous RNA molecules, which include 

ribosomal RNA (rRNA), transfer RNA (tRNA), small nucleolar RNA (snoRNA) and small 

interfering RNA (siRNA). MiRNA and siRNA are very similar. They are biochemically 

and functionally identical. They are the same length (19-20 nucleotides), they have the 

same 5’-phosphate and 3’ hydroxyl ends and are both assembled into the RNA- 

induced silencing complex (RISC) to regulate gene target expression {Ambros et al. 

2003] Kim 2005). The element that separates them is their origins. While miRNA is 

derived from the double stranded region of a 60-70 nucleotide hairpin loop precursor 

known as a pri-miRNA, the siRNA molecule is derived from long double-stranded RNA 

(dsRNA) {Ambros et al. 2003; David 2004\ Kim 2005). Initially, all RNA molecules that 

are assembled into RISC to mediate post transcriptional gene silencing were known as 

siRNA, but now siRNA and miRNA are classified and distinguished between.

The miRNA class of gene regulators was first discovered by Lee et al. (2003) who were 

studying the larval development of C. elegans. They discovered that the lin-4 gene 

transcribed a small 22 nucleotide non-coding RNA that regulated the lin-14 gene 

product via RNA-RNA interaction in its 3' untranslated region. This interaction blocked 

translation of lin-14 mRNA regulating its expression at a post transcription stage and 

consequently regulating the timing of early stage larval events {Lee et al. 1993). For 

many years after this finding was made, it was believed that the biogenesis of this 

small non-coding RNA as a gene regulator was an isolated event, as there was no 

evidence for the existence of any other similar non coding RNAs in nematodes or any 

other organisms. It was deemed to be a simple discovery. This view changed after the 

discovery of another 22 nucleotide RNA product of the Let-7 gene that targets mRNAs 

with complimentary 3' untranslated regions. As Let-4 acts early in development, Let-7 

has a similar function in late development. Soon after this finding, many homologues of 

Let-7 were found in a variety of species including vertebrates, ascidian, hemichordates, 

molluscs, annelids and arthropods {Pasquinelli et al. 2000).

Through bioinformatics and microarray studies, it has been found that a single miRNA 

can bind up to 200 separate mRNA targets where each target can regulate many 

diverse functions in the cell. This highlights the extent of miRNA’s regulatory capacity 

{Lewis et al. 2003). Another study suggests that a single miRNA can have up to one 

thousand mRNA targets {Miranda et al. 2006). This again highlights the huge
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regulatory capacity that a single miRNA may have in the cell, but also shows the 

complexity in developing targeted therapies.

It has been shown that aberrant miRNA expression plays a significant role in 

tumourigenesis where miRNAs can be defined to have both oncogenic and tumour 

suppressor functions (D/ Leva et al. 2010). Their genes are often found in genomically 

unstable regions including loss of heterozygosity (LOH) regions, fragile sites or regions 

that are often subjected to deletions or amplifications (Garzon et al. 2009). They play 

central roles in cancer biology by influencing the regulation of cancer-stem-cells, 

angiogenesis, epithelial to mesenchymal transition (EMT), metastasis and drug 

resistance. Deregulation of miRNA will affect their target mRNA expression, which has 

a knock on effect on protein translation. This presents the opportunity to exploit this 

aberrant expression by examining miRNA expression profiles of germline versus 

tumour cells and improving the diagnosis and treatment of many human diseases, 

including ovarian cancer {Shah et al. 2009\ Zhang et al. 2006). This idea can also be 

applied to chemotherapeutic resistance. Novel markers for resistance could be found 

by examining miRNA expression profiles of resistant cell lines and comparing these to 

parental tumour cells with the intention of specifying treatments to particular resistance 

profiles and increasing chances of improving progression free survival.

The first published study that linked aberrant miRNA expression to cancer was a study 

carried out by {Calin et al. 2002) in B-cell chronic lymphocytic leukaemia (CLL). Their 

study revealed that miR-15 and miR-16 were down-regulated through the deletion of a 

region in chromosome 13q14 where the genes for these miRNAs reside. This deletion 

occurs in more than 50% of CLL cases. These genes are either deleted or down- 

regulated in about 68% of all CLL cases. The first study that linked miRNA expression 

to ovarian cancer was Zhang et al (2006). It showed that 37.1% of genomic loci 

containing known miRNA’s had altered DNA copy number {Zhang et al. 2006).

1.8.2 MiRNA biosynthesis and function

The biogenesis of miRNA begins with the transcription of pri-miRNA in the form of long 

primary transcripts more than 1kb in size in a stem loop structure from miRNA coding 

regions. MiRNAs in the genome are most often found in clusters and spread out in 

various different regions. Transcription and regulation of miRNA will differ depending 

on their location. Most commonly, miRNA coding regions are found in intergenic 

regions and introns of protein coding genes. It is presumed that intergenic miRNAs are 

transcribed by their own promoters and can result in one pri-miRNA being processed 

into a number of mature miRNAs. MiRNAs that are transcribed from intronic regions
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are transcribed in tandem with the primary transcript by the same promoter {Rodriguez 

et al. 2004] Saini et al. 2007\ Ying et al. 2010).

After transcription from an intergenic region, one end of the pri-miRNA is processed in 

the nucleus by the endonuclease Drosha RNase III and double-stranded RNA binding 

domain (dsRBD) protein DGCR8 {Han et al. 2004). Drosha cleaves both strands in a 

staggered manner at about 11 bp from the base leaving a two nucleotide overhang at 

the 3’ end, making a 60-70 nt sequence in a hairpin loop {Han et al. 2006). This 

cleaved product is termed pre-miRNA. This acts as a precursor to miRNA. The cut 

made by drosha makes one end of the mature miRNA {Lee et al. 2003). Pre-miRNA is 

then transported to the cytoplasm by the export receptor Exportin-5 and Ran-GTP 

{Lund et al. 2004). For intronic transcripts there are two theories for the generation of 

the pre-miRNA; it may occur simultaneously or independently of the mRNA transcript 

{Kim et al. 2007).

After active transport to the cytoplasm, another RNase III endonuclease called dicer 

processes the opposite end of the pre-miRNA, that drosha had previously cleaved 

while in the nucleus. Dicer’s function in miRNA processing was first elucidated from 

work carried out on C. elegans {Grishok et al. 2001, Ketting et al. 2001). Dicer binds to 

the 3’ overhang created by drosha by its PAZ domain along with another dsRBD 

protein TRBP, which allows it to position the pre-miRNA correctly for cleavage 

{Chendrimada et al. 2005). Dicer can then cleave off the terminal base pairs and the 

loop of the pre-miRNA. Cleavage of pre-miRNA results in an approx 22 nt duplex, 

which is made up of the mature miRNA transcript and a fragment made up of the 

opposing arm of the pre-miRNA. The duplex is characterized by having a 5’ phosphate 

and a 2 nt 3’ overhang, which is characteristic of RNase III processing (Lee et al. 

2002). This duplex is short lived and is taken up by the RISC. This complex is made up 

of dicer, ago and TRPB {Gregory et al. 2005). Helicase separates the two RNA strands 

resulting in the mature miRNA strand being retained in the RISC. The other strand is 

degraded.

RISC is involved in identifying target mRNAs through perfect or near perfect 

complimentary base-pairing of the miRNA bound to RISC and the target mRNA. 

Perfect binding will result in the degradation of mRNA through endonuclease mediated 

cleavage of nucleotides pairing at residue 10 and 11. Non perfect base-pairing results 

in a translational block for the mRNA in a process which is not yet known. These two 

scenarios confer post-transcriptional gene silencing by mlRNAs {Elbashir et al. 2001a\ 

Elbashir et al. 2001b\ Hammond et al. 2000). An overview of miRNA biogenesis can be 

seen in Figure 1.11.
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Figure 1.11 Overview of miRNA biogenesis.

In the nucleus RNA polymerase II or III transcribes pri-miRNA from a miRNA gene. This is then 

acted on by drosha and DGCR8. Drosha cleaves the pri-miRNA to form pre-miRNA. The pre- 

miRNA is transported from the nucleus to the cytoplasm my exportinS and ran-GTP. In the 

cytoplasm dicer and TRBP act on the pre-miRNA. Dicer cleave the miRNA to form a miRNA 

duplex. Helicase then separated the strands of the duplex and one of the miRNA strands gets 

taken up by the RISC complex. The miRNA can now target specific mRNAs due to 

complementarities of the miRNA sequence and the 3’ end of the mRNA sequence. Depending 

on how strong the strands sequences complement each other the mRNA will either become 

blocked from translation or degraded.

1.8.3 MiRNA expression analysis in ovarian cancer

Aberrant expression of miRNAs can result in disease phenotypes such as carcinoma 

(D/ Leva et al. 2010). This aberrant miRNA expression presents us with an opportunity 

to characterise these changes and link mlRNA expression to particular disease states. 

A study carried out by Lu et al. (2005) showed the potential of miRNA profiling. It
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analysed the expression patterns of 217 mammalian miRNA’s in 334 samples and 

found that there was generally a down-regulation of miRNA’s in tumour tissues when 

compared to normal tissue. The study was able to successfully classify poorly 

differentiated tumour samples with miRNA profiling where mRNA profiling failed on the 

same samples (Lu et al. 2005).

The first study to link miRNA expression to ovarian cancer was undertaken by Zhang et 

al. (2006) which showed that 37.1% of miRNA genes in ovarian cancer exhibited DMA 

copy number alterations, which correlated to altered expression of miRNA {Zhang et al. 

2006). In 2008, our group and others showed that low expression levels of dicer, 

drosha and elF6, involved in the miRNA biogenesis machinery, were linked to poor 

clinical outcome in ovarian cancer {Flavin et al. 2008] Memtt et al. 2008b).

Numerous studies have taken place since miRNA expression patterns were first linked 

to ovarian cancer. One of these studies aimed to profile miRNA signatures in human 

ovarian cancer shortly after this discovery by using specialised miRNA microarrays 

{lorio et al. 2007). The team of scientists found that they could clearly differentiate 

between normal and cancerous ovarian tissue by examining the miRNAs that were 

differentially expressed between them. The most significant changes found were over

expression of miR-200a, miR-141, miR-200c and miR200b and under-expression of 

miR-199a, miR-140, miR-145 and miR-125b-1 in tumour tissue compared to normal 

ovarian tissue. They were also able to identify specific miRNAs that may be involved in 

bio-pathogenic features such as histotype, lymphovascular and organ invasion and 

modifications to the ovarian surface. They concluded by remarking that their results 

demonstrate how miRNAs could be involved in tumour pathogenesis in epithelial 

ovarian cancer. They postulated that miRNA’s may be involved in the development, but 

not progression, of ovarian cancer and that a possible mechanism for the aberrant 

expression of miRNA may be due to altered miRNA gene methylation. Demethylation 

treatments revealed that miR21, miR203 and miR-205 became up-regulated.

Subsequently, Dahlya et al. (2008) carried out a different study profiling miRNA 

expression in ovarian cancer using miRNA microarrays. Their study found a number of 

miRNA’s such as miR-221 and miR-146b that were over-expressed and mlR-21 and 

let-7f that were under-expressed in ovarian cancer cell lines and tissue compared to 

ovarian surface epithelial cell-lines immortalised with E6 and E7. This study yielded 

many different results when compared to previous studies. The authors suggest that 

the results of their study could be a more accurate predictor of miRNAs that are likely 

to be linked with ovarian cancer than previous studies. This was because the team 

used immortalised ovarian surface epithelial (lOSE) cells as a control while other
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studies (such as lorio et al. (2007)) used whole ovaries {Dahiya et al. 2008). The use of 

whole ovaries Is not believed to be an appropriate control, as the bulk of the ovary 

contains many different cell types and only a small portion being epithelial cells. They 

then identified mRNA targets for the differentially expressed miRNA but found that 

there was little overlap between predicted targets and targets found in the experiment 

or between experimental targets and pathways found using different cell lines. This 

highlights the complexity of mIRNA target selection.

Two other studies were published in 2008 using lOSE as normal controls. Yang et al. 

(2008a) found 23 miRNAs that were differentially expressed in ovarian cancer. They 

found that the most frequently deregulated of these were miR-214, miR199a, miR-200a 

and miRIOO. It was found in this study that miR-214 has a role to play in cisplatin 

resistance, which is discussed later in section 6.1.4 {Yang et al. 2008a). Also, Zhang et 

al. (2008a) found a number of miRNAs to be deregulated. Significantly different 

changes were seen between early and late stage disease. Down-regulation of miRNA 

was characteristic of tumour initiation and progression. The study suggested that 

genomic loss played a role in the down-regulations as deletions of genomic loci 

containing miRNA occurs in 15% of the down regulated miRNAs. Also, epigenetic 

alterations can be linked to a third of down-regulated miRNAs. They also showed 

evidence that Dicer and Drosha, key proteins in the miRNA biogenesis pathway, do not 

contribute to deregulation in ovarian cancer as has been found in other tumour types 

{Zhang et al. 2008a). Finally, the study revealed a cluster of miRNAs that may act 

together as tumour suppressor genes. This miRNA cluster may have a role to play in 

embryonic development. It was found that tumours with lower expression of the cluster 

had an increased proliferation index and shorter survival. The cluster is found on 

chromosome 14 (Dlk1-Grl2 domain) and contains eight miRNAs of interest which have 

also played a part in breast cancer, colon cancer and bladder cancer. Their down- 

regulation is associated with up-regulation of many potential mRNA targets of the 

cluster, which play a role in late-stage epithelial ovarian cancer.

Also, in 2008, 23 aberrantly expressed miRNAs were identified from a study by Nam et 

al. (2008) using microarray technology to investigate markers for ovarian cancer 

prognosis in 60% of examined patients. MiR-21 was the most up-regulated miRNA in 

85% of samples and miR-125b was the most down-regulated miRNA in 95% of 

samples. Up-regulation of miR-200, miR-141, miR-18a, miR-93, and miR-429, and 

down-regulation of let-7b, and miR-199a was strongly associated with a poor prognosis 

{Nam et al. 2008). The following year {Eltan et al. 2009) found that miR-200a, mlR-34a 

and mlR-449b were the most down-regulated miRNAs in advanced ovarian tumours.
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which was contrary to the findings of Nam et al. (2008) and Yang et al. (2008a). They 

also found that miR200a was associated with improved overall survival in early stage 

disease. This finding agrees with Hu et al. (2009) who found miR200a to be correlated 

to favourable outcome. MiR-200c, another member of the miR-200 family, has been 

linked with favourable outcome. Down-regulation of this miRNA has been linked with 

improved progression-free and overall survival {Hu et al. 2009). The same study found 

11 miRNAs that were differentially expressed in relapsed patients compared with non

relapsed patients.

A miRNA signature was also assessed as part of TCGA project (The Cancer Genome 

Atlas Network 2011). Expressional analysis of 11,846 genes was successful in 

identifying four robust expressional subtypes within high-grade serous ovarian cancer. 

These subgroups were termed Immunoreactive, Differentiated, Proliferative and 

Mesenchymal, based on gene clustering data. Clustering analysis of miRNA 

expression identified three subtypes within high-grade serous ovarian cancer (subtype 

1-3). The miRNA subtype 1 overlapped with the mRNA proliferative subtype and 

miRNA subtype 2 overlapped with the mRNA mesenchymal subtype. This shows that 

miRNA expression has the ability to differentiate between subtypes as well as genetic 

expression. Survival analysis by Kaplan Meier was found to be significantly different 

between all the miRNA subtypes, with miRNA subtype 1 having significantly longer 

survival.

MiRNAs circulate freely in body fluids in a highly stable, cell free form. They are tissue 

specific and are accurate indicators of the origin of metastasis, making them ideal 

candidates for non-invasive biomarkers in cancer {Chen et al. 2008b\ Cheng et al. 

2012] Mitchell et al. 2008). A number of studies have shown that circulating miRNAs 

have been associated with ovarian cancer detection (miR-21, miR-92 and miR-93), 

staging (miR-92 and miR-221), grading (miR-221) and outcome (miR-221 and miR-92) 

{Guo et al. 2013] Hong et al. 2013] Resnick et al. 2009] Xu et al. 2013). Our research 

team has shown that a miRNA signature derived from the serum of ovarian cancer 

patients is capable of distinguishing between malignant and benign ovarian cancer 

lesions {Langhe et al. 2014). Four miRNAs (let-7i-5p, miR-152, miR-122-5p and miR- 

25-3p) were found to be down-regulated in the serum of ovarian cancer patients with 

malignant disease compared to those with benign lesions.

Numerous genome wide miRNA screens have been undertaken in the literature. These 

have linked aberrant miRNA expression to many aspects of ovarian cancer including 

histological subtypes, tumour stage and grade, prognosis, BRCA1 mutation/epigenetic 

changes, resistance, recurrence and survival {Boren et al. 2009] Creighton et al. 2010]
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Dahiya et al. 2008\ Eitan et al. 2009; Gallagher et al. 2009, Hu et al. 2009; lorio et al. 

2007\ Kim et al. 2010b] Laios et al. 2008b\ Lee et al. 2009] Liu et al. 2013b] Marchini et 

al. 2011] Nam et al. 2008] Resnick et al. 2009] Sorrentino et al. 2008] Vaksman et al. 

2011] Vecchione et al. 2013] Vilming Elgaaen et al. 2014] Wyman et al. 2009] Yang et 

al. 2008a] Yang et al. 2008b] Zhang et al. 2008a) . An overall summary of the findings 

from these studies is published in two separate review articles relating to miRNA in 

ovarian cancer biology (D/ Leya et al. 2013] van Jaarsveld et al. 2010). These reviews 

indicate that there is minimal overlap in all the vanous genome wide studies. Some 

reasons put forward for this may be that different specimens were used in the studies 

(Cell lines, tissue, and serum), histological subtypes, origin of tumour cells, RNA 

isolation protocols and detection platforms (Deep sequencing and miRNA arrays). 

Another issue, which was mentioned previously, would be the use of different controls, 

some of which may be more appropriate than others.

1.9 Aims and objectives

The mechanisms of chemoresistance and relapse are poorly understood in ovarian 

cancer. The primary goal of this project was to elucidate these mechanisms in order to 

find new drug targets and ultimately improve treatment.

1.9.1 Hypotheses

The hypothesis examined in this study stated that;

• Due to the inverse resistance relationship that exists between platinums and 

taxanes, cells with BRCA1 defects will develop resistance to platinums slower than 

taxanes, as they are more sensitive to DNA damage. The reverse being true for cells 

with functional BRCA1.

• When treating cells with alternating treatments of platinums and taxanes, 

resistance will develop more slowly or not at all when compared to treatment with 

single-agent taxane or platinum.

• A miRNA signature is associated with chemoresistance in ovarian cancer, 

which differs from chemosensitive non-resistant disease.

1.9.2 Objectives

The aim of this project was to develop novel chemoresistant ovarian cancer cell lines 

from established ovarian cancer cell lines using a comparative selection strategy. 

UPN251 (BRCA1 wild-type) and OVCAR8 (BRCA1 methylated) were used in order to
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investigate the development of chemoresistance in relation to BRCA1 status. We 

examined how the development of resistance was effected by BRCA1 in relation to>

• The inverse resistance relationship between platinums and taxanes.

• The effects of alternating doses of platinums and taxanes.

The secondary aim was to examine and evaluate the mechanisms of resistance which 

developed in resultant resistant cell lines. Affymetrix miRNA and mRNA arrays were 

used on the developed chemoresistant cell lines in order to find a novel miRNAs 

signature, which were associated with the development of chemoresistance in ovarian 

cancer. The mRNA array data was used to complement findings from the miRNA 

arrays and profile mechanisms of drug resistance. Validation of novel target biomarkers 

was carried out by quantitative polymerase chain reaction (qPCR) amplification of 

clinical specimens. This enabled us to develop a miRNA signature for chemoresistant 

ovarian cancer that was of clinical relevance and aided in the elucidation of 

chemoresistant mechanisms. This will ultimately improve treatment strategies through 

the development of novel targeted therapies. This study has further expanded the body 

of knowledge that governs chemoresistance in ovarian cancer.
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Chapter 2 General methods

2.1 General methods

Analytical and molecular biology grade reagents were used in this study. All solutions 

were prepared in ultrapure deionised water. The source of all media, antibodies, 

enzymes and commercially available kits used are described in the relevant sections of 

this chapter and other methods sections.

2.1.1 Cytotoxic drugs

All of the cytotoxic drugs and inhibitors used in this project were obtained from 

commercial suppliers or from the St. James’s Hospital pharmacy. Drugs and 

manufacturers are listed in Table 2.1.

2.1.2 General solutions

Phosphate Buffered Saline (PBS) DulbeccoA (Gibco®. Biosciences. Ireland)

NaCI (8.0 g/L); KCI (0.2 g/L); NaH2P04 (1.15 g/L); KH2PO4 (0.2 g/L), made from 1 

tablet per 100ml of distilled water, pH 7.2, stored at room temperature or 4 “C.

Diethvlene Pvrocarbonate (DEPC) Water

500ul of DEPC (Sigma-Aldrich, UK) was added per 500ml of autoclaved water. The 

bottle was placed on a magnetic stirrer for 1-2 hours at room temperature. Water was 

re-autoclaved to inactivate DEPC.

2.1.3 Cell lines and tissue culture conditions 

2.1.3.1 Media

55ml of foetal calf serum (FCS) (Lonza, UK) was added to a 500ml bottle of RPMI 1640 

with L-glutamine (Sigma-Aldrich, UK).

Media RPMI 1640 with L-glutamine and 10% FCS, free of antibiotics, was used to grow 

the human ovarian cancer cell lines UPN251 and 0VCAR8 (MD Anderson Cancer 

Center, Houston, Texas, USA). Insulin was not added. UPN251 is traditionally grown in 

RPMI 1640 medium with 10% FCS and 0.25U/ml insulin, while 0VCAR8 uses the 

same media and supplements, but in the absence of insulin. As UPN251 and OVCAR8 

needed to be grown together for an extended period of time in subsequent 

experiments, it was deemed useful to investigate whether both cell lines could be
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Table 2.1 Cytotoxic drugs and Inhibitors.

All cytotoxic drugs and Inhibitors including 

concentration (Cone) and formulation.

their source, molecular weight (MW), stock

Buthionine
Sulphoximine
(BSO)

Weighed then 
dissolved in H2O and 
filter sterilised

50mM 222.31 Sigma-Aldrich, UK

Carboplatin Used directly from vial 
containing H2O and 
mannitol

10mg/ml 371.25 le va  Pharma B.V., 
The Netherlands

CEP8983 Weighed then 
dissolved in DMSO

5mg/ml 306.32 Cephalon, USA

Cisplatin Used directly from vial 
containing H2O, NaCI, 
HCI and mannitol

1 mg/ml 300.05 Hospira UK Ltd., 
Warwickshire, UK

Copper Sulphate 

(CUSO4)

Weighed then 
dissolved in H2O and 
filter sterilised

lOOmM 159.62 Sigma-Aldrich, UK

Docetaxel Weighed then 
dissolved in DMSO

0.1 mg/ml 807.88 Sigma-Aldrich, UK

Doxorubicin Used directly from vial 
containing H2O, NaCI 
and HCI 0.1M

2mg/ml 579.98 Actavis UK Ltd., 
Devon, UK

Elacridar Weighed then 
dissolved in DMSO

2mg/ml 563.64 Santa Cruz 
Biotechnology, USA

Olaparib Whole vial dissolved in 
DMSO

5mg/ml 434 Selleck Chemicals, 
USA

Oxaliplatin Used directly from vial 
containing H2O, 
C4H606 and NaOH

5mg/ml 397.29 Hospira UK Ltd., 
Warwickshire, UK

Taxol Whole vial dissolved in 
DMSO

0.1 mg/ml 853.9 Sigma-Aldrich, UK

Veliparib Whole vial dissolved in 
DMSO

5mg/ml 244.29 Selleck Chemicals, 
USA

Vinblastine Used directly from vial 
containing H2O and 
NaCI

lOmg/ml 810.9 Hospira UK Ltd., 
Warwickshire, UK
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grown optimally in the same media and supplements, i.e. RPMI 1640 medium with 10% 

FCS (without insulin). For this reason growth curves were set up for both cell lines, 

where cells were grown in medium with insulin versus media without insulin. Doubling 

time of both treatments were statistically analysed for any significant differences in 

growth rate. Average doubling times for each treatment is shown in Figure 2.1. 

0VCAR8 showed a minor change in doubling time, while UPN251 showed no change 

at all. These observations were confirmed by t-test statistical analysis. P values were 

0.8 and 1 for OVCAR8 and UPN251 respectively. Therefore, it was concluded that 

growing cell lines in media without insulin did not significantly affect their growth rate 

and RPMI + 10% FCS was used for the experiments.

2.1.3.2 Tissue culture conditions

Tissue culture was carried out in an ADS laminar flow hood (OPTIMALE 18) adhering 

to aseptic technique. All cells were maintained in a humidified atmosphere of 5% CO2 

at 37°C. Only cells at log phase of growth were used in experiments. Cell lines were 

routinely checked for mycoplasma and were mycoplasma-free. See section 2.1.4 for 

mycoplasma detection protocol.

2.1.3.3 Cell Lines

The human ovarian cancer cell lines UPN251 and OVCAR8 were sourced from the MD 

Anderson cancer center (Houston, Texas, USA). UPN251 originated from a patient 

who had failed first line chemotherapy and had relapsed after subsequent treatment of 

8 rounds of taxol chemotherapy (personal communication. Dr. Thomas Hamilton). 

UPN251 is BRCA1 wild-type due to a secondary reversion mutation {Stordal et al. 

2013). OVCAR8 was taken from a patient who had undergone treatment with high- 

dose carboplatin who exhibited progressive ovanan cancer {Schilder et al. 1990). 

0VCAR8 is BRCA1 wild-type but is methylated in the promoter region {Stordal et al. 

2013). Methylation status was examined and confirmed by Myriad Genetics (Salt Lake 

City, Utah, USA). Both are adherent cells lines that grow in a monolayer and are of 

epithelial serous histotype. All cell lines were originally fingerprinted in the MD 

Anderson Cancer Center Support Grant (CCSG) supported cell line characterisation 

core to establish identity. Cell lines were subsequently re-fingerprinted by Source 

Biosciences (Nottingham, UK) to confirm identity by examining standard DNA 

microsatellite short tandem repeats (STR). The metrics used was a strict 80% cut-off 

with the allowance of using a difference of up to one STR, as used in the finger printing 

of the NCI-60 cell line panel [Lorenzi et al. 2009). Results from Source Biosciences
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Figure 2.1 Growth curves. The effects of insulin on doubling time.

The doubling times of UPN251 ± insulin and 0VCAR8 ± insulin are graphed for a minimum of 

n=3 replicates.

correlated with results originally obtained from MD Anderson CCSG supported cell line 

characterisation core.

2.1.3.4 Cell line freezing and defrost protocols

2.1.3.4.1 Cell line freezing

Cell freezing mixture

45% RPMI 1640 (Sigma-Aldrich, UK), 45% FCS (Lonza, UK), 10% DMSO (Gibco®, 

Biosciences, Ireland), stored at -80 degrees and in liquid nitrogen.

After the subculture of a T75 flask (Sarstedt, Germany) cells were centrifuged for 5mins 

at 180 X g and re-suspended in 6ml of cell freezing mixture. 1ml of cells suspended in 

cell freezing mixture was pipetted into a 2ml cryovial and stored at -80°C (short term 

storage) or In liquid nitrogen (long term storage).
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2.1.3.4.2 Cell line defrost

Warm media (10ml) was added to a 15ml centrifuge tube. A pasture pipette was used 

to transfer cells to the tube of media. The transfer was achieved by adding warm media 

to the cryovial containing the cells in freezing mixture and mixing up and down until the 

contents of the cryovial had defrosted and its contents could be fully transferred to the 

tube containing media. The newly suspended cells in media were spun in a centrifuge 

at 180 X g for 5mins. The pellet was re-suspended in 5ml of media and transferred to a 

T25 flask. The media was changed after 24 hours. When confluence was reached the 

cells were transferred to a T75 flask.

2.1.4 Mycoplasma PCR assay

This protocol was adapted from {Young et al. 2010) and covers a range of mycoplasma 

species and other mollicutes including; Achileplasma laidlawii, M. arginini, Mycoplasma 

fermentans, M. hyothinis, M. orale, M. pneumonia, Mycoplasma gallisepticum, 

Mycoplasma synoviae and Spiroplasma citri. This represents an optimal selection for 

mycoplasma detection based on the guidelines provided by the European 

Pharmacopoeia. 1ml of media was collected from a confluent cell culture flask and 

stored at -20°C until needed in a 15ml tube. The tube was defrosted at room 

temperature and spun at 720 x g to pellet cellular debris. The top of the suspension 

was pipetted when the sample was added to the PCR reaction tube. PCR reactions 

were set up with a mastermix as follows:

•  12.5|jl of green 2x GoTaq (Medical Supply Company)

• 0.5|jl of forward primers (lOpM) (Sigma-Aldrich, UK)

o 5’-GGGAGCAAACAGGATTAGATACCCT-3’

•  0.5[jl of reverse primers (lO^iM) (Sigma-Aldrich, UK)

o 5’-TGCACCATCTGTCACTCTGTTAACCTC-3’

•  10.5|jl of DNase free water (Sigma-Aldrich, UK)

• Total volume 24|jl

1|jl of sample is added to each reaction. A positive control (Ip l from an infected cell 

line) and a negative control (Ip l of DNase free water) were always included. PCR was 

run in the GeneAmp® PCR system 9600 (Perkin Elmer, USA) thermal cycler with a 

heated lid with the following cycles:

•  95°C for 5mins

• 40 cycles of 94 °C for 0.5mins, 55 °C for 0.5mins and 72 °C for 1 min

• 72 °C for lOmins
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•  Holding at 4 °C until plate was removed.

The PCR product was run on 2% agarose gel (lOOmL 1X TBE (Fisher Scientific, 

Ireland) and 2g of agarose), which was dissolved in a microwave and had 10|jl of 

Cyber safe (10,000 X concentrations in dimethyl sulfoxide (DMSO)) (Thermo Fisher 

Scientific Inc., USA) added. The gel was left at room temperature until set. The gel was 

then submerged in 1X TAE and 6|jl of GelPilot 100bp ladder (Qiagen, UK) and 10^1 of 

PCR product was added to separate lanes. The gel was run for 1 hour at 100V. The 

PCR product size was 270bp. The gel was imaged under UV light using the Biorad Gel 

Doc system using the Quantity One software analysis package.

Detection for mycoplasma contamination was carried out routinely on the cell lines for 

the duration of the project. The cell lines and developed sublines were found to be 

mycoplasma free on all occasions. Figure 2.2 shows a representative fluorescent 

photograph of a gel ran after mycoplasma PCR. The positive control can be seen 

clearly while no staining is seen in the other lanes containing samples and negative 

control.

2.1.5 Cell counting for growth experiments

Cell counting for growth curve experiments was performed in six well plates (Sigma- 

Aldrich, UK) and T25 flasks (Starstedt, Germany). Media was removed from each well 

of a six well plate or from each T25 to be counted. 500|jl (6 well plate) or 2ml (T25 

flask) of PBS was added to each well to wash cells. PBS was discarded and 500[jl (6 

well plate) or 2ml (T25 flask) of warmed trypsin (Gibco® by Life Technologies, USA) 

was added to each well and incubated in a humidified atmosphere of 5% CO 2 at 37°C  

for 5-10mins in order to allow cells to detach. Cells were examined under an inverted 

light microscope (Nikon TMS) to ensure all cells had detached. 500|jl (6 well plate) or 

2ml (T25 flask) of media was added to each well to inactivate the trypsin. 2|jl (6 well 

plate) or 8|jl (T25 flask) of trypan blue stain 0.4% (Invitrogen™, Thermo Fisher 

Scientific Inc, U S A ) was added to each well or flask and counted at least 4 times using 

a heamocytometer to obtain a mean value.

2.1.6 Acid phosphatase cell viability assay

Sodium acetate buffer

0.1M Sodium Acetate, 0.1% Triton X-100, pH 5.5 adjusted with concentrated NaOH.

The resistance of cell lines to cytotoxic drugs was evaluated using the acid 

phosphatase cell viability assay {Yang et al. 1996). This assay works by the hydrolysis
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Figure 2.2 Mycoplasma PCR.

A representative fluorescence photograph of mycoplasma PCR result.

of p-nitrophenyl phosphate by intracellular acid phosphatases in viable cells which 

produce p-nitrophenyl. In brief, 100|jl of cells growing at an exponential rate were 

plated into flat-bottomed 96-well microtitre plates (Nunc, Sigma-Aldrich, UK) at a cell 

density of 1x1 O'* cells/well. Cells were left to attach overnight and treated with cytotoxic 

drugs the following day. Cell treatments were setup in triplicate with 2-fold serial 

dilutions of drug making up to a total final volume of 200|jl per well. Each assay 

contained a drug-free control. Plates were incubated at 37°C in a humidified 

atmosphere with 5% CO2 for 3 or 5 days depending on desired exposure. The plates 

were washed twice with PBS and 100|jl of acid phosphate substrate (0.00263g 

phosphate substrate (Sigma-Aldrich, UK) /ml sodium acetate buffer) was added to 

each well. The plates were further incubated for 2 hours (0VCAR8) or 1 hour 

(UPN251). 50ijl of 1M NaOH (Sigma-Aldrich, UK) was added to each well in order to 

stop the reaction. The absorbance of the plates was read at 405nm using the FLUOstar 

OPTIMA (BMG LABTECH, Germany) multifunctional microplate reader. Cell viability 

was calculated as a percentage of the control absorbance values as outlined in 

Equation 2.1.

Equation 2.1 % cell viability

(Average absorbance of triplicate wells) * 100  

(Average absorbance of triplicate control wells)
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The 50% inhibitory concentration (IC50) was defined as the concentration of drug that 

gave a 50% decrease in cell viability. The relative resistance of sublines produced was 

calculated using Equation 2.2

Equation 2.2 Relative resistance

(ICsn of resistant subline)

(IC50 of parental cell line)

2.1.7 Growth assay protocols

2.1.7.1 Manual growth assay

The cells that were growing at an exponential rate were plated in duplicate into a flat- 

bottomed 6-well (Nunc, Sigma-Aldrich, UK) microtitre plate at a cell density of 1x10'* 

cells/well in 2ml of media. Four identical plates were set up in this format. The plates 

were left in an incubator for 24 hours to allow cells to attach in a humidified atmosphere 

of 5% CO2 at 37°C. After this time one of the four 6-well plates were taken down and 

cell counted using a heamocytometer. The remaining plates were stored as above and 

were taken down and cell counted one at a time over subsequent 24-hour periods. 

Averages and standard deviations were calculated for cell counts over each 24-hour 

time point and graphed as cell number versus time (hours) in GraphPad prism 5. The 

doubling time for each cell line was extrapolated from the graph as the amount of hours 

taken for cells to grow to 2x10'* cells/well.

2.1.7.2 High content screening growth assay

100|jl of cells were plated into flat-bottomed 96-well microtitre plate (Nunc, Sigma- 

Aldrich, UK) at a cell density of 2x10'* cells/ml. 1 control and 7 drug treatment wells 

were plated in triplicate for each cell line. Cells were allowed to attach overnight in a 

humidified atmosphere of 5% CO2 at 37°C. Cell confluence was read using the cell 

confluence protocol stored on the Cellavista system (Synen Tec, Germany). Default 

settings were used for image capture with the exception of exposure time, which was 

adjusted to 20% during preparation steps. The captured images were processed using 

Cellavista software giving a percentage cell confluence for each well. After the first 

reading treatment wells were drugged with 4 different doses of carboplatin (10, 2.5 and 

0.625 (|jg/ml)) and taxol (200, 50, 12.5 and 3.125 (ng/ml)), making up a total final 

volume of 200|jl per well. Control wells received lOOpI of drug free media. The plates 

were stored at 5% CO2 at 37°C and were re-measured 3 further times over 24 hour 

periods. Percentage confluence versus time was graphed using GraphPad Prism 5 for

71



each treatment and the time to reach 4 times the initial % confluence (quadrupling 

time) was extrapolated from the graph. Figure 2.3 shows an example of the images 

captured over 4 days on parental UPN251 cells.

2.1.8 Total cellular glutathione assay

Glutathione phosphate buffer 

250nM Na2HP04

An analysis of total cellular levels of glutathione (GSH) was carried out from a method 

adapted from {Suzukake et at. 1982). 3.12x10® cells were seeded into a T75 flask 

(Sarstedt, Germany) and exposed to the desired drug treatments for 3 days. The cells 

were then centrifuged at 180 x g for 5mins, washed with 10ml PBS, centrifuged again, 

resuspended and transferred to a sterile eppendorf tube (pellets could be stored at - 

20°C  at this point). The cell pellets were then re-suspended in 150|jl deionised H2O  

and lysed with a sonicator at lOamps for 15 seconds. Disruption of samples was 

confirmed through microscopic examination. 12.5|jL of 30%  sulfosalicyclic acid (SSA) 

(Sigma-Aldrich, UK) was added to each sample and mixed by vortexing. The samples 

were incubated on ice for 15mins to allow protein precipitation to take place and then 

centrifuged at 12,000g for 5mins. The protein-free supernatant was stored at -20°C  

until analysis.

The assay reaction was carried out in triplicate in a flat-bottomed 96-well microtitre 

plate (NUNC, Sigma-Aldrich, UK). A standard curve was run with the samples using 

standards of glutathione (Sigma-Aldrich, UK) made up in 3%  SSA ranging from 0- 

40|jg/m l in order to ensure that the enzymatic reaction was linear over the 

concentration range (Figure 2.4). Each well for the assay reaction contained 20|jl 

sample lysate or standard, 20|jl 1M triethanolamine buffer pH 8.0 (Sigma-Aldrich, UK), 

120|jl Im M  NADPH (Sigma-Aldrich, UK) in GSH phosphate buffer and 20|jl 6mM  

DTNB (Sigma-Aldrich, UK) in GSH phosphate buffer.

The plate was equilibrated at 30°C  for 3mins and 0.3 units of glutathione reductase 

(Sigma-Aldrich, UK) were added to each reaction. The plate was read at 412nm for 9 

measurements over an Smin period using the FLUOstar O PTIM A (BMG LABTECH, 

Germany) multifunctional microplate reader. The velocity of the reaction was calculated 

for each sample.

72



(A)

(B)

(C)

Figure 2.3 High content screening growth curve innages.

All images were taken with the Cellavista system at lOx magnification. Cell confluence of a 

single representative well is shown through a progression of 24 hour time points for three 

different drug treatments on UPN251 cells. Day 1-4 is shown from left to right in each case. (A- 

C) show 3 different drug treatments on UPN251 cell lines. The top 4 images in each set are 

bright field images taken at each 24 hour time point. The bottom 4 images show the ‘results 

image’ used to calculate a measure of confluence by the Cellavista associated analysis 

software for each bright field image. (A) UPN251 control. (B) UPN251 carboplatin 10jjg/ml (C) 

UPN251 taxol 50ng/ml.
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Figure 2.4 Glutathione assay standard curve.

Glutathione standards (plotted points) ranging from 0-40 pg/ml, prepared in 3% SSA were 

assayed. Means and standard deviations of triplicate wells are shown

2.1.9 Protein analysis

2.1.9.1 Preparation and quantification of total protein

Cell Ivsis buffer

0.1M Tris/HCI, pH7.4, prepared in deionised water, stored at 4°C.

7.2x10® Cells were seeded into a T175 (Sarstedt, Germany) flask and exposed to the 

desired drug treatments for 3 days. Cells were then centrifuged at 180 x g for 5mins, 

washed with 10ml PBS, centrifuged again, resuspended and transferred to a sterile 

eppendorf tube (pellets could be stored at -20°C at this point). 100|jl of cell lysis buffer 

and 4[jl of protease inhibitor (CPI 25X (Roche, Ireland)) was added to the eppendorfs 

immediately preceding sonication. The samples were sonicated on ice for 2mins using 

a Soniprep 150 sonicator (MSE Ltd, UK) for 15 seconds intervals, on and off, at 

lOamps. The cells were checked under a microscope to confirm cell disruption.

In order to ensure that protein was loaded equally on gels, protein concentrations were 

determined using a protein assay. A standard curve ranging from 0-1|jg/ml of protein 

was prepared with bovine serum albumin (BSA, Sigma-Aldrich, UK) diluted with 

deionised water. Total protein extracts were diluted 1.40 with deionised vi/ater. lOpI of 

diluted samples and BSA standards were aliquoted into a flat-bottomed 96-well
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microtitre plate in duplicate. A control of 10|jl of cell lysis buffer was added to the plate 

in duplicate. 200^jl of Bradford 1X (Bio-rad Laboratories Inc, USA) was added to each 

well. The samples were mixed for 15mins on a rocking platform. The plates were read 

at 595nm using a FLUOstar OPTIMA (BMG LABTECH, Germany) multifunctional 

microplate reader. Linear regression and extrapolation of protein concentrations from 

the standard curve was performed using GraphPad Prism 5 software. Figure 2.5 

displays an example of a standard curve generated in this fashion. Equal 

concentrations of protein with 50|jl 2X loading buffer (Sigma-Aldrich, UK) were made 

up in deionised water to a total volume of lOOpl. This was sufficient for 10 western 

blots. The concentration of protein was made to contain 40|jg of protein per gel.

2.1.9.2 Sodium dodecylsulphate-polyactylamide gel electrophoresis 

(SDS-PAGE)

Electrophoresis running buffer

0.024M Tris, 0.192 glycine, 0.1%SDS, pH8.3, stored at 4“C.

The Mini-Protean® Tetra System (Bio-rad Laboratories Inc, USA) was used as per 

system protocol. Briefly prepoured gradient 4-20% Tris/glycine gels (Lonza, UK) were 

loaded into gel tanks. Running buffer was poured between gel inserts to ensure they 

had no leaks. Samples were heated for 3mins in a heating block at 95°C. Running 

buffer was poured into the tank ensuring the bottom of the gels containing slits was 

fully covered. 5|jl of protein ProSieve QuadColor marker (Lonza, UK) was loaded onto 

one well of the gel. lOpl of each protein samples was loaded into the remaining, 

desired wells. The samples were electrophoresised for approximately 90mins at 100V.

2.1.9.3 Western blotting

Transfer buffer

25|jM Tris/glycine, pH8.2 adjusted, 20% methanol, stored at4°C.

The Mini-Protean® II system (Bio-rad Laboratories Inc, USA) was used to 

electrotransfer the gels to 0.45|jm nitrocellulose membrane (Bio-rad Laboratories Inc, 

USA) for 90mins at 100V in the cold transfer buffer. The Western blots were then 

stained with ponceau-s-red solution (Sigma-Aldrich, UK) to ensure protein had 

transferred correctly and to enable quantification of loading in each lane. Ponceau 

stains were photographed using a Fujifilm LAS-4000 luminescent image analyser as a 

record.
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Figure 2.5 Bradford 1X protein assay standard curve.

BSA standards (plotted points) ranging from 0-1 |jg/ml protein was prepared in deionised water 

and analysed. Means and standard deviations are shown for duplicate wells.

2.1.9.4 Western blot development

Blocking solution

5%  skimmed milk (Biorad, USA) in PBS with 0.1%  Tween.

Antibody solution

3% skimmed milk (Biorad, USA) in PBS with 0.1%  Tween.

The blocking solution was added to the nitrocellulose membranes in weigh boats and 

left on a rocking platform for 2 hours, ensuring the solution covered the membranes 

while rocking. The blocking solution was removed and 10ml of an antibody solution 

with a specific concentration of primary antibody was added and incubated at 4°C  

overnight on a rocking platform, ensuring that the membrane was covered. A  table of 

antibodies and specific dilutions used are shown in Table 2.2. The following day, the 

antibody solution was poured off and the membranes were washed in PBS 0.3%  

Tween 3 times for lOmins. The secondary antibody was added and incubated at room 

temperature on a rocking platform for 1 hour. The secondary antibody was poured off 

and washed as before. 1ml of Western Blotting Luminol Reagents (Santa Cruz, USA), 

solution A and solution B, were added to each blot and incubated at room temperature 

for 1 min. For low abundance proteins, 1ml of ECL Select W estern blotting detection
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Table 2.2 Table of antibodies used for Western blotting.

Protein kDa Host Supplier Catalogue # Dilution

ATP7A 180 Rabbit Gift from professor Anthony 
Monaco {Cobbold et al. 2002)

N/A 1:1,000

Bcl-2 26 Rabbit Cell Signalling Technology, USA 4223 1:1,000

Bcl-XL 30 Rabbit Cell Signalling Technology, USA 2762 1:1,000

BCRP 72 Mouse Alexis Biochemicals, USA AXL-801-029-
C250

1:250

BRCA1 220 Rabbit Cell Signalling Technology, USA 9010 1:500

P-Actin 42 Mouse Sigma-Aldrich, UK A5441 1:10,000

CTR1 30 Rabbit Novus, USA NB100-402 1:1,000

Dicer 220 Rabbit Cell Signalling Technology, USA 5362 1:1,000

Drosha 160 Rabbit Cell Signalling Technology, USA 3410 1:1,000

GAPDH 36 Rabbit Sigma-Aldrich, UK G9545 1:1,000

MRP2 180 Mouse Alexis Biochemicals, USA AXL-801-016-
C250

1:250

P-
glycoprotein

170 Mouse Alexis Biochemicals, USA AXL-801-002-
C100

1:250

PAR 116 Rabbit BD Pharmingen, USA 551813 1:1,000

Anti-mouse
HRP

N/A Sheep Sigma-Aldrich, UK A6782 1:1,000

Anti-rabbit
HRP

N/A Goat Sigma-Aldrich, UK A4914 1:1,000

Anti-mouse
AP

N/A Rabbit Sigma-Aldrich, UK A4312 1:1,000

Anti-rabbit
AP

N/A Goat Sigma-Aldrich, UK A3687 1:1,000

AP = Alkaline Phosphatase, ATP7A = ATPase, CU++ transporting, alpha polypeptide, BCL- 

2/XL = B-cell Lymphoma 2/extra large, BCRP = Breast cancer resistance protein, BRCA1 = 

Breast cancer susceptibility protein, CTR1 = Solute carrier family 31 (copper transporter), 

member 1, GAPDH = Glyceraldehyde 3-phosphate dehydrogenase, HRP-Horseradish 

peroxidise, MRP2-Multidrug resistance-associated protein 2, PAR- Prostate apoptosis response 

protein
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reagents (GE Health Care, USA), luminal solution and peroxide solution, were added 

and incubated at room temperature for 1 min.

Developed Western blots were photographed using a Fujifilm LAS-4000 luminescent 

image analyser (GE Health Care, USA) taking light and chemoluminescent 

photographs. Files were saved in .tif format and analysed using Quantity One software 

(Biorad, USA). The samples were normalised to GAPDH, used as a loading control.

In order to develop GAPDH on the same blots as a loading control, after the imaging 

step above, the blots were re-blocked with blocking solution as before for 2 hours at 

room temperature. The blots were then exposed to GAPDH primary antibodies (Sigma- 

Aldrich, UK) overnight in an antibody solution as before. The following day the antibody 

solution was poured off and the membranes were washed in PBS 0.3% Tween 3 times 

for lOmins. The secondary antibody (Anti-rabbit AP) was added and incubated at room 

temperature on a rocking platform for 1 hour. The secondary antibody was poured off 

and washed as before. During the last wash, one alkaline phosphatase substrate tablet 

(Fast BCIP/NBT, Sigma-Aldrich, UK) was dissolved and mixed well by vortexing in 

10ml of distilled water and then poured into a weigh boat. The washed membranes 

were placed in the alkaline phosphatase substrate solution until GAPDH bands 

became visible. The blots were immediately placed into a new weigh boat with distilled 

water to prevent over exposure. The blots were then photographed using a Fujifilm 

LAS-4000 luminescent image analyser (GE Health Care, USA).

2.1.10 Cell cycle mitosis assay

PBS + 1% BSA

1g BSA to 100ml PBS (Stored at 4°C)

Fixation solution (4% Formaldehyde + 0.1% Triton X-100)

11.1ml of 36% formaldehyde stock, lOOul Triton X-100, 88.8ml ultrapure water (Stored 

at 4°C)

Antibody Solution

lOul Antibody solution (vial 2, green cap) to 5ml PBS + 1% BSA (immediately before 

use)

Nuclei Dye Mixture

Sul Nuclei Dye (vial 1, blue cap) to 5ml PBS (immediately before use)

The quantification of mitotic cell fraction was carried out using the Phospho Histone H3 

Imaging Kit (Roche, Ireland). 100pl of cells were plated into flat-bottomed 96-well
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microtitre plates (NUNC) at a cell density of 2x10‘*cells/ml and were allowed to attach 

overnight. Parental cells received doses of 800, 200, 50, 12.5 and 3.125 (ng/ml) of 

taxol and sublines received doses of 800 and 50 (ng/ml) of taxol to a final volume of 

200^1 in triplicate (control wells received only media). After 24hours, the plate was 

prepared for florescence imaging as per the protocol. In brief:

1. 180ul of supernatant (90%) was removed from each well of the 96-well plate.

2. 180ul of fixation solution was added to each well to fix the cells. (Incubated at 

room temperature for lOmins).

3. Fixation solution was removed from each well.

4. 200ul PBS was added to each well (Incubated at room temp for 5mins).

5. PBS was removed from the wells entirely.

6. 50ul of antibody solution was added to each well (Incubated for 60mins at 23- 

27°C in the dark).

7. 50ul of nuclei dye mixture was added to each well and mixed up and down 

slowly using a pipette. (Incubated for lOmins at 23-27°C in the dark).

8. All solution was removed using a pipette.

9. 200ul of PBS was added and then removed.

10. Another 200ul of PBS was added.

The cells were analysed using the InCell Analyser 6000 (GE Healthcare, USA). A lOx 

objective lens and diffuse fluorescence temporal response (DFTR) filters were used 

during fluorescent image capture. 10 fields were captured in each well. A total cell 

count was obtained by measuring the nuclei dye channel (Ex Max: 361 nm, Em Max: 

486nm). The number of cells in mitosis was obtained by measuring the antibody 

channel (Ex Max: 495nm, Em Max: 519nm). Figure 2.6 shows a single image taken for 

UPN251 cells over both channels. For each sample the % true values (percentage of 

cells in mitosis) were calculated as shown in Equation 2.3. For drug treated cells, the 

fold difference in % true cells were calculated compared to drug free controls, as seen 

in equation 2.4.

Equation 2.3 % true

(Mitotic cells)*100 

(Total cell number)

Equation 2.4 % true fold change 

% true - drug treated cells 

% true - untreated cells
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(A)

(B)

Figure 2.6 Cell cycle Phospho Histone H3 Assay.

Images were taken using the InCell fluorescence imager at 10x magnification. The above 

images represent 1 out of 10 fields taken from a single well of a 96 well plate containing 

UPN251 control treatment cells. (A) Total cell fluorescent dye image (Nuclear stain). This is 

used to determine the total number of cells present by labelling cell nuclei (Excitation 

max.=361nm, Emission max.=486nm) (B) Mouse anti-human phospho histone H3 antibody 

image. Antibodies were conjugated to the Alexa Flour® Dye for flourimetric quantification of 

mitotic cells (Excitation max.=495nm, Emission max.=519nm) (C) Fused image of A and B. Red 

arrow indicated cell stained with nuclear dye only. Blue arrow indicates cell in mitosis ladled with 

Alexa Flour® Dye.
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2.1.11 Fluorescence-activated cell sorting (FACS) analysis

The cells were plated at 12.48x10^ cells/T75 flask and left to attach overnight and 

treated with cytotoxic drugs the following day. The cells received a carboplatin dose of 

350|jg/ml and a taxol dose of 100ng/ml for 24 hours. The CyAn™ ADP Analyser 

(Beckman Coulter, Ireland) was used to carry out flow cytometry. Summit v4.3 software 

was used to visualise and analyse the data.

2.1.11.1 FITC annexin V I PI apoptosis assay

The percentage cells undergoing apoptosis was measured using a Fluorescein 

isothiocyanate (FITC) annexin V and propidium iodide (PI) apoptosis assay. In brief, 

cells were trypsinised, washed with PBS and trypsin was inactivated with fresh media. 

10® cells were then transferred to a 15ml tube, washed with PBS and resuspended in 

1ml of 1X Annexin Binding Buffer (BD Pharmingen, USA). From the first sample (used 

as a calibrator control), 100|jI of cells were transferred to four separate 5ml round 

bottom polypropylene tubes (Greiner Bio One, Germany). The first tube received no 

stain, the second received 1 pi of PI stain only, the third received 5|jl of FITC annexin V 

stain (BD Pharmingen, USA) only and the fourth tubes received both stains. 100|jl of all 

other samples were transferred to separate polypropylene tubes and both dyes were 

added. All samples were incubated in the dark for 15mins. 800pl of Annexin Binding 

Buffer was added to each sample and analysed by FACS. PI was read using the PE- 

Texas Red laser and annexin was read using the FITC laser. 40,000 events were 

collected for each sample.

2.1.11.2 Cell cycle assay

PI staining solution

Per ml: 1ml PBS, I j j l  Triton X100 (Sigma-Aldrich, UK), 10|jl 1 mg/ml PI stock

In brief, cells were trypsinised, washed with PBS and trypsin was inactivated with fresh 

media. 10® cells were then transferred to a 15ml tube, washed with PBS and 

resuspended in 1ml of PI staining solution. Solution was then transferred to a 

polypropylene tube and incubated for lOmins at room temperature. The samples were 

analysed by FACS. PI was read using the PE-Texas Red laser and 40,000 events were 

collected for each sample.
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2.1.12 RNA extraction

Intact pure RNA free of DNA and protein was extracted using the miRNeasy® Mini Kit 

(Qiagen Ltd, UK).

2.1.12.1 Solution preparation

•  QIAzol Lysis Reagent (Qiagen Ltd, UK) was wrapped in aluminum foil to protect 

from light.

• Chloroform was filtered through a 20|jm membrane using a syringe into a sterile 

container.

•  100% ethanol was filtered through a 20|jm membrane using a syringe into a 

sterile container.

• 96-100% ethanol was added to Buffer RWT and Buffer RPE concentrates to 

create working solutions.

•  Solid DNase I (1500 kunitz units, Qiagen Ltd, UK) was dissolved in 550[jl of 

RNase-free water and mixed gently by inverting the tube (This was not vortexed as 

DNase is sensitive to physical denaturation). Stock solution was removed from the 

glass vile and divided into single use working aliquots and stored at -20“C for up to 9 

months. Thawed aliquots were suitable for use up to 6 weeks stored at 2-8“C. Once 

defrosted aliquots were not refrozen. DNase 1 was prepared in buffer RDD (lOpI 

DNase added to 70|jl Buffer RDD) and kept in fridge until needed.

•  Diethylene Pyrocarbonate (DEPC) water was prepared. Briefly, 1000ml bottles 

were filled with ultrapure water and autoclaved. lOOOpI of DEPC was added to each 

bottle and incubated at room temperature for 1-2 hours then re-autoclaved to 

deactivate the DEPC making the water RNase free.

•  A liquid nitrogen (LN2) container was rinsed with DEPC water, dried in an oven 

and left at 4 “C in order to be cooled before use.

2.1.12.2 Extracting RNA from frozen tissue

2.1.12.2.1 Tissue preparation

2.1.12.2.1.1 The mortar and pestle method

This method was used for small amounts of tissue. A mortar and pestle was 

autoclaved, treated with RNase inhibitor RNase Away (Molecular Bio-products, USA), 

rinsed with DEPC to inactivate ribonucleases by covalent modification, placed in an 

oven to dry and cooled in a fridge. Prior to extraction they were placed in an ice box 

with tinfoil and pre-cooled with LN2 . The tissue was transferred from the -80°C freezer
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directly to a sterile plate and cut with a sterile blade to a maximum amount of 30mg. 

The tissue was then immersed in the LN2 in the mortar. The LN2 was allowed to 

evaporate, but the tissue was not allowed to thaw. The tissue was then homogenised 

by thoroughly grinding it in the liquid nitrogen until it was ground into a fine powder. At 

this time, the mortar and pestle were moved into the fume hood for further 

homogenisation. Using a new pestle, 700|jl of QIAzol lysis reagent was added. 

Grinding continued until the powder was liquefied (disruption). The cell lysate was 

pipetted into the purple shredder column in a 2ml collection tube and centrifuged in the 

ALC micro CENTRIFUGETTE 4204 (ALC international, Italy) at the maximum speed 

for 2mins to homogenise. The supernatant was pipetted into a new 2ml collection tube 

and the pellet was discarded.

2.1.12.2.1.2 The TissueLyser method

This method was used for large amounts of tissue. A stainless steel ball of 5mm (mean 

diameter) was added to 700|jl of QIAzol Lysis Reagent in a 2ml collection tube. The 

tissue was transferred from the -80°C freezer directly to a sterile plate and cut with a 

sterile blade to a maximum amount of 50mg and transferred to the 2ml collection tube. 

The tube was closed and placed into the TissueLyser II as per manufacturer’s 

instructions in the TissueLyser II (Qiagen Ltd, UK) handbook. The tissue was 

homogenised on the TissueLyser for 2mins at 20Hz. The TissueLyser rack was rotated 

180° and run for another 2mins at 20Hz to allow for even homogenisation. The 

homogenate was transferred to a new microcentrifuge tube by pipette and the stainless 

steel bead was discarded.

2.1.12.2.2 Large and small RNA isolation (initial steps)

1. The tube containing the homogenate from the tissue preparation steps was 

placed on the benchtop at room temperature (15-25°C) for 5mins. This promotes 

dissociation of the nucleoprotein complexes. 140|jl of chloroform was added to the 

homogenate, capped securely and shaken vigorously for 15secs.

2. The tube containing the homogenate was placed on the benchtop at room 

temperature for 2-3mins.

3. The homogenate was then centrifuged for 15mins at 12,000 x g at 4°C. After 

centrifugation the sample is separated into 3 phases; an upper, colourless, aqueous 

phase containing RNA; a white interphase; and a lower, red, organic phase. The 

volume of the aqueous phase will be approx 350|jl.

4. The upper aqueous phase was pipetted to a new 2ml reaction tube. 1 volume of 

70% ethanol was added (usually 350ijl) and mixed thoroughly by vortexing. The next
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step was proceeded to immediately without delay.

5. The sample (approximately 700|jl) was pipetted into a mini-spin column and 

placed in a 2ml collection tube (including any precipitate that may have formed). The lid 

was closed and centrifuged at 8000 x g for 15secs at room temperature. The flow 

through was pipetted into a new 2ml collection tube. This contains the miRNA. The spin 

column was placed in a new 2ml collection tube and stored at 4°C or at room 

temperature to be used later in purifying for large RNA.

2.1.12.2.3 Small RNA enriched purification steps

1. 450[jl of 100% ethanol (0.65 volumes) was added to the flow through from 

section 2.1.12.2.2 above and mixed thoroughly by vortexing. The next step was 

proceeded to immediately without delay.

2. 700|jl of the sample was pipetted into a MinElute spin column (Qiagen, UK)

placed in a 2ml collection tube. The lid was closed and centrifuged at 8000 x g at room 

temperature for 15secs. The flow through was discarded. This step was repeated until 

the entire sample had been loaded into the spin column with flow through discarded 

each time.

3. SOÔ il of Buffer RPE was pipetted into the MinElute spin column. The lid was 

closed and centrifuged at 8000 x g at room temperature for 15secs. The flow through 

was discarded.

4. SOOpI of 80% ethanol was pipetted into the MinElute spin column. The lid was 

closed and centrifuged at 8000 x g at room temperature for 2mins to dry the spin 

column membrane. The flow through and collection tube was discarded. When 

removing the MinElute spin column, care should be taken not to contact the flow 

through as this would result in ethanol carryover.

5. The MinElute spin column was placed in a new 2ml collection tube. The lid was 

opened and centrifuged at 8000 x g at room temperature for 5mins.

6. The MinElute spin column was placed in a 1.5ml collection tube and 14pl of 

RNase free water was pipetted directly onto the spin column membrane. The lid was 

closed and centrifuged at 8000 x g for 1min to elute the miRNA enriched fraction. This 

tube can be stored at -80‘’C prior to quantification.

2.1.12.2.4 Large RNA purification steps

1. 350|jl of Buffer RWT was pipetted into the Mini spin column set aside from 

section 2.1.14.2.2 above and centrifuged at 8000 x g for 15secs to wash. The flow 

through was discarded.

2. 10|jl of DNase 1 stock solution was added to 70|jl of Buffer RDD and mixed
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gently by inverting the tube. This was not vortexed.

3. The DNase 1 incubation mix (80|jl) was pipetted directly onto the Mini spin

column membrane and placed on the benchtop for 15mins at 20-30°C.

4. 350^jl of Buffer RWT was pipetted into the Mini spin column and centrifuged at

8000 X g for 15secs. The flow through was discarded.

5. 500^1 of Buffer RPE was pipetted into the Mini spin column and centrifuged at 

8000 X g for 15secs to wash the spin column membrane. The flow through was 

discarded.

6. Another 500|jl Buffer RPE was pipetted into the Mini spin column and 

centrifuged at 8000 x g for 15secs to wash the spin column membrane. The flow 

through and column was discarded.

7. The Mini spin column was placed into a new 2ml collection tube and centrifuged

at full speed for 1min with the lid open.

8. The Mini spin column was placed into a new 1.5ml collection tube and 30[jl of 

RNase free water was pipetted directly onto the spin column membrane. This was then 

centrifuged at 8000 x g for 1min to elute the large RNA fraction.

9. If the expected yield was more than SOpg step 8 was repeated with the same 

volume of RNase free water into the same collection tube.

10. This tube was stored at -80°C prior to quantification.

2.1.12.3 Extraction of total RNA from cell lines

1. 3.12x10® cells were seeded into a T75 and exposed to the desired drug 

treatments for 3 days. The cells were then centrifuged at 180 x g for 5mins, washed 

with 10ml PBS, centrifuged again, resuspended and transferred to a sterile eppendorf 

tube (pellets could be stored at -80°C at this point)

2. The cell pellets were taken from storage in the -80 freezer and allowed to thaw 

on ice. They were loosened thoroughly by flicking the tube and 700pl of QIAzol Lysis 

Reagent was added to the sample and mixed by vortex for 1 min.

3. The cell lysate was pipetted into the purple shredder column in a 2ml collection 

tube and centrifuged at max speed for 2mins to homogenise.

4. The supernatant was pipetted into a new 2ml collection tube and the pellet was

discarded.

5. The tube containing the homogenate was placed on the benchtop at room

temperature (15-25°C) for 5mins promoting dissociation of the nucleoprotein 

complexes.

6. 140|jl of chloroform was added to the homogenate, capped securely and

shaken vigorously for 15secs. Thorough mixing was important for subsequent phase
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separation.

7. The tube containing the horriogenate was placed on the benchtop at room 

temperature for 2-3mins.

8. The homogenate was then centrifuged for 15mins at 12,000 x g at 4°C. After 

centrifugation, the sample is separated into 3 phases: an upper, colourless, aqueous 

phase containing RNA; a white interphase; and a lower, red, organic phase. The 

volume of the aqueous phase will be approx 350|jl.

9. The upper aqueous phase was transferred to a new collection tube and 1.5 

volumes (approx 525|jl) of 100% ethanol was added and mixed thoroughly by pipetting 

up and down a number of times. The sample was not centrifuged and the next step 

was carried out immediately.

10. 700|jl of the sample, including any precipitate that may have formed was 

transferred to an RNeasy Mini spin column in a 2ml collection tube The lid was closed 

and centrifuged at 12,000 x g for 15 seconds at room temperature. The flow through 

was discarded.

11. Step 10 was repeated using the same collection tube until the entire sample 

was used.

12. 350|jl of Buffer RWT was pipetted into the Mini spin column and centrifuged at

12.000 X g for 15secs to wash. The flow through was discarded.

13. 10|jl of DNase 1 stock solution was added to 70|jl of Buffer RDD and mixed 

gently by inverting the tube. This should not be vortexed.

14. The DNase 1 incubation mix (80|jl) was pipetted directly onto the Mini spin 

column membrane and placed on the benchtop for 15mins at 20-30°C.

15. 350|jl of Buffer RW T was pipetted into the Mini spin column and centrifuged at

12.000 X g for ISsecs. The flow through was discarded.

16. 500|jl of Buffer RPE was pipetted into the Mini spin column. The lid was closed 

and centrifuged at 12,000 x g for 15 seconds to wash the column. The flow through 

was discarded.

17. Another 500|jl of Buffer RPE was pipetted into the Mini spin column. The lid

was closed and centrifuged at 12,000 x g for 15 seconds to dry the column. The flow

through was discarded.

18. The Mini spin column was placed into a new 2ml collection tube and centrifuged

at full speed for 1 min with the lid open.

19. The Mini spin column was placed into a new 1.5ml collection tube and 40|jl of

RNase free water was pipetted directly onto the spin column membrane. This was then 

centrifuged at 12,000 x g for Imin to elute the total RNA.

20. If the expected yield was more than 30|jg, step 19 was repeated with the same
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volume of RNase free water into the same collection tube.

21. This tube can be stored at -SOX prior to quantification.

2.1.12.4 Quantification of RNA content

The amount and integrity of RNA in extracted samples was measured using a 

traditional spectrometer (Eppendorf BioPhotometer (Hamburg, Germany)) at 260nm. 

Total RNA content in ng/|jl and sample integrity using 260/280 and 260/230 ratios were 

recorded.

2.1.13 Evaluation of RNA integrity from cell line total RNA

extracts

The integrity of the total RNA samples extracted from UPN251 and sublines were 

measured using microfluidic analysis. Chips from the RNA 6000 Nano kit (Agilent 

Technologies, USA) were run on the Agilent 2100 Bioanalyzer as per the protocol. An 

RNA Integrity Number (RIN) was obtained from this procedure which acted as a 

measure of RNA integrity. RIN values above 7 were deemed suitable to use in 

downstream gene expression analysis. The RNA 6000 Nano kit protocol is described in 

brief.

2.1.13.1 Preparing chip priming station

With each new kit the old syringe on the chip priming station was replaced. After the 

old syringe was unscrewed the plastic cap on the new syringe was removed and it was 

inserted into the clip. It was then slid into the hole of the luer lock adapter and screwed 

tightly to the chip priming station. The base plate of the chip priming station was moved 

to position ‘C’. After this, the syringe clip was adjusted so that it was at its highest 

position.

2.1.13.2 Preparing the Bioanalyzer

The lid of the bioanalyser was opened to ensure that the electrode cartridge was 

inserted. Any chip from a previous run was removed and the chip selector was moved 

to position (1). Before each run, the electrodes were decontaminated by filling the 

electrode cleaner chip with 350|jl of RNase Away (Molecular Bio-products, USA) and 

placing it into the Agilent Bioanalyzer 2100 for 1 min. Another electrode cleaner was 

filled with 350|jl RNase-free water and placed into the Bioanalyzer for lOsecs. The lid 

was left open for lOsecs after to allow water to evaporate. After each run the 

electrodes were cleaned with RNase free water (Sigma-Aldrich, UK) as above.
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2.1.13.3 Preparing the RNA ladder

After kit arrival the ladder was pipetted into an RNase free vial. The ladder was heat 

denatured for 2mins at 70°C and then cooled on ice. Aliquots were made and stored at 

-80°C. Aliquots were thawed on ice before use.

2.1.13.4 Agilent RNA 6000 nano assay protocol

1. All reagents were equilibrated to room temperature before use. 550|jl of the gel 

matrix (Red) was placed into the top receptacle of a spin filter. The spin filter was 

micro-centrifuged for lOmins at 1500 x g. 65|jl of filter gel was aliquoted into 0.5ml 

RNase free tubes for storage at 4°C for up to one month.

2. The dye concentrate (blue) was vortexed for lOsecs. 1|jI was added to a 65[jl 

aliquot of filtered gel and vortexed thoroughly. The tube was spun for lOmins at room 

temperature at 18300 x g.

3. A new RNA Nano chip was placed on the chip priming station and 9[jl of the 

gel-dye mix was pipetted into the bottom of the well marked ‘G ’. The plunger of the chip 

priming station was set to 1ml and then closed. The plunger was pushed down slowly 

until it was held by the clip for exactly 30secs before being released and allowed to 

move back to 1ml position. 0.9|jl of the gel-dye mix was then pipetted into the two wells 

above the well marked ‘G ’.

4. 5|jl of the marker (green) was loaded into the ladder well and each sample well. 

1[jl of the RNA ladder was pipetted into the ladder well and then Ifjl of each sample 

was pipetted into each sample well (12 total).

5. The chip was vortexed in the IKA vortex mixer (IKA®, Germany) for Imin at 

2400rpm and then placed into the bioanalyzer within 5mins to start the run.

6. The chip was analysed using the 2100 expert software running the Eukaryotic 

Total RNA Nano assay.

2.1.14 Affymetrix gene expression analysis protocol

The Affymetrix GeneChip® Human Gene 2.0 ST Arrays were used for the analysis of 

gene expression. These chips offer a comprehensive transcriptome coverage including 

>30,000 coding transcripts and >11,000 long intergenic non-coding transcripts. They 

measure alternative splicing event/transcript variants and have probes designed to 

have maximum coverage of exons. They show high reproducibility with a signal 

correlation coefficient of s 0.99. They provide the ability to assess whole-transcriptome 

gene-express(0n at gene and exon levels.
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The entire process was completed over a three day work flow, as seen in Figure 2.7. 

Initial total RNA samples were first quantified using a traditional spectrometer and then 

bioanalysed to ensure samples were of suitable RNA integrity before commencement 

of this protocol (see section 2.1.13). In brief, the Affymetrix GeneChip® WT PLUS 

Reagent Kit was used during the first two days of sample preparation from total RNA 

samples. The poly-A controls were prepared first. This was followed by first-strand 

cDNA synthesis, then second strand cDNA synthesis. Next in vitro transcription was 

used in order to produce cRNA. This was then purified and the cRNA yield was 

assessed. Second cycle ss-cDNA was then synthesised and hydrolysed using RNase 

H. The second cycle ss-cDNA was then purified and the yield was obtained. The 

GeneChip® WT Terminal Labelling and Hybridisation User Manuals were used in order 

to fragment, label and hybridise the ss-cDNA to the HuGene 2.0 chips. Finally, on day

three the GeneChip® Expression Wash, Stain and Scan User Manual was used to

wash, stain and scan the chips. All master mixes used in this process were prepared 

prior to each step of the protocol to improve reproducibility. Enzyme solutions were 

flick-mixed and spun down in a centrifuge before each PCR step.

2.1.14.1 Preparation of total RNA and Poly-A controls

The recommended concentration of total RNA per sample to be used in this protocol 

was 50-500ng. For this study 250ng of total RNA was used. Poly-A RNA spikes were 

used as exogenous positive controls. Each chip contains probe sets for several B. 

subtilis genes that are absent in eukaryotic samples {lys, phe, thr and dap). The 

controls were in vitro synthesised and premixed at staggered concentrations. The 

controls were amplified and labelled with the total RNA samples. The hybridisation 

intensities of the controls provide quality control for sample preparation and help 

monitor labelling and hybridisation.

The Poly-A stock was serially diluted with Poly-A control dilution buffer to the final 

concentration listed in Table 2.3. The dilution factors were calculated appropriately for 

starting RNA concentration in this study. 2jjl of the final dilution was added to 3|jl of 

total RNA sample in a nuclease free tube (250ng total RNA in RNase free water).

2.1.14.2 First -strand cDNA synthesis

Total RNA samples were reverse transcribed with primers containing a T7 promoter 

sequence. The reaction synthesises ss-cDNA with a T7 promoter sequence at its 5’ 

end.

89



Da
y 

2 
D

ay
l

IncubJtmn Time S

-F im  Strand cDNA Synthesis 
2 hr

Se<ofid-Strand cDNA SymSesis 
1 hf W min

cRNA Amplrfication 
~ l6 h r
-cRNA Purification & Quantitation

AAAAAAAAAAAAAAA 3'
5'RT ♦ -N M N

ONA POLYMCRASE & RNASE H

T7 RNA POlYMtRASE

5 'N N N - ^ R T

2nd-Cycle ss<DNA Synthesis 
2 hr dirrp

Template RNA Removal
50 rrtm

RNASE H

d l/T P5 »m hh

S5<DNA Purification & Quantitation

Fragmentation 
f hr

UOG & APE1

Terminal Labeling 
1 hr

♦ IDT, OLR

—Hybridization to WT Array

• • • • • • *
• • • • • • •
• • • • • • •• • • • • • •

• ••*2 2 2
■ • • • • * •

• • •

-•Nyvs RNA

^ N /V \  DMA

RT Reverse Transcnptae

NNN Random Primers

OLR DMA labeling Reagent

• Kotin

RNA Hydrotysis

Figure 2.7 Affymetrix suggested three day workflow (gene expression analysis).

90



Table 2.3 Final concentrations of Poly-A RNA controls when added to total RNA samples

Poly-A RNA Spike Final Concentration (Ratio of copy number)

Lys 1:100,000

Phe 1:50,000

Thr 1:25,000

Dap 1:6,667

Reagents were thawed and placed on ice. A master mix was prepared on ice as per 

Table 2.4. On ice 5|ji of the master mix was added to 5[jl of sample containing total 

RNA and Poly-A controls to a total reaction volume of 10pl. Tubes were vortexed, spun 

down and incubated for 1 hour at 25°C, 1 hour at 42°C and 2mins at 4°C in a thermal 

cycler with heated lid. Following incubation tubes were centrifuged briefly and placed 

on ice.

2.1.14.3 Second-strand cDNA synthesis

In this step, ss-cDNA was converted to ds-cDNA. This acted as a template for in vitro 

transcription. The reaction used DNA polymerase and RNase H to degrade the RNA 

and synthesise second-strand cDNA. Reagents were thawed and placed on ice. A 

master mix was prepared on ice as per Table 2.5. On ice 20|jl of the master mix was 

added to lOpI of sample containing the first-strand cDNA to a total reaction volume of 

30|jl. Tubes were vortexed, spun down and incubated for 1 hour at 16°C, lOmins at 

65°C and 2mins at 4°C in a thermal cycler with the lid off. Following incubation tubes 

were centrifuged briefly and placed on ice.

2.1.14.4 cRNA synthesis by in vitro transcription

Antisense RNA (cRNA) was synthesised and amplified by in vitro transcription (IVT) of 

the second-strand cDNA template using T7 RNA polymerase. This T7 IVT method was 

based on the Eberwine or RT-IVT method {Van Gelder et al. 1990). Reagents were 

thawed and placed on ice. A master mix was prepared on ice as per Table 2.6. On ice, 

30|jl of the master mix was added to 30|jl of sample containing the second-strand 

cDNA to a total reaction volume of 60|jl. Tubes were vortexed, spun down and 

incubated for 16 hours at 40°C and 2mins at 4°C in a thermal cycler with heated lid. 

Following incubation tubes were centrifuged briefly and placed on ice.
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Table 2.4 First-strand cDNA master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

First-Strand Buffer 4

First-Strand Enzyme 1

Total Volume 5

Table 2.5 Second-strand cDNA master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

Second-Strand Buffer 18

Second-Strand Enzyme 2

Total Volume 20

Table 2.6 IVT master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

IVT Buffer 24

IVT Enzyme 6

Total Volume 30
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2.1.14.5 cRNA purification

The produced cRNA was purified in order to remove elements from the samples, which 

may have compromised RNA stability (salts, inorganic phosphates, unincorporated 

nucleotides and enzymes). Prior to purification, 50|jl of nuclease free water per sample 

was heated to 65°C for at least lOmins. Purification beads were mixed thoroughly by 

vortexing for 3mins to ensure all beads were fully dispersed and 100 pi of per sample 

(plus ~ 10% extra for pipetting loss) was transferred to a nuclease free tube. Fresh 

dilutions of 80% ethanol wash solution were prepared from 100% ethanol and nuclease 

free water. Approximately 600^1 (plus ~ 10% extra for pipetting loss) was prepared. 

Purification of cRNA was carried out at room temperature.

For each sample, the previously mixed and separated purification beads were briefly 

vortexed again to re-suspend any magnetic particles that may have settled. lOOpI of 

the purification beads were added to 60ul of cRNA sample and mixed up and down 10 

times before transferring to the well of a U-bottom plate. The sample was then 

incubated at room temperature for lOmins to allow the cRNA to bind to the purification 

beads. The plate was then moved to a magnetic stand in order to capture the 

purification beads. After approximately 5mins the mixture appeared transparent and the 

purification beads formed pellets against the magnets of the magnetic stand. The 

supernatant was carefully aspirated without disturbing the pellets while still on the 

magnetic stand. The purification beads were washed three times by addition and 

removal of 200pl of 80% ethanol wash solution for 30 second incubations. After the 

final wash, the 80% ethanol wash solution was completely removed and left to air dry 

until no liquid was visible yet the beads appeared shiny. Care was taken not to over 

dry the beads, as this would have reduced the elution efficiency. If over dried, the bead 

surface will appear dull and may be cracked. After drying, the plate was removed from 

the magnetic stand and 50fjl of the preheated (65°C) nuclease free was added to the 

sample for Imin to elute the cRNA from the beads. The samples were mixed well by 

pipetting up and down 10 times, after which the plate was moved back to the magnetic 

stand for 5mins to capture the purification beads. The resulting supernatant which 

contained the eluted cRNA was transferred to a nuclease free tube and placed on ice. 

The cRNA yield of each sample was then assessed using the NanoDrop 

spectrophotometer.
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2.1.14.6 Second-Cycle ss-cDNA synthesis

The cRNA was reverse transcribed to produce sense-strand cDNA using second cycle 

primers. The sense-strand cDNA contains deoxyuracil triphosphate (dUTP) at a fixed 

ratio relative to deoxythymidine triphosphate (dTTP).

Reagents were thawed and placed on ice. On ice, 625ng/|jl (15|jg) of cRNA was made 

up to a final volume of 24|jl in nuclease-free water. 4^il of second cycle primers were 

added to the cRNA samples and mixed thoroughly by vortexing, then centrifuged 

briefly. The samples were incubated for 5mins at 70°C, 5mins at 25 °C and 2mins at 

4°C in a thermal cycler with heated lid. Following incubation, tubes were centrifuged 

briefly and placed on ice.

A master mix was prepared on ice as per Table 2.7. On ice 12pl of the master mix was 

added to 28|jl of sample to a total reaction volume of 40ijl. The tubes were vortexed, 

spun down and incubated for lOmins at 25°C, 90mins at 42 “C, lOmins at 70°C and 

2mins at 4°C  in a thermal cycler with a heated lid. Following incubation, tubes were 

centrifuged briefly and placed on ice.

2.1.14.7 RNase H hydrolysis

The cRNA template was degraded by RNase H, leaving free ss-cDNA.

On ice, 4|jl of RNase H was added to the ss-cDNA samples and mixed thoroughly by 

vortexing, then centrifuged briefly. The samples were incubated for 45mins at 37°C, 

5mins at 95 °C  and 2mins at 4°C  in a thermal cycler with a heated lid. Following 

incubation, tubes were centrifuged briefly and placed on ice. On ice, 11 pi of nuclease- 

free water was added to each sample. The tubes were mixed by vortexing and 

centrifuged briefly.

2.1.14.8 Second-cycle ss-cDNA purification

The produced ss-cDNA was purified in order to prepare samples, by removing salts, 

unincorporated nucleotides and enzymes.

The purification of second-cycle ss-cDNA was the same as purification of cRNA  

(section 2 .1 .14.5 ) samples with some slight modifications:

•  After the transfer of 10OpI of purification beads to the samples and transfer to U- 

bottomed plate, ISOpI of 100% ethanol was added to the samples and pipetted up and 

down for thorough mixing. The sample was then incubated for 20mins to allow the ss- 

cDNA to bind to the purification beads.
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Table 2.7 Second-cycle ss-cDNA master mix components.

Each component was added in 

pipetting loss.

sequence with 5% excess prepared in order to allow for

Second-cycle ss-cDNA Buffer 8

Second-cycle ss-cDNA Enzyme 4

Total Volume 12

• After drying, the plate was removed from the magnetic stand and 30|jl of the 

preheated (65°C) nuclease free water was added to the sample for 1 min to elute the 

ss-cDNA from the beads.

The resulting supernatant that contained the eluted ss-cDNA was transferred to a

nuclease free tube and placed on ice. The ss-cDNA yield of each sample was then

assessed using the NanoDrop Spectrophotometer.

2.1.14.9 Fragmentation of ss-cDNA

In order to fragment the ss-cDNA, a fragmentation reaction was set up as per Table 2.8 

in 0.2ml strip tubes. The fragmentation master mix was set up using Table 2.9. 16.8|jl 

of the reaction master mix was added to the prepared samples of S.Spg ss-cDNA. The 

tube was gently vortexed, centrifuged briefly, and incubated for 60mins at 37°C, 2mins 

at 93°C and 2mins at 4°C in a thermal cycler with a heated lid. Following incubation, 

tubes were centrifuged briefly and 45|jl of the sample was transferred to a new 0.2ml 

strip tube.

2.1.14.10 Labelling of fragmented ss-cDNA

In order to label the fragmented ss-cDNA, 15|jl of the labelling reaction master mix 

prepared as per Table 2.10 was added to 4 5 |j 1 of sample prepared in section 2.1.14.9. 

The samples were then flick-mixed, spun down and incubated for 60mins at 37°C, 

lOmins at 70°C and 2mins at 4°C in a thermal cycler with a heated lid. Following 

incubation, the tubes were centrifuged briefly.
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Table 2.8 Fragmentation reaction sample preparation.

ss-cDNA 5.5g

RNase-free water Up to 31.2|J|

Total Volume 31.2|jl

Table 2.9 Fragmentation master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

RNase-free water 10

10X cDNA Fragmentation Buffer 4.8

UDG, 10U/MI 1

APE 1 ,1,000U/(jl 1

Total Volume 16.8

Table 2.10 Labelling reaction master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

5X TdT Buffer 12

TdT 2

DNA Labelling reagent, 5mM 1

Total Volume 15
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2.1.14.11 Hybridisation

In preparation for hybridisation, three heating blocks were set up at 65°C, 99°C and 

45°C. The stocks of eukaryotic hybridisation controls were heated to 65°C for 5mins to 

completely re-suspend the cRNA before aliquoting. 109|jl of the hybridisation cocktail 

master mix (as per Table 2.11) was added to 41 [jl of the labelled and fragmented ss- 

cDNA (~25ng/pl) to a total volume of 150|jl in 1.5ml RNase-free tube. The tube was 

gently vortexed and spun down, then heated at 99°C for 5mins and immediately cooled 

to 45°C for 5mins. The cocktail was then centrifuged at max speed for Imin in the 

microcentrifuge 5417C (Eppendorf, Germany). The HuGene 2.0 ST array chips were 

equilibrated to room temperature before use and labelled with the name of the sample 

to be hybridised to the chip. 130pl of the specific sample was injected into the array 

through one of the septa (Figure 2.8). Two pipette tips were required to fill the probe 

array cartridge; one for filling and the second to allow venting of air from the 

hybridisation chamber. It is important that the bubble in the hybridisation chamber after 

filling moves freely upon rotation to ensure that the hybridisation cocktail makes contact 

with all parts of the array. Arrays were placed in a hybridisation oven at 45°C and 

incubated for 17 hours ± 1 hour at 60rpm.

2.1.14.12 Fluidics station and scanner setup

Sample files were created using the Affymetrix GeneChip® Command Console 

(AGCC) software for all samples. The Affymetrix GeneChip® fluidics station 450 was 

set up using the AGCC software and primed to insure all lines contained the correct 

fluids before commencing the staining process.

2.1.14.13 Array washing and staining

The staining reagents were prepared for each array by adding 600|jl of Stain Cocktail 1 

to an amber 1.5ml microcentrifuge vial, 600^1 of Stain Cocktail 2 to a clear 1.5ml 

microcentrifuge vial and 800|jl of Array Holding Buffer to a clear 1.5ml microcentrifuge 

vial. Tubes were spun at max speed for Imin in the microcentrifuge 5417C (Eppendorf, 

Germany) to remove any air bubbles present. The arrays were removed from the 

hybridisation oven. The hybridisation cocktail was removed through one septum, while 

air was vented through the other, as was done previously in section 2.1.14.12. The 

hybridisation cocktail was stored at -20°C in the event that problems arouse with the 

hybridisation procedure. The array was filled with 160|jl of wash buffer A and kept at 

room temperature. The fluidics station was capable of staining four arrays per run and 

took approximately 90mins. Additional arrays were kept at 4°C for up to 4hours and
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Table 2.11 Hybridisation cocl<tail master mix components (mRNA).

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

Control Oligonucleotide B2 (3nM) 2.5 50pM

20X Eukaryotic Hybridisation Cont 

(bioB, bioC, bioD and ore)

7.5 1.5,5,25 and lOOpM 

respectively

2X Hybridisation Mix 75 IX

DMSG 10.5 7%

Nuclease-Free Water 13.5

Total Volume 109

Plastic cartridge Notch Septa

Front

Probe array on 
glass substrate

Back

Figure 2.8 Affymetrix GeneChip® Array.

The sample is pipetted into the array through one of the septa on the back of the chip. Air is 

vented from the chip by placing a pipette tip in the other septa on the back of the chip while 

sample is being pipetted in. A bubble which is seen to float freely should be seen in order to 

allow the hybridisation cocktail to contact the entire probe surface.
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were re-equilibrated to room temperature 45mins before staining. The AGCC fluidics 

control software was used to programme the wash solutions within the fluidics station. 

The arrays were inserted into the wash blocks in each wash station and the on-screen 

instructions were followed for loading the staining solutions.

2.1.14.14 Array scanning

Following staining in the fluidics station, the arrays were removed and checked for air 

bubbles. If no bubbles were present, they were moved to the Affymetrix GeneChip®  

Scanner 3000. If air bubbles were present, the arrays were replaced into the fluidics 

station and on-screen instructions were followed to remove bubbles. The scanner was 

switched on lOmins prior to a run to warm up. If any dust or dirt was present on the 

glass surface of the array, it was carefully removed using tissue or blowing. The septa 

were covered using ‘tough spot’ stickers to prevent the holding array buffer from 

leaking out. The arrays were placed into the scanner and the AGCC scanner control 

software was used to begin scanning. When scanning was complete, the arrays were 

removed from the scanner and stored at room temperature.

2.1.15 MiRNA expression analysis

The Affymetrix GeneChip® miRNA 3.0 Arrays were used for the analysis of miRNA 

expression. These chips provide complete coverage of the miRBase v17 and give 

snoRNA and scaRNA probes on the same chip. The design allows for independent 

interrogation of pre-miRNA and mature miRNA in the same experiment with high 

sensitivity (detects 94% of miRNA transcripts at 1.0 amol) and high reproducibility (0.95 

inter- and intra-lot).

Sample preparation using the Affymetrix FlashTag™ Biotin Labelling Kit takes 

approximately 45mins to complete. The initial total RNA samples were first quantified 

using a traditional spectrometer (Eppendorf BioPhotometer (Hamburg, Germany)) and 

then bioanalyzed to ensure samples were of suitable RNA integrity before 

commencement (see section 2.1.13). This protocol can utilise samples with severely 

degraded RNA and low molecular weight RNA. In brief, lOOOng of total RNA samples 

were poly A tailed and biotinylated signal molecules were ligated to the target RNA. An 

Enzyme Linked Oligosorbent Assay (ELOSA) was carried out to confirm that the 

Affymetrix FlashTag Biotin Labelling Kit had performed appropriately in the biotin 

labelling process. The samples were then hybridised to the Affymetrix GeneChip® 

miRNA 3.0 Arrays overnight. The Affymetrix GeneChip® Expression Wash, Stain and 

Scan User Manual were used to wash stain and scan the chips.
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All master mixes used in this process were prepared prior to each step of the protocol 

to improve reproducibility.

2.1.15.1 Poly (A) tailing

1mM Tris (pH8)

49.95ml nuclease free water, 50ul 1M Tris-HCI (USB), pH8

lOOOng of total RNA was made up in 8ijl of nuclease free water and placed on ice. 2|jl 

of the RNA spike control oligos (vial 8) were added to each sample. The ATP Mix (vial 

3) was diluted 1:500 in 1mM Tris (pH 8.0). A tailing master mix was prepared on ice 

(Table 2.12). 5|jl of the master mix was added to the 10|jl of RNA/Spike control oligos 

for a final volume of 15[jl. The samples were mixed gently and heated at 37°C for 

15mins.

2.1.15.2 FlashTag™ blotin HSR ligation

The samples were microcentrifuged briefly and placed on ice. 4|jl of 5X FlashTag 

Biotin HSR Ligation mix (vial 5) was added to each sample. 2|jl of T4 DNA Ligase (vial 

6) was then added to each sample. The T4 DNA Ligase was not vortexed and was 

taken from storage immediately prior to use and kept on ice. The samples were mixed 

gently and microcentrifuged briefly after the components were added and then 

incubated at room temperature for SOmins. The reaction was stopped by adding 2.5pl 

HSR Stop Solution (vial 7) and then mixed and microfuged. 2(jl of the biotin-labelled 

sample was removed for use in the Enzyme Linked Oligosorbent Assay (ELOSA) QC 

Assay. The remaining sample can be stored on ice for 6 hours or at -20°C for 2 weeks 

prior to hybridisation to the Affymetrix® GeneChip® miRNA arrays.

2.1.15.3 Enzyme linked oligosorbent assay (ELOSA) QC assay

This optional quality control step is used to ensure that the Affymetrix FlashTag™ 

Biotin HSR Labelling Kit has performed appropriately as a biotin labelling process. The 

ELOSA detects RNA Spike Control Oligos which are part of the Affymetrix FlashTag™ 

biotin HSR labelling reactions via a colorimetric ELOSA assay. It detects the 

hybridisation of the biotin-labelled RNA Spike Control Oligos to the complementary 

ELOSA Spotting Oligos immobilised onto the microtitre plate wells (Nunc Flat bottom 

Immobilizer™ Amino -  8 well strips, Fisher Scientific, Ireland) 2ul of each sample was 

saved after completion of the Affymetrix FlashTag™ biotin HSR ligation step (2.1.15.2) 

to be run on the ELOSA.
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Table 2.12 Tailing master mix components.

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss. PAP enzyme was not vortexed and was and taken from storage immediately 

before use.

10X Reaction Buffer (vial 1) 1.5

25mM MnCb (vial 2) 1.5

Diluted ATP Mix (vial 3 dilution) 1

PAP Enzyme (vial 4) 1

Total Volume 5

25% dextran sulphate

5ml 50% dextran sulphate (Merck Millipore, Ireland), 5ml nuclease free water, vortexed 

thoroughly

IX  PBS

100ml 10X PBS (Applied Biosystems, USA), 900ml nuclease free water, pH7.4 

IX  PBS. 0.02% Tween-20

100ml 10X PBS (Applied Biosystems, USA), 0.2ml Tween-20 (Sigma-Aldrich, UK), 

899.8ml nuclease free water, pH 7.4

5% BSA in IX  PBS

2g powdered BSA (Sigma-Aldrich, UK), IX  PBS (Applied Biosystems, USA) to final 

volume of 40ml vortexed. Stored as 8 5ml aliquots at -20°C for up to 6 months.

5X SSC. 0.05% SDS. 0.005% BSA

2.5ml 20X SSC (Applied Biosystems, USA), 0.05ml 10% SDS (Applied Biosystems, 

USA), 0.01ml 5% BSA in IX  PBS, nuclease free water to a final volume of 10ml. 

Stored as 10 1ml aliquots at -20°C for up to 6 months. Once thawed, aliquots were 

stored for 1 week at 4°C.
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2.1.15.3.1 Coating wells with ELOSA Spotting Oligos

The ELOSA Spotting Oligos (vial 9) were diluted 1:50 in 1X PBS (Applied Biosystems, 

USA). 75|jl of the diluted ELOSA Spotting Oligos were transferred to each well of the 

plate, ensuring the pipette tip did not touch the bottom of the wells. The plate was 

covered with an adhesive plate sealer (VWR) and incubated overnight at 4°C. Plates 

can be stored in this way for up to 2 weeks.

2.1.15.3.2 Washing and blocking

The ELOSA Spotting Oligos were removed by expelling the liquid into a sink. Wells 

were washed twice with 1X PBS, 0.02% Tween-20 and blotted dry. 150|jl of 5% BSA in 

1X PBS was added to each well. The plate was covered and incubated for 1 hour at 

room temperature.

2.1.15.3.3 Sample hybridisation

A hybridisation master mix was prepared as per Table 2.13. The master mix was gently 

vortexed until the dextran sulphate was in solution and briefly microcentrifuged. The 

positive control was prepared by adding 2|jl of vial 10 to 50 5|jl of master mix. The 

negative control was prepared by adding 2|jl of water to 50.5|jI of master mix. Each 

sample was prepared by adding 50.5|jI of master mix to the 2|jl of saved biotin labelled 

sample from section 2.1.15.2. The BSA blocking solution was removed from the plate 

by expelling the liquid into a sink. 52.2|jl of the hybridisation solution was then added to 

each designated well. The plates were then covered and incubated for 1 hour at room 

temperature.

2.1.15.3.4 SA-HRP binding

The SA-HRP (Thermo Fisher Scientific Inc, USA) was diluted 1:4000 in 5% BSA in IX  

PBS. The hybridisation solution was removed by expelling liquid into a sink. The wells 

were washed 3-4 times with IX  PBS, 0.02% Tween-20 and blotted dry. 75|jl of the 

diluted SA-HRP was added to each well. Wells were covered and incubated for 30mins 

at room temperature.

2.1.15.3.5 Signal development

The SA-HRP was removed by expelling liquid into a sink. The wells were washed 3 

times with 1X PBS, 0.02% Tween-20. 100|jl of TMB Substrate (Thermo Fisher 

Scientific Inc, USA) was added to each well. The plate was covered and incubated at 

room temperature for 30mins in the dark. The substrate turned blue for positive results. 

At this stage, the TMB stop reagent was added for quantitation.
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Table 2.13 Hybridisation master mix components.

Each component was added in sequence with 5% 

pipetting loss.

excess prepared in order to allow for

5X SSC, 0.05% SDS, 0.005% BSA 48.0

25% Dextran sulphate 2.5

Total Volume 50.5

The blue substrate was converted to a yellow colour (see Figure 2.9). The plate was 

then read on a plate reader at 450nnri. A reading greater than 0.1 OD over the negative 

control was considered positive.

2.1.15.4 Hybridisation

After achieving positive results from the above ELOSA assay, hybridisation of samples 

to the Affymetrix GeneChip® miRNA 3.0 arrays was carried out. In preparation for the 

hybridisation procedure, three heating blocks were set up at 65°C, 99°C and 45°C. The 

20X Eukaryotic Hybndisation controls were heated for 5mins at 65°C. All reagents 

needed for the hybridisation cocktail (shown in Table 2.14) were brought to room 

temperature and a hybridisation cocktail was prepared. 110.5|jl of the hybridisation 

cocktail master mix was added to 21.5pl of the biotin labelled samples (from section 

2.1.15.2) to a total volume of 132pl in 1.5ml RNase-free tube. The tube was gently 

vortexed and spun down, then heated at 99°C for 5mins, and immediately cooled to 

45°C for 5mins. The cocktail was then centrifuged at maximum speed for Imin. The 

Affymetrix GeneChip® miRNA 3.0 array chips were equilibrated to room temperature 

before use and labelled with the name of the sample to be hybridised to the chip. 130|jl 

of the specific sample was injected into the array through one of the septa (Figure 2.8 

(section 2.1.14.11)). Two pipette tips were required to fill the probe array cartridge, one 

for filling and the second to allow venting of air from the hybridisation chamber. It is 

important that the bubble in the hybridisation chamber after filling moves freely upon 

rotation to ensure that the hybridisation cocktail makes contact with all parts of the 

array. Arrays were placed in a hybridisation oven at 48°C and incubated for 17 hours ± 

1 hour at 60rpm.
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Before Stop Solution A fter Stop Solution

Figure 2.9 ELOSA signal development.

TMB substrate turns from blue to yellow after addition of TMB stop reagent if positive result is 

obtained.

Table 2.14 Hybridisation cocktail master mix components (miRNA).

Each component was added in sequence with 5% excess prepared in order to allow for 

pipetting loss.

Control Oligonucleotide B2 (3nM) 2.2 50pM

20X Eukaryotic Hybridisation Controls 

(bioB, bioC, bioD and ere)

6.6 1.5,5,25 and lOOpM 

respectively

2X Hybridisation Mix 66 1X

DMSO 10 9.7%

27.5% Formamide (vial 12) 19.2 4%

Nuclease-Free Water 3.7

Total Volume 110.5
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2.1.15.5 Array staining, washing and scanning

Fluidics station and scanner setup, array washing and staining and array scanning for 

the Affymetrix GeneChip® miRNA 3.0 array chips were carried out as per the same 

methods used for the Affymetrix GeneChip® Human Gene 2.0 ST arrays chips 

following sections 2.1.14.12, 2.1.14.13 and 2.1.14.14 respectively.

2.1.16 TaqMan® quantitative polymerase chain reaction (qPCR)

TaqMan® quantitative PCR (qPCR) was carried out for genes and miRNAs of interest. 

Table 2.15 gives a list of all the probes used in this study.

2.1.16.1 Reverse Transcription (genes)

cDNA was reverse transcribed from extracted large RNA samples using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA). In brief, a 

reverse transcription master mix was prepared on ice, as per Table 2.16, in a 2ml 

eppendorf tube. This master mix contains universal primers and performs a global 

reverse transcription for all of the large RNA in a given sample. The master mix was 

mixed gently. For each reaction, 10|jl of the reverse transcription master mix and 10|jl 

of RNA sample (300ng of RNA made in 10|jl of nuclease-free water) was added to a 

0.2ml PCR tube (Fisher Scientific, Ireland) and kept on ice. The PCR tubes were briefly 

centrifuged to spin down contents and eliminate air bubbles. The tubes were then 

incubated at 25°C for lOmins, 37°C for 2hours, 85°C for 5mins and held at 4°C in a 

thermal cycler. The samples (cDNA) were then stored at -20°C. This step results in one 

cDNA sample of 20pl for each large RNA sample reverse transcribed.

2.1.16.2 Reverse Transcription (miRNA)

cDNA was reverse transcribed from extracted small RNA samples using the TaqMan®  

MicroRNA Reverse Transcription Kit (Applied Biosystems, USA). In brief, a miRNA 

reverse transcription master mix was prepared on ice for each miRNA target of interest, 

as per Table 2.17. Only the target miRNA of interest was reverse transcribed in each 

reverse transcription reaction due to the specific 5X primer sets added to each 

mastermix. The master mixes were mixed gently. The concentration of the small RNA 

sample was estimated from the corresponding large RNA sample, as the small RNA 

sample could not be directly measured. For each reaction (one for each target of 

interest), 14|jl of each specific miRNA reverse transcription master mix was added to 

separate 0.2ml PCR tubes (Fisher Scientific) and kept on ice. 1 |jl of small RNA sample 

(where the corresponding large RNA sample had up to 200ng/|jl) was added to each
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Table 2.15 List of probes for TaqMan qPCR.

All probes were obtained from Applied Biosystems, USA.

Probe Target type Assay code

CCL20 Gene Hs01011368_m1

GAPDH gene (endogenous control) Hs99999905_m1

GLI3 Gene Hs00609233_m1

LIN28B Gene Hs01013729_m1

SRPX2 Gene Hs00997580_m1

Let-7i miRNA 002221

miR-205 mlRNA 000509

U6 snRNA (endogenous control) 001973

Table 2.16 Gene reverse transcription master mix components.

Each component was added in sequence with excess reactions prepared in order to allow for 

pipetting loss.

10X RT Buffer 2

25XdNTP mix(IOOnM) 0.8

10X RT Random Primers 2

Multiscribe™ Reverse Transcriptase 1

Nuclease-Free Water 4.2

Total Volume 10
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Table 2.17 MiRNA reverse transcription master mix components.

Each component was added in sequence with excess reactions prepared in order to allow for 

pipetting loss.

10XRT Buffer 1.5

lOOnM dNTP mix (with dTTP) 0.15

M ultiscribeReverse Transcriptase, 50 1

U/Ml

RNase Inhibitor, 20 U/|j[ 0.19

5X RT primers 3

Nuclease-Free Water 8.16

Total Volume 14

PCR tubes containing 14(jl of each specific mastermix. If the large RNA sannple was 

greater than 200ng/|jl, the corresponding small RNA sample was diluted to a factor that 

would bring the corresponding large RNA sample to a concentration below 200ng/|j| if 

the same dilution was applied. I^il of the small RNA dilution was then added. The PCR 

tubes were briefly centrifuged to spin down contents and eliminate air bubbles. The 

PCR tubes were then incubated at 16°C for 30mins, 42“C for 30mins, 85°C for 5mins 

and held at 4°C in a thermal cycler. Samples (cDNA) were then stored at -20°C.

2.1.16.3 TaqMan® qPCR step

TaqMan® qPCR was carried out by following the TaqMan® Gene Expression Assay 

Protocol (Applied Biosystems, USA) for target genes and the TaqMan® Small RNA 

Assays Protocol for target miRNAs. qPCR of genes and miRNAs were discussed 

together below as this step was similar in both protocols.

In brief, a TaqMan mastermix was prepared on ice for each target gene/miRNA of 

interest preparing enough for each sample in triplicate (Table 2.18). Applied 

Biosystems Universal Master Mix II (without UNG, uracil-DNA glycosylase) was used in 

preparing each mastermix. This contains the DNA polymerase needed to carry out
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Table 2.18 TaqMan master mix components.

Each component was added in sequence with excess reactions prepared in order to allow for 

pipetting loss.

2X Universal master mix II 10 10

20X TaqMan gene expression 1 1

assay

Nuclease-free water 8 7.66

Total 19 18.66

amplification. The gene expression assays contain the primers and MGB probe for the 

target gene/miRNA of interest.

19pl of each gene TaqMan mastermix was aliquoted in triplicate into separate wells for 

each cDNA sample (section 2.1.16.1) on a 96-well fast plate (Applied Biosystems, 

USA). 1|jl of cDNA sample was added to each well containing TaqMan master mix. An 

endogenous control for each sample (GAPDH) and a non-template control (NTC) for 

each target gene (1 |jI of nuclease-free water added to 19|jI of TaqMan mastermix in 

place of cDNA) was run on each 96-well plate.

18.66|jl of each miRNA TaqMan mastermix was aliquoted in triplicate into separate 

wells for each cDNA sample (section 2.1.16.2) on a 96-well fast plate (Applied 

Biosystems, USA). 1.34|jl of cDNA miRNA target sample was added to each well 

containing TaqMan master mix. Each small RNA sample had a separate reverse 

transcription reaction from section 2.1.16.2 for each miRNA target of interest being 

investigated. An endogenous control (U6) for each sample and a NTC for each target 

miRNA (1.34|jl of nuclease-free water added to 18.66|jl of TaqMan mastermix in place 

of cDNA) was run on each 96-well plate.

All plates were sealed using optical adhesive film (Applied Biosystems, USA) and 

centrifuged briefly to remove air bubbles and to ensure the reaction mixture was at the 

bottom of the plate. The plates were run on the Applied Biosystems Fast 7500 Real- 

Time PCR System under the following conditions; hold at 50°C for 2mins, hold at 95°C 

for lOmins and 40 cycles of 95°C for 15secs followed by 60°C for 1min. When the run
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was completed the data was analysed using the Data Assist software (v3.0, Applied 

Biosystems, USA) and Microsoft Excel.

2.1.16.4 Optimisation of the quantity of small RNA input for reverse 

transcription

As the small RNA sample could not be directly measured, the quantity of sample to be 

added to the miRNA reverse transcription mastermix was estimated from its 

corresponding large RNA sample. Small and large samples were separated into 

separate fractions during RNA isolation (section 2.1.12.2). This was investigated by 

running the full TaqMan® qPCR protocol for U6 endogenous control on four samples; 

two samples using 1|jl of small RNA sample input and two samples using 4|jl of small 

RNA sample input. Also, two of the samples had a relatively low concentration of large 

RNA in their corresponding large RNA samples and two had relatively high 

concentrations of large RNA in their corresponding large RNA samples. Table 2.19 

shows the average CT values for U6 obtained from each sample and indicates sample 

input amount and concentration of corresponding large RNA samples. From these 

results, it was deemed that 1|jl of small RNA sample input was optimal as both 

concentrations of large RNA sample (26 (high) and 32 (low)) gave similar average CT 

values (17.5 and 19.2 respectively). Sample 48 had 4\i\ input of small RNA sample and 

high concentration in corresponding large RNA sample, but had a low average CT 

value of 12.4. This was too low to give reliable results. For these reasons, 1|jl of small 

RNA sample (where the corresponding large RNA sample had up to 200ng/|jl) was 

added to each PCR tubes containing 14|jl of the miRNA reverse transcription 

mastermix prepared in section 2.1.16.2. If the large RNA sample was greater than 

200ng/|jl, the corresponding small RNA sample was diluted to a factor that would bring 

the large RNA sample to a concentration below 200ng/ml if the same dilution was 

applied. 1|jl of the small RNA dilution was then added. By using this estimation, a 

minimal amount of variation would occur in the concentration of small RNA entering the 

initial reverse transcription reaction. The endogenous control was used to normalise 

each sample. U6 was used as the endogenous control in this study as it has been 

widely published as a suitable control in tissue studies of miRNA expression {Boyerinas 

et al. 2012\ Nishimura et al. 2013).
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Table 2.19 Results of small RNA sample input optimisation

26 1 186.6 17.5 0.2

31 4 17 19.3 0.2

32 1 19.6 19.2 0.3

48 4 303.6 12.4 0.1
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Chapter 3 The area fraction output method

3.1 Introduction

In chapter 4, the details of our cell selection strategy will be discussed. This cell 

selection strategy was optimised and developed in order to investigate a number of 

hypotheses which were put fonward in chapter 1 (Section 1.9). During its optimisation, a 

new method, the area fraction output method (Accepted for publication in MethodsX, a 

peer reviewed journal), was developed that was deemed to be useful. This method 

provided a non-invasive, objective measurement of cell count that indicated when cells 

within a cell culture flask had reached a certain level of confluence. This was required 

to accurately measure the cells recovery from drugging after each round of selection. 

The values returned were used as a parameter to help elucidate the time taken for 

recovery from each round of drug treatment in our cell selection strategy (Chapter 4).

Measuring cell proliferation is a commonly used analytical technique in the biological 

field. It is particularly used in oncology, stem cell biology and immunology to measure 

cytotoxicity and effects of drug administration to cells. Many assays or protocols used 

for measuring the growth of cells in vitro are invasive and destructive in nature. They 

can only be used as end point assays. They do not allow for the continued undisturbed 

growth of cells in vitro within a cell culture flask and often use indirect methods for 

measuring proliferation. An example of this is the commonly used crystal violet 

proliferation assay {Gillies et al. 1986). Crystal violet is a triphenylmethane dye used to 

stain DNA in order to identify cell number. Different variations of the original protocol 

can be used to determine cell viability, cell proliferation and cytotoxicity or cell death. In 

general, crystal violet protocols are endpoint, use indirect metabolic measures and are 

invasive and destructive.

In order to analyse cell proliferation in a non-invasive or non-destructive manner, 

microscopy can be used. Image capture and analysis of adherent cells growing in cell 

culture flasks can be done using expensive equipment and software algorithms. These  

techniques may not be suitable for small projects, short-term projects or laboratories 

with small budgets or research grants. For example, quantitative phase microscopy can 

be used to analyse bright-field images for confluence in a non-invasive, non-destructive 

and label free manner. However, this requires the purchase of specialised equipment 

that may not be within a researcher’s budget {Curl et al. 2004).
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The following method of ‘Area Fraction (AF) output’ calculation is an affordable way of 

attaining measurements that correlate to cell count in order to consistently estimate a 

measure of confluence from adherent cell lines growing in cell culture flasks in a non- 

invasive, non-destructive fashion. This technique is label free, rapid, eliminates sample 

manipulation (for example trypsinisation), is non-invasive, non-destructive and means 

that cells can continue to grow undisturbed. The rate of cell proliferation can be 

measured over time and in response to the administration of drugs. This is particularly 

useful for cell selection strategies for the development of drug resistance where cells 

need to be maintained in culture and continually monitored. Also, it only requires 

standard equipment, an inverted phase contrast light microscope with digital camera 

and camera lens adaptor and use of downloadable ImageJ freeware for analysis using 

existing confluence analysis protocols.

3.2 Methods

3.2.1 The area fraction output method

This is a novel, non-invasive and non-destructive method developed to calculate a 

measure of confluence for growing adherent cells without disturbing growth. The result 

is known as an area fraction (AF) output which represents the amount of surface area 

that cells cover within a photographed area of a flask, representing an approximate 

value of cell count for the flask as a whole. This method can be used in order to 

monitor cells growing in T25 flasks or other cell culture plastics to detect objectively 

when they have reached a certain cell count as an estimation of cell confluence. It is 

important to note that the primary use of the AF method is to track recovery of small 

numbers of cells with normal morphology in drug-free media. The author does not 

advocate using the AF method for cells when they are exposed to drug treatment, as in 

this period, cellular debris can be present which can give a false result. The method 

can be broken down into two distinct parts; image capture and image analysis.

3.2.1.1 Image capture

T25 flasks of interest containing growing adherent cells in a monolayer were 

photographed under an inverted Nikon (TMS) phase contrast light microscope (Nikon, 

Surrey, UK) using a Nikon Coolpix 4500 camera (Nikon, Surrey, UK) with a Nikon 

Coolpix Camera Lens Adapter (eBay Inc US, seller-imaging_apparatus, USA). A 4x 

objective lens was used. The camera lens adaptor was screwed onto the camera’s 

lens. The other end of the adaptor was placed into the ocular tube of the microscope. 

The camera was zoomed in to a focus point of F4.0. The microscope was focused so
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that a clear image of the cell nuclei was obtained on the camera’s LCD display. A 

cardboard cover slip was designed to fit the bottom of the T25 flask having 1cm^ holes 

close to the top and the bottom of the flask. See Figure 3.1. This was placed onto the 

bottom of the T25 flask of interest to allow images to be taken consistently in the same 

position of the flask. One image from the top and bottom of each flask was taken using 

the cover slip and stored for analysis with ImageJ software (downloadable from: 

http://imagej.nih.gov/ij/download.html).

3.2.1.2 Image analysis

The software used to analyse the images was ImageJ 1.45s {Schneider et al. 2012). A 

step by step guide is presented below for analysing photos obtained from section

3.2.1.1 above. The analysis steps describe the method of image analysis. The 

accuracy steps ensure that the count generated from the analysis steps is a good fit for 

the amount of cells in the original photograph. This is done by overlaying the generated 

image onto the original image to see if the black count outlines from the generated 

image match the cells seen in the original image. The images generated from the 

accuracy steps should result in an image where black outlines are inverted to red, 

which outline the edges of cells from the original image. See Figure 3.2.

3.2.1.2.1 Analysis steps (ImageJ)

1. Open image -  (file: open) -  Figure 3.2 (a) is an example of an unanalysed 

image

2. Convert image to 16-bit - (Image: Type: 16-bit)

3. Subtract image background -  (Process: Subtract Background...) -  Set “Rolling 

ball radius” =“20.0 pixels” -  Tick “Light background” and “preview” -  Click “OK”

4. Adjust threshold -  (Image: Adjust: Threshold...) -  Set Bottom bar between 

“65528” and “65532” whichever value gives the best cover for the image -  Click “Apply”

5. Separate overlaps -  (Process: Binary: Watershed)

6. Set measurements to analyse -  (Analyse: Set Measurements) -  Tick “Area”, 

“Standard deviation”, “Min & max gray value”, “Integrated density”, “Area fraction”, 

“Mean gray value", “Perimeter” and “Median”

7. Carry out cell count -  (Analyze: Analyze Particles) -  Set “Size”=”100-Infinity”, 

“Circularity”=”0.00-1.00" and “Show”=”Outlines” -  Tick “Display results”, “Summarise” 

and “Include holes” -  Click “OK" -  Figure 3.2 (b) shows an example of the resultant 

generated image “Drawing of X. JPG" showing the cells that have been counted.
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T25 Flask
Cardboard cover

(b) (c)

Figure 3.1 T25 cardboard cover design for AF calculation method.

(a) Shows the cardboard cover design next to T25 flask, (b) & (c) show how cover is placed 

onto a T25 flask before photography.
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Figure 3.2 Example of images generated from the AF calculation method.

(a) Original image generated from section 2.3.1.1 of UPN251 cells, (b) Image 'Drawing of 

X.JPG’ generated after analysis step 7, represents the cells counted from the analysis of 

original image, (c) Image ‘Drawing of X.JPG’ after accuracy step 5. This is the image that is 

used in the overlay onto the original image, to check for accuracy of the generated count versus 

the cells present in original image, (d) The result of the merged images (‘a’ and 'c') after 

completion of accuracy steps. In this case the count looks accurate as each cell is labelled with 

red numbering.

8. Save results -  Save “Results" and “Summary” as Excel worksheets.

3.2.1.2.2 Accuracy steps -  count image vs. original image (Imaged)

1. Select generated image from analysis - Click on image generated from step 7 

e.g. “Drawing of X.JPG”

2. Invert image - (Image: Lookup Tables: Invert LUT)

3. Change color to red - (Image: Lookup Tables: Red)

4. Invert image again - (Image: Lookup Tables: Invert LUT)

5. Change Both Images to RBG Color (Image: Type: RBG Color) -  Figure 3.2 (c)

shows “Drawing of X.JPG” after accuracy steps 1-5.
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6. Merge images and see overlay (Process: Image calculator...) - Set 

“Im agel’ - ’’Original image", “Operation”- ’Add” and “lmage2”=”Generated image” -  Tick 

“Create new window” -  Click “OK”

7. Save image if accurate. Figure 3.2 (d) shows an example of an accurate 

overlay. Otherwise step 4 (adjusting threshold) and step 7 (“size” parameter) of the 

analysis steps can be adjusted for more cell line specific measurements until a good fit 

is obtained.

Analysis and accuracy steps can be automated by using the record macros option in 

ImageJ. All steps were taken for both photographs of a flask (one from the top and one 

from the bottom), giving two area fraction output values. Each area fraction output is 

stored in the summary file. The average of the two area fractions was calculated in 

order to give an area fraction that represents an approximate measure for surface area 

cover or confluence over the flask as a whole. From our observations of UPN251 and 

OVCAR8 cells, an AF value of 30 or above was deemed to represent a T25 flask that 

had reached a level of confluence that required subculture to continue logarithmic 

growth (AF of 30=Approximately 70% confluence). Figure 3.3 shows pictures of 

0VC AR8 cells before and after analysis for newly seeded and confluent flasks.

3.2.2 Area fraction output method validation

0VC AR8 and UPN251 cells were plated into eight T-25 flasks at a cell density of 

2.6x10'̂  cells per flask. The flasks were left in an incubator for 24 hours to allow cells to 

attach. After this time two of the flasks were removed and photographed, followed by 

AF calculation. The two flasks were then trypsinised and cells counted using a 

haemocytometer. The remaining flasks were incubated and the same procedure was 

used over subsequent 24 hour periods. AF output data was compared to cell count 

data using a Spearman correlation to see if the data sets correlated.

3.2.3 Example of area fraction output method: Tracking recovery of 

drug administration

Cells were plated into T25 flasks at a cell density of 2.6x10“’ cells per flask and drugged 

with carboplatin on day 2. The doses of carboplatin used were 2|jg/ml for UPN251 and 

4|jg/ml for 0VCAR8. These doses caused a similar level of death in the cell lines due 

to different intrinsic resistances to the drug. On day 5, drugged media was removed 

and replaced with fresh drug free media. Over the subsequent days, all T25 flasks 

were examined using the AF output method to indicate when the cells had reached a 

predefined value of AF as an estimation of cell confluence. Upon reaching this
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Figure 3.3 AF output photo analysis of newly seeded versus confluent flasks.

The left image is the original phase contrast photograph; the right is after analysis with ImageJ 

software, (a) 0VCAR8 cells after seeding. AF value of 1.2 was achieved in this case, (b) 

0VCAR8 upon reaching confluence. AF value of 35.1 was achieved in this case.

predefined value of AF, the cells were re-seeded into T75 flasks. Once all cells had 

recovered, the next round of drugging commenced following the same format as above 

(provided the cells were 4 weeks after drugging, otherwise drugging was delayed until 

this time).

3.3 Results

3.3.1 Area fraction output method validation

In order to see if the AF method was an accurate representation of cell number within a 

T25 flask, it was compared to cell counting using a haemocytometer. AF calculation 

was found to be highly correlated with cell count results using a haemocytometer. The 

average correlation co-efficient value obtained from a Spearman correlation test for 

n=3 replicates was 0.99 ± 0.008 for 0VCAR8 and 0.99 ± 0.01 for UPN251 with a p- 

value of 0.01 for both cell lines. See Figure 3.4. This shows that AF calculation is a 

reliable measure for surface area cover of cells within a T25 flask tested and that this 

corresponds to cell count. The ranges of ceil counts by heamocytometer that have 

been validated by this method are within the linear range from 15,888-377,500 for
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Figure 3.4 Correlation of AF metiiod with cell counts using a haemocytometer.

The average total cell count per T25 flask for each day of a four day growth curve is shown on 

the x-axis of each graph and the AF output average for the same T25 flask for each day is 

shown on the y-axis. For each graph error bars represent the Standard Deviation, (a) Shows a 

representative experiment for 0VCAR8 (n=3, r2=0,99±0.02, p=0.01). (b) Shows a representative 

experiment for UPN251 (n=3, r2=0.99±0.02, p=0.01).

UPN251 and 25,000-318,750 for 0VCAR8. This corresponds to AF values ranging 

from 1.4-37.8 and 1.9-33.7 respectively.

3.3.2 Example of area fraction output method: Tracking recovery of 

drug administration

One example where the application of the AF method was useful was in the 

development of drug resistant cell models in vitro. AF can be used to track cell 

recovery in an objective manner to see consistently when cells have recovered after 

drug exposure. Figure 3.5 shows the recovery of UPN251 and 0VCAR8 ovarian 

cancer cells after carboplatin exposure (2 and 4 |jg/ml respectively) over a number of 

rounds of drugging during a selection strategy to produce carboplatin resistant models. 

The doses of carboplatin that were used, were selected from testing a range of 

carboplatin doses on each cell line and selecting the dose which exhibited a large 

amount of cell death followed by a return to logarithmic growth (covered in more detail 

in chapter 4). Each cell line received 3-day exposures to carboplatin every 4-5 weeks, 

with each dose of drug received denoting a new round of drugging (Round 1-6). With 

the AF output method, recovery from drugging was measured in a consistent manner 

giving meaningful data on recovery. Generally, as the amount of rounds of drug
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Figure 3.5 Tracking cell recovery using AF.

Graphs show the recovery of cells over a period of days after carboplatin exposure. The cells 

received 3-day exposures to carboplatin every 4-5 weeks. Each dose of drug received, denotes 

a new round of drugging (Round 1-6). The x-axis shows the days after the drug has been 

removed from the cells and the y-axis gives the AF output at each time point measured, (a) 

0VCAR8 cells after exposure to 4(jg/ml carboplatin. (b) UPN251 cells after exposure to 2|jg/ml 

carboplatin.

administration increased the time taken for cells to recover decreased. This was an 

indication that cells were becoming more resistant to carboplatin as the number of 

rounds of drug treatment increased over time. The AF output method was used in a 

similar fashion for our selection strategy in chapter 4 to develop carboplatin and taxol 

resistant cell lines under a number of different conditions in OVCAR8 and UPN251 cell 

lines.

3.4 Discussion

Microscopy can be used to evaluate cell viability or proliferation in adherent cells. 

These techniques normally require the addition of damaging fluorescent dyes to cells in 

order to take a clear image for analysis. This means that cells need to be manipulated 

and disturbed. In this case, continued growth of cells is not an option. Purchasing 

equipment for both image capture (microscope and camera systems) and analysis 

software can also be expensive and not in the scope of some laboratories or projects. 

The area fraction method provides an inexpensive means of tracking cellular growth 

over time. It gives an objective measure of when cells reach a certain level of cell 

number, used as an accurate estimation of confluence without disturbing the cells in 

culture. In our example in section 3.2.3, the AF method was used in this way during the
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development of carboplatin-resistant cell lines. Cell recovery and the time taken to 

reach confluence must be assessed in a non-destructive manner over many different 

time points (ruling out destructive end point assays). This can be achieved non- 

objectively by examination under a microscope. However, this will result In the cells 

being deemed to have reached confluence at different levels and will, therefore, be 

inconsistent. The validated method of AF examination provides not only an objective 

measure of when cells reach a given cell count, which corresponds to cell confluence 

in the flask, but also gives recordable data on the length of time taken to reach 

confluence.

However, this method does have certain limitations. It is only suitable for adherent cell 

lines that grow in a monolayer. One caveat to the findings is that, the method has only 

been tested and validated in two epithelial ovarian cancer cell lines that have rounded 

morphology by the author. However, another team of researchers have further 

validated the AF method by comparing it to heamocytometer counts using two other 

epithelial ovarian cancer cell lines (CA 0V3 (r^=0.98, p=0.02) and UWB1.289 W T  

(r^=0.97, p=0.02)) (personal communication, Roshni Kalachand, Royal College of 

Surgeons in Ireland).

Other morphologies, such as spindled or elongated cells, have not yet been tested by 

this method. By adjusting the AF cut-off value, an estimated measure of confluence 

could be obtained for these morphologies, but this must be experimentally validated. 

Another example could be cells with a smaller nuclei and larger cell body. The AF 

output cut-off value could be lowered in ImageJ, in this case to reflect this.

Another caveat that has the potential to skew results is cells that grow unevenly in a 

clumpy morphology. In this case, it is recommended that the largest colony of cells is 

identified within the 1cm holes of the cover slip and tracked for the duration of the 

experiment. By the time the cells have reached the desired level of cell count, as an 

estimation of confluence, the colonies will have grown together sufficiently to give an 

accurate estimation for confluence over the whole flask.

3.4.1 Comparison of area fraction output method to other 

microscopy-based measures of confluence

The ‘cell screen’ system uses microscopic imagery to quantify suspension cell 

confluence in a fully automated manner {Brinkmann et al. 2002). The author’s method 

only measures adherent cells lines. Therefore, this protocol may act as a suitable 

alternative for experiments using suspension cells. This method is label free and non- 

invasive, but does require manipulation of cells into 96 well plates. For this reason, this
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method is not suitable for protocols that need to measure cells directly in tissue culture 

flasks. This system has high precision and counting accuracy with high correlation to 

other established methods of counting, such as manual cell counting with trypan blue 

{Tennant 1964) and automatic cell counting using the Cedex System {Gudermann et 

at. 1997). The ‘cell screen’ system requires specialised equipment in the form of an 

inverse microscope equipped with 10x objective and a back-illuminated charge-coupled 

device (CCD) camera which is operated by special application software {Brinkmann et 

al. 2002). This system is an attractive option under certain circumstances, but may not 

be suitable for laboratories operating with modest budgets.

Quantitative phase microscopy can be used to analyse bright-field images. This offers 

a non-invasive, non-destructive, label free confluence measure for adherent monolayer 

cells (Curl et al. 2004). Values obtained from this technique have been directly 

compared to manual counts using a haemocytometer and con'elate closely, as with the 

AF method. Again, this technique requires the purchase of specialised equipment 

which may not be in a researcher's budget. Curl et al. (2004) use a CCD camera 

mounted on an inverted microscope using a 10 x objective and QPm software in order 

to analyse images by creating phase maps. This is a good alternative to the AF 

method, if cost is not an obstacle.

It is possible to analyse phase-contrast images in order to obtain a reliable measure of 

confluence from growing myoblast cells, without the use of florescent dyes or 

manipulation {Juneau et al. 2013). This process uses a segmentation algorithm that is 

fast, simple to use, and of high accuracy and could be adapted to other cell lines. With 

adequate tuning, this algorithm could be used to monitor cell cultures in real time. 

However, one drawback would be that the microscope used in this analysis has an 

automated/motorised stage and an incubator attached throughout the experiment. The 

experiment also needs to be controlled by the metamorph® image analysis software 

package. The cost incurred by availing of this equipment is much higher than our 

proposed method.

Digital holography is a non-invasive, label-free method for determining cell counts in 

adherent cells growing in a monolayer. The technique can track cell growth and give 

confluence measures that are as accurate as manual cell counts using a 

haemocytometer. However, specialised equipment is needed in the form of a 

microscope that combines phase contract microscopy with holography (e.g. 

Holomonitor™ M2V Image analysis requires automated software algorithms based on 

the Fresnel approximation. Again, cost will be an issue to some researchers if this 

method is to be implemented {Molderet al. 2008).
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Two recent studies have provided microscopy based methods of measuring adherent 

cell confluence which are quick, cheap, non-destructive and non-invasive (Drey et al. 

2013\ Topman et al. 2011). These studies measure cell confluence in 12 well plates 

and petri dishes. Neither of these studies measured cells directly in tissue-culture 

flasks as in the AF method. This novel aspect of the AF method makes it suitable for 

measuring cells directly in tissue culture flasks without disturbing growth.

Another recent publication provides an alternative method for analysing phase contrast 

microscopy images that is cheap, fast and accurate {Jaccard et al. 2014). The software 

toolbox (PHA NTA ST) that bundles together different algorithms, while providing a user 

friendly interface, has been made freely available. This may be a viable alternative to 

using ImageJ freeware as was used in the AF method.

3.4.2 Comparison of area fraction output method to label-based 

methods of proliferation and cell viability.

Classical membrane integrity assays are not suitable for the continued undisturbed 

growth of adherent cells in culture. Cell counting with a haemocytometer, trypan blue 

assay {Tennant 1964) or automatic trypan blue method (Louis et al. 2011), lactate 

dehydrogenase (LDH) leakage {Allen et al. 1994) and florescent dyes (e.g. ethidium 

bromide, acridine orange and propidium iodide {Jones et al. 1985', Ribble et al. 2005) 

all call for invasive cell manipulations.

Some alternative colourimetric assays to crystal violet mentioned in the introduction are 

MTT, Resazurin and BrdU.

The M TT assay was first described by Mosmann (1983). It measures metabolic 

function. W ater soluble M TT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  

bromide) is converted into an insoluble form azan.2-4 in living cells. Solubilised 

formazan is measured with a micro plate reader. Therefore, this method provides an 

indirect quantification of cell number and viability using metabolic products in a 

destructive manner {Mosmann 1983). This is only suitable as an endpoint assay.

The resazurin assay also known as the Alamar Blue assay is also based on metabolic 

activity {Anoopkumar-Dukie et al. 2005). Viable cells reduce resazurin (a redox dye) to 

resorufin and dilhydro-resorufin which occurs intracellularly. This reduction is coupled 

to cell growth causing resazurin to be converted from a non-fluorescent blue form to a 

reduced fluorescent red form, which can be measured using a microplate reader. The 

rate of dye reduction is directly proportional to viable cell number {O'Brien et al. 2000). 

This assay is non-toxic and stable in culture medium, meaning that cells can remain
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viable for multiple measurements. However, it can still only be used as an end point 

assay after manipulation into S6 well plates.

The BrdU assay is an invasive label-based proliferation assay {Muiret al. 1990). BrdU 

(5-bromo-2’-deoxiuridine), a synthetic nucleoside analog of thymidine, is added to cell 

culture and is incorporated into the DNA of proliferating cells in the place of thymidine. 

Florescent probes in the form of monoclonal antibodies targeting BrdU can be used to 

quantify the amount of proliferating cells present. This method is again invasive and 

only useful as an endpoint assay. Vega-Avila and Pugsley (2011) provide a more in 

depth review of these colorimetric assays {Vega-Avila and Pugsley 2011).

3.5 Conclusion

The described AF output method of objectively measuring cell count as an estimate of 

cell confluence is ideal for adherent cells in cell culture flasks that require undisturbed 

continued growth. It is fast, accurate, cheap, non-destructive and non-invasive. It also 

provides an objective, consistent measure of when cells reach confluence. This method 

is correlated to data obtained by manual cell counts using a haemocytometer. Other 

common methods of measuring cell number or confluence such as colorimetric assays, 

membrane integrity assays and the use of microscopic systems can be expensive, 

destructive, invasive, and laborious and often use indirect measurements. This makes 

our method ideal for labs on a small budget. It can be adapted easily for equipment that 

is readily available and inexpensive.

The AF output method was developed for the present study to measure the time taken 

for cells to reach confluence after drug administration in the author’s selection strategy 

(chapter 4). This was required in order to meet the aforementioned criteria, which could 

not all be met by other methods described in the discussion above. Namely, AF is an 

affordable method that is able to consistently measure an AF output value, correlated 

to cell count, which represents an objective estimate of when cells reach confluence in 

adherent cell lines that was non-invasive, non-destructive, accurate and objective in 

nature.
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Chapter 4 Chemoresistant ovarian cancer cell line 

development

4.1 Introduction

4.1.1 Resistance cell models

The development of chemotherapy drug-resistant cancer cell lines is a long established 

approach for investigating the mechanisms of cytotoxicity and resistance to 

chemotherapy agents. One of the first publications to describe the development of an 

anti-cancer drug resistant in vitro model, which exhibited acquired resistance to 

chemotherapy drugs, was published in 1970 {Biedler et al. 1970). Resistant cell lines 

were developed from parental Chinese hamster cells using treatment with actinomycin 

D. The selection strategy used was the stepwise increase in the concentration of the 

drug over time when exposed to parental cells. This gave a fold resistance to the drug 

in the developed model of up to 2500 times greater than parental cells. These resistant 

cell lines were also cross resistant to a number of other chemotherapy drugs such as 

vinblastine and daunorubicin. This was the first time that a multidrug resistant (MDR) 

phenotype was reported in the literature. Some earlier drug-resistant cell lines were 

developed in the 1950 and 1960s using in vivo mouse models. The earliest recorded 

example of a development strategy where a resistant cell model was produced was a 

study involving leukaemia cells implanted into mice {Burchenal et al. 1950). Leukaemia 

cells resistant to methotrexate were developed from a mouse strain implanted with AK 

4 leukaemia cells. It was reported that the morphology of the resistant cells that were 

developed were the same as the sensitive original strains of cells. Immediately after 

this study, numerous resistant variants were developed primarily in leukaemia, but also 

in solid tumours. Another example is a study in 1951 where leukaemia cells resistant 

to the guanine analog, 8-Azaguanine, were developed {Law/ 1951). In this case the cell 

model was developed by transplantation of cells into mice receiving the maximum 

tolerated dose of the drug. Other important research from the 1960s using drug 

resistant models includes a study examining mouse derived tumour cells developed to 

be methotrexate resistance by prolonged exposure to the drug {Roberts et al. 1965). In 

1968, a study described the use of P815A/LB cells which was a subline of P815 mouse 

leukaemia cells selected for vinblastine resistance. This study also used P388/38280 

and P388/57155 cells which were sublines of P388 mouse leukaemia cells selected for 

resistance to terephthalanilide derivatives {Kessel et al. 1968).
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Cell line models have pros and cons associated with them. Some of the advantages of 

using cell models are that they are widely used, readily available and easy to handle, 

maintain, and manipulate at a relatively low cost. Also, they initially have a high degree 

of similarity with the initial tumour. Some disadvantages are that they can be 

genomically unstable, which may lead to a change in cellular characteristics, and they 

are maintained in a different environment than the tumour from which they were 

originally derived. Therefore, cell models do not receive the same signals that the 

original tumour receives from its surrounding microenvironment and may act differently 

to certain stimuli {Ferreira et al. 2013). Another concern is that a number of studies 

have shown that cell lines retained in cell culture undergo a drift at the transcriptomic 

level, making cell lines more similar to each other regardless of the tissue of origin, 

than to the clinical samples they are supposed to model {Gillet et al. 2013). However, 

other studies have come to the opposite conclusion. They suggest the need for larger 

cell line panels to better capture the heterogeneity of tumours {Gillet et al. 2013). With 

these concerns in mind, cell models are still regarded as a good starting point for 

translational studies and drug testing. Results from cell line models are usually 

extrapolated to in-vivo models for further testing to confirm findings {Ferreira et al. 

2013). These considerations were taken into account when the present study was 

designed. Cell line resistance models fulfilled the needs of this project and were used 

as a major component in order to fulfil our research objectives.

Publications in this research field usually place little emphasis on how the drug- 

resistant cell lines were established in the laboratory. The development of drug- 

resistant cell lines can take anywhere from 6 to 18 months in the laboratory and many 

decisions are taken during this time. This chapter will outline the decisions made in the 

development of a number of resistant sublines derived from two different parental 

ovarian cancer cell lines. It will also outline the time taken for resistance to develop and 

the extent of the resistance developed. Some of the key decisions involved in 

developing chemotherapy resistant cancer cell lines are outlined in a review by our 

research group and the key decisions that needed to be considered in the development 

of our selection strategy are discussed further below following the guidelines of this 

review {McDermott et al. 2014).

4.1.1.1 Key decisions involved in planning a selection strategy

4.1.1.1.1 Parental cell line

The choice of parental cell line is very important as this will influence all experiments 

stemming from the selection work. The researcher embarking on this task should be
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familiar with growing the parental cells, if possible. This will make it easier to see 

changes in the developing resistant cells after they have been stressed with drug 

treatment. Thus, the decisions made on when to subculture cells can be intelligently 

made, ensuring that the cells will be healthy enough so survive manipulation. The 

chosen parental cells should be easy to maintain in culture, as the developing resistant 

sublines will become more challenging to grow {McDermott et al. 2014).

Another important consideration is the patient from which the parental cell line has 

been derived from. It is best to select cell lines from chemotherapy and radiation naive 

patients, if possible, as these treatments will already have evoked changes in 

resistance associated pathways that may have changed drug resistance markers, 

which may not be relevant to the agent being studied {Benard et al. 1985\ Emoto et al. 

1999] Langdon et al. 1988). Another option would be to select a cell line which as a 

relatively low baseline ICso to the drug of interest. This can act as a suitable model to 

examine small fold changes in resistance within a clinically relevant range.

4.1.1.1.2 Type of cell resistance model: High level laboratory or clinically 

relevant

Drug-resistant cell models can be divided into two categories; clinically-relevant 

resistance models and high-level laboratory resistance models. Both types of models 

have pros and cons associated with them regarding their utility for research. Before 

commencing, a researcher must decide which type of model they wish to produce. 

Both models will typically have different drug doses and exposures associated with 

them.

Clinically relevant resistance models aim to mimic conditions that cancer patients 

experience during chemotherapy. Drug exposures are at low concentrations and a 

pulsed treatment strategy is often used where the cells recover in drug-free media. This 

aims to mimic patients receiving cycles of chemotherapy drug in the clinical setting. 

The dose administered is influenced by data obtained from the clinical administration of 

the drug. Models will have minimal escalation of drug dose to keep it in the clinical 

range. Some drawbacks to using clinically relevant models are that resistance 

developed can be unstable, resistance is often at low levels and can involve small 

molecular changes, which can be more difficult to detect and analyse {Breen et al. 

2008] Davey et al. 1995] Stordal et al. 2006). An example of a clinically-relevant 

resistance model derived from ovarian cancer cells is seen in the development of 

IGROVCDDP {Ma et al. 1998). In this case a pulsed exposure with cisplatin was used 

on the parental ovarian cell line IGROV-1. A stepwise increase of drug concentration
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was used to generate IGROVCDDP over 9 months and 28 passages. IGROVCDDP 

had an 8.4 fold increase in resistance to cisplatin and the resistance model is deemed 

to be in the clinically relevant range.

High-level laboratory resistance models aim to understand the potential mechanisms of 

toxicity and resistance to chemotherapy agents by using high concentration of the drug. 

Treatment doses are often escalated over time and either the cells are grown under 

continuous exposure to the drug or highly drug-resistant clones are isolated from a 

mixed population. Usually, the drug concentrations used will start in the clinical range, 

but escalations bring it far beyond this to invoke large fold changes in resistance. High- 

level models usually produce a more stable resistance, which is easy to maintain in 

culture and can be used for long periods after selection work has finished. The levels of 

resistance produced are often very high. Therefore, the molecular changes are also at 

a higher level, making them easier to detect and link to resistance. The drawback 

associated with this model is that the high levels of resistance produced do not reflect 

the clinical setting {McDermott et al. 2014). An example of a high level model used in 

cervical cancer is seen in the development of KB-8-5-11 from parental KB-3-1 cells 

(Akiyama et al. 1985). In this case, a continuous dose of colchicine was administered in 

a stepwise and mutagenic fashion in order to produce a subline that had 40 fold higher 

resistance compared to parental cells.

4.1.1.1.3 Drug dose and strategy of administration for clinically relevant

models

When designing a clinically relevant resistance model, it is important to know how the 

chemotherapy agent being used is administered in the clinic for the type of cancer 

being modelled.

When administering chemotherapy by the I.V. route, the amount of drug being given to 

a patient is expressed in mg/m^. By consulting pharmacokinetic studies, the relevant 

dose of the drug in mg/m^ can be converted into |jg/ml or |jM by looking at the 

measurements of drug concentration in the blood stream. This will give a broad range 

of doses achieved in the blood stream over time. The highest concentration of drug will 

present directly after the bolus injection of drug. This will then decrease over a number 

of hours or days, depending on the rate of drug elimination and excretion. This, in turn, 

gives a broad dose range that has clinical relevance. A higher dose given for a number 

of hours could mimic concentrations associated with the bolus of the drug, while a 

lower dose over a longer period could mimic lowering concentrations of the drug due to
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the excretion of the drug from the body {McDermott et al. 2014). An example of this is 

cisplatin given by I.V. Following I.V. bolus injection of the drug at 100 mg/m*, peak 

plasma levels of approximately 6 |jg/ml are reached but this quickly decreases to less 

than 2|jg/ml after 2 hours {Himmelstein et al. 1981). Clearance of cisplatin from the 

body is triphasic and distribution half-life is 13mins, elimination half-life is 43mins and 

terminal half life is 5.4 days {Vermorken et al. 1984). After 24 hours, 25% of the initial 

cisplatin dose has been eliminated from the body with renal clearance accounting for 

90%.

4.1.1.1.4 Risk reduction strategies

A risk reduction strategy must be implemented in order to mitigate failure to develop 

drug resistance in the development of a cell line models. This is more common than 

might be expected. Frequently drug treatment can result in daughter cells that have no 

significant fold resistance changes relative to the parental cells {Breen et al. 2008\ 

Stordal et al. 2006). For this reason, a comparative selection strategy should be 

performed where a number of cell lines are used, or a number of different treatments 

with chemotherapeutic agents are run in parallel. By using this comparative strategy, it 

is hoped that at least one arm of the selection strategy will produce daughter cells with 

a stable and significant resistance. The comparative strategy, therefore, reduces the 

chances of not developing a stably resistant model {Breen et al. 2008; McDermott et al. 

2014, Stordal et al. 2006). Also, it is important to note that contamination is a risk when 

working in a cell culture environment. At each round of selection, frozen stocks should 

be made of all cells being selected in order to negate this risk.

A good example of using a comparative selection strategy as risk reduction comes 

from a study by Tegze et al. (2012). The team used two breast cancer cell lines (MDA- 

MB-231 and MCF-7) and aimed to develop 40 drug-resistant cell lines using two 

different selecting agents (doxorubicin and taxol). After 18 months of continuous 

treatment with increasing concentrations of drug in the clinically relevant range, 29 

drug-resistant models were successfully produced. There were 6 doxorubicin and 9 

taxol-resistant MDA-MB-231 cell lines and 10 doxorubicin and 4 taxol-resistant MCF-7 

cell lines produced in total {Tegze et al. 2012).

The team was then able to compare and contrast the cell lines which produced 

resistance and examine the mechanisms of resistance that arose in each case. 

Interestingly, they concluded that the heterogeneity of the cell lines caused multiple 

resistant sublines with different resistance characteristics and that only a small amount 

of these mechanisms were needed to achieve resistance in a single subline. This
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highlights the need to have a number of different comparisons in any selection strategy 

as combinations of different mechanisms may cause resistance in the clinical setting. 

Those mechanisms that arise frequently in different cell lines may have a good chance 

of being a major mechanism in the clinic and may give good biomarkers or could act in 

providing drug targets.

Multiple mechanisms of resistance exist for each chemotherapy drug. Cisplatin has 

been widely studied for many years in drug-resistant cell models. A number of different 

mechanisms of resistance have been identified including decreased accumulation of 

drug, increased drug efflux, inactivation of drug and increased DNA repair {Stordal et 

al. 2007a). Not all of these mechanisms need to occur in a model to make it drug 

resistant. A single, or small number of, different resistance mechanisms can act 

together to render cells drug resistant. Treating the same cell line with a certain 

chemotherapeutic agent under the same conditions may produce different or similar 

mechanisms of resistance in independent treatments. This shows the randomness of 

natural selection and shows how important it is to have a good risk reduction strategy 

in place with many different treatments running in parallel to mitigate failure to produce 

resistance.

4.1.2 Aims and objectives

This chapter examines the development of a number of chemotherapy resistant 

ovarian cancer cell lines by the application of a comparative selection strategy. The cell 

lines produced acted as a model for ovarian cancer resistance. They were used to 

examine the development of resistance in relation to BRCA1 status and to examine the 

mechanisms of resistance that arose in the cell lines which became resistant to their 

selecting agents.

4.1.2.1 Hypotheses

The hypotheses examined in this chapter stated that:

• Due to the inverse resistance relationship that exists between platinums and 

taxanes (chapter 1 section 1.7.3), cells with BRCA1 defects will develop resistance to 

platinums slower than taxanes, as they are more sensitive to DNA damage. The 

reverse should be true for cells with functional BRCA1.

• When treating cells with alternating treatments of platinums and taxanes, 

resistance will develop more slowly or not at all when compared to treatment with 

single-agent taxane or platinum.
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4.1.2.2 Objectives

The objective of this chapter was to develop novel chemoresistant ovarian cancer cell 

lines from established ovarian cancer cell lines using a comparative selection strategy. 

The selection strategy was designed to be as clinically relevant as possible in order to 

mimic the mechanisms of resistance that may arise in the clinical setting. UPN251 

(BRCA1 wild-type) and 0VC AR8 (BRCA1 methylated) were used in order to 

investigate the development of chemoresistance in relation to BRCA1 status. How the 

development of resistance was effected by BRCA1 was then examined in relation to:-

•  The inverse resistance relationship between platinums and taxanes;

•  The effects of alternating doses of platinums and taxanes.

Resistant sublines, developed using the selection strategy, were ultimately used to 

screen for chemoresistance biomarkers.

4.2 Cell selection strategy methods and design 

4.2.1 Selection strategy design

A number of key decisions were made when designing the selection strategy. As our 

goals were to find novel chemoresistant biomarkers in ovarian cancer cell lines and to 

examine chemoresistance development in relation to BRCA1 status, the cell lines were 

chosen from a panel of 41 ovarian cancer cell lines for which BRCA1 mutation analysis 

was carried out {Stordal et al. 2013).

In order to address the hypotheses relating to BRCA1 status two cell lines chosen, 

OVCAR8 (BRCA1 methylated) and UPN251 (BRCA1 wild-type) which had different 

BRCA1 expression status. OVCAR8 was taken from a patient who had undergone 

treatment with high-dose carboplatin who exhibited progressive ovarian cancer 

{Schilder et al. 1990). OVCARB is BRCA1 wild-type, but is methylated in the promoter 

region blocking mRNA transcription {Stordal et al. 2013). UPN251 originated from a 

patient who had failed first line chemotherapy and had relapsed after subsequent 

treatment of 8 rounds of taxol chemotherapy (personal communication. Dr. Thomas 

Hamilton). UPN251 is BRCA1 wild-type due to a secondary reversion mutation allowing 

the expression of a functional BRCA1 protein {Stordal et al. 2013). These cell lines 

were not chemo-naTve but were, however, exposed to the same drugs used in this 

study. Therefore, the signalling pathways that may already have been evoked by 

chemotherapy are relevant for this study. The I C 5 0  of both cell lines to carboplatin were 

relatively low compared to other ovarian cancer cell lines in the panel from which
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carboplatin resistance data was available (see Figure 4.1 (A)). This was desirable and 

could act as a suitable model to examine small fold changes in carboplatin resistance 

within a clinically relevant range. The cells were relatively highly resistant to taxol when 

compared to other ovarian cancer cell lines in the panel, from which taxol resistance 

data was available (see Figure 4.1 (B)). This high level of taxol resistance and low level 

of carboplatin resistance may be due to the inverse resistance relationship between 

platinums and taxanes in cell lines (section 4.1.2). Therefore, these cell lines may act 

as suitable models to examine taxol/carboplatin resistance in relation to the inverse 

resistance relationship.

Carboplatin and taxol were chosen to be used as selecting agents in the selection 

strategy. This was because these two agents are used in the clinic in the treatment of 

advanced ovarian cancer. The current standard treatment of advance ovarian cancer is 

surgical debulking followed by intravenous administration of combination carboplatin 

and taxol chemotherapy over 3-6 cycles, 3-4 weeks apart {Hennessy et al. 2009\ Ozols 

2005). These drugs were also chosen to look at the inverse resistance relationship 

between platinums and taxanes in relation to ovarian cancer chemotherapy. This is 

because carboplatin is from the platinum family of drugs {Pasetto et al. 2006) and taxol 

is from the taxane family of drugs {Sciffet al. 1979).

The next major consideration was whether to design a clinically relevant or a high-level 

laboratory resistance model. A clinically relevant resistance model was chosen in order 

to accurately model what happens in the clinical setting. It was desired that small 

molecular changes were modelled that may also occur in the clinical setting. This 

would enable the team to find highly relevant clinical biomarkers as opposed to high- 

level resistance models that produce large scale biochemical changes. These changes 

may not have the potential to arise in the clinic, within the dose ranges safely and 

routinely administered to patients {Clynes et al. 1992\ Liang et al. 2003\ Shen et al. 

1995). The chances of developing a stably resistant model are reduced in a clinically 

relevant model, so a number of different treatments were performed as part of a risk 

reduction strategy. Risk reduction was achieved by carrying out the selection strategy 

on two different cell lines in parallel. Also, a number of treatments were carried out in 

parallel with two different selecting agents, the details of which will be outlined in 

section 4.2.3 to follow. The cells were exposed to drugs for three days and then 

allowed to recover in drug free media. A pulsed treatment strategy was used and the 

cells were treated with drug every 4-5 weeks. This attempted to mimic the clinic closely 

where drugs are administered over 3-6 cycles every 3-4 weeks by intravenous

137



(A) 25n

C  ^  20 

%  ^  ro  

Q .
O  ^

o 10H 
m

TO O
O  -  5H

I

^nl^nnnri
d ^ '

(B)

o
><
<0

25

^  20H
E
*3) '•5-
C

lO

y  6

T
\

r~i n

I

{A ,jN  yA ^

Figure 4.1 Carboplatin and taxol ICso for a panel of ovarian cancer cell lines.

(A) X-axis gives 11 different ovarian cancer cell lines (0VCAR8 in green, UPN251 in blue and 

others in orange) and Y-axis indicated their fold resistance to carboplatin in |jg/nil. (B) X-axis 

gives 7 different ovarian cancer cell lines (0VCAR8 in green, UPN251 in blue and others in 

orange) and Y-axis indicated their fold resistance to taxol in ng/ml. 0VCAR8 and UPN251 show 

relatively low carboplatin ICso and high taxol ICso compared to other ovarian cancer cell lines. 

The experiments were performed by Dr. B Stordal and Dr. A. Farrelly.
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bolus injection {Hennessy et al. 2009; Ozols 2005). The model had minimal escalation 

of drug dose to keep it in the clinical range.

4.2.2 Dose optimisation metliod

In order to select suitable starting doses of carboplatin and taxol for the selection 

strategy, that lies in a clinically relevant range, clinical trial data was examined to find 

doses that were often used in a clinical setting. Pharmacokinetic studies were then 

used to translate these doses into usable doses in the laboratory.

4.2.2.1 Dose optimisation of carboplatin

Clinical trial publications for carboplatin administration showed that a dose of 

carboplatin at the area under the concentration time curve (AUC) 5 was most often 

used for patients with advanced ovarian cancer as a single-agent {Markman et al. 

2010, Pfisterer et al. 2006b). AUC is the ratio of the amount of drug that reaches the 

systemic circulation and the clearance of the drug, which correlates to its clinical 

efficiency and toxicity. A formula has been devised based on glomerular filtration rate 

(GFR), which is the main route of carboplatin elimination from the body, in order to 

calculate a suitable dose for patients, where the required AUC value can be achieved. 

This equation is known as the “Calvert Formula”. The equation is written as Total Dose 

(mg) = (target AUC) x (GFR + 25) {Calvert et al. 1989). As the maximum GFR  

estimation for any patient at AUC5 is capped at 125mL/min, irrespective of what 

formula is used to calculate the GFR, the maximum permitted dose given to a patient 

will be 750mg for AUC5. A pharmacokinetic study by {Gaver et al. 1988) gives peak 

plasma values for doses ranging from 435-740mg or 170-500 mg/m^. At 400mg/m*, 

peak plasma was found to be SOpg/ml. Another pharmacokinetic study gives peak 

plasma for 375mg/m^ as 39pg/ml dropping to 9[jg/ml after 2 hours {Oguri et al. 1988). 

Considering that 90% of carboplatin is cleared from the body after 24 hours (Go et al. 

1999), this would leave approximately 3.9|jg/ml for a dose of 375mg/m=' and 9(jg/ml for 

a dose of 400mg/m^. As these values are mid-range for AUC 5, it is reasonable to say 

that a range of 1-20|jg/ml is clinically relevant.

4.2.2.2 Dose optimisation of taxol

Clinical trial publications for single-agent taxol administered to advanced ovarian 

cancer patients indicate that a dose of 175 mg/m^ was commonest {du Bois et al. 1997\ 

IC 0N 3 2002\ Ozols et al. 2003\ Rowinsky 1997\ Vasey et al. 2004). A pharmacokinetic 

study for patients administered with this dose shows a peak plasma concentration of 

10,000ng/ml, followed by a steep drop off to 50ng/ml after 24 hours {Mross et al. 2000).
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Another study gave an approximate peak plasma concentration of 4,000ng/ml for a 

typical female patient suffering from a solid tumour (NSCLC, ovarian and others) 

approximately 1 hour post administration {Joerger et al. 2006). This will decrease to a 

much lower level after 24 hours. From this evidence, 1-100ng/ml is a reasonable range 

to facilitate a clinically relevant dose.

4.2.2.3 Dose finding method

The doses of drug that were used in the selection strategy were evaluated separately. 

Doses of carboplatin for 0VCAR8 and UPN251 and taxol for 0VCAR8 and UPN251 

were selected from a range of 2.3-18.5fjg/ml, 0.7-2|jg/ml, 2.3-14ng/ml and 10-100ng/ml 

respectively. Ranges were selected from the results of cytotoxic assays on parental cell 

lines initially encompassing inhibitory concentration (1C) values ranging from ICao-ICso. 

Clinical relevance was validated by investigating clinical trial publications and using 

pharmacokinetic studies to translate doses from the clinic into usable doses in the 

laboratory. These ranges could be extended depending on the outcome of dose 

testing.

On day 1, 1ml of media and cells were plated in duplicate into 5 separate 6 well plates 

(Sigma-Aldrich, UK) at a cell density of 1x1 O'* cells per ml. A control plate was set up 

separately, also with duplicate wells. On day 2, 1ml of media with a test dose of 

chemotherapy was added to all the plates excluding the control that received drug free 

media to the same volume. On day 5, the media was changed on all the plates and 

replaced with drug-free media. The control plate and one drugged plate were taken 

down and cell counted. The cell counts for the control were compared to the drug 

treatment. A percentage cell survival was calculated in order to see the effects of drug 

treatment on cell growth/survival. See equation 4.1.

Equation 4.1 Percentage cell sun/ival

(Average cell number of drugged cells) X 100 

Average cell number of control cells

Over subsequent days, one plate for each dmg dose was observed under a light 

microscope to see when normal growth had returned. When cells were deemed to 

have returned to confluence, this plate was cell counted to confirm recovery. 

Percentage cell survival was either above or climbing towards 100%. The time taken 

for cells to resume growth and return to confluence was recorded.
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4.2.3 Cell selection strategy method

The cell lines were treated with carboplatin or taxol as per Figure 4.2. The sublines 

were named in the format of “(Parental cell line)-(Round)(Treatment)”. For example, 

UPN251-4T refers to “(UPN251)-(Round 4)(Single-agent taxol treatment)”. The 

parental cell line parameter can be UPN251 or 0VCAR8. The round parameter can 

take the values 1-7 describing which round of selection the subline originates from. 

Finally, the treatment parameter can be (C) - single-agent carboplatin, (CALT) - 

alternating treatment starting with carboplatin in round 1, (T) - single-agent taxol and 

(TALT) - alternating treatment starting with taxol in round 1. This describes the 

treatment that this subline received. Treatments were 4-5 weeks apart, allowing for all 

cells to recover before subsequent drugging.

For each round of selection:-

Cells were plated into a T25 flask (Sarstedt, Germany) at a cell density of 2.6x10'' cells 

per flask and drugged on day 2 as per the selection strategy outline. On day 5, drugged 

media was removed and replaced with fresh drug free media. Over subsequent days, 

all T25 flasks were examined for confluence using a novel method to calculate an area 

fraction (AF) output (see chapter 3). Upon reaching confluence, cells were re-seeded 

into a T75 flask (Sarstedt, Germany). Leftover cells were used to freeze stocks. 

Cytotoxicity assays were performed at 1 week intervals for 3 weeks and were 

compared to the parental lines in order to calculate fold resistance. Once all cells had 

recovered, the next round of drugging commenced following the same format as above 

(provided the cells were 4 weeks after drugging, otherwise drugging was delayed until 

this time).

Equation 4.2 Relative fold resistance

ICso of resistant subline 

ICso of parental cell line

4.3 Selection strategy related results

4.3.1 BRCA1 protein expression of parental cell lines

The BRCA1 protein expression of 0VCAR8 (BRCA1 methylated) and UPN251 

(BRCA1 un-methylated) was confirmed by Western blotting. The results were 

normalised to |3-actin for n=3 samples. When BRCA1 results were normalised to
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Figure 4.2 0VCAR8 and UPN251 treatment strategy for the development of piatinum/taxane 

resistant cell lines.

In each case arrows represent progression to the next round with a drug treatment of either 

single-agent taxol or carboplatin as indicated. Resultant cells are shown from round 1 -3 with the 

drug treatment they received in red (carboplatin) or blue (taxol) above cells and cell name given 

in black below cells. Rounds 4-7 progressed in the same pattern as shown. (A) 0VCAR8 

parental cells represented in green with resultant sublines in red and purple. (B) UPN251 

parental cells represented in light blue with resultant sublines in dark blue and brown.

142



UPN251, it could be seen that BRCA1 expression was much lower in OVCAR8 when 

compared to UPN251. 0VCAR8 shows 26 ± 7% of the expression of UPN251 

(p=3.3x10'^). See Figure 4.3. This finding supports the evidence from Myriad Genetics 

that 0VCAR8 has reduced BRCA1 expression due to methylation of the promoter 

region of the BRCA1 gene {Stordal et al. 2013).

4.3.2 Cytotoxicity data of parental cell lines

Cytotoxicity assays for taxol and carboplatin were carried out on both UPN251 and 

0VCAR8 cell lines. Cell lines were subjected to 3-day and 5-day exposures to drug. 

The results for all cytotoxicity assays can be seen in Table 4.1. In 3 of the 4 treatments, 

we can see that higher doses of drug are needed for 3-day assays compared to 5-day 

assays in order to achieve an ICso. This was an expected result. Student t-test analysis 

gave significant p-values for 0VCAR8 taxol, 0VCAR8 carboplatin and UPN251 

carboplatin respectively when comparing 3-day and 5-day exposure to drug. The one 

exception was UPN251 treated with taxol. In this case, approximately the same dose of 

taxol was needed to achieve an ICso over both 3 and 5 day exposures. The ICso values 

were deemed to be not statistically significant with a p-value of 0.53 after Student t-test 

analysis. This may indicate that taxol’s mechanism of action was being induced rapidly 

in UPN251 with two extra days of exposure having little effect on toxicity.

4.3.3 Dose finding optimisation

The dose optimisation method was used to find suitable doses to use in the selection 

strategy. Doses that displayed an initially large percentage cell death or growth 

inhibition compared to a control grown in drug-free media were selected, provided they 

were able to return to logarithmic growth after drug removal. A large percentage cell 

death from the cell population allows for the selection of resistant cells, as these cells 

are better able to survive exposure to cytotoxic drugs than those that have undergone 

apoptosis or necrosis. Allowing the remaining cells to return to logarithmic growth 

ensures that cells have recovered fully from the drugging before the next round 

commences.

Carboplatin doses of 4|jg/ml and 2|jg/ml and taxol doses of 12ng/ml and 60ng/ml were 

chosen for 0VCAR8 and UPN251 respectively. See Figure 4.4 for recovery plots. The 

selected taxol doses saw less than 10% cell survival for both cell lines on the first day 

after drug exposure (compared to untreated control cells). They remained at this low 

level of survival over a number of days before cells returned quickly to logarithmic 

growth. UPN251 cells recovered quicker that 0VCAR8 cells. This is likely because
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Figure 4.3 BRCAl protein expression in UPN251 and 0VCAR8 by Western blot.

Densitometry on n=3 biological replicates was carried out using Quantity One software (Biorad). 

Abundance of protein in arbitrary units was normalized to P-actin loading control for each 

sample and then each biological series was normalized to UPN251 control expression.

Significant down regulation of BRCA1 in 0VCAR8 compared to UPN251 with p<0.05.
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Table 4.1 Acid pliosphatase cytotoxicity assays.

IC50 data for UPN251 and 0VCAR8 for 3-day and 5-day exposures. P-values are 

representative of Student t-test analysis between 3-day and 5-day exposures to drug.

OVCARS^

UPN251

C

Carboplatin

(Mg/m)

Taxol

(ng/ml)

Carboplatin

(jjg/ml)

Taxol

(ng/ml)

Exposure
(Days)

N IC50
(Mean)

IC50
(SD)

IC50
(%SD)

P- ■ -j 
values {

3 4 27.2 3.3 12.3 5x10-6

5 4 1.3 0.1 8.5

3 5 2.9 0.5 16.7 8x10-5

5 5 1.2 0.2 16.3

3 3 2.4 0.5 22.4 7x10-3

5 3 0.8 0.1 7.3

3 6 24.0 1.5 6.1 5x10-2

5 6 24.0 6.0 25.1
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Figure 4.4 Recovery plots for the dose finding evaluation.

Graphs were generated using the dose finding method section 4.2.2.3 for selection strategy 

optimisation). Each graph is a representative of 1 of at least 3 biological repeats and shows cell 

number graphed over time (Hours). The control treatments are the cell lines grown in the 

absence of drug. Control treatments were cell counted on day 1 of the protocol. Once drugged 

treatments exceeded this number they were deemed to have recovered (A) Selected dose for 

carboplatin and taxol on 0VCAR8. (B) Selected dose for carboplatin and taxol on UPN251.
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patient from which UPN251 was derived had been exposed to taxol therapy, while the 

patient from which 0VCAR8 was derived was taxol naive. The UPN251 cells are more 

resistant to taxol and better able to deal with the drug’s cytotoxic effects (Table 4.1). 

This would explain the higher dose needed on UPN251 to see a similar growth 

inhibition, followed by recovery (60ng/ml (UPN251) and 12ng/ml (0VCAR8)).

The recovery of cells with the selected carboplatin doses also showed similar trends in 

both cell lines, but recovered differently than the selected taxol doses. They showed an 

initial cell survival of between 20-50% after drug exposure. Cell survival decreased 

over the next 4-5 days dropping to between 10-20%. After this time, the cells slowly 

recovered and returned to logarithmic growth. Doses of carboplatin higher than the 

selected carboplatin doses caused the cells to have an initially low percentage cell 

death, followed by a decline in survival over the next 4-5 days, as seen in the selected 

doses. However, after this time, the cells died and could not return to logarithmic 

growth. 0VCAR8 took longer to recover than UPN251 from the selected carboplatin 

doses, as was also seen in the selected taxol doses. However, this could not be 

explained by the patient’s pre-exposure to the drugs as the patient from whom 

0VC AR8 was derived received high dose carboplatin treatment, while the UPN251 

patient was carboplatin naive. 0VCAR8 requires a higher dose than UPN251 to see a 

similar growth inhibition and then recovery (2|jg/ml (UPN251) and 4|jg/ml (0VCAR8)), 

which would infer that 0VCAR8 is slightly more resistant to carboplatin than UPN251. 

This is probably due to its pre-exposure to carboplatin. It may be that 0VC AR8 has a 

different mechanism of dealing with carboplatin and taxol exposure, resulting in slower 

recovery in 0VCAR8. This may be linked to their BRCA1 status.

The selected carboplatin concentrations were taken from a range of 0.7-18.5 [jg/ml and 

the selected taxol concentrations from a range of 2.3-1 OOng/ml, which lie within the 

range of clinically relevant doses obtained from pharmacokinetic studies discussed in 

section 4.2.2.

4.3.4 Selection strategy recovet7

As a general trend, the cells recovered quicker after drugging as the rounds of 

selection progressed. Figure 4.5 (A) shows recovery plots for each cell line grouped 

per ascending rounds of selection. In round 7, single-agent treatments received twice 

the usual dose of carboplatin or taxol and consequently recovery time increased 

accordingly. UPN251 cells recovered quicker than 0VC A R 8 cells and in both cell lines 

it took longer to recover from carboplatin treatments than taxol. Figure 4.5 (B) shows 

the sublines that were treated with carboplatin in each round of selection grouped
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Recovery was indicated by days to reach AF output 30 (See chapter 3 for AF output method) 
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together for comparison purposes. Single-agent carboplatin treatments were compared 

with alternating treatments that received carboplatin in each round. There was little 

difference in recovery between alternating and single-agent treatments receiving 

carboplatin. Round 2 was the only exception to this. Figure 4.5 (C) shows the same as 

above, but for taxol treatments. In this case, alternating treatments always took longer 

to recover than single-agent treatments when receiving taxol.

4.3.5 Selection strategy fold resistance

The fold resistance of each subline at weekly intervals for 3 weeks in each round of 

selection for carboplatin is shown in Figure 4.6 (A) and for taxol in Figure 4.6 (B). 

Significant fold resistance between parent and subline was assessed using Student t- 

test analysis. By round 6, UPN251-6T treated solely with taxol displayed the highest 

level of resistance (7-fold, p=0.1x10 ®). The sublines developed from UPN251 showed 

higher levels of resistance compared to those developed from 0VCAR8. UPN251- 

6CALT, UPN251-6T and UPN251-6TALT all had significant resistance to taxol (4-8 

fold, p=0.4x10 ®-0.6x10®) while OVCAR8-6CALT, OVCAR8-6T and OVCAR8-6TALT all 

had significant resistance to taxol but to a lower extent (1.5-2.5 fold, p=0.02-0.2x10 ®). 

All UPN251 sublines, after their final round of selection (including UPN251-7T treated 

only with taxol), had significant resistance to carboplatin (1.6-3.5 fold, p=0.3x10'^- 

0.5x10®). Only OVCAR8-7C and OVCAR8-6TALT had significant resistance to 

carboplatin in the 0VCAR8 sublines (1.3-2.6 fold, p=0.04-0.3x10'^). Again, this was 

lower than in UPN251 sublines. In as early as the first round of selection, UPN251-1C 

and UPN251-1T was significantly resistant to carboplatin (1.5-fold, p=0.3x10'^) and 

taxol (1.7-fold, p=0.8x10'^) respectively. These sublines retained significant resistance 

with fold resistance increasing from round to round. All UPN251 sublines receiving the 

opposite selecting agent in round 2 retained some degree of significant resistance to 

carboplatin, except UPN251-2TALT. However, this regained a significant level of 

resistance by round 3.

4.3.6 Maintenance of resistance after cell defrost

In order to see if the resistant sublines generated from the selection strategy would 

keep their developed resistance, they were screened with taxol and carboplatin 

cytotoxicity assays every week for 9 weeks, after they were defrosted. In general, 

alternating treatments lost some initial resistance and fluctuated more than single

agent treatments, but remained at an elevated level of resistance. Single-agent 

treatments showed stable resistance in the first 6 weeks. After this time, fold resistance 

started to decrease (See Figure 4.7).
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Figure 4.6 Fold resistance to carboplatin/taxol compared to parental cell lines.

Fold resistance to (A) carboplatin and (B) taxol are given for each subline from rounds 1-7. The 

x-axis gives a time progression for 3 weekly cytotoxicity assay in seven rounds of selection 

((round number):(assay number)). The y-axis indicates fold resistance compared to parental 

cells assessed by equation 2.2, section 2.1.6 (Acid Phosphatase cell viability assay). The 

horizontal black bar indicates a fold resistance ratio of 1 (No difference to parent cells).
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Figure 4.7 Fold resistance of sublines after defrosting.

Each graph represents fold resistance data for UPN251 sublines over a number of weeks after 

defrosting. The x-axis shows the number of weeks after defrost while the y-axis shows the fold 

resistance of the subline compared to UPN251. The Horizontal bar indicates a fold resistance 

ratio of 1 (No difference to parent cells). (A) Data from carboplatin cytotoxicity assays. (B) Data 

from taxol cytotoxicity assays.
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4.4 Discussion

It was hypothesised that ovarian cancer cells with BRCA1 defects (0VCAR8) would 

develop resistance to platinums slower than taxanes, with the opposite being true for 

cells with functional BRCA1 (UPN251). Figure 4.8 (A) shows the extent of resistance 

development after 6 rounds of selection for single-agent treatments. This hypothesis 

holds true for OVCARB sublines, but not for UPN251 sublines, as taxol resistance 

developed quicker in both models irrespective of BRCA1 status. Possible reason for 

this occurrence was that taxol treated cells recover quicker than carboplatin-treated 

cells and, therefore, resistance can develop faster in taxol-treated cells. Slower 

recovery was seen for carboplatin treatments for both OVCARB and UPN251 

compared to taxol treatments. This was noted in both the dose optimisation results 

(Figure 4.3) and the selection strategy recovery results (Figure 4.4).

Also it was hypothesised that cells receiving alternating treatments of carboplatin and 

taxol should develop resistance slower or not at all when compared to single-agent 

treatments. On first inspection, this seems to hold true. Figure 4.B (B) shows the results 

of fold resistance after 6 rounds of selection for taxol and carboplatin. It can be seen 

from these graphs that single-agent treatments had higher fold resistance than all of 

the alternating treatments. However, the opposite conclusion could be reached, if the 

extent of resistance development was examined at point in time when each subline had 

received 3 doses of taxol (Figure 4.B (C) (i)), or 3 doses of carboplatin (Figure 4.8 (C) 

(ii)). In UPN251, despite the fact that alternating treatments received the same amount 

of taxol or carboplatin over a longer period of time when compared to single-agent 

treatments (5 or 6 rounds in alternating versus 3 rounds for the single-agent), 

resistance development was higher in alternating treatments when compared to single

agent treatments. In OVCARB, alternating and single-agent treatments are at a similar 

resistance level. This ambiguity in the results may stem from an inability to directly 

compare the results of the 2 drugs due to their different mechanisms of action and 

speed of recovery from drug treatment.

An interesting finding from the selection strategy was that cells treated with taxol, that 

received carboplatin in the previous round, displayed large increases in taxol 

resistance. This was larger than the increase in taxol resistance that was seen in cells 

that had only received taxol. Also, cells with carboplatin pre-treatment took longer to 

recover, compared to cells that had only received taxol, as was seen from our area 

fraction data (Figure 4.5 (C)). Therefore, carboplatin seems to enhance a cell’s 

capacity to become taxol resistant.
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Figure 4.8 Selection strategy fold resistance outcomes.

Presented graphs show visual comparisons of fold resistance development between sublines to 

allow conclusions to be drawn in relation to the resistance development hypothesises (section 

4.1.3.1). In each graph the y-axis shows fold resistance compared to parental cell lines. The x- 

axis shows resistant sublines. In Graph (A) it also indicates the drug used in cytotoxicity assay 

represented in the graph. Grouped bars represent cytotoxicity assays for 3 weeks following 

recovery. In (A) horizontal lines are used to show relative differences in carboplatin and taxol 

resistance development, while in (B) & (C) they show relative differences in carboplatin or taxol 

single-agent resistance development compared to alternating treatments. (A) Development of 

resistance to single-agent taxol and carboplatin for both 0VCAR8 and UPN251. (B) Fold 

resistance to (i) carboplatin and (ii) taxol when compared to parental cell lines in round 6 of 

selection. (C) Fold resistance to (i) carboplatin and (ii) taxol when compared to parental cell 

lines when each cell line had received 3 doses of either carboplatin or taxol.
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Further to this, alternating treatments generally displayed notable jumps In taxol 

resistance in a round in which they received taxol. This is usually greater than the 

increase in resistance seen per round from single-agent taxol treatments. This is the 

opposite of what we would have predicted, considering the inverse resistance 

relationship between platinum and taxanes {Stordal et al. 2009). We hypothesised that 

pre-treatment with one agent would sensitise to the other. There was no evidence of an 

opposite effect. Taxol pre-treatment did not affect the amount of carboplatin resistance 

developed.

Evidence of taxol treatment becoming less effective due to carboplatin pre-treatment is 

seen in the literature. An in vitro study showed that when cisplatin preceded taxol 

treatment, a lessened antitumor activity was seen when compared to taxol before 

cisplatin {Kano et al. 1996). In ovarian cancer cell lines, the sequence of cisplatin 

before taxol reduces taxol induced apoptosis {Judson et al. 1999). An in vivo mouse 

study showed that this sequence (cisplatin then taxol) had significant increases in 

morbidity and mortality associated with it when compared with taxol before cisplatin 

{Milross et al. 1995).

In the clinic for ovarian cancer, taxol is given 3 hours before carboplatin in order to 

circumvent carboplatin’s myelosupressive affects (Ozo/s et al. 2003). Taxol reduces the 

proportion of bone marrow precursors circulating at the time when carboplatin is 

administered, which reduces toxicity when compared to the opposite administration. In 

non-small cell lung cancer clinical studies, with chemotherapy naive patients, the 

sequence of carboplatin, followed by taxol administration in combination treatments, 

showed no sequence-dependant toxicities or pharmacokinetic interactions. However, it 

is unclear whether the different sequences affected the response data {Giaccone et al. 

1995\ Huizing et al. 1997).

0VCAR8 (BRCA1-methylated) developed much less resistance to carboplatin or taxol 

over the same time period as UPN251 (BRCA1-wildtype), after an identical cytotoxic 

drug treatment strategy. All 0VCAR8 sublines were less than 2-fold resistant to 

carboplatin and less than 2.5-fold resistant to taxol after 6 rounds of selection. This 

may be due to the BRCA1 methylation status of the cells. Cells deficient in BRCA1 

have reduced efficiency in repairing DNA damage caused by cytotoxic agents. It has 

been shown that hypermethylation of the BRCA1 promoter region causes increased 

sensitivity to platinum drugs {Teodoridis et al. 2005). Also, in two ovarian cancer cell 

lines, decreasing BRCA1 mRNA using inhibition assays correlated to increased 

sensitivity to platinums {Quinn et al. 2007). They also show that patients with 

low/intermediate levels of BRCA1 mRNA have a significantly improved overall survival
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following platinum-based chemotherapy, compared to patients with high levels of 

BRCA1 mRNA. It has also been shown that the ovarian cancer cell line SNU251, 

having a mutation in BRCA1 inhibiting its sub-nuclear assembly, increased its 

sensitivity to taxol compared to the same cell line where BRCA1 wildtype was 

ectopically reintroduced {Zhou et al. 2003). Also, UPN251 and 0VCAR8 may have had 

different baseline sensitivities to the drugs used as they originated from patients who 

had had different levels of exposures to carboplatin and taxol.

One caveat to our ability to directly compare resistance developed between carboplatin 

and taxol was that these drugs may not be directly comparable to each other, due to 

their different rates of recovery after drugging. This was seen in the dose finding 

experiment for the selection strategy (Figure 4.4) and in the selection strategy (Figure 

4.5). The cells treated with taxol showed high initial cell death followed by fast 

recovery, while carboplatin showed much slower recovery with slight elevations in cell 

number after drugging, followed by cell death and slow recovery. This could be due to 

the differences in platinum and taxane mechanisms of action. Platinums act mainly by 

forming nuclear platinum adducts on DNA strands {Fuertes et al. 2003b] Go et al. 

1999), while taxanes act by stabilising microtubules within the cell {Manfredi et al. 

1984, Rao et al. 1995).

4.5 Conclusions

It was hypothesised that ovarian cancer cells with BRCA1 defects (0VCAR8) would 

develop resistance to platinums slower than taxanes with the opposite being true for 

cells with functional BRCA1 (UPN251). This did not hold true in the models. The 

development of taxane resistance was not slower than the development of platinum 

resistance in cells with functional BRCA1. Taxol resistance developed quicker in 

BRCA1-wildtype and BRCA1-methylated cells models irrespective of BRCA1 status. 

Both resistance to carboplatin and taxol developed quicker and more stably in UPN251 

(BRCA1-wildtype) compared to 0VCAR8 (BRCA1-methylated). Therefore, the BRCA1 

status of an ovarian cancer patient may affect treatment outcome. Screening for 

BRCA1 defects in patients may be beneficial in improving patient survival. If patients 

have BRCA1 defects they will benefit more from standard chemotherapy than patients 

who have functional BRCA1. Alternate treatment may benefit patients with functional 

BRCA1 due to the development of carboplatin and taxol resistance. As the majority of 

patients will have functional BRCA1, it highlights the importance of developing new 

targeted treatments for ovarian cancer patients so that treatment can move away from
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damaging chemotherapy regimens, to which the patient will ultimately develop 

resistance.

It was also hypothesised that cells receiving alternating treatments of carboplatin and 

taxol should develop resistance slower or not at all when compared to single-agent 

treatments Results from this were ambiguous, depending on the logic used to draw 

conclusions. If this statement was found to hold unequivocally true, it would have 

pointed towards changing the way chemotherapy is currently administered to patients 

to reduce resistance development. However, this hypothesis was shown to be true or 

false under different conditions. Carboplatin and taxol treatment delayed, but did not 

prevent resistance development when compared to single agent administration. For 

this reason, the evidence produced was not strong enough to suggest changing the 

combined administration of carboplatin and taxol to alternating administration.

Finally, it was noted that UPN251 sublines developed greater fold resistance than 

0VCAR8 for both taxol and carboplatin. These relatively high fold changes within a 

clinically relevant dose range make the UPN251 sublines interesting candidates for 

further study. The mechanisms of resistance that had developed in these cell lines 

were investigated in chapter 5. 0VCAR8 sublines were not further investigated due to 

the low-level unstable resistance achieved in comparison to UPN251 sublines.
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Chapter 5 Resistant cell line characterisation

5.1 Introduction

This chapter deals with the characterisation of the resistance mechanisms that have 

developed in our UPN251 derived taxol and carboplatin resistant ovarian cancer 

sublines. The major mechanisms of carboplatin and taxol resistance from the literature 

have been discussed in Chapter 1 (section 1.4 and section 1.6 respectively). A number 

of these resistance mechanisms were investigated in this chapter. These mechanisms 

of resistance were deemed likely to play a role in our sublines’ developed resistance 

phenotypes.

5.1.1 Cell selection strategies influence resistance development

The mechanism of resistance in a drug-resistance model can differ, depending on the 

method of selection used. The commonest methods of selection used to model 

resistance are increasing continuous administration {Liu et al. 2010\ Smith et al. 2002] 

Vandier et al. 2000) and low-dose intermittent incremental inducement {Godwin et al. 

1992\ Kars et al. 2006, Teicher et al. 1986).

In the resistance models that use increasing continuous administration, the drug of 

choice is exposed to the cells in a continuous fashion and is periodically increased over 

many months in order to develop resistant sublines. Human colon cancer cells resistant 

to oxaliplatin have been developed using this strategy {Liu et al. 2010). SW620 and 

LoVo human colon cancer cell lines were initially exposed to lOmg/ml of oxaliplatin. 

This concentration was increased over 10 months to develop SW620/L-OHP and 

LoVo/L-OHP. SW620/L-OHP was 21-fold resistant to oxaliplatin and was maintained in 

a concentration of 2|jg/ml and LoVo/L-OHP was 13.8-fold resistant to oxaliplatin and 

was maintained in a concentration of 2|jg/ml. An example of ovarian cancer cells 

developed using this method is the development of cisplatin-resistant cell line A2780- 

E(80) from the parental A2780(1A9) ovarian cancer cell line {Vandier et al. 2000). 

A2780 (1A9) was initially exposed to a concentration of 1.7[jg/ml cisplatin and 

periodically increased to a final concentration of 266.6^jg/ml cisplatin. They were 

maintained at this concentration. The final dose given was 160 times greater than that 

of the initial dose. The relative fold resistance to cisplatin of these cells as determined 

by a cytotoxicity assay was not presented in this study.

In the resistance models that use low-dose intermittent incremental inducement, cells 

are exposed sporadically to increasing doses of drug over time. A number of resistant
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human breast cancer cell lines were developed from MCF-7 cells using this method, 

which were resistant to taxol (MCF-7/Pac), docetaxel (MCF-7/Doc), doxorubicin (MCF- 

7/Dox) and vincristine (MCF-7A/inc). The doses were increased from 0.1ng/ml to 

140.5ng/ml for taxol, 0.1ng/ml to 99ng/ml for docetaxel, 17.2ng/ml to 1034.5ng/ml for 

doxorubicin and 2.4ng/ml to 48.5ng/ml for vincristine. Resistant cell lines were between 

11.3-17.3-fold resistant to their selecting agents {Kars et al. 2006). An example of 

ovarian cancer cells developed using this method is the development of cisplatin- 

resistant cell lines from parental A2780 cell line. The A2780 cells were exposed to 

increasing concentrations of cisplatin ranging from 26.7|jg/ml-233.3[jg/ml to produce 

the cisplatin resistant cell line A2780/CP8-CP70. The A2780/CP70 cell line had a fold 

resistance to cisplatin of 29 fold.

The above strategies often produce high fold resistances and may be classed as high- 

level laboratory selection strategies. This, as discussed in chapter 4, may not emulate 

mechanisms of resistance that are produced from the low levels of drug concentrations 

administered in the clinic. However, they produce stable resistance often with large 

molecular changes which are easier to detect and maintain.

A number of studies have used a pulsed strategy of resistance development in an 

attempt to mirror the clinical setting more closely for certain drugs {Glynn et al. 2004, 

Liang et al. 2004, Ying et al. 2012). The pulsed strategy is used more seldom because 

it often gives low, unstable fold resistance when compared to other strategies. This 

normally involves a short drug exposure of approximately 4 hours over long intervals 

(for example weekly intervals), which may take place over a number of weeks. In a 

study by Glynn et al. (2004) the MDA-MB-435S-F human breast cancer cell line was 

exposed to ICgo values of doxorubicin (120ng/ml) or taxol (15ng/ml) for 4 hours once a 

week for 10 weeks. Taxol variants were further exposed to a higher dose of taxol 

(125ng/ml) for 4 hours once per week for 4 weeks and doxorubicin variants were 

further exposed to a higher dose of doxorubicin for (200ng/ml) 4 hours once per week 

for 10 weeks. The taxol selected variants MDA-MB-435S-F/Taxol-10p and MDA-MB- 

435S-F/Taxol-10p4p were 9.2 and 31.8-fold-resistant to taxol respectively. The 

doxorubicin selected variants MDA-MB-435S-F/Adr-10p and MDA-MB-435S-F/Adr- 

10p4p were 1.2 and 1.4-fold resistant to doxorubicin respectively {Glynn et al. 2004). 

Similarly, Ying et al. (2012) exposed MCF-7 and MDA-MB-231 cells to taxol for 4 hours 

once per week for 10 weeks at a dose of 234ng/ml and 117ng/ml respectively. The 

resistant variant 231-TIM10 had 11.9-fold resistance to taxol and MCF-7-TIM10 was 

5.5-fold resistant to taxol {Ying et al. 2012).
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A comparative study by Yan et at. (2007) compared the differences in using a pulse 

versus intermittent incremental strategy in the same ovarian cancer cell lines. SKOV3 

ovarian cancer cell lines were subjected to cisplatin and taxol by each method over a 

16 month period. For the pulsed strategy, SK0V3/CDDP-P and SKOV3/Taxol-P were 

produced by exposing the cells to cisplatin (SOpg/ml) and taxol (2.13|jg/ml) for 2 and 1 

hour periods respectively, 20 times over the 16 month period. For the intermittent 

incremental strategy, SKOV3/CDDP80 was intermittently selected by a small dosage of 

cisplatin at 3, 6, 12 and 25|jg/ml and 10 times each dosage. The cells were in a 

cisplatin-containing medium for 48 hour exposures. Similarly, SKOV3rTaxol-25 was 

intermittently selected by a small dosage of taxol at 8.5, 12.8 and 21.3ng/ml and 10 

times each dosage was used. The cells were in a taxol-containing medium for 24 hour 

exposures. The cells selected by the intermittent incremental strategy had much higher 

levels of resistance than that of patients in the clinic, whereas the pulsed strategy 

produced smaller changes, but to a more similar level to that which is generally 

observed in the clinic. For this reason it was assumed that the pulsed strategy more 

closely mirrored the clinical setting. Morphology, growth rate, and proliferation indexes 

differed between cells selected with the different strategies. Also, genes known to be 

involved in resistance (MDR1, MRP1, LRP and GST-pi) differed in expression between 

the different cell models. Inconsistent results were obtained between the same cells, 

despite being resistant to the same agent, only differing from method of selection used. 

The team showed that different approaches of selection can lead to distinct expression 

of genes associated with drug resistance. Mechanisms of drug resistance were 

different for dissimilar methods of drug treatment, indicating the importance of model 

selection in gaining clinically relevant resistance mechanisms from a selection strategy. 

The consensus was that although the intermittent incremental strategy produced higher 

levels of fold resistance, the mechanisms evolved using the pulse strategy were closer 

to the mechanisms seen in the clinic and serves as a more ‘appropriate’ model in 

studying drug resistance in ovarian cancer {Van et al. 2007). Therefore, mechanisms 

produced from this study have the potential to closely mirror the clinical mechanisms of 

resistance that arise in ovarian cancer patients.

In the clinic, ovarian cancer patients receive drug infusion every 3-4 weeks {Ozols 

2005). The model described in chapter 4 had one prolonged pulse over three days and 

then recovery in drug free media for 4-5 weeks. This is a more accurate representation 

of the clinical setting in ovarian cancer than other selection methods, including the 

typical pulsed strategies with shorter treatment intervals.
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5.1.2 Models of taxol resistance and related mechanisms

Taxol resistance cell models are very common and many liave been developed for 

ovarian cancer cell lines {Duan et al. 1999b\ Duan et al. 1999c, Hah et al. 2006] Parekh 

et al. 1997b\ Zhang et al. 2012a). Most of these models use different variations on the 

aforementioned intermittent incremental inducement and increasing continuous 

administration strategies. Our work is novel, as a pulsed strategy which closely mirrors 

the clinic has not been used before in ovarian cancer to our knowledge. Also, a model 

of taxane-resistance has not been previously developed in UPN251, to our knowledge.

The over-expression of P-glycoprotein (P-gp), a product of the MDR-1 (ABCB1) gene, 

is a common mechanism of taxane resistance. P-gp is a transmembrane ATP 

dependent efflux pump of the adenosine triphosphate binding cassette (ABC) gene 

family, which has many members. It has been shown to confer resistance to a wide 

variety of drugs, including taxanes, by efficiently removing them from the cell {Juliano 

et al. 1976\ Ueda et al. 1987). The up-regulation of this protein is linked with poor 

prognosis for patients with ovarian and breast cancers, sarcomas and other malignant 

disease {Hoffmann et al. 2010\ Nakayama et al. 2002\ Rodrigues et al. 2008). 

However, other studies have indicated that strong P-gp over-expression is uncommon 

in the clinic, even if it is strongly correlated with poor outcome and relapse {Materna et 

al. 2004, McGown et al. 1994] Penson et al. 2004).

This will be examined in our UPN251 sublines to try and elucidate the major 

mechanisms of resistance that is driving change in our cell line panel. Increased levels 

of MDR1 mRNA and P-gp at a protein level have been demonstrated in a wide variety 

of taxol-resistant cancer cell lines, implicating its role in taxane resistance profiles 

{Bhalla et al. 1994] Duan et al. 1999c] Parekh et al. 1997b] Schondorf et al. 2002). It 

has also been put forward as being a useful indicator for taxol-based resistance in 

ovarian cancer {Duan et al. 1999c] Kamazawa et al. 2002] Naniwa et al. 2007] Parekh 

et al. 1997b] Rutledge et al. 1990] Schondorf et al. 2002). A recent ovarian study 

indicated that high P-gp expression, in treated recurrent patient samples, occurred 

more frequently than in primary ovarian tumour samples (43% versus 24% from 105 

patient samples tested in this study) {Zajchowskl et al. 2012). In combination with 

ERCC1, which is connected to carboplatin drug response, P-gp may have a useful 

application as a biomarker of relapse where changing expressions could affect 

secondary treatment choice and improve response {Zajchowskl et al. 2012).

P-gp inhibitors, such as elacridar, can sensitise cancer cell lines to taxol treatment 

{Hyafll et al. 1993] Reinecke et al. 2000). This inhibitor was used in this study to
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investigate P-gp mediated resistance in the resistant sublines. P-gp inhibitors have not 

been effective in the clinical setting to date. Mainly, this has been due to their non

specific action on P-gp and their non-selective distribution to non-target organs, which 

leads to adverse side effects by the P-gp inhibitors at the doses needed for P-gp to 

work when administered systemically {Binkhathlan et al. 2013). Further to this, 

elimination of anticancer drugs is reduced and toxicity of the drugs is increased when 

co-administered with P-pg inhibitors (Binkhathlan et al. 2013).

5.1.3 Models of carboplatin resistance and related mechanisms

Carboplatin-resistant ovarian cancer cell lines are rare in the literature. More than 

likely, this is because a combination of cisplatin and taxol was used as a standard 

chemotherapy treatment for advanced ovarian cancer up until 2003. Carboplatin and 

taxol was then introduced as the new standard of treatment as it was deemed more 

favourable due to reduced toxicities being associated with carboplatin administration 

(du Bois et al. 2003; Ozols et al. 2003). A publication by Li et al. (2004) reports on the 

development of 5 resistance cell models for ovarian cancer cell lines (2 carboplatin, 2 

cisplatin and 1 taxol) (Li et al. 2004). They found a number of genes that were 

differentially expressed compared to parental cells across all resistant models. To our 

knowledge, a model of carboplatin-resistance has not been previously developed in 

UPN251 making this study novel.

One study developed carboplatin-resistant sublines from human larynx carcinoma cell 

line Hep 2 by continuous 5 day exposure of increasing doses of carboplatin. All of the 3 

sublines developed had elevated levels of glutathione (GSH), but only one of these had 

significant elevations {Osmak et al. 1995). Elevated levels of GSH compounds can be 

correlated to platinum resistance. For example, a study carried out on eight ovarian 

cancer cell lines has showed a positive relationship between intracellular GSH levels 

and platinum resistance {Mistry et al. 1991). There are many mechanisms in which the 

GSH system may act in conferring cisplatin resistance {Chen et al. 2010). One 

mechanism involves the formation of cisplatin-GSH complexes by GSH-S-transferase 

TT. These complexes are inactivated and effluxed from the cell via the MRP2 

membrane protein, which is a member of the ABCC2 transporter family. Cisplatin 

cannot be effluxed from the cell on its own in this way but requires binding to GSH 

{Paulusma et al. 1999). This mechanism is shown in Figure 1.4 (chapter 1). Another 

mechanism is the GSH mediated up-regulation of copper transporter CTR1, which can 

efflux platinum compounds {Safaei et al. 2005, Song et al. 2006). GSH can also act as 

a cytoprotector in cisplatin resistance. It has been discovered that resistant cells often
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increase synthesis of GSH and Y-glutamylcysteine synthetase, the rate limiting enzyme 

for glutathione synthesis. The more GSH that is within the cell, the more that is present 

to bind and inactivate platinum compounds {Rabik et al. 2007). GSH levels will be 

examined in the UPN251 resistant sublines in this study.

Aberrant expression of membrane transporters was also investigated in the sublines in 

this study. Increased expression of copper efflux transporters ATP7A and ATP7B and 

decreased expression of copper influx transporter CTR1 has been shown to confer 

platinum resistance in ovarian cancer. ATP7A has been found to sequester cisplatin, 

carboplatin and oxaliplatin into vesicles. Over-expression of the ATP7A protein has 

been found in platinum-resistant ovarian cancer cell lines and in ovarian cancer 

patients linked to poor survival rates after carboplatin treatment {Katano et al. 2002\ 

Samimi et al. 2004). Also, Doherty et al. (2014) found decreased protein expression of 

ATP7A in platinum-sensitive ovarian cancer cell lines {Doherty et al. 2014). Elevated 

levels of ATP7B has also been linked to platinum resistance in ovarian cancer cell lines 

{Nakayama et al. 2001) and poor survival rates following platinum treatment {Rabik et 

al. 2007). CTR1 protein down-regulation has been shown to occur in ovarian cancer 

cell lines after exposure to cisplatin, resulting in diminished cisplatin accumulation in 

the cell {Holzer et al. 2004). This process is concentration and time dependent and 

occurs rapidly. Exposure to as little as 0.15ng/ml cisplatin for 5mins reduced CTR1 

levels with > 0.6ng/ml, causing almost complete disappearance of the protein in A2780 

ovarian cancer cells. Another mechanism of cisplatin resistance involving CTR1 is the 

internalisation of the CTR1 protein from the surface membrane to the cytoplasm of the 

cell in response to cisplatin treatment. This was also shown in cisplatin-resistant 

IGROVCDDP ovarian cancer cells {Stordal et al. 2012).

MRP proteins, which are members of the ABC transporter family have been linked with 

multidrug resistance {Choudhuri et al. 2006). MRP2 gene and protein over-expression 

has been related with platinum resistance in ovarian cancer and a number of other 

cancer types. MRP2 over-expression is deemed to be a good determinant of tumour 

sensitivity {Kool et al. 1997] Korita et al. 2010).

Suppression of apoptosis is another major mechanism of resistance development that 

was investigated in the cell line models in this study. In particular, aberrant expression 

levels of Bcl-2 family members, which regulate cytochrome C release, have been 

shown to influence chemoresistance. In ovarian cancer, over-expression of Bcl-XL and 

Mcl-1 are strongly correlated to chemoresistance. Inhibition of these proteins can show 

marked improvement in cisplatin chemotherapy in vitro {Brotin et al. 2010\ Villedieu et
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al. 2007). Also, over-expression of the Bcl-2 gene has been shown to confer resistance 

in ovarian cancer cell lines (Ytv et al. 2004).

5.1.4 Resistance biomarkers in the clinic for ovarian cancer

Drug resistance in ovarian cancer has been comprehensively studied. However, it has 

proved to be complex, with ovarian cancer being inherently heterogeneous. There has 

been an array of resistance biomarkers discovered to date for both platinum and 

taxane resistance in ovarian cancer at the transcriptomic and proteomic level. A 

number of these markers mentioned in section 1.1.3 and 1.1.4 were used to 

characterise the developed carboplatin and taxane resistant UPN251 sublines from 

chapter 4. However, these markers have had limited success in the clinic. Due to the 

inherent heterogeneity of ovarian cancer, they have not proved to be sufficiently robust 

or specific enough to date to be adopted by clinicians in the treatment and screening of 

ovarian cancer patients. There remains a need to discover novel markers for 

chemotherapy resistance in ovarian cancer that can be specific and robust enough to 

aid clinicians or aid in the development of targeted therapies to overcome 

chemoresistance.

5.1.5 Aims and objectives

This chapter aimed to characterise the major mechanisms of ovarian cancer resistance 

that had developed in our UPN251-derived taxol and carboplatin resistant ovarian 

cancer sublines (developed in chapter 4).

5.1.5.1 Hypotheses

The hypothesis examined in this chapter stated that:

• A number of carboplatin and taxol resistance mechanisms have developed 

within our ovarian cancer UPN251 resistant subline, which mirrors ovarian cancer 

patients in the clinic due to the clinically relevant selection strategy used during their 

development.

5.1.5.2 Objectives

The main objective of this chapter was to elucidate the major resistance mechanisms 

that have developed within our UPN251-derived carboplatin and taxol resistant 

sublines. The mechanisms that were examined include P-gp over-expression, de

regulation of copper and MRP transporters, elevated GSH levels and inhibition of 

apoptosis. This was achieved by carrying out a drug screen to examine cross
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resistance to other drugs, looking at total GSH levels under different conditions, 

examining protein expression levels, cell cycle regulation, growth rate and suppression 

of apoptosis.

5.2 Methods

A number of techniques were used in order to characterise our chemoresistant 

UPN251 ovarian cancer sublines (UPN251-7C, UPN251-6CALT, UPN251-7T and 

UPN251-6TALT).

• The sublines’ cross resistance profiles to a number of cytotoxic drugs was 

assessed by using acid phosphatase cell viability assays (chapter 2, section 

2 . 1 .6 ).

• A total cellular glutathione (GSH) assay was performed in order to see the 

effects of cellular GSH levels following carboplatin treatment (chapter 2, section 

2 . 1 .8 ).

• The growth rate of the sublines, with and without carboplatin and taxol, was 

assessed using a high content screening growth assay to allow for the testing of 

a range of different drug concentrations with high throughput (chapter 2, section 

2.1.7.2).

• A cell cycle mitosis assay was carried out in order to investigate the amount of 

cells that were in the mitotic phase of the cell cycle and, as such, in a cell cycle 

arrest in the G2/M phase (chapter 2, section 2.1.10). Taxol is known to induce 

cell cycle arrest at the G2/M phase of the cell cycle, resulting in apoptosis as 

part of its mechanism of action {Long et al. 1994).

• Apoptosis and cell cycle assays were run in parallel using the same samples,

using fluorescence-activated cell sorting (FACS) (chapter 2 section 2.1.11).

o A FITC annexin V / (Propidium iodide) PI apoptosis assay was carried 

out on the UPN251 parental and resistant sublines to see the effect of 

high-dose drug exposure on initiation of apoptosis (chapter 2, section 

2 . 1 . 11 . 1).

o A cell cycle assay was carried out to see the effect of high dose drug 

exposure on the cell cycle (chapter 2, section 2.1.11.2).

• Protein expression levels for a number of known biomarkers of carboplatin and

taxol resistance was examined by carrying out Western blotting (chapter 2, 

section 2.1.9).
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5.3 Results

5.3.1 Drug screen

A drug screen was performed on the UPN251-derived resistant cell line panel in this 

study in order to evaluate cross resistance to other drugs and to help elucidate 

resistance mechanisms that have developed in the cells. 1 1  drugs and 2  inhibitors 

were used. Inhibitors included, buthionine sulphoximine (BSO), an inhibitor of GSH  

synthesis {Drew et al. 1984), and elacridar, an inhibitor of P-glycoprotein (P-gp) a 

member of the ATP binding cassette (ABC) transporter family {Hyafil et al. 1993). Other 

platinums/heavy metals (cisplatin, oxaliplatin and CUSO4 ) and taxanes (docetaxel) 

were examined to see if the cells had cross resistance to the same class of drugs used 

in their selection (carboplatin and taxol). PARP inhibitors (Olaparib, Veliparib and CEP- 

8983), a new class of drug in the treatment of ovarian cancer, were also screened for 

cross resistance {D avare t al. 2012). A vinca alkaloid (vinblastine), a class of dug which 

inhibits microtubule formation in the cell {Moudi et al. 2013), and an anthracycline 

(doxorubicin), a class of drug which inhibits DNA/RNA synthesis, transcription and 

replication, while causing cell damage and deregulating DNA damage response, the 

epigenome and transcriptome were also selected {Weiss 1992). Table 5.1 gives a 

summary of all cytotoxicity data collected. This is also presented diagrammatically in 

Figure 5.1 and Figure 5.2.

All of the sublines developed from UPN251 were significantly resistant to carboplatin 

(p=0.2x10‘^-0.5x10®, fold change=1.5-3.2), with single-agent carboplatin developed 

U PN 251-7C  being the highest. The addition of 12.5|jg/ml BSO had the effect of 

lowering I C 5 0  values across all UPN251 sublines. UPN251 and all sublines (except 

UPN 251-7T) showed significant decreases (p=0.0003-0.008, Figure 5.1 (A)). Fold 

resistance, however, stayed at a similar level. Significant cross resistance to cisplatin 

and copper sulphate (CUSO4 ) was also seen in sublines developed with carboplatin 

during selection (Figure 5.1 (B) & (C)). One exception to this is UPN251-6TALT, which 

was not resistant to CUSO 4 . Oxaliplatin showed significant cross resistance for single 

agent treatments while alternating treatments show no significant cross resistance. 

However, UPN 251-6TA LT showed significant cross sensitivity to oxaliplatin (p=0.01, 

Figure 5.1 (D)).

The UPN251 sublines, developed with taxol during selection, had significant taxol 

resistance (p=0.5x10'^-0.2x10"^ fold change=4.3-8.9). U PN 251-7T  had the highest fold 

resistance of 8.9-fold (Figure 5.1 (E)). UPN251-7C  developed with carboplatin was not 

resistant to taxol. A dose of 0.25|jg/m l of elacridar has been shown to successfully
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Table 5.1 Resistance profile of UPN251 drug-resistant sublines.

UPN251-7C and UPN251-7T were developed using single agent carboplatin and taxol respectively, while UPN251-6CALT and UPN251-6TALT were 

developed using alternating treatments of carboplatin and taxol. UPN251-6CALT received carboplatin in round 1 of drugging and UPN251-6TALT received 

taxol.

1 ■ ■
Drug (Units) UPN251 ICso UPN251-7C ICso UPN251-6CALT ICso UPN251-7T ICso UPN251-6TALT ICso |

Mean ± SD n Mean ± SD n F Mean ± SD n F Mean ± SD n F Mean ± SD n F
1 Platinums and heavy metals

Carboplatin (^g/ml) 1.0 ±0.0 3 3.5 ±0.1 8*** 3 3.3 1.8±0.0*** 3 1.7 1.6 ±0.1 ** 3 1.5 2.0±0.1 *** 3 2.0
+ BSO (12.5fig/ml) 0.8 ±0.0"** 3 2.9 ±0.2** 3 3.4 1.6±0.1 ** 3 1.8 1.3 ±0.2 3 1.5 1.7±0.1 ** 3 2.1

Cisplatin (|ig/ml) 0.15 ±0.01 3 0.48 ± 0.08 *♦ 3 3.3 0.21 ±0.02 ♦* 3 1.6 0.15 ±0.01 3 1.0 0.27 ± 0.04 ** 3 1.9
Oxaliplatin (^g/ml) 0.08 ±0.01 3 0.2 ± 0.03 ** 3 2.1 0.08 ± 0.02 3 1.0 0.12 ± 0 .0* 3 1.3 0.04 ± 0.0 * 3 0.6
CuS04 (ng/ml) 15.3 ± 1.7 5 28.5 ± 11.4 ♦ 5 1.9 34.7 ± 10.6** 5 2.3 17.0 ±2.9 5 1.1 15.0 ± 1.3 5 1.0

1 Taxanes |
Taxol (ng/ml) 14.9 ± 1.9 3 14.9 ± 1.7 3 1.0 63.6 ±4.4 *** 3 4.3 133.3 ±4.7*** 3 8.9 84.4 ± 11.6*** 3 5.7

+ Elacridar 1.8 ±0.3 *** 3 1.8±0.3 *** 3 1.0 1.9±0.2*** 3 1.1 1.9±0.2*** 3 1.0 2.9 ±0.5*** 3 1.6
(0.14iiB/ml) 1

Docetaxel (ng/ml) 4.1 ±0.3 3 1.5 ±0.6** 3 0.4 8.5 ± 1.5** 3 2.1 20.3 ± 4.0 ** 3 4.9 9.0 ± 2 .6 * 3 2.2
1 Parp Inhibitors |

O laparib (|xg/ml) 1.7 ±0.4 4 3.3 ± 0 .9* 4 2.0 3.9 ±0.7** 4 2.3 5.4± 1.0*** 4 3.2 3.7 ±0.4*** 4 2.2
+ Elacridar 1.3±0.1 4 2.5 ±0.6 4 1.8 1.7 ±0.4** 4 1.2 1.3 ±0.2*** 4 1.0 1.4±0.1 *** 4 1.0

1 (0.14ng/ml) 1
Veliparib (ixg/ml) 13.1 ±2.9 3 14.5 ±0.7 3 1.1 14.6± 1.3 3 1.1 10.4 ± 1.6 3 0.8 14.7 ± 1.6 3 1.1

+ Elacridar 13.7 ±2.8 3 15.2± 1.8 3 1.1 14.0± 1.9 3 1.0 10.7 ± 1.8 3 0.8 14.3 ± 1.6 3 1.0
1 (0.14us/ml) 1
1 CEP-8983 (UR/ml) 1.4±0.1 3 1.7 ±0.3 3 1.2 1.3 ±0.2 3 0.9 1.1 ±0.3 3 0.8 1.3 ±0.2 3 0.9
1 Vinca Alkaloids |

Vinblastine (ng/ml) 9 .9± 1.1 4 11.9 ±2.8 4 1.2 29.2 ±4.5 *** 4 3.0 62.1 ±3.8 *** 4 6.3 31.2± 11.1 ** 4 3.2
+ Elacridar 3.2 ±0.6*** 4 5.4 ±0.7** 4 1.7 3.3±0.7*** 4 1.1 4.6± 1.2*** 4 1.5 3.6 ±0.7** 4 1.1

1 (0.14ng/ml) 1
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Anthracyclines
Doxorubicin (ng/ml) 39.1 ± 10.2 5 46.8 ±3.0 5 1.2 62.8 ± 3.0 ♦♦ 5 1.6 117.9 ±20.2 *** 5 3.0 59.6 ± 6.4 ♦♦ 5 1.5

Inhibitors

BSO (nM) 5.1 ± 1.9 4 14.4 ±2.1 *** 4 2.8 7.6 ±0.2 4 1.5 7.9 ±2.8 4 1.5 29.2± 11 1** 4 5.7

Elacridar ((ig/ml) 2.5 ± 0.4 5 1.5 ± 0.3 ** 5 0.6 0.8 ± 0.2 *** 5 0.3 1.3 ± 0.5 ** 5 0.5 0.8 ± 0.2 *** 5 0.3

# Indicates a  significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.05 students t-test)

** Indicates a significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.01 students t-test) 

*** Indicates a significant difference between UPN251 parent and UPN251 drug-resistant sublines (p<0.001 students t-test)

# Indicates a significant difference on the addition of a  modulator (p<0,05 students t-test)

#  #  Indicates a significant difference on the addition of a modulator (p<0,01 students t-test)

#  #  #  Indicates a significant difference on the addition of a modulator (p<0.001 students t-test)
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Figure 5.1 Post selection drug screen results.

Each graph represents mean IC50’s of cells after cytotoxicity assays for an array of cytotoxic 

drugs with a minimum of 3 biological replicates. Error bars represent SD. In each graph the x- 

axis represents the cell lines ± an inhibitor and the y axis gives mean IC50 values and units. (A) 

Carboplatin ± Buthionine sulphoximine (B) Cisplatin (C) CuS04 (D) Oxaliplatin (E) Taxol± 

Elacridar (F) Vinblastine ± Elacridar. This method is described in Chapter 2 section 2.1.6.

* Indicates a significant difference between resistant subline and UPN251 (P<0.05, student T- 

test)

# Indicates a significant difference between resistant subline and resistant subline with addition 

of inhibitor (P<0.05, student T-test)
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Figure 5.2 Post selection drug screen results.

Each graph represents mean IC50’s of cells after cytotoxicity assays for an array of cytotoxic 

drugs with a minimum of 3 biological replicates. Error bars represent SD. In each graph the x- 

axis represents the cell lines ± an inhibitor and the y axis gives mean IC50 values and units. (A) 

Olaparib± Elacridar (B) Doxorubicin (C) Docetaxel (D) Veliparib ± Elacridar (E) CEP8983. This 

method is described in Chapter 2 section 2.1.6.

* Indicates a significant difference between resistant subline and UPN251 (P<0.05, student T- 

test)

# Indicates a significant difference between resistant subline and resistant subline with addition 

of inhibitor (P<0.05, student T-test)
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reverse P-gp function {Hyafil et al. 1993] Lawlor et al. 2014\ Stordal et al. 2012). 

Comparing taxol, with and without 0.25|jg/ml of the P-gp inhibitor elacridar, across all 

cell lines reveals significant drops in ICso values (p=0.1x10'^-0.4x10'^). UPN251-7C saw 

no changes in taxol fold resistance with the addition of elacridar, while sublines treated 

with taxol during development saw large decreases in taxol fold-resistance. UPN251- 

7T treated with taxol was 8.9 fold resistant to taxol while UPN251-7T treated with taxol 

and elacridar was identical to UPN251 parental cells. An almost identical trend was 

seen with vinblastine, which Is also known to be transported by P-gp (Choudhurl et al. 

2006) (p=0.001-0.4x10 ®, Figure 5.1 (F)). There was also a drop in ICso when olaparib 

(another P-gp substrate (Lawlor et al. 2014)) was used instead of taxol or vinblastine. 

In this case, only significant drops in ICso were seen in sublines developed with taxol 

during selection (p=0.002-0.4x10®, Figure 5.2 (A)). These results collectively point 

towards P-gp as a resistance mechanism In taxol treated sublines. UPN251-7C was 

also resistant to single agent olaparib (p=0.01, fold change=2), while no resistance was 

seen in UPN251-7C with the other P-gp substrates (taxol and vinblastine). The addition 

of 0.25pg/ml elacridar, in this case, saw no significant changes in ICso or fold 

resistance. Doxorubicin, which is a member of the anthracycline family of drugs, also 

displayed significant cross resistance in sublines developed with taxol (p=0.005-0.5x10" 

®, Figure 5.2 (B)). Also, significant cross resistance to docetaxel was seen in sublines 

developed with taxol (p=0.03-0.002) and a significant degree of sensitivity was noted in 

UPN251-7C (p= 0.002, Figure 5.2 (C)).

PARP Inhibitors veliparib and CEP8983 both showed no significant change In ICso 

when compared to the parental cell lines and could both be candidates for use in 

therapies for platinum/taxane-reslstant ovarian cancer (Figure 5.2 (D) & (E)).

5.3.2 Total cellular glutathione assay

Using a total cellular glutathione (GSH) assay (Figure 5.3) no significant difference in 

GSH levels was observed when the UPN251 resistant sublines were treated with 

2|jg/ml carboplatln. However, UPN251 parental cells saw a significant 3-fold increase 

in total cellular GSH levels with the addition of 2|jg/ml carboplatln (p=0.02) for a 3-day 

exposure. Treatment with 12.5^Jmol BSO for a 3 day exposure gave significantly 

reduced levels of GSH for UPN251 and Its sublines, when compared to treatment-free 

control cells (p=0.5x10'^- 0.02, fold reduction=9.3-27.8). This was the same dose of 

BSO that was used In our drug screen indicating that GSH synthesis was successfully 

Inhibited In our cytotoxicity assays by BSO and had no effect on carboplatln resistance 

(Figure 5.1 (A), Table 5.1).
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Figure 5.3 Total cellular glutathione assay.

Parental cells UPN251 and resistant sublines are shown on x-axis as control, BSO (12.5pmol) 

or carboplatin (2pg/ml) treated. The y-axis gives slope per minute of 0-9 rounds of the assay rjn 

over 8mins. 3-day exposures to drug were used in this experiment. This method is described in 

Chapter 2 section 2.1.8.

* Indicates a significant difference between control and BSO treatment (P<0.05, student T-tes!)

# Indicates a significant difference between control and Carboplatin treatment (P<0.05, student 

T-test)

5.3.3 High content growth assay

Growth assays were carried out on the UPN251 resistant sublines to see if there were 

any changes in growth rate compared to UPN251 parental cells. Growth assays were 

also carried out to see if growth was affected by different drug treatments of carbopla:in 

and taxol.

When the cell lines were grown in the absence of drug, UPN251-6CALT, UPN251-’ T 

and UPN251-6TALT took significantly longer to reach quadrupling time (between 

approximately 16-18 hours) than UPN251 (P=0.01-0.9x10'^, Figure 5.4 (A) and (B)). 

UPN251-7C had a similar growth rate to UPN251 cells.
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Figure 5.4 High content growth curve analysis.

This figure indicates the time tal<en for UPN251 and derived sublines to reach quadrupling when 

exposed to a range of drug doses (carboplatin (0-10^Jg/ml), taxol (0-200ng/ml)). (A) Different 

doses of carboplatin (0-10^Jg/ml) are shown together for each cell line tested for comparison 

purposes. (B) Different doses of taxol (0-200ng/ml) are shown together for each cell line tested 

for comparison purposes. This method is described in Chapter 2 section 2.1.7.2.

•Indicates a significant difference in quadrupling time UPN251 and resistant subline receiving 

the same drug dose (P<0.05, student T-test).
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The experiment w as optimised to test dose ranges of between 0-10|jg/ml of carboplatin 

and 0-200ng/ml of taxol, to see  their effect on UPN251 and derived sublines’ grov»/th 

rates. D oses outside of this range caused  the cells to either undergo cell death and 

never reach quadrupling time or grow so slowly that they did not reach quadrupling 

time in the 80 hour window of m easurem ent. Quadrupling time w as taken as the growth 

cut off instead of the traditional doubling time as  differences in growth were more 

obvious at this time using this method.

In general, no difference in growth rate was recorded for the cell lines receiving doses 

of carboplatin com pared to the sam e cells grown in the absence of carboplatin Figure 

5.5 (A). O ne exception w as UPN251-7C. This subline, receiving lOpg/ml carboplatin, 

took significantly longer (approximately 22 hours longer) to reach quadrupling time 

com pared to untreated UPN251-7C (p=0.008). UPN251-6CALTand UPN251-7T cells, 

treated with a dose of 0.625|jg/ml carboplatin, took significantly longer to reach 

quadrupling time (approximately 15 hours) than UPN251 treated with the sam e dose of 

carboplatin (p=0.008 and 0.01 respectively. Figure 5.4 (A). The sam e was true for both 

cell lines at a dose of 2.5|jg/ml carboplatin, along with UPN251-7C, which also took 

significantly longer (p=0.04-0.3x10®, approximately 12-14 hours). There were no 

significant differences in growth rate between any of the UPN251 sublines treated with 

10|jg/ml carboplatin and UPN251 treated with 10|jg/ml carboplatin.

Significant changes in growth rate occurred between all resistant sublines receiving 

taxol com pared to the sam e cells grown in the absence of taxol (Figure 5.5 (B)). All 

UPN251 resistant sublines took significantly longer to reach quadrupling time (between 

approximately 12-35 hours) within the range of 50-200ng/ml taxol when com pared to 

drug free controls (p=0,03-0.2x10'^). However, UPN251 had no significant changes for 

any dose of taxol tested. UPN251-6CALT and UPN251-7T also had a significant 

reduction of growth rate at lower dose ranges of taxol. UPN251-6CALT took 

significantly longer to reach quadrupling time at a range of 12.5-200ng/ml taxol 

(p=0.03-0.2x10‘®, approximately 12-35 hours) and UPN251-7T at a range of 3.125- 

200ng/ml taxol (p=0.04-0.2x10‘®, approximately 12-21 hours) when com pared to 

untreated control cells of the sam e cell line. UPN251-6CALT, UPN251-7T and 

UPN251-6TALT took significantly longer to reach quadrupling time (between 

approximately 15 and 25 hours) than UPN251 at a dose of 3.125ng/ml taxol, the lowest 

dose tested  (p=0.04-0.004, Figure 5.4 (B)). For a dose range of 12.5-50ng/ml taxol, 

there were no significant changes in the UPN251 sublines compared to UPN251 

receiving the sam e drug dose. One exception w as UPN251-6CALT which took 

significantly longer to reach quadrupling time (approximately 34 hours) at a dose of
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Figure 5.5 High content growth curve analysis.

This figure indicates the time taken for UPN251 and derived sublines to reach quadrupling when 

exposed to a range of drug doses (carboplatin (0-10|jg/ml), taxol (0-200ng/ml)). (A) Drug 

concentrations of carboplatin increasing from 0-10^Jg/ml is shown separately for each cell line 

for comparison purposes. (B) Drug concentrations of taxol increasing from 0-200ng/ml is shown 

separately for each cell line for comparison purposes. This method is described in Chapter 2 

section 2.1.7.2.

#lndicates a significant difference in quadrupling time between control cells (no drug) and the 

same cell line treated with a specific dose of carboplatin or taxol (P<0.05, student T-test).
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50ng/ml taxol than UPN251 (p=0.03). Finally, all UPN251 resistant sublines took 

significantly longer to reach quadrupling time (between approximately 16-33 hours) 

than parental UPN251 when treated with the highest tested dose of 200ng/ml taxol 

(p=0.01-0.1x10-3).

5.3.4 Cell cycle mitosis assay

A cell cycle mitosis assay was carried out in order to investigate the amount of cells 

that were in the mitotic phase of the cell cycle and, as such, in a cell cycle arrest in the 

G2/M phase. How this cell cycle response differed between resistant sublines receiving 

doses of taxol was investigated. Figure 5.6 (A) shows different biological replicates of 

UPN251 cells treated with a range of taxol doses from 0-800ng/ml with a 24hour 

exposure. The number of cells in mitosis remained below 10% for doses ranging from 

0-50ng/ml. The highest dose (800ng/ml) showed an increase in the number of mitotic 

cells. This dose had between 20-30% of cells in mitosis. In general, an increase in taxol 

dose correlated with an increase in the % true cells (% of cells in mitosis). Figure 5.6 

(B) shows the average % true fold change for UPN251 and resistant sublines receiving 

50 and 800ng/ml of taxol for 24 hours. Both UPN251-7T and UPN251-6TALT showed 

significant decreases in % true fold change (8-fold and 2-fold respectively) for a dose of 

800ng/ml taxol when compared to the % true fold change of UPN251, while receiving 

the same dose (p=0.7x10 ® and p=0.5x10'® respectively).This indicates that fewer cells 

were stuck in a cell cycle arrest in G2/M for this high dose in UPN251-7T and UPN251- 

6TALT compared to parental UPN251 cells. There were no significant changes seen 

for the 50ng/ml dose. A representative image (1 of 10 photos taken from a single well) 

for the cells captured by the InCell analyser across both the nuclear dye channel and 

antibody channel is given in Figure 5.7 for UPN251 and UPN251-7T. For a dose of 

800ng/ml, only a small number of cells were shown to survive in UPN251, all of which 

were in mitosis (Figure 5.7 (C)). More cells survived in UPN251-7T only a fraction of 

which were in mitosis (Figure 5.7 (F)).

5.3.5 Fluorescence activated cell sorting (FACS) analysis

Doses for the FACS experiments were chosen from a range of doses tested, between 

(25 and lOOng/ml) for taxol and (100 and 400|jg/ml) for carboplatin over 24 hour 

exposures. Chosen doses (lOOng/ml taxol and 350 |jg/ml carboplatin) were selected, 

as they showed a clear impact on drug exposure on parental UPN251 cells, but also 

had enough cells present after drugging for expenmentation.
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Figure 5.6 A comparison of cells in mitosis after a 24hour taxol drug treatment.

(A) The graph represents the number of mitotic cells (% true) for UPN251 parental cell lines 

over a range of taxol treatments (0-800ng/ml) for a 24 hour exposure. Three biological 

replicates are shown. Error bars give SD of three technical replicates. (B) The graph represents 

the average % true fold change (equation 2.4, chapter 2) of the UPN251 resistant sublines 

treated with 50 and 800ng/ml taxol. Error bars indicate SD of biological replicates.

* Indicates a significant reduction in the average % true fold change between UPN251 and 

resistant subline treated the same dose of taxol (P<0.05, student T-test).
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Figure 5.7 Representative images of the cell cycle PHH3 assay for UPN251 and UPN251-7T 

taken by the Incell Analyzer.

Images were taken using the Incell fluorescence imager at lOx magnification. The above 

images represent 1 out of 10 fields taken from a single well of a 96-well plate. For (A-F) the top 

image represents the total number of cells present captured by fluorescent nuclear staining, the 

middle image represents cells in mitosis imaged from staining of the mouse anti-human 

phospho histone H3 antibody and the last image is a fused image of both afore mentioned 

images. (A) UPN251 Control (B) UPN251 Taxol treated (50 ng/ml) (C) UPN251 Taxol treated 

(800 ng/ml) (D) UPN251-7T Control (E) UPN251-7T Taxol treated (50 ng/ml) (F) UPN251-7T 

Taxol treated (800 ng/ml). Method described in chapter 2 section 2.1.10.
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5.3.5.1 Apoptosis assay

A FITC annexin V / PI apoptosis assay was carried out on the UPN251 parental and 

resistant sublines to see the effect of high-dose drug exposure on initiation of 

apoptosis.

Figure 5.8 shows the results obtained from exposing UPN251 (parent), UPN251-7C  

(carboplatin resistant subline) and UPN251-7T (taxol resistant subline) to 100ng/ml of 

taxol for 24 hours and comparing them to their untreated control cells using Summit 

v4.3 software. The results of n=3 replicates are given graphically in Figure 5.9. There 

was little change in the amount of necrotic cells present in the cell populations when 

comparing taxol treated cells and untreated cells (Figure 5.9 (A)). Only UPN251-7C  

showed a significant increase in necrotic cells when treated with taxol (p=0.01, fold 

increase=1.9). This is represented by region R2 in the diagrams shown in figure 5.8. All 

cell lines showed a significant increase in the number of cells that were in late stage 

apoptosis/necrosis when comparing taxol treated and untreated cells (Figure 5.9 (B), 

region R3 Figure 5.8). However, UPN251 cells showed a larger significant increase 

(p=0.006, fold increase=1.8) compared to UPN251-7C (p=0.02, fold increase=1.7)) and 

UPN251-7T (p=0.04, fold increase=1.5)). Only UPN251 and UPN251-7C showed a 

significant decrease in the number of cells that were living when comparing taxol 

treated and untreated cells (p=0.7x10‘® & 0.003 respectively, fold decrease=0.9) 

(Figure 5.9 (C), region R4 Figure 5.8). UPN251-7T saw no significant decreases in the 

amount of living cells present. Similarly, only UPN251 and UPN251-7C showed a large 

significant increase in the number of cells undergoing early stage apoptosis when 

comparing taxol treated and untreated cells (p=0.003 & 0.004, fold increase=3.8 & 3.5 

respectively) (Figure 5.9 (D), region R5 Figure 5.8). UPN251-7T saw no significant 

increases in the amount of cells undergoing early stage apoptosis.

Figure 5.10 shows the results obtained from exposing UPN251, UPN251-7C and 

UPN251-7T to 350|jg/ml of carboplatin for 24 hours and comparing them to their 

untreated control cells using Summit v4.3 software. The results of n=3 replicates are 

given graphically in Figure 5.11. There were no significant changes in the amount of 

necrotic cells present in the cell populations when comparing carboplatin treated and 

untreated cells (Figure 5.11 (A), region R2 Figure 5.10). Only UPN251 showed large 

significant increases in the number of cells undergoing late stage apoptosis/necrosis 

after carboplatin treatment (p=0.4x10 ®, fold increase=2.5), while carboplatin and taxol 

resistant sublines UPN251-7C and UPN251-7T showed no significant difference 

(Figure 5.11 (B), region R3 Figure 5.10).
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Figure 5.8 FITC annexin V / PI apoptosis assay by FACS.

Untreated (Control) and taxol (100ng/ml) treated for 24 hours in UPN251, UPN251-7C and 

UPN251-7T is shown for 1 representative replicate of n=3 biological replicates. Each graph 

gives Log of Annexin V-FITC (compensated) V Log of PI (compensated) for the gated cells. 

R2=Necrotic cells, R3=Necrotic/Late apoptotic cells, R4=Live cells and R5=Early apoptotic 

cells. (A) UPN251 control (B) UPN251 taxol treated (C) UPN251-7C control (D) UPN251-7C 

taxol treated (E) UPN251-7T control (F) UPN251-7T taxol treated. The method is described in 

chapter 2 section 2.1.11.1.
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Figure 5.9 FITC annexin V / PI apoptosis assay by FACS (graphs).

Untreated (Control) and taxol (100ng/ml) treated for 24 hours in UPN251, UPN251-7C and 

UPN251-7T. Each graph gives the percentage number of cells which are; (A) Necrotic (B) Late 

stage apoptotic and necrotic (C) Living (D) Early stage apoptotic. Error bars represent SD for 

n=3 replicates.

# Indicates a significant difference in the percentage number of treated cells compared to 

untreated control cells (P<0.05, student T-test).
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Figure 5.10 FITC annexin V / PI apoptosis assay by FACS.

Untreated (Control) and carboplatin (350|jg/ml) treated for24hours in UPN251, UPN251-7C and 

UPN251-7T is shown for 1 representative replicate of n=3 biological replicates. Each graph 

gives Log of Annexin V-FITC (compensated) V Log of PI (compensated) for the gated cells. 

R2=Necrotic cells, R3=Necrotic/Late apoptotic cells, R4=Live cells and R5=Early apoptotic 

cells. (A) UPN251 control (B) UPN251 carboplatin treated (C) UPN251-7C control (D) UPN251- 

7C carboplatin treated (E) UPN251-7T control (F) UPN251-7T carboplatin treated. The method 

is described in chapter 2 section 2 1.11.1.
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Figure 5.11 FITC annexin V / PI apoptosis assay by FACS (graphs).

Untreated (Control) and carboplatin (350|jg/ml) treated for 24 hours in UPN251, UPN251-7C 

and UPN251-7T. Each graph gives the percentage number of cells which are; (A) Necrotic (B) 

Late stage apoptotic and necrotic (C) Living (D) Early stage apoptotic. Error bars represent SD 

for n=3 replicates.

# Indicates a significant difference in the percentage number of treated cells compared to 

untreated control cells (P<0.05, student T-test).
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UPN251-7T showed some elevation that was trending towards significance (p=0.09, 

fold increase=1.4), while in UPN251-7C there was no change whatsoever. Only 

UPN251 and UPN251-7T showed a significant decrease in the number of cells that 

were living, when comparing carboplatin treated and untreated cells (p=0.3x10‘® & 0.01 

respectively, fold decrease=0.9) (Figure 5.11 (C), region R4 Figure 5.10). UPN251-7C 

saw no significant decreases in the amount of living cells present. All cell lines had a 

large significant increase in the number of cells undergoing early stage apoptosis when 

comparing carboplatin treated and untreated cells (Figure 5.11 (D), region R5 Figure 

5.10). UPN251 and UPN251-7T had larger increases (p=0.1x10‘® & 0.005, fold 

increase=4.5 & 3.9 respectively) than UPN251-7C (p=0.02, fold increase=2.4).

S.3.5.2 Cell cycle assay

The cell cycle assay was carried out alongside the apoptosis assay using the same 

samples. This was done to see the effect of high-dose drug exposure on the cell cycle.

Figure 5.12 and Figure 5.13 show the results obtained from exposing UPN251 (parent), 

UPN251-7C (carboplatin resistant subline) and UPN251-7T (taxol resistant subline) to 

lOOng/ml of taxol or 350pg/ml carboplatin for 24 hours and comparing them to their 

untreated control cells using Summit v4.3 software. These results are shown 

graphically for all replicates in Figure 5.14. When treating cells with taxol, a large 

significant reduction in the amount of cells in the G1 phase of the cell cycle was seen in 

UPN251 and UPN251-7C when compared to untreated control cells (p=0.7x10‘  ̂ and 

0.5x10®, fold decrease=0.5 & 0.4 respectively) (Figure 5.14 (A), region R2 Figure 

5.12). No significant change was seen in UPN251-7T. There were no significant 

changes in the S or G2/M phase for taxol treatments, except UPN251-7C which had 

significantly more cells in the G2/M phase compared to untreated cells (Figure 5.14 (B) 

& (C), region R3 and R4 Figure 5.12 respectively). This had only a small fold increase 

(1.7) with a p-value of 0.01. When treating cells with carboplatin, a small but significant 

reduction in the amount of cells in the G1 phase of the cell cycle was seen in UPN251 

and UPN251-7T when compared to untreated control cells (p=0.006 and 0.008, fold 

decrease=0.8 & 0.9 respectively) (Figure 5.14 (D), region R2 Figure 5.13). No 

significant change was seen in UPN251-7C. A small but significant increase in the 

amount of cells in the S phase of the cell cycle was seen in UPN251 and UPN251-7T 

when compared to untreated control cells (p=0.04 and 0.02, fold increase=1.2 & 1.4 

respectively) (Figure 5.14 (E), region R3 Figure 5.13). Again, there was no significant 

change in UPN251-7C. Finally, a significant decrease in the amount of cells in the 

G2/M phase of the cell cycle was seen in UPN251 and UPN251-7T when compared to
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Figure 5.12 PI cell cycle assay by FACS.

Untreated (Control) and taxol (100ng/ml) treated for 24 hours in UPN251, UPN251-7C and 

UPN251-7T is shown for 1 representative replicate of n=3 biological replicates. For each 

diagram PI area is plotted against cell counts for the gated cells. R2=G1 phase, R3=S phase, 

R4=G2/M phase. (A) UPN251 control (B) UPN251 taxol treated (C) UPN251-7C control (D) 

UPN251-7C taxol treated (E) UPN251-7T control (F) UPN251-7T taxol treated. The method is 

described in chapter 2 section 2.1.11.2.
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Figure 5.13 PI cell cycle assay by FACS.

Untreated (Control) and carboplatin (350^Jg/ml) treated for 24 hours in UPN251, UPN251-7C 

and UPN251-7T is shown for 1 representative replicate for n=3 biological replicates. For each 

diagram PI area is plotted against cell counts for the gated cells. R2=G1 phase, R3=S phase, 

R4=G2/M phase. (A) UPN251 control (B) UPN251 carboplatin treated (C) UPN251-7C control 

(D) UPN251-7C carboplatin treated (E) UPN251-7T control (F) UPN251-7T carboplatin treated. 

The method is described in chapter 2 section 2.1.11.2.
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Figure 5.14 Graphic representation of PI cell cycle assay by FACS.

Untreated (Control) V taxol (100ng/ml) treated or carboplatin (350|jg/ml) treated for 24 hours in 

UPN251, UPN251-7C and UPN251-7T. Each graph gives the percentage number of cells which 

are; (A) G1 phase (taxol treatments) (B) G1 phase (carboplatin treatments) (C) S phase (taxol 

treatments) (D) S phase (carboplatin treatments) (E) G2/M phase (taxol treatments) (F) G2/M 

phase (carboplatin treatments). Error bars represent SD for n=3 replicates.

# Indicates a significant difference in the percentage number of treated cells compared to 

untreated control cells (P<0.05, student T-test).
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untreated control cells (p=0.004 and 0.008 respectively, fold decrease=0.5) (Figure 

5.14 (F), region R4 Figure 5.13). Again, UPN251-7C had no significant change.

It must be noted from the cell cycle analysis that no significant changes occurred at any 

stage in the cell cycle for UPN251-7T treated with taxol and UPN251-7C treated with 

carboplatin when compared to untreated controls. All other cell lines and treatments 

saw some disruption of the cell cycle with changes in all or some of the phases (G1, S 

or G2/M). The drug-resistant cell lines are resisting changes in their cell cycle in 

response to their own selecting agent. In contrast, the same cell lines are making 

changes to their cell cycle in response to the alternate drug, not used in their selection.

5.3.6 Western blotting

Parental UPN251 and all resistant sublines (UPN251-7C/6CALT/7T/6TALT) were 

examined by Western blotting for a number of different proteins known to be involved in 

ovarian cancer drug resistance;

•  P-glycoprotein (P-gp) -  See section 1.6.1

•  ATP7A -  See section 1.4.1.1

•  CTR1 -  See section 1.4.1.1

•  MRP2 -  See section 1.4.1.2

• Bcl-2 -  See section 1.4.5 and 1.6.4

• Bcl-XL -  See section 1.4.5 and 1.6.4

Also, dicer and drosha involved in miRNA biosynthesis (section 1.8.2) were examined 

in order to see if the development of carboplatin or taxol chemoresistance had any 

effect on their protein expression.

Cell pellets were made for at least n=3 biological replicates, for both untreated cells

and the same cells treated with the drugs used during their selection in chapter 4, e.g.

for UNP251-6CALT, 3 pellets were made; an un-treated control, a carboplatin treated 

and a taxol treated pellet. UPN251 was treated with both carboplatin and taxol for 

comparison purposes. Cells selected with carboplatin received 2|jg/ml carboplatin, the 

same dose given in the selection strategy for three day exposure to drug. Cells 

selected with taxol received 15ng/ml taxol for three day exposure to drug. This was 

lower than the dose given in the selection strategy, as 60ng/ml did not allow enough 

cells to sun/ive in UPN251 to examine protein expression. This allowed us to examine 

the effects of protein expression on first response to drug exposure in UPN251 and the 

response to drugs in resistant sublines. The gels were run in two series; a carboplatin
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and taxol selected series. The carboplatin selected series contained UPN251 and all 

cells selected with carboplatin during the selection strategy in chapter 4, including both 

untreated cells and cell treated with carboplatin. The taxol series was the same for 

taxol treated cell lines and treatments.

P-gp protein expression for UPN251-6CALT and UPN251-7T (control and taxol 

treated) and UPN251-6TALT (taxol treated) was significantly up-regulated when 

compared to UPN251 control (fold change= 2.3±0.9 - 7.3±2.8, p=0.04-0.003, Figure 

5.15). P-gp is significantly decreased in UPN251-7C (carboplatin treated) when 

compared to UPN251 control cells.

There were no significant changes in protein expression for the two copper transporters 

tested, ATP7A (Figure 5.16) and CTR1 (Figure 5.17) compared to UPN251 control. 

Also, MRP2 had no detectable protein expression in UPN251 parental cells or resistant 

sublines (Figure 5.18 (A)). An MRP2 transfected cell line (2008/MRP2) was used as a 

positive control in order to demonstrate efficient binding of the anti-MRP2 antibody to 

its intended target.

A number of significant changes occurred in the protein expression of Bcl-2 and Bcl- 

XL, which are members of the apoptosis pathway (Figure 5.19 and 5.20 respectively).

Small, but significant reductions of Bcl-2 protein expression is evident in UPN251 

treated with carboplatin and taxol (fold change=0.7±0.2 & 0.6±0.2 respectively, p=0.02) 

compared to untreated UPN251 cells. Both UPN251-6CALT and UPN251-6TALT 

treated with carboplatin also have significantly reduced expression of Bcl-2 (fold 

change=0.6±0.2 and 0.4±0.07, p=0.03 and 0.2x10'^ respectively) when compared to 

UPN251 control. Untreated UPN251-7T and UPN251-6TALT have small, but significant 

over-expression of Bcl-2 (fold change=1.1±0.05 and 1.4±0.1, p=0.04 and 0.007 

respectively) when compared to UPN251 control cells. In the case of Bcl-XL, all 

treated and untreated UPN251 and resistant sublines had reduced expression (fold 

change=0.6±0.2 -  0.8±0.09, p=0.05-0.8x10 ®) when compared to UPN251 control cells, 

except UPN251 (taxol treated), UPN251-7C (carboplatin treated) and UPN251-6TALT 

(carboplatin treated) which showed no change.

Dicer and Drosha showed no significant changes in protein expression (Figure 5.21 

and 5.22 respectively). The only exceptions were a significant increase in UPN251 

treated with taxol and a significant reduction in UPN251-6TALT treated with taxol.

There was also no change in BRCA1 protein expression between UPN251 parental 

cells and UPN251-7C and UPN251-7T resistant sublines (Figure 5.18 (C), (D) and (E)).
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Figure 5.15 P-glycoprotein (170kDa) Western blot.

(A) Representative image of chemoluminescent photographs taken of target protein and 

GAPDH loading control. UPN251 cells and resistant sublines are given; both untreated (control) 

and treated with carboplatin (2|jg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The 

target protein expression was normalised to GAPDH and then normalised to UPN251 control 

cells is shown on y-axis. This graph represents the mean and SD of at least 3 biological 

replicates.

‘ Indicates a significant change in protein expression compared to UPN251 control (P<0.05, 

student T-test).

# Indicates a significant change in protein expression compared to parental control (P<0.05, 

student T-test).
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Figure 5.16 ATP7A (180 kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH 

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2ijg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.
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Figure 5.17 CTR1 (30kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH 

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2fjg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.
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Figure 5.18 MRP2 (180kDa) & BRCA1 (220kDa) Western blot.

All protein samples were normalised to GAPDH and then UPN251 control. (A) MRP-2 (B) 

GAPDH loading control (C) BRCA1 (D) Graph of GAPDH loading control (E) BRCA1 protein 

expression normalised to GAPDH and then normalised to UPN251 control cells is shown on y- 

axis. Three biological replicates are shown.
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Figure 5.19 Bcl-2 (28kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH  

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2jjg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.

‘ Indicates a significant change in protein expression compared to UPN251 control (P<0.05, 

student T-test).

#  Indicates a significant change in protein expression compared to parental control (P<0.05, 

student T-test).
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Figure 5.20 Bcl-XL (30kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH 

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2|jg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.

‘ Indicates a significant change in protein expression compared to UPN251 control (P<0.05, 

student T-test).

# Indicates a significant change in protein expression compared to parental control (P<0.05, 

student T-test).

197



(A)
Dicer (220kDa)

■ >

GAPDH (28kDa)

o o  o o c
m ^ < 0  <0 m

O O o O o
c
o
(J

Q.Oi3
lO  <0 
CM O

Q.
D

m
CMz
CL
D

c
o

o
u

u>
CMZ
0 .
D

(B)

w
CL
onw
<0
u
O

■A
CMz
Q.D

c
o
o

<
o
«?
T“
U>

a.D

Q .OjQk_(D
o

<u
«?
T“
lO
CM
z
0 .
3

c
o
o

2
u>
CMz
(L
D

«
Q .
O

.a
<Q

U

2
U }
CMz
Q.
D

c
o
o

ui
CMz
Q.
3

X  t  X<0 7  <0
I- o I-
"  b  ^ ^ <t  <  O
^  ^  2Z  lo 

u> ^  
CM Z Z Q. Q. 3  
3

C
o

o

LO
CMz
Q.
3

X<s

lO

0 .D

co
u

o
X
<0

«?
T~lO
CMZ
Q .
3

«?

to
CMZ
Q.
3

5  5  250

.2 < 2  200 
18 O D  
2  O o  150-

?> 1  TB

<5  ̂ ^  W<1̂  .4 ^  <5  ̂ A

Figure 5.21 Dicer (220kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH 

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2|jg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.

’ Indicates a significant change in protein expression compared to UPN251 control (P<0.05, 

student T-test).

# Indicates a significant change in protein expression compared to parental control (P<0.05, 

student T-test).
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Figure 5.22 Drosha (160kDa) Western blot.

Representative image of chemoluminescent photographs taken of target protein and GAPDH 

loading control. UPN251 cells and resistant sublines are given; both untreated (control) and 

treated with carboplatin (2|jg/ml) or taxol (15ng/ml) for 3-day exposure to drug. (B) The target 

protein expression was normalised to GAPDH and then normalised to UPN251 control cells is 

shown on y-axis. This graph represents the mean and SD of at least 3 biological replicates.
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5.4 Discussion

5.4.1 Mechanisms of taxol resistance

As previously discussed, taxol-resistant cell models are very common in the literature. 

Many have been developed for ovarian cancer cell lines {Duan et al. 1999b] Duan et at. 

1999c\ Hah et al. 2006] Parekh et al. 1997b] Zhang et al. 2012a). As the majority of 

these models use different variations on the intermittent incremental inducement and 

increasing continuous administration strategies, this results in resistant sublines with 

high fold resistance and mechanisms of resistance not likely to be present in the clinic. 

Our work, using the pulsed strategy, provides a novel strategy in ovarian cancer with 

drug-resistant mechanisms that have the potential to mirror the clinical setting.

Over-expression of P-gp often arises as a mechanism of taxol resistance in cell 

models. P-gp is the main mechanism of taxol resistance in UPN251 derived resistance 

models treated with taxol. Cytotoxicity assays for P-gp substrates taxol, vinblastine and 

olaparib ± elacridar (Table 5.1 and Figure 5.1 and Figure 5.2), all show highly 

significant drops in IC50 when P-gp is inhibited with elacridar. Western blot data showed 

increased P-gp protein expression for sublines that had taxol treatment during selection 

(Figure 5.15). Therefore, it is likely that taxol is being actively pumped out of the cell by 

P-gp, causing taxol resistance. A change in apoptotic response to taxol treatment is a 

mechanism that contributes to the taxol-resistant phenotypes in this study. No change 

in the number of early apoptotic cells was seen when UPN251-7T (taxol resistant) cells 

were treated with lOOng/ml of taxol for 24 hours compared to untreated cells (Figure 

5.9 (D)). However, UPN251 and UPN251-7C (taxol sensitive) cells saw a significant 

increase (fold increase = 3.8 and 3.5 respectively) in the number of early apoptotic 

cells in their populations after the same taxol treatment. All cell lines had increases in 

the number of cells in late stage apoptosis/necrosis, but UPN251 and UPN251-7C saw 

greater significant increases (Figure 5.9 (B)). This indicates an increase in apoptotic 

resistance in our cell lines in response to high dose taxol treatment.

Bcl-2 is a protein that is generally known to be an inhibitor of apoptosis {Reed 1995). 

Contributing to the evidence demonstrated by the apoptosis assay in this study, the 

protein expression of Bcl-2 was significantly increased in the UPN251-7T and UPN251- 

6TALT cells that had received taxol (15ng/ml) during its development (Figure 5.18). 

Taxol treatment (15ng/ml) of both cell lines saw no significant changes in Bcl-2 

expression However, non-resistant parental cells UPN251 did see a decrease of Bcl-2 

in response to taxol (15ng/ml). The loss of the cells’ ability to decrease Bcl-2 in 

response to taxol treatment may be a mechanism contributing to our taxol resistance
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phenotype. This effect has been previously discussed in the literature where taxol 

treatment was able to reduce expression of the Bcl-2 protein in taxol sensitive ovahan 

cancer cells SK0V3-ip1 and not in taxol resistant SKOV3-ip2 cell lines {Chen et al. 

2013). Increased expression of the Bcl-2 protein conveying resistance to taxol has 

been demonstrated in multiple myeloma cells {Gazitt et al. 1998\ Liu et al. 2003). 

However, a decrease in Bcl-2 protein expression correlating to taxol resistance has 

also been seen in the literature in ovarian cancer cell lines {Ferlini et al. 2003', Solar et 

al. 2008). Ferlini et al (2003) gives evidence of a dual function of Bcl-2 in response to 

taxol, where it acts in the mitochondria and in microtubule turnover. This may be why 

up and down-regulation of Bcl-2 has been shown to confer resistance in different 

studies.

Circumvention of cell cycle arrest was a mechanism that contributed to our taxol- 

resistant phenotypes. Taxol is known to induce cell cycle arrest at the G2/M phase of 

the cell cycle, resulting in apoptosis as part of its mechanism of action (Long et al. 

1994). At a high dose of 800ng/ml of taxol, UPN251-7T and UPN251-6TALT saw 

significantly less cells in mitosis than UPN251, UPN251-7C or UPN251-6CALT (Figure 

5.6 (B)). At a lower concentration of 50ng/ml of taxol, all cell lines showed similar level 

of cells in mitosis. From the FACS cell cycle analysis assay in this study, it was shown 

that at a dose of 100ng/ml (double that of the doses that showed no affect in the 

mitosis assay) UPN251-7T had no changes in their cell cycle, while UPN251 and 

UPN251-7C both saw changes in cell number at different stages of the cell cycle 

(Figure 5.12 and Figure 5.14 (A-C)). Both UPN251 and UPN251-7C (taxol sensitive) 

had significant reductions in cells in the G1 phase of the cell cycle when treated with 

taxol while UPN251-7T remained the same. Also, UPN251-7C cells saw accumulation 

of cells in the G2/M phase of the cell cycle.

Reduction in growth rate may also be a mechanism by which cells overcome cell death 

in our models of taxol resistance {Ohta et al. 1994\ Wang et al. 2013). All UPN251 

resistant sublines took significantly longer to reach quadrupling time when treated with 

a range of 50-200ng/ml taxol in comparison to drug free controls (p=0.03-0.2x10'^) 

(Figure 5.4 (B)). However, UPN251 had no significant changes for any taxol dose 

tested. As UPN251-7C (which is sensitive to taxol and only had exposure to carboplatin 

during development) also experienced a reduction in growth rate, it may be that this 

reduced growth rate is a general response to drug treatment and not a taxol specific 

mechanism. The cell line with the highest fold taxol resistance UPN251-7T also had 

reduction in growth rate in a range that encompassed lower doses of taxol (3.125- 

200ng/ml), (p=0.04-0.2x10"^) when compared to untreated control cells. This may
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indicate that taxol resistance in the UPN251 resistant sublines is coupled to a reduction 

in growth rate.

5.4.2 Mechanisms of carboplatin resistance

As discussed previously, carboplatin-resistant ovarian cancer cell models are rare in 

the literature. Therefore, the UPN251 carboplatin resistant cell models are novel and 

could reveal clinically relevant mechanisms of carboplatin resistance.

From the results of the GSH assays in this study (Figure 5.3), it became evident that 

only UPN251 showed a significant increase in total cellular GSH levels in response to 

carboplatin treatment. The developed UPN251 sublines had no significant increases 

compared to UPN251 with a carboplatin treatment of 2[jg/ml. This suggests that 

elevated GSH plays a role in the parental cells initial response to carboplatin and that 

UPN251 resistance sublines utilise other mechanisms. Treatment with a 12.5|jg/ml 

dose of BSO significantly decreases GSH in UPN251 and all sublines. This was the 

same dose of BSO used in our post selection drug screen with carboplatin (Table 5.1 

and Figure 5.1 (A)). Small, but significant decreases in ICso were noted in UPN251 

sublines, but no difference in fold change was noted. This indicated that increased total 

cellular GSH may not be a major mechanism of carboplatin resistance in our developed 

models. An important point to note is that MRP expression can influence BSO 

treatment {Akan et al. 2005\ Rappa et al. 2003). As MRP2 protein expression was 

absent in both UPN251 and resistant sublines, it is not likely that MRP transport 

influenced the results and conclusions drawn from this study.

CuSOa (Table 5.1 and Figure 5.1 (C)) had significantly higher ICso’s for UPN251-7C  

and UN251-6CALT. This indicated a possible involvement of copper transporters 

ATP7A, ATP7B and CTR1 in carboplatin resistance {Safaei et al. 2005). However, 

Western blots for ATP7A and CTR1 showed little difference in protein expression 

(Figure 5.16 & 5.17 respectively). Instead, these proteins may be relocated to different 

parts of the cell, causing a resistance phenotype. An increase of ATP7A and ATP7B in 

the cellular membrane or a relocation of CTR1 to the golgi apparatus may lead to 

platinum resistance without a change in protein expression {Stordal et al. 2012).

A change in apoptotic response to carboplatin treatment was a mechanism that 

contributed to our carboplatin-resistant phenotypes. UPN251 cells saw a significant 

increase in the number of late apoptotic or necrotic cells in their populations after high 

dose carboplatin treatment (350|jg/ml) (Figure 5.11 (B)) Both UPN251-7C and 

UPN251-7T did not demonstrate significant changes in cell number of late apoptotic or 

necrotic cells. It may have been expected to see a change in UPN251-7T (carboplatin
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naive) but toxicity assays of carboplatin and taxol (Table 5.1 and Figure 5.1) in this cell 

line showed that these cells were low level cross resistant to carboplatin. Also, 

UPN251-7T had a small elevation in cell number that was trending towards significance 

(p=0.09, fold increase=1.4), while UPN251-7C showed no change explaining this 

result. All cells had an increase in the number of cell undergoing early stage apoptosis 

with treatment of carboplatin (350|jg/ml). However, UPN251 had the highest and most 

significant fold increase and UPN251-7C had the lowest and least significant increase. 

This indicates a moderate increase in apoptotic resistance in the cell lines in response 

to high-dose carboplatin treatment.

Bcl-2 over-expression has been linked with platinum resistance to ovarian cancer in the 

literature {Kassim et al. 1999). However, another study has shown that over-expression 

may be linked to sensitivity, not resistance to platinum drugs {Beale et al. 2000). 

Furthermore, ovarian cancer patients who simultaneously express BAX and Bcl-2 have 

been shown to have a longer progression-free and overall survival compared to 

patients who did not express Bcl-2 {Schuyer et al. 2001). In this study, there was a 

significant reduction of Bcl-2 in UPN251 and UPN251-6TALT after treatment with 

2^ig/ml of carboplatin when compared to untreated cells (Figure 5.19). The carboplatin 

resistant sublines, UPN251-7C and UPN251-6CALT, both saw no change in Bcl-2 

protein expression. The difference in response of Bcl-2 levels to carboplatin treatment 

in UPN251 and UPN251-7C may indicate that the inability to reduce Bcl-2 levels have 

contributed to a carboplatin-resistance phenotype as in the taxol resistant cell models. 

The difference in UPN251-6CALT and UPN251-6TALT may indicate that different 

mechanisms of resistance have evolved due to different initial drug exposure during the 

selection strategy.

Bcl-XL is another protein (along with Bcl-2) that is generally known to be an inhibitor of 

apoptosis and up-regulation has been linked with chemoresistance and recurrence in 

ovarian cancer {Williams et al. 2005). Recently, the effects of inhibiting Bcl-XL with 

ABT-737 (A Bel family inhibitor) in combination with carboplatin treatment sensitised a 

number of ovarian cancer cells to carboplatin by increasing apoptosis in response to 

treatment {Witham et al. 2007). However, not all cell lines responded in the same way. 

The effects of Bcl-XL expression on platinum and taxane resistance in ovarian cancer 

cell lines seemed to be cell line specific {Dodier et al. 2006). Modulation of Bcl-XL 

levels and its effect on apoptotic response to chemotherapeutics may depend on a 

cells genetic background {Dodier et al. 2006). In this study, there was consistent down- 

regulation of Bcl-XL levels across all of the untreated resistant sublines when 

compared to UPN251. Treatment with low dose carboplatin (2|jg/ml) in UPN251
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resulted In a significant decrease in Bcl-XL levels when compared to untreated parental 

cells, while there was no change across all the drug resistant phenotypes in response 

to carboplatin treatment. It may be that the loss of a cells ability to down-regulate Bcl- 

XL could contribute to its resistance phenotype as with Bcl-2. This theory is backed up 

by the literature where absence of Bcl-XL down-regulation in response to cisplatin 

(another platinum agent) has been associated with chemoresistance in ovarian cancer 

cell lines {Villedieu et al. 2007).

Resistance to cell cycle changes contributed to the carboplatin resistance phenotypes. 

The cell cycle of UPN251-7C, when treated with 350|jg/ml of carboplatin for 24hours, 

remained unchanged when compared to untreated cells. UPN251 and UPN251-7T had 

significant changes in the number of cells at each stage (G1, S and G2/M) of the cell 

cycle when treated with the same dose of carboplatin.

5.4.3 Combined resistance to platinums and taxanes

Models of taxane-platinum resistance are rare in the literature. One study developed a 

taxane-platinum resistant model for non-small cell lung cancer by exposing the cells to 

cycles of taxol and carboplatin, two cytotoxic agents with different mechanisms of 

action (Da/w et al. 2012). In the models up-regulation of ABCB1/MDR1, down- 

regulation of epithelial specific genes (suggesting cells were undergoing EMT), 

differential expression of epigenetic modulators and cancer testis family of GAGE 

genes, all contributed to the resistance phenotypes. Another study developed a dual 

carboplatin and docetaxel resistant subline from A2780 ovarian cancer cells which are 

cross resistant to both agents {Armstrong et al. 2012). The study also developed 

A2780 sublines that were resistant to each agent on their own and not cross resistant 

to the other agent. Gene profiling revealed that the dual model contained genetic 

changes that were not present in the singularly resistant models. This demonstrated 

that combined drug resistance may not be a simple combination of changes present in 

single-agent resistant cell lines, but can contain novel changes.

Our model presented this novel aspect of subline development in ovarian cancer for 

carboplatin and taxol, where sublines were exposed to alternating sequences of both 

drugs. As a result, UPN251-6CALT and UPN251-6TALT showed significant cross 

resistance to both carboplatin and taxol used in their development. They demonstrated 

a carboplatin fold resistance of 1.7 and 2 and a taxol fold resistance of 4.3 and 5.7 

respectively (Table 5.1 and Figure 5.1). This was less than the UPN251 sublines 

selected with single agents, but these had no significant cross resistance to carboplatin 

or taxol except UPN251-7T, which was 1.5 fold resistant to carboplatin.
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The cytotoxic agent, that our sublines were initially exposed to, influenced the 

mechanisms of resistance that arose. UPN251-6CALT and UPN251-6TALT both 

received 3 rounds of drugging with carboplatin and taxol. The only difference was that 

UPN251-6CALT received carboplatin in the first round, whereas UPN251-6TALT 

received taxol. As a result, UPN251-6CALT displayed significant fold resistance to 

CUSO4 (2.3 fold, p=0.004), while UPN251-6TALT showed no significant fold resistance. 

Also, UPN251-6TALT showed significant sensitivity to oxaliplatin (p=0.01), while 

UPN251-6CALT had no significant fold change. This would indicate different resistance 

mechanisms being selected in these cells depending on initial drug exposure.

In the clinic for ovarian cancer, taxol is administered three hours before carboplatin in 

combination chemotherapy, every 3 weeks for 6 cycles (Ozo/s et al. 2003). Drugs are 

administered in this sequence to circumvent toxicity. Although our alternating models 

do not exactly mimic this administration, it is interesting to note that the sequence of 

taxol before carboplatin may produce specific mechanisms of resistance not seen in 

the opposite administration and vice-versa. This may be a consideration for future 

combinations of drugs administered to cancer patients. Cancer therapy is continually 

changing and evolving in order to improve survival from this lethal malignancy. 

Therefore, sequence dependant studies into acquired mechanisms of drug resistance 

may be an important factor to consider when designing new therapies or when 

improving existing regimes.

5.4.4 Resistance and miRNA biogenesis proteins

Dicer and drosha are not currently regarded as major contributors to ovarian cancer 

resistance. However, aberrant expression of mlRNAs has been strongly associated 

with ovarian cancer resistance. Therefore, it was deemed interesting to see if aberrant 

expression of proteins involved in their biogenesis (dicer and drosha, two RNase III 

endonucleases which play a role in processing miRNA into its mature form) might be 

involved in confen"ing ovarian cancer chemoresistance. Western blots were carried out 

in order to investigate whether dicer and drosha had a role to play in ovarian cancer 

resistance to carboplatin or taxol. Suppression of dicer expression has been shown to 

confer a resistance to cisplatin and induce proliferation, migration and cell cycle 

progression in ovarian cancer cell lines {Kuang et al. 2013). In our study, no significant 

changes in expression were noted for dicer or drosha between the different sublines 

and UPN251. Also, no changes in expression occurred for both proteins when the cell 

lines were treated with carboplatin. However, with the addition of taxol, dicer was 

significantly increased in UPN251 and significantly decreased in UPN251-6TALT, when
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compared to the UPN251 control cells. Furthermore, there was no difference in dicer 

protein expression between UPN251-6TALT untreated and taxol treated cells. For this 

reason, this study gives no compelling evidence that dicer and drosha expression were 

involved in the resistant phenotype.

5.4.5 Treatment options for platinum/taxane resistant ovarian 

cancers

None of the UPN251 resistant sublines saw any development of resistance to two of 

the PARR inhibitors tested in this study, CER8983 and veliparib. Therefore, their 

mechanism of action was not affected by the multiple mechanisms of resistance that 

arose in the resistant sublines. For this reason, CER8983 and veliparib may be good 

candidates for the treatment of platinum/taxane resistant ovarian cancer.

5.5 Conclusions

The over-expression of P-gp was the dominant mechanism of taxol resistance found in 

the URN251 resistant sublines. However, this is not a major mechanism of resistance 

that presents in the clinic. This corroborates how cell lines are 'simple’ models and how 

P-gp over-expression may be selected for more strongly in-vitro. This mechanism was 

complimented in the cell lines by a reduction in growth rate, apoptotic resistance (in 

part due to an inability to reduce Bcl-2 levels) and circumvention of G2/M arrest. These 

mechanisms may be more clinically relevant. The investigation of these mechanisms 

in-vivo will help to see if these mechanisms are prevalent in ovarian cancer patients, 

which may result in the development of targeted therapies. Markers identified, such as 

elevation in Bcl-2 after taxol treatment, could be used as markers of taxol resistance. 

This could to be further investigated by examining the levels of Bcl-2 in ovarian cancer 

patients, before and after taxol based treatment, and checking if Bcl-2 stability or loss 

of expression influences survival. As obtaining tumour tissue for different time points is 

not feasible, using serum samples could be an option.

Multiple mechanisms of carboplatin resistance were found to be present in the cell 

models. This included apoptotic resistance and resistance to changes in the cell cycle. 

Other major mechanisms identified in the literature, such as a rise in intracellular GSH, 

aberrant expression of copper transporters or alterations in copper metabolism, may 

only play minor roles in the carboplatin-resistant cell models. However, relocation of 

ATP7A and CTR1 might still contribute to their resistance, even without changes in 

protein expression. Again, it will be useful to further investigate these mechanisms in- 

vivo. For example, no reduction in Bcl-2/Bcl-XL expression levels in ovarian cancer
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patients after carboplatin based treatment could be an indicator or carboplatin 

resistance.

The sequence of drug exposure was found to influence the resistance mechanism that 

developed in the resultant resistant sublines. UPN251-6CALT and UPN251-6TALT had 

different profiles of cross resistance to drugs; where their only difference was that one 

received carboplatin and one received taxol in the first round of development. 

Sequence dependant studies into acquired mechanisms of drug resistance may be an 

important factor to consider when designing new therapies or when improving existing 

regimes. New sequence studies of drug administration should investigate differences in 

resistance development along with adverse side effects, pharmacokinetic, 

pharmacodynamics, which are classically investigated.

As the development of resistance to carboplatin/taxol treatment is common in ovarian 

cancer, the introductions of new second line/salvage chemotherapy regimens that are 

not affected by this resistance are important. PARP inhibitors CEP8983 and veliparib 

may be useful in the treatment of platinum/taxane resistant ovarian cancer, as no cross 

resistance was seen in any of our resistant sublines. PARP inhibitors, such as olaparib, 

have shown promise in clinical trials to date for certain patients. CEP8983 and veliparib 

have been examined in a small number of small ovarian cancer resistant patient 

cohorts {Kummar et al. 2012\ Plummer et al. 2014). Further studies involving these 

PARP inhibitors in resistant patient cohorts may be warranted in order to examine their 

potential in the treatment of platinum/taxane resistant ovarian cancer.

The UPN251 resistant sublines had been characterised as having a number of 

mechanisms of chemo-resistance, which were contributing to their resistance 

phenotypes. These mechanisms are likely to be clinically relevant due to their clinically 

relevant selection. However, less evidence has been found to identify what is causing 

resistance in the carboplatin resistant sublines. In chapter 6 novel markers of 

carboplatin and taxol resistance in ovarian cancer were investigated within the resistant 

sublines UPN251-7C and UPN251-7T, using Affymetrix gene and miRNA arrays. This 

was carried out in order to further elucidate the mechanisms of resistance that were 

present. As the resistant sublines were developed with clinical relevance in mind, the 

markers found by Affymetrix arrays have the potential to further understanding of 

resistance in the clinical setting. This has the potential to improve clinical therapy in 

ovarian cancer treatment by identifying new markers of resistance and the relevant 

pathways to target to circumvent resistance.
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Chapter 6 Chemoresistant ovarian cancer biomarker discovery

6.1 Introduction

This chapter dealt with the discovery of novel biomarkers which relate to 

chemoresistance in ovarian cancer. De-regulated genes and miRNAs in response to 

carboplatin or taxol treatment and changes over prolonged exposure to both agents 

were examined. This was achieved by utilising the developed resistant phenotypes of 

our UPN251 resistant sublines, selected for in Chapter 4. DNA microarray technology 

was used to discover de-regulated genes and miRNAs that are linked to 

chemoresistance.

6.1.1 Microarray technology

Microarray technology evolved from the technique of Southern blotting developed by 

Dr. Edward Southern in 1975, which was used to analyse DNA by the detection of 

specific DNA sequences {Southern 1975). DNA microarrays can be defined as a high- 

throughput multipurpose technology which is used to analyse gene expression of 

thousands of known and unknown genes in parallel or to detect polymorphisms and 

mutations in genomic DNA in DNA homology analysis studies. Thousands of DNA 

sequences (probes made up of short gene sections or other DNA elements) are 

immobilised to a solid surface (usually glass, silicon chips or nylon membrane). 

Complementary cDNA from samples is hybridised to its corresponding probes on the 

array. Detection of hybridisation to a specific probe is usually quantified by detection of 

fluorophore-silver or chemiluminescence-labelled targets indicating the amount of RNA 

sequences in the target sample. This technology allows for the parallel analysis of gene 

expression {Heller 2002).

Early ‘simple’ arrays were known as ‘dot-blots’ arrays and were developed in the 

1980’s with techniques based on Southern blotting {Southern 2001). These arrays 

were limited to the amount of DNA probes that could be bound to their surface and thus 

could only be used to examine a small number of genes. In 1995, DNA microarray 

technology was brought into the mainstream for most scientists after a publication in 

Science by Patrick Brown and colleagues. They used an automated method to print 45 

Arabidopsis thaliana cDNAs onto a glass slide {Schena et al. 1995). DNA microarray 

technology expanded rapidly from these first models and progressed to the 

development of the current high-density microarrays which accommodate 

comprehensive transcriptome coverage. For example, the Affymetrix GeneChip®
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Human Gene 2.0 ST Arrays used in this study have >30,000 coding transcripts and 

>11,000 long intergenic non-coding transcripts. They measure alternative splicing 

event/transcript variants and have probes designed to have maximum coverage of 

exons.

There are currently many different DNA microarray platforms commercially available, 

which differ in their fabrication and function (Chon et at. 2011 \ Heller 2002). The most 

common workflow associated with a DNA microarray experiment consists of RNA 

isolation from source tissue, conversion of RNA to cDNA (cDNA is more stable than 

RNA), labelling of cDNA, and hybridisation to the array. Arrays are then scanned using 

associated software and data is analysed (Jayapal et al. 2006). Key factors that should 

be considered when designing a microarray experiment include cost, number of 

replicates to be included, number and characteristics of samples from source material, 

and the questions that are to be answered by the data generated (Jayapal et al. 2006).

The study of gene expression using DNA microarrays has been used in a wide variety 

of different settings. It has been widely used in different aspects of cancer research 

including gene profiling of cancer types and subtypes, and biomarker discovery to aid 

prognosis, treatment and drug response. One of the first studies using DNA 

microarrays to have a major impact on cancer research was a study involving breast 

cancer (Perou et al. 2000). This study successfully distinguished between different 

classes of breast tumours and identified two new types of breast tumours that were 

overlooked by traditional classification methods. The authors also found expression 

patterns which were predictive of chemotherapy response. This was achieved by 

monitoring the expression of 8,102 different genes in 65 human breast tumour samples 

using DNA microarrays.

6.1.2 Gene expression analysis in ovarian cancer

Microarray technology has been widely used to help advance ovarian cancer research. 

The major areas investigated include identification of ovarian cancer subtypes, 

molecular profiling and biomarker discovery for early detection of ovarian cancer to aid 

prognosis, and as predicators of therapeutic response (Chon et al. 2011).

6.1.2.1 Molecular profiling and subtype identification

As ovarian cancer tumours are highly heterogeneous in nature the identification of 

different cancer types or subtypes becomes very useful. Different cancer subtypes 

have different characteristics, which may affect treatment and survival. Currently, in 

ovarian cancer, patients diagnosed broadly with ovarian cancer receive a standard
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treatment regime depending on FIGO stage and previous exposure to platinum drugs 

(Ozo/s 2005). Molecular profiling of tumours has lead to better classification of tumour 

subtypes, which in turn allows for the customisation of treatments on a patient to 

patient basis. This can lead to an improved clinical outcome and response to therapy.

Molecular profiling has been very beneficial in the classification of ovarian cancer. 

Molecular signatures have been able to differentiate between normal ovarian tissue 

and ovarian carcinomas, between different histotypes of ovarian cancer, and have 

even identified a number of different subgroups within the serous ovarian carcinoma 

histotype {Schwartz et at. 2002\ Welsh et al. 2001). It has been found that there are 

different signatures in gene expression that can separate high grade from low grade, 

and low malignant potential (LMP) serous ovarian tumours, suggesting that a tumour’s 

genetic makeup could indicate its aggressiveness {Bonome et al. 2005\ Schwartz et al. 

2002). LMP tumours are distinct from high grade ovarian cancers, but have been 

shown to be similar to low-grade tumours {Bonome et al. 2005). This finding is 

strengthened by the evidence that high grade serous tumours are genetically distinct 

from low grade tumours, and are not simply a progression from low-grade to high grade 

phenotypes {Singer et al. 2002). Therefore, by targeting deregulated genes found in 

high-grade serous ovarian cancers, therapies may be developed that control disease 

progression. These examples show how gene profiling in ovarian cancer by microarray 

technology have advanced knowledge in ovarian cancer classification with beneficial 

results for ovarian cancer patients.

6.1.2.2 Biomarker for diagnosis and early detection

Correct diagnosis is essential for deploying the correct treatment strategy in cancer 

patients. This is because the tissue of origin is linked with standard treatments that are 

most effective for a particular cancer type. Cancer stage and grade can also effect 

treatment. Therefore, making a correct diagnosis of stage or grade is equally important. 

The use of diagnostic biomarkers can aid clinicians in making the correct diagnosis.

For example, in breast cancer, Mammaprint is a prognostic and predictive genetic 

profile that was developed in order to aid clinicians to accurately diagnose and treat the 

early stages of breast cancer {van't Veeret al. 2002). Breast cancer patients that have 

the same stage, often have different treatment responses and overall outcome. The 

Mammaprint profile was designed to delineate between untreated patients who would 

benefit from endocrine treatment alone or with the addition of adjuvant chemotherapy. 

The profile was developed using DNA microarray data on 117 primary breast tumours. 

This test has since been approved by the FDA {de Snoo et al. 2009). Ovarian cancer
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and colon cancer can also be difficult to distinguish between histologically. Gene 

signatures have been found using microarray technology, which can accurately 

separate the two pathologies. These pathologies have very different treatments 

{Nishizuka et al. 2003).

It has previously been discussed in chapter 1 (section 1.1.4), that ovarian cancer has a 

high mortality rate due to poor prognosis at an early stage. The discovery of diagnostic 

biomarkers by microarray studies has the potential to provide novel markers that could 

aid early detection and increase survival. HE4 is a promising serum biomarker that has 

been proposed to aid in ovarian cancer detection. Studies have shown that HE4 may 

be useful in combination with CA125 (routinely used) or in combination with other 

markers in a detection panel {Moore et al. 2008).

Prostasin is a potential prognostic biomarker that has stemmed from microarray 

experimentation {Mok et al. 2001).Jh\s study identified prostasin by comparing the 

genes expressed in three ovarian cancer cell lines to three normal human ovarian 

surface epithelial cell lines using microarrays. Prostasin gene expression was then 

tested in 64 patient serum samples with ovarian cancer and compared to 137 control 

samples and found to be up-regulated in the serum of ovarian cancer patients. It was 

found that the combination of prostasin and CA125 had a sensitivity of 92% and a 

specificity of 94% for ovarian cancer detection.

There has been a vast array of other proposed biomarkers from microarray studies, but 

relatively few have been investigated in large patient cohorts. Osteopontin is one such 

biomarker, which was discovered by microarray screening. It was further investigated 

and shown to be elevated in tissue and serum samples of cancer patients over healthy 

individuals. However, osteopontin only had 80.5% sensitivity in detecting early stage 

ovarian cancer {Kim et al. 2002] Mok et al. 2001] Wong et al. 2001). This is not 

sensitive enough for a standalone biomarker. Another example of a potential biomarker 

found by array technology is creatine kinase B, which is up-regulated in pre-operative 

patients with ovarian cancer compared to those with benign pelvic masses. It has been 

found to be significantly elevated in the sera of ovarian cancer patients, including those 

with stage 1 ovarian disease, compared to benign cases and normal controls 

{Huddleston et al. 2005). High grade stage 1 ovarian cancer has since been profiled 

using microarrays in order to discover early alterations in ovarian cancer pathogenesis 

{Chlen et al. 2009). This was useful in order to find novel genes and pathways in 

ovarian cancer tissue that may drive carcinogenesis. These could be used as 

diagnostic biomarkers. Genes identified among the 285 differentially expressed genes 

comparing high grade stage one disease and borderline tumours, include F0LR3,
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survivin, MCM3, SYNE1, AKAP14 and KNDC1. Pathways effected by these 

deregulated genes include cell-cycle regulation, cytoskeletal signalling, chromatin 

modification and inflammatory signalling {Chien etal. 2009).

However, proposed biomarkers have not had the prognostic power that clinician’s have 

desired to date. Therefore, further studies are needed in this area with DNA 

microarrays providing an excellent platform for novel diagnostic biomarker discovery.

6.1.2.3 Biomarkers for prognosis, therapy and resistance

Microarrays can be used to generate gene signatures that will aid in cancer prognosis. 

This can facilitate clinicians in predicting outcomes that will help influence the selection 

of a specific therapy, which may be more beneficial to a particular patient subgroup. 

For example, some patients may not respond well a particular type of treatment and 

may be spared from undergoing harsh therapy, while other patients may generally 

have poor outcome to a treatment and a harsher therapy may be necessary. In many 

cases there is a lack of alternative treatment options. For this reason, clinicians turn to 

clinical trials for new therapies that stem from the examination of gene signatures. In 

ovarian cancer, this could mean deviation from the current standard carboplatin/taxol 

chemotherapy regime to other therapies with more favourable outcome for patients 

with specific gene signatures. Another application of gene signatures can be in the 

generation of biomarkers that are associated with the development of resistance. This 

gives us the opportunity to use these signatures to select adequate salvage 

chemotherapy. Using biomarker signatures in this way could improve response rates 

and overall survival in ovarian cancer patients. It could also help in the development of 

targeted treatments that circumvent the development of resistance.

One example of a study in ovarian cancer that provided prognostic biomarkers using 

microarrays was a study by Spentzos et al. (2004), who developed an Ovarian Cancer 

Prognostic Profile (OCPP) from 115 genes. There was a significant difference in 

survival between unfavourable and favourable groups when this profile was applied to 

the validation set of 34 patients. In the unfavourable group, genes associated with 

angiogenesis-related cytokines, tyrosine kinase receptors, and EMT were all over

expressed {Spentzos et al. 2004). Another study in ovarian cancer set out to 

discriminate between patients that have high risk of early recurrence after standard 

chemotherapy and those who were at a lower risk of recurrence {Hartmann et al. 

2005). The team developed a 14 gene signature using cDNA microarrays containing 

30,721 genes that could predict early recurrence at an accuracy of 86% with a 95%  

positive predictive value. Up-regulated genes included Protein kinase Cr), protein
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tyrosine phosphatase receptor, and inhibitor of DNA binding 4. A number of studies 

have attempted to separate short term from long tenn survivors using gene profiles. 

One group has contributed substantially to this area of research using microarray 

technology {Berchuck et al. 2005] Berchuck et al. 2009). Not only were they able to 

generate a linear discriminate model that can distinguish between short and long-term 

survivors at 81% accuracy in late-stage ovarian cancer, but they noted that late-stage 

cancer with long-term survival shared signatures with most early-stage cancers in 

general. This data strengthens the view that aggressive and non-aggressive cancers 

arise separately and that there is a need to develop techniques to detect these virulent 

strains at an early stage {Bonome et al. 2005). The team also identified that the MAL 

gene, being the most de-regulated genes in their studies, was found to be a predictor 

of poor response.

Concerning the assessment of chemoresistance in ovarian cancer, a number of studies 

using microarrays have been undertaken examining gene signatures in this context. A 

small cohort study of 8 patients in 2004 used cDNA microarrays to generate signatures 

from chemo-naive patients to try and predict their response to chemotherapy 

{Selvanayagam et al. 2004). Ovarian cancer patients received chemotherapy after 

surgery and were grouped according to chemotherapeutic response. The patients had 

different histological subtypes of ovarian cancer (serous, endometrial, clear cell and 

undifferentiated) and received platinum-based chemotherapy after surgery 

(carboplatin/taxol, cisplatin/taxol or cisplatin/cyclophosphamide). The team states that 

they were able to predict sensitivity or resistant outcome by applying a pattern- 

recognition algorithm to the gene signatures. Another study set out to identify genes 

that could predict platinum-chemotherapy resistance in ovarian cancer patients using a 

cohort of 96 primary specimens {Helleman et al. 2006a). 69 genes were differentially 

expressed between responders and non-responders, 9 of which were used to develop 

a signature that predicted platinum-resistance. This gene set had 89% sensitivity and 

59% specificity in the validation set of 72 samples, which were better than predictions 

based on patient tumour characteristics. In order to better understand the platinum 

resistance phenotype, the evaluation of 14 cell lines in relation to their 

sensitivity/resistance to 4 different platinum drugs (carboplatin, cisplatin, oxaliplatin and 

AMD473) was carried out, which could ultimately contribute to novel drug development 

or specialized therapeutic regimes {Roberts et al. 2005). Using cDNA microarrays, 

Statl was identified as a positive predictive marker for cisplatin and AMD473 

resistance. This study gave no overlap in gene signatures from the study by Helleman
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et al. (2006a) above, which is likely to be due to the utilisation of cell lines in one study 

and tissue samples in the other {Chon et al. 2011).

As part of the Cancer Genome Atlas (TCGA) project, a gene signature was developed 

to predict outcomes in ovarian cancer patients {The Cancer Genome Atlas Network 

2011). A 193 gene transcriptional signature was defined using an integrated 

expressional data set of 215 patient samples. 108 genes were correlated with poor 

survival and 85 genes were correlated with good survival, after univariate Cox 

regression analysis. This gene signature’s predictive ability was tested on a set of 255 

TCGA samples and on three independent expressional data sets. Kaplan Meier 

survival analysis indicated that this gene signature was significantly associated with 

survival in all of the validation sets tested.

More recently, a study set out to identify the major pathways and biomarkers 

associated with the development of intrinsic chemoresistance upon exposure to 

standard first-line carboplatin/taxol chemotherapy {Koti et al. 2013). A novel aspect of 

this study was that only ovarian cancer patients, who had an epithelial serous 

histotype, were included. Other studies have used a range of histologies, such as 

Selvanayagam et al. (2004), who had four different histologies in a patient cohort of 

eight individuals. For this common histotype, the team was able to identify a set of 204 

differentially regulated genes that could separate resistant and sensitive groups. From 

this set of genes, pathway analysis revealed that the IGF1/PI3K/NFkB/ERK signalling 

networks were involved in resistance development of epithelial serous ovarian cancer.

Our research group has developed a gene expression profile using cDNA microarray 

technology that distinguishes between primary and recurrent serous ovarian cancer 

{Laios et al. 2008b). This signature contained 21 genes. 6 were up-regulated and 15 

were down-regulated in recurrent, compared to primary, ovarian cancer. The data from 

this study puts fonA^ard an integrative model of recurrence in serous ovarian cancer 

where cells produce adhesion molecules and release cytokines, inflammatory 

mediators and growth factors during relapse. Adhesion molecules are used to regulate 

attachment, cytokines and inflammatory mediators to increase cell survival and growth 

factors bound to their associated receptors to induce proliferation. This is needed to 

help cells in transforming and conquering their surrounding environment.

In another study, our research group investigated the role of MyD88 and Toll-like 

receptor 4 (TLR4) as mediators of resistance in ovarian cancer and their possible utility 

as resistance biomarkers {d'Adhemar et al. 2014). Their expression was assessed by 

immunohistochemistry (IHC) in 198 paraffin-embedded ovarian cancer tissue samples.
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In parallel, the expression of miR-21 and miR146a (known to regulate TLR4 and 

MyD88 expression) was assessed in the same samples and in a number of 

chemosensitive/resistant cancer cell lines. Functional analysis of the TLR4/MyD88 

pathway was also analysed in the SKOV-3 ovarian cancer cell line. High expression of 

MyD88 was found to be significantly associated with reduced patient survival and found 

to be implicated in altered miRNA expression in tumours. Data also suggests that an 

intact and functioning TLR4/MyD88 pathway is required for cells to acquire 

chemoresistance in ovarian cancer. A reproducible method was devised as part of the 

study to assess MyD88 status by IHC. This has been optimised for cytological analysis 

of MyD88 in ascites fluid, which can assist ovarian cancer treatment in the future.

From the above evidence, gene expression signatures generated from microarrays 

have contributed significantly to the field of ovarian cancer treatment and therapy. 

However, more study is needed. More recently miRNAs as candidate biomarkers have 

been introduced to the field of cancer research. MiRNAs, which are post transcriptional 

regulators of gene expression, have shown to have promise as new cancer biomarkers 

and may play a role as biomarkers of resistance.

6.1.3 MiRNA expression analysis in ovarian cancer resistance

MiRNA expression has been linked to chemo-sensitivity and resistance in ovarian 

cancer. The Sorrentino et al. (2008) study endorses the use of miRNA profiling in the 

identification of resistant ovarian cancers cells. The team looked at one cisplatin and 

three taxol-resistant ovarian cancer cell lines. They found that MiR-30c, miR-130a and 

miR-335 were down-regulated in all resistant cell lines, pointing to significant 

involvement of these miRNAs in the development of chemo-resistance {Sorrentino et 

al. 2008). Downstream targeting has linked miR-130a to the activation of the M-CSF  

gene, which is known to confer resistance in ovarian cancer by enhancing invasiveness 

as a metastatic promoter and also acts as a marker for poor prognosis. In the same 

year, miR-214 up-regulation was linked to cell survival and cisplatin resistance in 

ovarian cancer. It was found that miR-214 targeted and down-regulated PTEN, a 

tumour suppressor gene. This caused the activation of the Akt pathway {Yang et al. 

2008a).

27 miRNAs were linked to chemo-sensitivity in ovarian cancer through the study of 

Boren et al. (2009), using cell line models. Of interest to our study, four miRNAs were 

differentially expressed in response to taxol treatment (3 up-regulated (miR-514, miR- 

126 and miR-99b) and one down-regulated (miR29c)). There were seven miRNAs 

differentially expressed with response to cisplatin chemotherapy (4 up-regulated (miR-
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23b, miR-381, miR-340 and miR-520f) and three down-regulated (miR-331, miR-185 

and miR-106a)) {Boren et al. 2009).

Another study carried out by Eitan et al. (2009), showed that increased expression of 

miR-23a, miR-27a, miR-30c, miR-199a-3p and let-7g, and decreased expression of 

miR-378 and miR-625, corresponded to resistance to platinum-based chemotherapy in 

ovarian cancer patients. This study also showed differential expression of 5 miRNA’s 

that could be linked to different patterns in survival and recurrence-free survival. In 

particular, high expression miR-27a was linked with very poor prognosis {Eitan et al. 

2009).

Other miRNAs recently found to be linked with cisplatin resistance in ovarian cancer 

include miR-125b, which targets Bakl. Down-regulation of Baki by miR-125b up- 

regulation results in the loss of apoptosis induced by cisplatin, leading to cisplatin 

resistance {Kong et al. 2011). MiR-376c has been shown to enhance cell survival by 

acting as a target for the activin receptor-like kinase 7 (ALK7). Over-expression of miR- 

376c inhibited cisplatin induced cell death, but use of an anti-miR-376c was shown to 

enhance the effects of cisplatin. As patients who responded well to chemotherapy had 

strong staining for ALK7 combined with low levels of miR-376c and patients who 

responded poorly had high miR-376c levels combined with low levels of ALK7 staining, 

it was deduced that mir-376 enhances chemo-resistance through the targeting of ALK7 

{Yeetal . 2011).

Recently, miR-181a has been shown to promote TGF-(3-mediated epithelial-to- 

mesenchymal transition by repression of the Smad7 protein. High expression of miR- 

181a was associated with shorter time to recurrence and poor outcome in ovarian 

cancer patients. Ectopic expression of miR-181a resulted in increased cellular survival, 

migration, invasion, platinum drug resistance and in vivo tumour burden and 

dissemination. Conversely, when miR-181a was inhibited by decoy vector suppression, 

the re-expression of Smad7 caused significant reversals of these phenotypes {Parikh 

et al. 2014).

Finally, a miRNA signature was investigated in relation to chemoresistance in ovarian 

cancer by examining tumour samples from 198 patients using miRNA arrays and qPCR 

in 2013 {Vecchione et al. 2013). Three miRNAs (miR-484, miR-642 and miR-217) were 

found to have the ability to predict chemoresistance to platinum/taxane chemotherapy 

in ovarian cancer in this set of ovarian tumour samples. Further analysis on miR-484 

revealed its involvement in the regulation of the VEGFB and VEGFR2 pathways of 

angiogenesis. The authors conclude that these three miRNAs could classify response
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to chemotherapy in a large multicenter cohort and that blocking VEGF via anti-VEGFA 

antibody may not be sufficient in improving survival in ovarian cancer patients without 

also blocking VEGFB signalling {Vecchione et al. 2013).

The above evidence shows that aberrant miRNA expression can cause the disruption 

of many cellular pathways, which are involved in conferring a resistant phenotype. 

Therefore, miRNAs have great potential as acting as novel biomarkers for ovarian 

cancer resistance. Further to this, two families of miRNAs have been identified as 

having a great influence on chemoresistance, which are discussed below.

6.1.3.1 The miR-200 family and resistance

The miR-200 family has been shown to be associated with treatment response to taxol 

containing chemotherapy regimes. This family is made up of five members that are 

found in two genomic clusters (miR-200a/b and miR-429 on chromosome 1 and miR- 

200c and miR-141 on chromosome 12).

Low expression of miR-200 family members, such as miR-200c, has been correlated to 

high (3111 tubulin protein expression. High expression of (3111 tubulin is a known 

mechanism of taxol resistance in ovarian cancer and is associated with poor prognosis, 

as discussed in section 1.6.2 (Leskela et al. 2011). Other studies that agree with this 

finding showed that increased miR200c expression was correlated with reduced |3III 

tubulin expression conferring taxol sensitivity {Cochrane et al. 2010\ Prislei et al. 2013).

Expression studies from our group and others have found that aberrant expression 

levels of other family members are also correlated with ovarian cancer prognosis 

{Gallagher et al. 2009\ lorio et al. 2007\ Nam et al. 2008\ Wyman et al. 2009\ Yang et 

al. 2008a). This family of miRNA could be used as biomarkers for response to taxol- 

based chemotherapy relapse and progression {Leskela et al. 2011).

6.1.3.2 The Let-7 family and resistance

The Let-7 family is made up of 10 mature miRNAs (let-7a-g/i, miR-98 and miR-202), 

which are spread over a number of clusters throughout the genome. Aberrant 

expression of these family members has been found to have a major involvement in 

chemoresistance. The majority of Let-7 family members act as tumour suppressors by 

inhibiting the translation of oncogenes, such as Myc, K-Ras and HMGA-2 and cell cycle 

regulators, such as cyclin D2, CDC25 and CDK6 {Brueckner et al. 2007] Bussing et al. 

2008).
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It has been found that patients who received platinum treatment in the absence of 

taxol, and who had high let-7a expression, showed better survival than those with low 

expression {Lu et at. 2011). Also, patients who received platinum therapy with taxol, 

who had low expression of let-7a, had better outcomes than those with high 

expression. This, and other results in the study, suggested that patients with low let-7a 

may benefit from taxol chemotherapy, while those with high expression may not {Lu et 

al. 2011). Also, low-expression of let-7b was found to be significantly associated with 

poor prognosis in serous ovarian cancer patients by microarray analysis {Nam et al. 

2008).

Let-7i has been associated with the ability to predict chemotherapy responses. It was 

found by microarray analysis to be significantly reduced in expression in platinum- 

chemotherapy-resistant patients and was also significantly associated with shorter 

progression-free survival in advanced ovarian cancer patients. Loss of function and 

gain of function manipulations, through Let-7i inhibitors and retroviral over expression, 

showed that a reduction in Let-7i expression resulted in increased cisplatin resistance 

in ovarian and breast cancer cells {Yang et al. 2008b). More work on Let7i has led to 

the finding that a chimera containing MUC1 aptamer and Let-7i can be delivered into 

taxol resistant ovahan tumours cells. This releases Let7i, which re-sensitises the cells 

to the chemotherapy drug. This was tested on the 0VCAR3 ovarian cancer cell line. It 

was found that Let7i specifically sensitised the role of taxol by inhibiting proliferation, 

inducing apoptosis and decreasing long-term survival. Therefore, this treatment, which 

releases Let7i into the cell, sensitizes the cells to taxol treatment {Liu et al. 2012).

Further evidence in relation to Let7 expression and prognosis lies with Lin28 and 

Lin28b, which are inhibitors of the Let-7 processing. High expression of these proteins, 

which will result in reduced expression of Let-7 family members, is correlated with 

shorter progression-free and overall survival {Lu et al. 2009a). Therefore, the Let-7 

family is an important family of mlRNAs in ovarian cancer resistance management. A 

number of different expression profile studies in ovarian cancer include the down- 

regulation of let-7 members in their aberrant expression profiles {Dahiya et al. 2008\ 

lorio et al. 2007] Zhang et al. 2008a).

6.1.3.3 Contributions by the Discovary consortium to miRNA resistance

The Discovary Consortium, that this project is involved with, has proposed miRNA 

models for molecular pathogenesis of recurrent ovarian cancer. Based on integrated 

transcnptome and miRNA analysis, down-regulation of miR-9 and up-regulation of miR- 

223 were found to have a potential role in recurrent ovarian cancer and could act as
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biomarkers {Laios et at. 2008a). Both miRNAs were found to target the same 

pathways, including angiogenesis, Ras, integrin signalling and a pathway involving 

actin and tubulin. In this study, MiRNA sequencing has lead to the ability to clearly 

distinguish between primary and recurrent ovarian carcinomas. It was also found that 

Dicer, Drosha and elF6 of the miRNA biosynthesis pathway did not seem to have a 

significant role in the aberrant expression of miRNA in recurrent ovarian cancer.

The consortium previously identified a number of targets that can differentiate between 

primary and recurrent ovarian cancer, using gene expression arrays. They found a total 

of 907 genes to be differentially expressed at p < 0.01, which was reduced to 182 

genes using the more stringent false discover rate (FDR 0.1). Evidence from this study 

indicates that there is a multifactorial mechanism for recurrence and therefore there is 

a huge possibility that miRNAs can play a large role as regulators of gene expression 

{Laios et at. 2008b).

A summary of miRNAs that have been linked to chemotherapeutic resistance can be 

seen in Table 6.1.
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Table 6.1 Overview of miRNAs associated with ovarian cancer chemoresistance.

This figure shows miRNAs identified from numerous studies. Some miRNAs were found to be 

up-regulated in one study, but down-regulated in another. In this case the expression state of 

the majority of associated studies is depicted. It gives high and low expression of miRNAs in 

ovarian cancer for chemotherapeutic resistant V’s sensitive cases. This table was adapted from 

{van Jaarsveld et al. 2010). Other studies used in this thesis chapter were added in order to 

give a more comprehensive and up to date overview of miRNAs associated with 

chemotherapeutic resistance in ovarian cancer in tissue and cell line studies.

O ocetaxel

P latinum /Taxan e

Let-7g’ Pre-125b^ miR-340^ Let-7i< P re-107 ’ miR-331^

miR-1b-1< m iR-152* miR-376c^ pre-23a^ m iR-130a’ m iR -335’

miR-22* m iR -181a'° miR-370< pre-26a^ miR-130b= m iR -378'

miR-23a'' m iR-196a* miR-3812 pre-29c^ miR-1852 m iR -509 '

miR-23b^ m iR-198* m iR-519e* m iR-30c' pre-199a-2’ m iR -625'

m iR -27a' m iR -199a-3p’ miR-520e^ pre-93’ pre-204’

m iR -30c’ m iR -214‘ miR-520f= pre-106^ pre-218’

m iR-125b“ m iR-216* m iR-521‘ miR-IOea^^ miR-321<

Let-7a* pre-197^ pre-1 Oa^ m iR-30c’ m iR -130b’

Let-7e^ miR-321^ pre-19b^ p re-92’ pre-137 ’

miR-21^ miR-5142 pre-20^ pre-106 ’ miR-200c®

pre-23b^ miR-20b^ pre-125a’ pre-204’

miR-99b^ pre-26a^ pre-125b’ pre-218’

miR-126^ miR-29c^ m iR -130a’ m iR -335’

miR-99b^ miR-502^ miR-515-5p^

m iR -371“ m iR -5142 miR-518c-AS^

m iR-27a' m iR -9 '' miR-217® m iR-484°

m iR -223" miR-23a'' m iR -378 '2 miR642®

^.{Eitan et al. 2009), 2.(Boren et al. 2009), 3.(Sorrentino et al. 2008), 4.(Yang et al. 2008b), 

5.(Lu etal. 2011), 6.{Kong et al. 2011), 7.{Ye et al. 2011), 8.{Leskela et al. 2011), ^.{Vecchione 

etal. 2013), ^0.{Parikh etal. 2014), 11.(La/os etal. 2008a).
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6.1.4 Aims and objectives

This chapter examined the transcriptomic profiles of our carboplatin and taxol-resistant 

ovarian cancer sublines UPN251-7C and UPN251-7T, resistant to each agent 

respectively. The cell lines were subjected to mRNA and miRNA profiling in order to 

produce a combined signature of resistance for each chemotherapeutic agent. Gene 

and miRNA biomarkers discovered from this work were validated using qPCR in clinical 

samples (Chapter 7).

6.1.4.1 Hypotheses

The hypotheses examined in this chapter stated that:

• There exists a mRNA/miRNA signature for carboplatin and taxol resistance that 

can differentiate between chemoresistant and chemosensitive epithelial serous ovarian 

cancer.

• This signature can be used to identify key biomarkers that can be used in the 

prognosis and treatment of ovarian cancer patients and in the development of novel 

targeted therapies.

6.1.4.2 Objectives

This chapter aimed to produce mRNA/miRNA signatures for carboplatin and taxol 

resistance, derived from our resistant sub-lines of UPN251, produced in chapter 4. We 

aimed to identify biomarkers and pathways that could be linked to the development of 

carboplatin and taxol resistance in ovarian cancer, which will aid clinical diagnosis and 

contribute to the development of novel targeted therapies to circumvent resistance 

development in ovarian cancer.

6.2 Methods

6.2.1 Sample selection for Affymetrix analysis

UPN251-7C was selected as a model of carboplatin-resistant ovarian cancer and 

UPN251-7T was selected as a model of taxol-resistant ovarian cancer, based on the 

results found in chapter 4 and 5. These cell lines were the most resistant to carboplatin 

and taxol respectively and served as a good model for further evaluation. UPN251 

parental cells were used as non-resistant control cells. All cell lines had drug treated 

and non-drug treated cells analyses for expression. The inclusion of drug treated cell 

lines allowed us to examine differences in drug response across the resistant cell lines 

and non-resistant parental cells. 24 arrays for both gene and miRNA expression were
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processed in total. The same samples were used on both array platfonns so that the 

data generated from each platform would be consistent and complement each other. 

Gene expression and miRNA expression are linked as miRNAs are post transcriptional 

regulators of gene expression {Lewis et al. 2005). This should be reflected in the 

expression profiles generated by both platforms. Three biological replicates were run 

for each condition listed below on each platform:

1. UPN251 (untreated)

2. UPN251_C (carboplatin treated (2|jg/ml))

3. UPN251_TL (low dose taxol treated (15ng/ml))

4. UPN251-7C (untreated)

5. UPN251-7C_C (carboplatin treated (2ug/ml))

6. UPN251-7T (untreated)

7. UPN251 -7T_TL (low dose taxol treated (15ng/ml))

8. UPN251-7T_TH (high dose taxol treated (60ng/ml))

The doses of carboplatin used were the same as in the selection strategy. However, a 

lower dose of taxol was used on UPN251 parental cells, as the selecting dose caused 

a high percentage of cell death during cell pellet harvesting. This was necessary in our 

selection strategy to drive selection of resistant cells. However, not enough cells 

survived in order to be able to extract a suitable amount of RNA in this case. Therefore, 

the low dose refers to the modified lower dose given to the cells to allow adequate 

survival for RNA extraction and the high dose refers to the dose given in the selection 

strategy.

6.2.2 Sample preparation for Affymetrix platform

Cells were pelleted and total RNA was extracted using the miRNeasy mini kit, as 

described in chapter 2. RNA yield was measured using a traditional spectrometer 

(BioPhotometer (Eppendorf, Germany)) at 260nm and RNA quality and integrity was 

assessed using the Agilent 2100 Bioanalyzer as described in chapter 2. Samples were 

then prepped for both gene and miRNA expression platforms, as per the Affymetrix 

gene expression analysis protocol and the Affymetrix miRNA expression analysis 

protocol described in chapter 2. Arrays were run for 3 biological replicates for each 

condition on each platform. The data was then analysed using the Expression consol 

software (Affymetrix, USA).
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6.2.3 Quality control analysis for the Affymetrix platform

The mRNA arrays tested were examined using quality control methods that are 

outlined in the ‘quality assessment white paper’, downloadable from 

http://media.affymetrix.com/support/technical/whitepapers/exon_gene_arrays_qa_white 

paper.pdf, as part of the Affymetrix GeneChip® Gene and Exon Array Whitepaper 

Collection {Affymetrix 2007). The miRNA arrays tested were examined using 

FlashTag™ Blotin HSR RNA Labelling Kit manual. The arrays were visually inspected 

for uniform intensity and for correct alignment. Other quality control aspects were 

addressed using algorithms outlined in the ‘quality assessment white paper’ and 

FlashTag™ Biotin HSR RNA Labelling Kit manual. mRNA array metrics were analysed 

at three levels; probe level, probe set summarisations, and individual probe level. Also, 

three types of metrics were used in mRNA quality control; sample metrics, hybridisation 

metrics and labelling metrics. Some of these metrics had overlap with the miRNA array 

metrics as indicated below. MiRNA arrays also had specific quality control aspects, 

which will be discussed below.

6.2.3.1 Probe level metrics

I) pm_mean (mRNA/miRNA): This is the mean value of all the raw intensities from 

each PM probe on the array before any transformations of intensity occurs. This value 

was used to determine if certain chips were unusually dim or bright, which may affect 

other analysis parameters (e.g., unusually high median absolute deviations of 

residuals).

6.2.3.2 Probe set summarisations metrics

II) pos_vs_neg_auc (mRNA): This is the area under the curve (AUC) for a receiver 

operating characteristic plot, which compares the signal value of the positive controls to 

the signal value of the negative controls. It measured how well the probe set could 

distinguish between the signal from a positive control and negative control, assuming 

that negative controls are false positive and positive controls are true positives. An 

AUC of 1 translated as perfect separation of signals, while an AUC of 0.5 indicated no 

separation whatsoever. Typically, the analysis would return values of between 0.8-0.9, 

if separation of signal was adequate.

III) x_mean (mRNA): This is the mean signal value for all the probe sets analysed 

from category ‘X’.

IV) x_mad_residual_mean (mRNA): This is the mean of the absolute deviation of 

the residuals from the median for all probe sets analysed from category ‘X’. On a single
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chip, different probes will return different intensities when hybridised to a common 

target. RMA and PLIER algorithms create models which account for individual feature 

responses. These models could be used to identify problematic chips by identifying 

whether a large number of probes were behaving differently or not. They looked at the 

difference between the actual value and the predicted value (the residual) for the 

intensity of given probes. If the residual for a given probe was very different to the 

median, then it gave a poor fit to the model. Calculating the mean of the absolute 

values of all the deviations produced, measured how well the probes on a given chip 

fitted the model. Unusually high mean absolute deviation of the residuals from the 

mean indicated problematic data for the chip.

V) x_rle_mean (mRNA/miRNA): This is the mean absolute relative log expression

for all the probe sets analysed from category ‘X ’. It used the signal estimate from the 

probe set on a single chip and calculated the difference from the median signal of that 

probe set across all of the chips in the study. This was expected to be low in order to 

reflect low biological variability between samples.

G.2.3.3 Individual probe level metrics

VI) all_probeset (mRNA): This is all the probe sets analysed. It included the vast 

majority of the probe sets that would be used in downstream statistical analysis and 

represented the quality of the data most highly.

VII) bac_spike (mRNA/miRNA): This is the set of probe sets that hybridise to the 

pre-labelled bacterial spike controls (BioB, BioC, BioD and Cre). It was used to asses if 

the hybridisation of probes to the chip had worked adequately. There would be 

inherently more variability compared to other metrics due to the limited amount of 

spikes and probe sets.

VIII) polya_spike (mRNA): This is the set of polyadenylated RNA spikes (Lys, Phe,

Thr and Dap). It was used to access problems with the target preparation. There would 

also be more variability compared to other metrics due to the limited amount of spikes 

and probe sets.

IX) neg_control (mRNA): This is the set of putative intron based probe sets from

putative housekeeping genes. These four-probe probe sets were designed from 

intronic regions of probe sets, which were shown to have constitutive expression over 

many samples on 3’IVT arrays. They were used to calculate the false positive rate for 

the pos_vs_neg_auc metric.
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X) pos_control (mRNA): This is the set of putative exon based probe sets from 

putative housekeeping genes. These four-probe probe sets were designed from exonic 

regions of probe sets, which were shown to have constitutive expression over many 

samples on 3 ’IVT arrays. They were used to calculate the true positive rate for the 

pos_vs_neg_auc metric. This category and the all_probset category most closely 

reflected the overall quality of the entire experiment including RNA, target prep, chip, 

hybridisation, scanning and gridding. They also reflected the quality of the data that 

was used in downstream statistical analysis.

6.2.3.4 MiRNA array specific probe metrics

Spike-in control probe sets indicate whether the FlashTag™ Biotin HSR RNA Labelling 

Kit was carried out successfully. The spike-in control probe sets were representative of 

synthetic mlRNAs, which were present in vial 8 of the kit. They should have a signal 

>=1000 (<=9.96 for log2 signal). S p ike jn  control-2_st and S p ike jn  control-29_st were 

an indication of successful poly(A) tailing and ligation. S p ike jn  control-31_st is poly(A) 

RNA and indicated successful ligation. S p ike jn  control-36_st is poly(dA) DNA and 

indicated successful ligation and lack of RNases in the RNA sample.

6.2.4 Affymetrix gene and miRNA array data analysis

Bioconductor software libraries (www.bioconductor.org) were used in the analysis and 

comparisons of array data. Bioconductor is a highly active, open source and open 

developmental resource, which provides effective tools for the analysis and 

understanding of high-throughput genomic data. It is a collaborative project that 

provides a vast quantity of different packages, which are written in the R statistical 

programming language. One such package, the ‘oligo’ package {Carvalho et al. 2010), 

was used to import Affymetrix CEL file data. This data was then used to compute 

robust multichip average (RMA) expression values {Bolstad et al. 2003] Irizarry et al. 

2003a, Irizarry et al. 2003b). This value was generated from a three step process, 

namely; background adjustment, quantile normalisation and summarisation. The 

‘made4’ package was used for visualisation of RMA expression values {Culhane et al. 

2005) and RankProd was used to identify expressional differences between gene chips 

{Breitling et al. 2004).

6.2.4.1 RIVIA method

The RMA method is a log scale linear additive model that removes background 

intensities and normalises probe level data across all the arrays {Bolstad et al. 2003\ 

Irizarry et al. 2003a, Irizarry et al. 2003b). The background adjustment was used to
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remove noise from the analysis and the data normalisation was used to allow 

comparisons to be taken between chips by correcting for differences in expression 

levels within and between chips. The RMA method used Turkey’s median polish during 

data normalisation to estimate expression values, which were log base 2 transformed. 

Quantile normalisation corrects for any array biases introduced to the study by 

comparing expression levels between arrays for various quantiles. The process makes 

the distribution of probe intensities the same for each array, across a set of arrays. It 

removed variation that had been introduced to the study from sample preparation etc., 

without removing true variation between biological samples {Irizarry et al. 2003b). 

Summarisation was an important step in the RMA process, as each gene represented 

on each gene chip had a median of 21 probes associated with it. The summarisation 

step summarised the probe intensities for each probe set.

Some advantages associated with the RMA algorithm are that it is more precise, 

consistent and has a higher specificity than other models {Irizarry et al. 2003a). It 

generally produces smaller standard deviations for genes with low expression, while 

efficiently detecting differentially expressed probe sets {Irizarry et al. 2003b).

6.2.4.2 Differential gene and miRNA expression analysis

Differential expression analysis across the arrays was carried out using RankProd 

{Breitling et al. 2004). This software is a non-parametric statistical method used to 

identify significantly de-regulated probes. Its analysis is based on the calculation of 

rank products and estimation of false predictions. Its performance is superior to other 

platforms in cases where datasets have low numbers of samples or have a high level 

of noise {Jeffery et al. 2006). The software identified de-regulated genes as those with 

a fold-change in expression value of 2.0 or more, having a p-value of <0.05, adjusted 

for multiple testing. An adjusted p-value was used in this study to eliminate family-wise 

error rate (FWER). Ordinarily, a p-value will have five false positive predictions in every 

100 predictions made. This is quite acceptable for small scale experiments, but in large 

scale experiments, such as microarray experiments, this will give an inflated false 

positive rate known as FWER. The Benjamini and Hochberg method of false-discovery 

rate (FDR) was used in this study to control FWER {Benjamini et al. 1995). This 

method accounted for the presence of errors and the number of errors made, defined 

as ‘the expected proportion of errors among the rejected hypotheses’.
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6.2.4.3 Analysis of target gene and miRNA lists

Genes and miRNAs that had a fold-change of 2 or more with an adjusted p-value 

(FDR<0.05) were deemed as significantly de-regulated. 10 different comparisons were 

generated in total and analysed for both genes and miRNAs;

A). UPN251 (untreated) v UPN251-7C (untreated)

This comparison identified stable changes in gene/miRNA expression that had 

occurred after the development of carboplatin resistance. This was achieved by 

comparing the de-regulated expression profiles of our carboplatin-resistant 

subline UPN251-7C to its parental cell line UPN251.

B). UPN251_C (2fjg/ml carboplatin) v UPN251-7C_C (2|jg/ml carboplatin)

This comparison investigated the stable changes of gene/miRNA expression 

that occurred between a carboplatin-resistant cell line and a non-carboplatin- 

resistant cell line when exposed to carboplatin treatment. This was achieved by 

comparing the de-regulated expression profiles of our carboplatin-resistant 

subline UPN251-7C to its parental cell line UPN251 after both were treated with 

a dose of 2|jg/ml carboplatin for three days.

C). UPN251 (untreated) v UPN251-7T (untreated)

This comparison identified stable changes in gene/miRNA expression that had 

occurred after the development of taxol resistance. This was achieved by 

comparing the de-regulated expression profiles of our taxol-resistant subline 

UPN251-7T to its parental cell line UPN251.

D). UPN251_TL (15ng/ml taxol (low dose)) v UPN251-7T_TL (15ng/ml taxol (low 

dose))

This comparison investigated the stable changes of gene/miRNA expression 

that occurred between a taxol-resistant cell line and a non-taxol-resistant cell 

line when exposed to low dose taxol treatment. This was achieved by 

comparing the de-regulated expression profiles of our taxol-resistant subline 

UPN251-7T to its parental cell line UPN251 after both were treated with a dose 

of 15ng/ml taxol for three days.

E). UPN251_TL (15ng/ml taxol (low dose)) v UPN251-7T_TH (60ng/ml taxol (high 

dose))

This comparison investigated the stable changes of gene/miRNA expression 

that occurred between a taxol-resistant cell line and a non-taxol-resistant cell
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line when exposed to high dose taxol treatment. This was achieved by 

comparing the de-regulated expression profiles of our taxol-resistant subline 

UPN251-7T to its parental cell line UPN251 treated with a dose of 60 and 

15ng/ml taxol respectively for three days.

F). UPN251 (untreated) v UPN251_C (2|jg/ml carboplatin)

This comparison identified the initial changes in gene/miRNA expression that 

took place when a non-carboplatin-resistant cell line was treated with 

carboplatin. This was achieved by comparing the de-regulated expression 

profiles of non-carboplatin-resistant cell line UPN251 to UPN251, when treated 

with 2|jg/ml carboplatin for three days.

G). UPN251-7C (untreated) v UPN251-7C_C (2|jg/ml carboplatin)

This comparison identified the initial changes in gene/miRNA expression that 

took place when a carboplatin-resistant cell line was treated with carboplatin. 

This was achieved by comparing the de-regulated expression profiles of the 

carboplatin resistant cell line UPN251-7C to UPN251-7C when treated with 

2|jg/ml carboplatin for three days.

H). UPN251 (untreated) v UPN251_TL (15ng/ml taxol (low dose))

This comparison identified the initial changes in gene/miRNA expression that 

took place when a non-taxol-resistant cell line was treated with taxol. This was 

achieved by comparing the de-regulated expression profiles of non-taxol- 

resistant cell line UPN251 to UPN251 when treated with 15ng/ml taxol for three 

days.

I). UPN251-7T (untreated) v UPN251-7T_TL (15ng/ml taxol (low dose))

This comparison identified the initial changes in gene/miRNA expression that 

took place when a taxol-resistant cell line was treated with low dose taxol. This 

was achieved by comparing the de-regulated expression profiles of the taxol 

resistant cell line UPN251-7T to UPN251-7T when treated with 15ng/ml taxol 

for three days.

J). UPN251-7T (untreated) v UPN251-7T_TL (60ng/ml taxol (high dose))

This comparison identified the initial changes in gene/miRNA expression that 

took place when a taxol-resistant cell line was treated with high dose taxol. This 

was achieved by comparing the de-regulated expression profiles of the taxol 

resistant cell line UPN251-7T to UPN251-7T when treated with 60ng/ml taxol 

for three days.
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Furthermore, the following investigations were made between comparisons;

A V C -  Examined which probes had de-regulation in the same and opposite directions 

between carboplatin-resistant cell lines compared to non-resistant parental cells and 

taxol-resistant cell lines compared to non-resistant parental cells. This investigation 

examined the differences and similarities in the gene/miRNAs that were deregulated in 

carboplatin and taxol resistance development.

B V D -  Examined which probes had de-regulation in the same and opposite directions 

between carboplatin-resistant cell lines compared to non-resistant parental cells when 

both were treated with carboplatin and taxol-resistant cell lines compared to non- 

resistant parental cells when both were treated with taxol. This investigation examined 

the differences and similarities in the gene/miRNAs that were deregulated in response 

to carboplatin/taxol exposure in carboplatin and taxol resistance development.

A V F -  Examined which probes had de-regulation in the same and opposite directions 

between cell lines that had carboplatin resistance compared to those that were 

carboplatin sensitive and non-carboplatin-resistant cells treated with carboplatin 

compared to treatment naive cells. This investigation examined the differences and 

similarities in the gene/miRNAs that were deregulated in initial carboplatin response 

and carboplatin resistance development.

C V H -  Examined which probes had de-regulation in the same and opposite directions 

between cell lines that had taxol resistance compared to those that didn’t and non- 

taxol-resistant cells treated with taxol compared to treatment naTve cells. This 

investigation examined the differences and similarities in the gene/miRNAs that were 

deregulated in initial taxol response and taxol resistance development.

Genes/miRNAs that were deregulated in the same direction may indicate a common 

mechanism of resistance between platinums and taxanes and genes/mlRNAs that 

were deregulated in the opposite direction may indicate their involvement in the inverse 

resistance relationship (Chapter 1, section 1.7.3).

The top five up and down-regulated genes and miRNAs were examined from each list. 

Gene annotation database DAVID (Database for Annotation, Visualization and 

Integrated Discovery) v6.7 was used for pathway analysis of de-regulated gene lists 

{Huang et al. 2008] Huang et al. 2009). DAVID provides a comprehensive set of 

annotation tools to allow researchers to gain biological understanding from large gene 

lists. It is capable of discovering enriched functionally related gene groups and 

visualising them on KEGG pathways. It can also list interacting proteins, explore gene 

names in batch, link gene-disease associations and redirect users to related literature.
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to name a few useful functionalities. Another useful aspect of this database for our 

study was its pre-built Affymetrix chip background that allowed for improved gene list 

comparisons for this format. Individual gene and miRNA function and relevance was 

further analysed using PubMed literature searches.

S.2.4.3.1 MiRNA-Target interactions (IVITIs) analysis

Genes and miRNAs shown to be significantly de-regulated were selected for further 

analysis in order to determine possible miRNA-Target Interactions (MTIs) between 

miRNA and gene lists of the same comparison. Several MTI databases exist for this 

purpose; MiRTarBase {Hsu et al. 2014), miRecords (Henry et al. 2014) and miRWalk 

{Dweep et al. 2011). These databases provide references for MTIs that have been 

validated experimentally via Western blot, reporter assay, microarray, and next 

generation sequencing experiments. MirRecords, miRWalk and other databases 

(miRTar (Lu et al. 2009b), Targetscan {Garcia et al. 2011; Grimson et al. 2007; Lewis 

et al. 2005) and starBase {Li et al. 2014a\ Yang et al. 2011)) provide lists of MTIs that 

have been computationally predicted, using in-house software or by assembling lists of 

results from third party MTI prediction tools.

The expression levels of significantly de-regulated miRNAs and potential target genes 

across all the samples were examined by pair-wise Pearson correlation analysis. This 

correlation estimated the strength and direction of a linear relationship between two 

replicate groups. Therefore, the miRNA-gene pairs that had a negative Pearson 

correlation coefficient (r) were chosen to potentially interact. The strength of the 

interaction between each pair was indicated by the correlation coefficient. A direct 

indication of the strength in a relationship between interacting pairs was achieved by 

squaring the coefficient (r^). The closer the r̂  value is to 1 the stronger the predicted 

interaction will be.

Following this, a number of MTI databases were interrogated for further evidence 

supporting a pair’s interaction. Evidence of an MTI was accepted if the MTI has been 

experimentally validated (present in at least one of the above experimentally validated 

databases) or has been reliably computationally predicted (present in all of the 

computationally predicted databases above).

The results from this analysis were outlined in the form of network images and tables 

for each comparison (A-J). It must be noted that MTIs are not mutually exclusive. One 

miRNA can target multiple genes and one gene can also be targeted by multiple 

miRNAs. For this reason, a connected network of interactions is the best way to view 

MTIs.
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6.3 Results - Affymetrix quality control and general clustering 

analysis

After the results of quality control and general clustering analysis, the results and 

discussion were combined under the following headings for clarity:

•  Carboplatin resistance biomarker discovery

• Taxol resistance biomarker discovery

• First response biomarker discovery

• Comparisons of de-regulation between datasets

6.3.1 Array quality control

The quality control analysis for the mRNA and miRNA arrays involved carrying out a 

visual inspection and assessing different probe metrics described in section 6.2.3.

6.3.1.1 Visual quality control

All arrays, with the exception of one, passed the initial visual inspection. This involved 

checking for scratches on the surface or any ‘patchy’ staining or regions of unusually 

high or low intensity of staining. UPN251-7T_TH2 (mRNA an'ay) had a dim region that 

was not noted on any of the other 23 gene array chips. Sample preparation was 

repeated for this sample and the chip was then re-run. Initial visual inspection was then 

passed on all 48 array chips. Further visual inspection involved examining the 

expression of the B2 oligo positive control (See Figure 6.1). This control oligonucleotide 

hybridised to specific locations on the chips. Checkerboard corners should be visible at 

each corner of the chip and at the corners of each internal grid. This ensured that the 

chip was correctly aligned. All chips passed this inspection process.

6.3.1.2 Probe metric quality control

Probe metrics were used to compute summary statistics for each array in a set and all 

of the arrays together. This allowed for the identification of outlier arrays which could 

skew downstream data analysis.

6.3.1.2.1 MRNA array probe metrics

There was a low level of variation across all metrics examined. A graph of the 

allprobesets_mad_residual_mean, allprobesets_rle_mean and pos_vs_neg_auc was 

created to examine whether there was similar expression of probesets across the
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Figure 6.1 Visual quality control for HuGene 2.0 and mlRNA-3.0 array chips.

(A) HuGene 2,0 (i) Array chip name (ii) Typical result for B2 oligo control expression of checker 

board corner on a gene chip (ill) Typical result of successful hybridisation of spike in controls 

(seen towards the centre of the gene chip). (B) mlRNA-3.0 array (i) Array chip name (ii) Typical 

result for B2 oligo control expression of checker board corner on a mlRNA chip.

The intensity of B2 oligo controls were examined in regions within the chips, at the edges of the 

chips and in checkerboard corners to ensure proper alignment of the chips grid and probes

arrays (Figure 6.2). The pos_vs_neg_auc value was between 0.8 and 0.9. This is a 

typical value that indicates adequate separation of positive and negative control signals 

across the arrays. The allprobesets_mad_residual_mean and allprobesets_rle_mean 

gave similar values across the datasets and did not indicate any outlier data. Box plots 

of the relative log expression (RLE) values were then generated (Figure 6.3). The 

median RLE value for all arrays varied closely around 0, indicating that there was no 

skewed data present following normalisation. The pm_mean was graphed (Figure 6.4) 

and also showed no outliers. The mean probe level intensity was similar across all 

arrays and indicated no source of skew for downstream analysis. At an individual probe 

level, the mean absolute deviations of residuals for the poly A spikes, positive control 

and back spikes were very similar across all arrays (Figure 6.5). This indicated that
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Figure 6.2 Probe summarisation quality control metrics.

pos_vs_neg_auc is given by the green line. This lies between 0.8 and 0.9 indicating good 

separation of positive and negative signals across the arrays. The

allprobesets_mad_residual_mean (red) and allprobesets_rle_mean (blue) gave minimal 

variation between arrays indicating no outlying datasets.
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Figure 6.3 Box plots of the relative log expression values (mRNA arrays).

The nnean absolute RLE is proportional to the width of the box plots. The middle bar of each box 

plot is the median RLE. The red line represents an RLE value of 0. As all median RLE values 

are close to 0 no outliers could be identified.
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Figure 6.4 Probe level quality control metrics (mRNA).

The red line (pm_mean) indicates the mean probe level intensity prior to normalisation or 

background correction. This is used to indicate unusually dim or bright areas on a chip. As little 

variation occurs there is no indication that there are no abnormal values of pm_mean skewing 

the data.
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Figure 6.5 Individual probe level metrics.

Mean absolute deviations of residuals for the poly A spikes (blue), positive control (green) and 

bac spikes (red) were similar across all arrays. This indicates successful sample preparation 

and hybridisation.

there were no issues with the target preparation or hybridisation. Also, the hybridisation 

control probes appeared in the expected rank order in relation to their respective 

concentrations (Figure 6.6). This gave further assurance that there were no problems 

with sample preparation. Overall, from examining the quality control metrics, it could be 

confirmed that the mRNA array experiments were successful and that there were no 

outlier arrays that could cause skewed data analysis.

6.3.1.2.2 MiRNA array probe metrics

There was a low level of variation across all metrics examined. A box plot graph of the 

RLE is shown in Figure 6.7. The median RLE value for all arrays varied closely around 

0, indicating that there was no skewed data present following normalisation. The 

pm_mean was graphed (Figure 6.8) and also showed no outliers. The mean probe 

level intensity was similar across all arrays with a small spread and indicated no source 

of skew for downstream analysis. The hybridisation control probes appeared in the 

expected rank order in relation to their respective concentrations (Figure 6.9). This 

gave assurances that there were no problems with sample preparation.
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Figure 6.6 Rank order of bac spike controls.

The rank order of bac spikes controls gave good separation in the expected rank order as was 

expected from their relative concentration (BioB (red) < BioC (blue), BioD (green) and Cre 

(pink)). This strengthens evidence that there were no issues with the sample preparation.
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Figure 6.7 Box plots of the relative log expression values (miRNA arrays).

The mean absolute RLE is proportional to the width of the box plots. The middle bar of each box 

plot is the median RLE. The red line represents an RLE value of 0. As all median RLE values 

are close to 0 no outliers could be identified.
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Figure 6.8 Probe level quality control metrics (miRNA).

The red line (pm_mean) indicates the mean probe level intensity prior to normalisation or 

background correction. This is used to indicate unusually dim or bright areas on a chip. As little 

variation occurs there is no indication that there are no abnormal values of pm_mean skewing 

the data.
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Figure 6.9 Rank order of bac spike controls.

The rank order of bac spikes controls gave good separation in the expected rank order as was 

expected from their relative concentration (BioB (red) < BioC (blue), BioD (green) and Cre 

(pink)). This strengthens evidence that there were no issues with the sample preparation.

The synthetic spike-in controls all showed little variation and spread and had a log2 

signal value of <9.96 (Figure 6.10). This indicated that the poly(A) tailing and ligation 

was carried out successfully in the absence of RNase in samples.

Overall, from examining the quality control metrics, it could be confirmed that the 

miRNA array experiments were successful and that there were no outlier arrays that 

could cause skewed data analysis.

6.3.2 Summary characteristics analysis of datasets

A Pearson’s correlation was carried out for all samples (gene and miRNA), which are 

shown in Figure 6.11 (A & B). Comparisons were taken between samples within a 

group and between sample groups. A coefficient score of 1 indicates perfect correlation 

between samples and are coloured red on the graph. Perfect correlation was only 

achieved when a sample was compared to itself. A coefficient score of <1 indicates 

less correlation between samples. This is shown in blue on the graph. It must be noted 

that there is very high correlation between all samples regardless of colour.
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Figure 6.10 Spike-in control probe sets.

The log2 signal values of oligos 2, 29, 31 and 36 are shown. As all log2 values are >9.96, this is 

an indication that sample preparation was carried out successfully.
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Figure 6.11 Pearson correlation of samples analysed using Affymetrix gene and miRNA arrays.

Pearson correlation was used to show how closely related the sample groups were to each 

other. Strong correlation is shown in red and weaker correlation is indicated in blue. (A) Pearson 

correlation between mRNA arrays (B) Pearson correlation between mlRNA arrays.
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The scale of correlation values range between 1 and 0.976. This is due to all samples 

being derived from the same cell line UPN251 and derived cell lines receiving relatively 

small drug concentrations of clinical relevance during selection in chapter 4. These 

subtle transcriptomic changes could be important in understanding the development of 

resistance in a clinical setting.

High correlation was seen in the miRNA comparisons between UPN251-7T treated 

with low and high doses of taxol, which would be expected (Figure 6.11 (B)). This 

pattern was also seen in our gene comparisons, but to a slightly lesser extent (Figure 

6.11 (A)). From the gene comparisons, UPN251 (parental) samples differed most from 

UPN251-7C and UPN251-7T. This would be expected, as both resistant sublines 

would have acquired transcriptomic changes during the course of resistance 

development. UPN251-7C and UPN251-7T also differed, indicating that different 

transcriptomic changes were acquired depending on the selecting agent administered. 

These changes were not as prominent in the miRNA comparisons, but could still be 

seen with UPN251 differing from UPN251-7C to the greatest extent (Figure 6.11 (B)).

From a hierarchical clustering analysis we saw that UPN251, UPN251-7C and 

UPN251-7T samples cluster together for all of the gene chips ran (Figure 6.12). This 

indicated that the cell lines have become distinct in their gene signatures. The miRNA 

samples were not grouped together as neatly (Figure 6.13). This is probably due to 

miRNA expression being inherently more plastic and the miRNA chips containing a 

relatively small number of probes compared to the gene chips.
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Figure 6.12 Clustering denogram of hierarchical clustering analysis of all samples run on the 

mRNA Affymetrix arrays.

The different cell lines clustered together showing separation between UPN251 parent cells and 

derived subiines UPN251-7C and UPN251-7T.

246



U.U20

e« Mft M n
l i jr*w -idw

Figure 6.13 Clustering denogram of hierarchical clustering analysis of all samples run on the 

miRNA Affymetrix arrays.

The different cell lines clustered together showing separation between UPN251 parent cells and 

derived sublines UPN251-7C and UPN251-7T.
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6.4 Results and discussion -  Affymetrix gene/mlRNA 

expression

A number of different comparisons were taken between lists of gene and miRNA to find 

differential expression between datasets. Analyses were separated into an analysis of 

carboplatin-resistant biomarkers, taxol-resistant biomarkers, biomarkers for carboplatin 

and taxol that were linked to first response to drug exposure and an investigation into 

the genes and miRNAs that were deregulated between the different comparisons.

The CEL file data from our Affymetrix analysis is attached in CD format to this 

manuscript in the Appendix A folder. The full lists of de-regulated components for all 

comparisons made between gene and miRNA chips are attached in CD format to this 

manuscript in the Appendix B folder.

6.4.1 Carboplatin resistance biomarker discovery

Two types of comparison between samples were made in order to discover carboplatin 

resistant biomarkers from both the gene and miRNA array data sets;

A. UPN251 Vs UPN251-7C

B. UPN251_C Vs UPN251-7C_C

Comparison A examined the differences in expression between parental UPN251 

ovarian cancer cells and its carboplatin resistant subline UPN251-7C. Comparison B 

examined the differences in expression between parental UPN251 cells and its 

carboplatin resistant subline UPN251-7C, after the cells were exposed to the dose of 

carboplatin (2|jg/ml) used to develop UPN251-7C’s resistance phenotype in the cell 

selection strategy (Chapter 4).

Figures 6.14-6.17 gives a visual overview of the mRNA and miRNA data for each 

carboplatin comparison A and B. Each figure contains; (A) a clustering demograph of 

the hierarchical clustering analysis between replicates of both treatments being 

compared, (B) a volcano plot showing the significance and scale of fold change (Log 2) 

of each de-regulated probe in a comparison, (C) a chromosome location plot depicting 

the chromosomal locations of up-regulated and down-regulated probes and (D) a heat 

map showing the overall expressional changes between both treatments. This gives a 

visual overview of the data obtained from Affymetrix analyses for specific comparisons 

of de-regulated probes for easy reference. A large amount of data was simply depicted 

allowing for the rapid identification of any patterns that were present in the data.
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Figure 6.14 Overview of the deregulated gene expression from comparison A=UPN251 V 

UPN251-7C.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated gene. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.15 Overview of the deregulated mlRNA expression from comparison A=UPN251 V 

UPN251-7C.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated mlRNA. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.16 Overview of the deregulated gene expression from comparison B=UPN251_C V 

UPN251-7C_C.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated gene. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6 .17 O verview of the dereg u la ted  mlRNA expression  from com parison  B=UPN251_C V 

UPN251-7C_C.

(A) Clustering dem ograph  of hierarchical clustering analysis betw een  replicates of both 

trea tm en ts. (B) V olcano plot. This show s the  significance and sc a le  of th e  fold ch an g e  of each  

de-regu lated  mlRNA. A djusted P-value is given on Y-axis and Log 2 fold ch an g e  is given on X- 

axis. (C) C hrom osom e location plot. D epicts the  chrom osom al locations of up-regulated  (green) 

and dow n-regulated  g en es . (D) H eat m ap. This show s overall exp ressional c h a n g e s  betw een 

both trea tm en ts. High expression  is given in (green) and  low expression  in (red).
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6.4.1.1 Top five deregulated genes and miRNAs

The top five most de-regulated genes and miRNAs from compansons A and B are 

shown in Table 6.2. As a general trend, there were more down-regulated genes and 

miRNAs than up-regulated gene and miRNAs in the resistant cell lines UPN251-7C  

compared to UPN251 for both A and B comparisons. There were also greater fold 

decreases in expression than fold increases in UPN251-7C compared to UPN251 in A 

and B comparisons. All of the genes that appeared in the top 5 deregulated gene list of 

A and B comparisons also appeared in the other comparison’s gene list at some level 

of fold change (i.e. all of the top five deregulated genes found in A were also found in B 

and vice versa). This indicated that the top genes that had been subjected to changes 

in transcriptional expression during initial exposure to carboplatin when chemo-naTve 

was the same genes that were affected by response to drug exposure in the newly 

developed carboplatin-resistant cell lines. Table 6.3 shows the genes and miRNAs that 

have been found to be involved in ovarian cancer and/or resistance.

A number of transcripts were found in both A and B comparisons’ top 5 deregulated 

lists, comparing UPN251-7C to UPN251 under different conditions. PLAC8, EPHA7, 

CHST9 and miR-125b-1* were up-regulated and SERPINB7, DPP4, miR708, miR205 

and miR449c were down-regulated in UPN251-7C. Only one of these genes, DPP4 

(CD26), has been previously linked to epithelial ovarian cancer. In this study, 

decreased expression was linked to taxol resistance {Kajiyama et al. 2010). The same 

author had previously shown that up-regulation of DPP4 significantly lessens invasive 

potential in ovarian cancer cells both in-vitro and in-vivo by changing cell morphology 

from a fibroblastic to epitheloid pattern {Kajiyama et al. 2002).

Other transcripts from top 5 deregulated lists of A and B, comparing UPN251-7C to 

UPN251 (exploring expressional changes linked to carboplatin resistance), have also 

been linked with resistance in ovarian cancer. These were EEF1A2, GDF15 and 

LIN28B, which were up-regulated, and MAL, miR-98 and miR-152, which were down 

regulated in UPN251-7C compared to UPN251.

The literature supports that the over-expression of EEF1A2, GDF15 and LIN28B is 

associated with chemo-resistance {Bock et al. 2010\ Sun et al. 2008] Topp et al. 2014\ 

Van et al. 2013). In addition, these studies found that over-expression of GDF15 and 

LIN28B are linked to poor prognosis in ovarian cancer. Up-regulation of MAL, which 

was found to be down-regulated in UPN251-7C compared to UPN251 in our study, has 

been found to be associated with platinum resistance in ovarian cancer (Lee et al. 

2010). A number of studies in ovarian cancer patients have also shown that MAL
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Table 6.2 Overview of deregulated genes and miRNA for carboplatin comparisons.

Top 5 deregulated genes and miRNAs are given for each comparison at 2 Fold (base 10) cut off FDR p<0.05. Probe 1-Probe 5 represents the top 5 up/down- 

regulated genes or miRNAs in a comparison.

1 Comparison A: UPN251 V UPN251-7C (changes in carboplatin resistance development)
UP-regulated Gene 80 12.6 PLAC8 8.8 EPHA7 4.6 EEF1A2 4.1 GDF15 4.0 CHST9 3.9

MiRNA 2 4.3 miR-125b-1* 4.3 mlR-3128 2.6
Down-regulated Gene 249 8.1 SLC4A4 20.9 CDH6 20.8 SERPINB7 16.6 DPP4 15.7 BMPR1B 14.1

MiRNA 7 79.5 miR-708 79.5 miR-205 16.7 miR-449c 3.1 miR-501-5p 2.6 miR-532-3p 2.3
Comparison B: UPN251_C V UPN251-7C_C (changes in response to carboplatin in carboplatin resistance development)
Up-regulated Gene 67 20.9 PLAC8 7.2 EPHA7 4.8 P0F1B 4.8 LIN28B 4.1 CHST9 3.8

MiRNA 11 4.3 miR-125b-1* 4.3 miR-3200-3p 3.9 mlR-3687 3.7 mlR-1272 2.7 miR-4417 2.7
Down-regulated Gene 352 20.6 MAL 20.6 SERPINB7 19.1 MAMDC2 18.7 DPP4 15.5 TMEM47 13.7

MiRNA 15 177.4 miR-708 177.4 miR-205 21.1 miR-449c 5.8 miR-152 5.6 miR-98 3.7

Total= Total number of up or down regulated probes from a comparison (For gene chips this will include more than protein coding genes which we are 

interested in for this study (e.g. non protein coding genes, Long non coding RNAs, snoRNA etc.) Only top 5 deregulated genes are given in the body of the 

table), >FC = the greatest fold increase or decrease by a single probe from a comparison (base 10 Fold Change), FC= Fold Change (base 10).
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Table 6.3 Top five transcripts involved in ovarian cancer and/or resistance (carboplatin comparisons).

T PLAC8 Plasmacytoid dendritic 

cell activation

One of 2871 genes associated with doxorubicin 

resistance (endometrial cancer), Up-regulation is linked 

to apoptotic resistance.

Cell-lines : Endometrial cancer (KLE, HEC IB , HEC 1A, RL 95-2 and 

AN3-Ca ) {Indermaur et al. 2010), embryonic kidney (HEK 293T), 

Leukemia (CEM-C7(clone CKM1)), Jukart (clone 293T), epithelial 

(MFC-1 OA), breast cancer (M CF7) (Mourtada-Maarabouni et al. 2013)

t  EPHA7 Protein-tryosine kinase 

(Developmental events)

Up-regulation is linked to resistance in other cancer 

types and it is linked to poor prognosis in other cancer 

types.

Patient tumour tissue {Deng et al. 2011; Kim et al. 2010; Liu et al. 

2013; Wang et al. 2008)

T EEF1A2 Subunit of the elongation 

factor-1 complex

Up-regulation is involved in ovarian cancer progression 

and apoptotic resistance.

Cell lines: Immortalised OSE (I-80R Z and I-144RZ) (Sun et al. 2008)

T G DF15 Differentiation Up-regulation is linked to poor chemotherapy response 

and reduced overall survival in ovarian cancer.

Patient tumour tissue {Bock et al. 2010)

t  LIN28B Cellular transformation Up-regulation is linked to platinum resistance and poor 

prognosis in ovarian cancer.

Cell lines: ovarian cancer (0432 and U c ilO l) (Van et al. 2013) 

patient tumour tissue (Tbpp et al. 2014; Van et al. 2013) 

patient derived xenographs and mouse models {Topp et al. 2014)

i  CDH6 cell-cell adhesion, cell 

differentiation and 

morphogenesis

Down-regulated in estrogen+ ovarian cancer in 

response to 17p-estradiol treatment.

Cell lines: Ovarian cancer (P E 04 ) {W alker et al. 2007) 

"Patient tumour samples {W alker e t al. 2007)

i  DDP4 Intrinsic membrane 

glycoprotein/ serine 

exopeptidase

Down-regulation is linked to taxol resistance in ovarian 

cancer.

Cell lines: Ovarian cancer (SKOV-3, NOS-2, TAOV, NOS-4, HRA, 

RMG-I, RMG-II, N 0S 1 , ES-2, HEY and K 0C -7C ) {Kajiyama eta l. 

2010)

1 BM PR1B Mediates proliferation, 

differentiation and 

apoptosis

Down-regulation is linked to ovarian cancer development 

and poor prognosis.

Patient tumour tissue {Ma et al. 2010)
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1 MAL Hydrophobic integral 

membrane protein 

(diverse functionality)

Up-regulation is linked to platinum resistance and poor 

prognosis in ovarian cancer. There is evidence of Its 

involvement in acquired ovarian cancer resistance.

Cell lines: Ovarian cancer (OVCA432 (Lee et al. 20f0),SKOV-3 

{d'Adhemar et al. 2014))

patients tumour tissue {Berchuck et al. 2005; Berchuck et al. 2009\ 

d'Adhemar et al. 2014, Lee etal. 2010)

1 mlR-205 Regulation of gene 

expression

Up-regulated in ovarian cancer and deregulated in other 

cancer types. MiR-205 in combination with let-7f has 

been proposed as a predictive biomarker for ovarian 

cancer prognosis.

Patient tumour tissue {lorio et al. 2007\ Tsukamoto et al. 2014, Zhou et 

al. 2014) and plasma {Tsukamoto et al. 2014, Zheng et al. 2013)

1 miR-152 Regulation of gene 

expression

It has up {Liu et at. 2014) or down {Xiang et al. 2014) 

regulation in different studies involved in ovarian cancer 

resistance.

Cell lines: ovarian cancer (SKOV-3 and A2780) {Xiang et al. 2014) 

patient tumour tissue {Uu et al. 2014)

[  miR-98 Regulation of gene 

expression

Down-regulated in ovarian cancer chemoresistance. 

Also, deregulated in platinum and hydroxycamptothecin 

resistance in lung and gastric cancer, respectively.

Cell lines: ovarian cancer (SKOV-3 {Wendler et al. 2011)), lung 

cancer(A549 {Xiangetal. 2013)), gastric cancer(BGC-823, SGC-7901, 

MGC-803, HGC-27, NCI-N87 and AGS {Wu et al. 2011))

Green indicates up-regulation and red indicated down regulation of a gene or miRNA. OSE=ovarian serous epithelium, 

*Protein expression examined
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gene expression was increased in patients with poor prognosis {Berchuck et al. 2005; 

Berchuck et al. 2009). MAL is a hydrophobic integral membrane protein of the MAL 

family of proteolipids and has many cellular functions including T-cell signal 

transduction, myelin biogenesis and/or function in the nervous system and the 

formation, stabilisation and maintenance of glycosphingollpid-enriched membrane 

microdomains {Bernard et al. 2013). MAL is known to be required for TLR4 signalling 

by combining with MyD88 in the cytoplasm, initialling a signalling cascade {Fitzgerald 

et al. 2001). Our research group has shown that myD88 expression is significantly 

associated with reduced patient survival and may be required for acquired ovarian 

cancer resistance {d'Adhemar et al. 2014).

As was seen in our study, miR-98 has been found to be down-regulated in ovarian 

cancer resistance in the literature. It was also found to be involved in the regulation of 

PGRMC1, which is elevated in ovarian cancer. PGRMC1 has been shown to be 

involved in the promotion of tumourigenesis and chemo-resistance {Wendler et al. 

2011). It has a binding site for miR-98 and Iet7i (also down regulated in UPN251-7C 

compared to UPN251 in comparison B) in the 3’ region of the gene which was shown in 

ovarian cancer SK0V3 cells.

Mir-152, which was down-regulated in UPN251-7C compared to UPN251 in our study, 

has been shown to be both up and down-regulated in different studies when linked to 

ovarian cancer resistance. One study found miR-152 to be expressed significantly 

higher in drug-resistant ovarian cancer tissue compared to drug-sensitive tissue {Liu et 

al. 2014). The second study found miR-152 and miR-185 to be significantly down- 

regulated in the cisplatin-resistant ovarian cell lines SK0V3/DDP and A2780/DDP, 

compared with their sensitive parental cell lines SK0V3 and A2780 {Xiang et al. 2014). 

The differences between our results and the literature and between different studies in 

the literature for MAL and miR-152 may be due to differences in sample origin.

Some genes and miRNAs from the top 5 lists of A and B, comparing UPN251-7C to 

UPN251 under different conditions (exploring expressional changes linked to 

carboplatin resistance), have not been linked with ovarian cancer in the literature, but 

have been found to be de-regulated in other cancer types. These include PLAC8, 

EPHA7, CHST9, miR-3687 and miR-4417, up-regulated in our study, and SLC4A4, 

SERPINB7, TMEM47, miR-708, miR-449C, miR-501-5p and miR-532-3p down- 

regulated in our study, in UPN251-7C compared to UPN251. Also, potentially novel 

targets may be those that have not been found to be linked to cancer through PubMed 

searches to date. These potential targets may have been linked to other diseases or 

syndromes or be newly discovered and relatively unstudied (which is the case in some
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of the miRNAs found). From our carboplatin comparisons (A and B), we found a 

number of potentially novel ovarian cancer biomarkers, which appeared in our top five 

de-regulated lists that have not been linked to cancer in the literature to our knowledge. 

These included P0F1B, miR-125b-1*, miR-3128, miR-3200-3p and miR-1272 which 

were up-regulated and MAMDC2, which was down-regulated in UPN251-7C compared 

to UPN251 in our carboplatin comparisons (A and B).

6.4.1.2 Pathway analysis by DAVID

Pathway analysis of A and B comparisons by DAVID v6.7 was carried out on our gene 

array data to predict pathways that our deregulated genes may be involved in. An 

overview of the pathways predicted by DAVID from comparisons A and B, comparing 

UPN251-7C to UPN251 (exploring expressional changes linked to carboplatin 

resistance), is shown in Table 6.4. Three pathways were found in both A and B, namely 

hematopoietic cell lineages, axon guidance and cytokine-cytokine receptor interactions. 

Three other pathways were found only in B. These were basal cell carcinoma, 

hedgehog signalling pathway, and pathways in cancer. Only two of the genes found in 

the pathway analysis were present in the top 5 de-regulated gene lists. Those were 

EPHA7 (Axon Guidance pathway) and BMPR1B (cytokine-cytokine receptor 

Interactions), which have been discussed above in section 6.4.1.1 and Table 6.3.

6.4.1.2.1 Hematopoietic ceil lineages

Hematopoietic cell lineages refer to a pathway of genes that are ordinarily involved in 

the blood-cell development process, where hematopoietic stem cells either self-renew 

or differentiate into a multilineage committed progenitor cell. The stage and specific 

lineage of a cell in the differentiation process is defined by a lineage-specific 

expression pattern of genes that code for surface markers, a number of which have 

been identified in our deregulated gene lists. The genes from our study are spread out 

across different stages and lineages of cells in this pathway. For this reason, it is 

unlikely to be of importance that this subset of genes from our list is involved in this 

blood cell development pathway. However, individually these genes may still be 

involved in ovarian cancer resistance and could be used as biomarkers. Hematopoietic 

cytokines, which regulate the growth and differentiation of hematopoietic progenitor 

cells, have been investigated in epithelial ovarian cancer as tumour markers {Lawicki et 

al. 2012). Lawicki et al (2012) found that CSF-1 could be used in ovarian cancer 

diagnosis to discriminate between cancerous and non-cancerous legions and could be 

used to compliment CA125. Table 6.5 gives an overview of the genes identified in the
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Table 6.4 DAVID carboplatin resistance pathway analysis.

The de-regulated genes found in comparisons A (UPN251 V UPN251-7C) and B (UPN251_C V 

UPN251-7C_C) Carboplatin Analyses.

Common Pathways (Found in A and B comparisons)

Hematopoietic Cell Lineages A ONLY N/A

BONLY CD55, CSF1, IL6, ITGA6

COMMON ANPEP, CD9, IL1R1, IL7, ITGA2, KITLG,

Axon Guidance A ONLY SLIT2

BONLY SEMA3A, SLIT3

COMMON EFNB2, EPHA7, NTN1, NTN4, NTNG1, R0B01

Cytokine-Cytokine Receptor 
Interactions

A ONLY TNFRSF19

BONLY CCL2, CSF1, IL23A, TNFRSF9

COMMON BMP2, BMPR1B, CCL20, IL1R1, IL7, IL18R1, 
KITLG,TNFRSF11A

Pathways found only in B:

Basal Cell Carcinoma & BONLY BMP2, GLI3, HHIP

IHedgehog Signalling Pathway
A ALSO SMO, WNT7A

Pathways in Cancer BONLY FGF18, JUP, MMP9, LAMC2

Other
Pathways

BMP2, GLI3, HHIP, ITGA2 , ITGA6, KITLG, 
WNT7A

A ONLY= Genes only found in A comparison by DAVID pathway analysis for a given pathway, 

B ONLY= Genes only found in B comparison by DAVID pathway analysis for a given pathway, 

COMMON= Genes found in both A & B comparison by DAVID pathway analysis for a given 

pathway, A ALSO=genes were deregulated in A comparison also but were not picked up by 

DAVID pathway analysis. Other Pathways= Genes were also found in other pathways found by 

DAVID pathway analysis. (RED) genes are down regulated (Green) genes are up-regulated.

259



Table 6.5 Deregulated genes in the hematopoietic cell lineages pathway.

Gene Deregulation Literature Ovarian cancer/resistance

linked references

ANPEP 1 A(3.9), B(5.5) Deregulated in other cancer types (not previously In 

ovarian).

CDS i  A(2.6), B(3.0) Deregulation Is linked to ovarian cancer but not yet 

chemoresistance.

(Bauerschlag et al. 2013; 

Furuya et al. 2005; Houle et 

al. 2002; Hwang et al. 2012)

CD55 i  B(2.2) Up-regulatlon mediates resistance to complement- 

mediated cytotoxicity (ovarian cancer cell). Also, 

deregulated in other cancer types.

(Mamidi et al. 2013)

CSF1 i  B(2.0) Deregulated in other cancer types (not previously in 

ovarian).

IL1R1 i  A(3.1), B(3.9) Deregulated In other cancer types (not previously In 

ovarian).

IL6 i  B(2.2) Up-regulatlon is linked to cisplatin and/or taxol 

resistance and poor prognosis In ovarian cancer cell 

lines, patient tumour tissue, serum and ascites.

(Coward et al. 2011; Hong 

et al. 2007: Wang et al. 

2010)

IL7 i  A(3.3), B(2.8), 

C(2.2)

Up-regulatlon Is linked to ovarian cancer prognosis 

but not yet chemoresistance. Evidence from protein 

levels In patient tumour serum samples.

(Lambeck et al. 2007; Xle et 

al. 2004)

ITGA2 i  A(4.6), B(4.5), 

0(2.1)

Deregulated In other cancer types (not previously in 

ovarian).

ITGA6 i  B(2.4), D(2.3) Deregulated in other cancer types (not previously In 

ovarian).

KITLG j  A(6.4), B(10.5) Up-regulation is linked to cisplatin and/or taxol 

resistance In ovarian cancer cells.

(Shaw et al. 2007; Zhang et 

al. 2008b)

Deregulation=comparison (Fold Change); Comparison A=UPN251 V UPN251-7C 

(Genes/miRNA changes in carboplatin resistance development), Comparison B=UPN251_C V 

UPN251-7C_C (Genes/miRNA changes in response to carboplatin in carboplatin resistance 

development), Comparison C=UPN251 V UPN251-7T (Genes/miRNA changes in taxol 

resistance development). Comparison D=UPN251_TL V UPN251-7T_TL (Genes/miRNA 

changes in response to low dose taxol in taxol resistance development), f  = significant up- 

regulated expression. J, = significant down-regulated expression.
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Hematopoietic cell lineages pathway that have been linked to ovarian cancer and/or 

resistance.

6.4.1.2.2 Axon guidance

The axon guidance pathway is an important step in the formation of the neuronal 

network. A number of guidance factors are involved in guiding axons such as ephrins, 

netrins, slits, and semaphorins. Guidance cues from these factors are read by growth 

cone receptors and signal transduction pathways downstream results in changes made 

to cytoskeletal organisation, which determines the orientation that the growth cones will 

grow. Studies have shown that guidance factors are expressed outside of the nervous 

system and that their expression may play an important role in cancer {Chedotal et al. 

2005). Table 6.6 shows an overview of the genes identified in the axon guidance 

pathway that have been linked to ovarian cancer and/or resistance.

6.4.1.2.3 Cytokine-cytokine receptor interaction

Cytokines are soluble extracellular proteins or glycoproteins that play an integral role in 

intracellular regulation and mobilisation of cells. They are engaged in a number of 

processes including innate and adaptive immune response, cell growth, differentiation, 

angiogenesis, cell death, and development and repair processes of homeostasis. 

Cytokines are released by a huge number of different cell types in the body, usually in 

response to stimuli, and mediate responses in target cells by binding to cell surface 

target receptors. It has been well established that expression of cytokines and their 

receptors have a role to play in cancer and may have a role to play in the progression 

of ovarian cancer {Balkwill 2004] Nash et al. 1999). The expression of cytokines has 

been investigated in ovarian cancer cell lines, ascites fluid and biopsies from ovarian 

cancer patients in different studies {Kulbe et al. 2012\ Matte et al. 2012). These studies 

revealed that there is a complex network of deregulated cytokines involved in ovarian 

cancer progression, which is influenced by cytokines in the extracellular 

microenvironment. They also indicate that the expression of cytokines and cytokine 

receptors within the cell mediate key cellular events. Table 6.7 gives an overview of the 

genes identified in the axon cytokine-cytokine receptor interaction pathway that have 

been linked to ovarian cancer and/or resistance.

6.4.1.2.4 Hedgehog signalling pathway

Members of the Hedgehog family of secreted proteins play a pivotal role in the 

development of diverse animal phyla, including human, where they control 

morphogenesis in a variety of tissues and organs. The Hedgehog family also mediates
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Table 6.6 Deregulated genes in the axon guidance pathway.

Gene* Deregulation Literature Ovarian cancer/resistance

linked references

EFNB2 i  A(4.6), B(7.8) Deregulated in other cancer types (not previously in 

ovarian).

NTN1 i  A(2.5), B(2.8) Up-regulated in ovarian cancer tissue and linked to 

apoptotic resistance. Also, deregulated and linked to 

poor prognosis in other cancer types.

(Papanastasiou et al. 2011)

NTN4 1 A(2.9), B(3.6) Deregulated in other cancer types (not previously in 

ovarian).

NTNG1 i  A(2.5), B(2.2), 

C(2.1)

Has not been previously identified in cancer.

R0B01 1 A(2.0), B(2.0) Deregulation is linked to ovarian cancer but not yet 

chemoresistance.

(Dai et al. 2011; Dickinson 

etal. 2011)

SEMA3A i  B(2.6), C(2.2), 

D(2.9), E(2.4)

It has not previously been identified in ovarian 

cancer but it has been shown to facilitate the 

circumvention of resistance mechanisms in other 

cancer types.

(Maione et al. 2009)

SLIT2 i  A(2.2) 'Deregulation is linked to ovarian cancer but not yet 

chemoresistance.

(Dai et al. 2011; Dickinson 

et al. 2011; Dong et al. 

2012; Qiuetal. 2011).

SLIT3 i  B(2.0) ''Deregulation is linked to ovarian cancer but not yet 

chemoresistance.

(Dai et al. 2011; Dickinson 

etal. 2011)

Deregulation=comparison (Fold Change); Comparison A=UPN251 V UPN251-7C 

(Genes/miRNA changes in carboplatin resistance development), Comparison B=UPN251_C V 

UPN251-7C_C (Genes/miRNA changes in response to carboplatin in carboplatin resistance 

development), Comparison C=UPN251 V UPN251-7T (Genes/miRNA changes in taxol 

resistance development). Comparison D=UPN251_TL V UPN251-7T_TL (Genes/miRNA 

changes in response to low dose taxol in taxol resistance development), Comparison 

E=UPN251_TL V UPN251-7T_TH (Genes/miRNA changes in response to high dose taxol in 

taxol resistance development), "f = significant up-regulated expression. J, = significant down- 

regulated expression.

*Not included in table: EPHA7 (discussed in section 6.4.1.1)

“Protein and mRNA expression examined
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Table 6.7 Deregulated genes in the cytokine-cytokine receptor interaction pathway.

Gene* Deregulation Literature Ovarian cancer/resistance 

linked references

CCL2 i  B(2.5) Down-regulation Is linked to cisplatin and/or taxol 

resistance and poor prognosis in ovarian cancer cell 

line and patient data.

(Arnold et at. 2005; Fader et 

at. 2010; Furukawa et al. 

2013; Wojnarowicz et al. 

2008)

CCL20 i  A(2.1), B(3.8) Expressed at low levels in ascites fluid of ovarian 

cancer patients and cell lines after IL1 and TNF 

exposure

(Schutyser et al. 2002; Son 

et al. 2007)

IL23A i  B(2.4), D(2.6) Deregulation Is linked to ovarian cancer 

development but not yet chemoresistance. Also, 

deregulated In other cancer types.

(Backman et al. 2014)

IL18R1 i  A(3.9), B(3.0) Has not previously been identified in cancer.

TNFRSF9 i  B(2.8) Currently under investigation as a novel target in 

ovarian cancer treatment.

(Wei et al. 2013a)

TNFRSF11

A

i  A(2.0), B(3.1) Down-regulation is linked to cisplatin resistance in 

ovarian cancer cells. Also, deregulated in other 

cancer types.

(Yoon et al. 2010)

TNFRSF19 i  A(2.6), B(2.3) Deregulation is linked to temozolomide resistance in 

Glioblastoma. Also, deregulated in other cancer 

types but not yet linked to ovarian cancer.

(Loftus et al. 2013)

Deregulation=comparison (Fold Change); A=UPN251 V UPN251-7C (Genes/miRNA changes in 

carboplatin resistance development), Comparison B=UPN251_C V UPN251-7C_C 

(Genes/miRNA changes in response to carboplatin in carboplatin resistance development), 

Comparison D=UPN251_TL V UPN251-7T_TL (Genes/miRNA changes in response to low 

dose taxol in taxol resistance development). |  = significant up-regulated expression. |  = 

significant down-regulated expression.

*Not included in table: BMPR1B and BMP2 (discussed in Table 6.3), CSF1, IL1R1, IL7 and 

KITLG (discussed in Table 6.5)
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stem cell proliferation in adult tissue and aberrant expression of its members has been 

linked to multiple cancer types, {Evangelista et al. 2006) including ovarian cancer 

{Chen et al. 2007). The exact same genes that were found by DAVID in the hedgehog 

signalling pathway were found in the basal cell carcinoma pathway. This was because 

hedgehog signalling plays a big part in the development of this carcinoma (Daya- 

Grosjean et al. 2005). Table 6.8 gives an overview of the genes identified in the 

hedgehog signalling pathway that have been linked to ovarian cancer and/or 

resistance.

6.4.1.2.5 Pathways in cancer

In DAVID, the ‘Pathways in cancer’ pathway brings up genes that are well established 

as being involved in cancer. A number of genes have already been discussed from the 

previous pathway analyses. However, any gene not covered previously will be 

summarised in Table 6.9. In total this included five genes (FGF18, JUP, MMP9, and 

LAMC2), which were all down-regulated in UPN251-7C compared to UPN251.

6.4.1.3 MiRNA-Target interactions (MTIs) for carboplatin resistance 

analyses

Figure 6.18 shows the possible miRNA-Target interactions (MTIs) networks for our 

carboplatin compahsons A and B (exploring expressional changes linked to carboplatin 

resistance). Table 6.10 gives the strengths of each interaction pair in the form of an r̂  

value from a Pearson correlation test.

Analysis of comparison A (Exploring the difference between carboplatin-sensitive and 

carboplatin resistant cells), revealed only one miRNA that had validated interactions 

between two genes from our deregulated gene and miRNA lists (see Figure 6.18 (A)). 

MiR-205 was down regulated, while GLI3 and CTGF were up-regulated in UPN251-7C 

compared to UPN251. MiR-205 has been shown to be frequently down-regulated in 

advanced cancers, but has also been shown to be up-regulated in cancer depending 

on the tissue of origin {lorio et al. 2007). This suggests that miR-205 has many different 

targets that can contribute to a cancerous phenotype {Tsukamoto et al. 2014). 

Although miR-205 up-regulation has been seen in previous ovarian cancer studies 

{Zheng et al. 2013] Zhou et al. 2014), its down-regulation might contribute to ovarian 

cancer carboplatin resistance in this study by allowing the expression of GLI3, a 

molecule of the hedgehog signalling pathway (section 6.4.1.2.4). Gli3 is known to be a 

marker of poor prognosis in NSCLC {Bai et al. 2013) and chemoresistance in cervical 

cancer {Wen et al. 2014). Regarding CTGF, normal ovarian epithelial cells usually
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Table 6.8 Deregulated genes in the hedgehog signalling pathway.

Gene* Deregulation Literature Ovarian cancer/resistance

linked references

GLI3 T B(2.3) Deregulated in other cancer types (not previously In 

ovarian cancer). Also, up-regulatlon has been 

associated with chemoreslstance In cervical cancer.

(Wen et al. 2014)

HHIP i  B{2.7), D(2.8) Up-regulated In ovarian endometrioid carcinoma but 

has not yet been identified in epithelial serous.

(Steg et al. 2006)

SMO iA(2.3), B(2.2) Up-regulatlon is linked to taxol resistance In ovarian 

cancer cell line and patient data.

(Chen et al. 2007; 

al. 2012)

Steg et

WNT7A iA(2.1), B(2.4) Deregulated In ovarian cancer patients and cell 

lines. Its Linked to poor prognosis but not yet 

chemoreslstance In ovarian cancer.

(Memtt et al. 2009; 

Yoshloka et al. 2012; Zhang 

et al. 2010)

Deregulation=comparison (Fold Change); A=UPN251 V UPN251-7C (Genes/miRNA changes in 

carboplatin resistance development), Comparison B=UPN251_C V UPN251-7C_C 

(Genes/miRNA changes in response to carboplatin in carboplatin resistance development), 

Comparison D=UPN251_TL V UPN251-7T_TL (Genes/miRNA changes in response to low 

dose taxol in taxol resistance development). T = significant up-regulated expression, j, = 

significant down-regulated expression.

*Not included in table: BMP2 (discussed in Table 6.3)
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Table 6.9 Deregulated genes in the pathways in cancer pathway.

Gene* Deregulation Literature Ovarian cancer/resistance

linked references

FGF18 i  B(2.5) Up-regulation Is linked to poor prognosis and 

carboplatln/taxol chemoreslstance in ovarian cancer 

patients.

(Meng et al. 2014; Wei et al. 

2013b)

JUP i  B(2.6), C(2.6), 

D(2.3), E(2.1)

Has been investigated in ovarian cancer patients but 

was not found to be predictive of prognosis or 

recurrence.

(Faleiro-Rodrigues et al. 

2004)

LAMC2 i  B(4.3), C(3.3), 

D(4.0), E(2.8)

Deregulated In other cancer types (not previously in 

serous ovarian cancer, but was found In mucinous).

(Okuma et al. 2010)

MMP9 i  8(3.1), D(2.6) Deregulation is linked to ovarian cancer prognosis 

and chemoreslstance. It has also been Investigated 

as a target for therapy.

(Laios et al. 2008b; Laios et 

al. 2013; Latin et a/. 2012; Li 

et al. 2013)

Deregulation=comparison (Fold Change); Comparison B=UPN251_C V UPN251-7C_C 

(Genes/miRNA changes in response to carboplatin in carboplatin resistance development), 

Comparison C=UPN251 V UPN251-7T (Genes/miRNA changes in taxol resistance 

development), Comparison D=UPN251_TL V UPN251-7T_TL (Genes/miRNA changes in 

response to low dose taxol in taxol resistance development), Comparison E=UPN251_TL V 

UPN251-7T_TH (Genes/miRNA changes in response to high dose taxol in taxol resistance 

development), t  = significant up-regulated expression. J, = significant down-regulated 

expression.

*Not included in table: BMP2 (discussed in Table 6.3), ITGA2, ITGA6 and KITLG (discussed in 

Table 6.5), GLI3 and HHIP (discussed in Table 6.8).
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Figure 6.18 miRNA/mRNA interactions for comparisons A and B.

(A) Shows the possible interactions between mRNA and miRNA molecules in our cell lines for 

the de-regulated datasets of Comparison A (UPN251 V UPN251-7C) (B) Shows the possible 

interactions between mRNA and miRNA molecules in our cell lines for the de-regulated 

datasets of Comparison B (UPN251_C V UPN251-7C_C). The likelihood that a gene interacts 

with a miRNA is given as a r̂  value from a Pearson correlation test given on the line between 

each interaction and is based on their relative expressions from our Affymetrix array data. 

Please note that the distance of the lines is random and does not indicate strength of an 

interaction. Arrows/numbers represent the direction and fold of deregulation in UPN251-7C 

compared to UPN251.
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Table 6.10 MiRNA-Target Interactions for carboplatin comparisons.

Validated or predicted status of in Interaction is given along with the strength of the interaction in the form of an r  ̂value from Pearson correlation analysis.

A mlR-205 CTGF Validated -0.98 0.95 D Let-71 CA9 Validated -0.93 0.86
miR-205 GLI3 Validated -0.93 0.86 D Let-71 LIN28B Validated -0.92 0.85

mlR-98 CA9 Validated -0.82 0.66
mlR-98 CHRNB1 Validated -0.91 0.82
mlR-98 HK2 Validated -0.81 0.66
mlR-98 NPR3 Validated -0.93 0.87
miR-98 SPRY1 Validated -0.80 0.64
miR-98 TBC1D30 Validated -0.76 0.57
miR-205 GLI3 Validated -0.96 0.93
mlR-504 PPP1R10 Predicted -0.17 0.03

Comparison A=UPN251 V UPN251-7C (Genes/miRNA changes in carboplatin resistance development), Comparison B=UPN251_C V UPN251-7C_C 

(Genes/miRNA changes in response to carboplatin in carboplatin resistance development), r=Pearson correlation coefficient value.
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express CTGF. Its expression is frequently lost due to methylation during cancer 

progression {Jacobson et al. 2012). In early stage cancer, high expression has a 

protective effect with patients experiencing prolonged survival. However, in late stage 

ovarian cancer, where CTGF expression is restored, high expression is correlated to a 

malignant phenotype {Kikuchi et al. 2007). When CTGF acts as a tumour promoter, it 

promotes tumour invasion, cell survival and angiogenesis {Jacobson et al. 2012). 

Increased expression of GLI3 and CTGF by suppression of miR-205 may have 

contributed to UPN251-7Cs carboplatin resistant phenotype.

Again, the interaction of miR-205 and GLI3 was found in comparison B (Exploring the 

difference between carboplatin-sensitive and carboplatin resistant cells in response to 

carboplatin exposure (Figure 6.18 (B)). A predicted interaction between miR-504 and 

PPP1R10 was found, but this has not been experimentally validated. An interesting 

interaction from this analysis may be the expression of LIN28B repressing the 

expression of miRNA let-7i in UPN251-7C compared to UPN251. LIN28B is an inhibitor 

of the Let-7 processing system. High expression of LIN28B, which will result in reduced 

expression of Let-7 family members, is correlated with shorter progression free and 

overall survival in ovarian cancer {Lu et al. 2009a). Down-regulation of let-7i has been 

linked to cisplatin chemoresistance in ovarian cancer {Yang et al. 2008b). Knockdown 

and expressional studies in ovarian and breast cancer cell lines have confirmed that 

reduced expression of let-7i significantly increased cisplatin resistance. Microarray 

studies showed that decreased expression of let-7i in ovarian cancer patients 

correlated with shorter progression-free survival {Yang et al. 2008b). Also, our research 

group have found that there are reduced levels of Iet7i in the serum of ovarian cancer 

patients compared to benign cases {Langhe et al. 2014). These results indicate that let- 

71 may be a good candidate biomarker for platinum resistance in ovarian cancer. Our 

study indicates that this, in combination with LIN28B, may be a viable marker. The 

other gene that interacts with let-7i in our study is CA9, a transmembrane zinc 

metalloenzyme. Up-regulation of this gene, in combination with the up-regulation of 

VEGF, has been found to be a significant indicator of chemotherapy resistance and 

poor overall survival in serous ovarian cancer patients {Williams et al. 2012). In 

endometrioid and mucinous ovarian cancer, over-expression of CA9 is often seen. It 

has the potential to act as an independent indicator of poor patient survival 

{Choschzick et al. 2011). Our research group has shown CA9 to be down-regulated in 

ovarian cancer cell line A2780 in hypoxic conditions when treated with cisplatin 

{McEvoy 2012). CA9 also interacts with miR-98. However, our study predicts that this 

interaction is weaker than its interaction with let-7i. They had Pearson r̂  values of 0.66
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and 0.86 respectively (see table 6.10). MiR-98 is another member of the let-7 family. 

Down-regulation, involving in the promotion of chemo-resistance in ovarian cancer, has 

been seen in the literature {Wendleret al. 2011). Aberrant miR-98 expression has also 

been shown to be involved in platinum resistance in lung cancer {Xiang et al. 2013). 

This interaction between miR-98 and CA9 may have a role to play in carboplatin 

chemoresistance in our cell lines. MiR-98 had a total of 5 validated targets found in our 

study in comparison B, companng UPN251 to UPN251-7C after carboplatin exposure. 

It had the highest potential correlated interaction with NPR3 in our study, with a 

Pearson r̂  value of 0.87 (see Table 6.10). This gene encodes a natriuretic peptide 

receptor that is responsible for clearing circulating and extracellular natriuretic peptides 

through endocytosis of the receptor. High expression of this gene, in medulloblastoma 

patients, has been significantly associated with poor progression-free survival and 

overall survival {Northcott et al. 2011). This interaction may also play a role in our 

carboplatin resistance phenotype and may act as a potential biomarker in ovarian 

cancer platinum resistance.

6.4.2 Taxol resistance biomarker discovery

Three comparisons were made in order to discover biomarkers of taxol resistance from 

both the gene and miRNA array data sets;

C. UPN251 Vs UPN251-7T

D. UPN251_TLVsUPN251-7T_TL

E. UPN251_TL Vs UPN251-7T_TH

Comparison C examined the differences in expression between parental UPN251 

ovarian cancer cells and its taxol resistant subline UPN251-7T. Comparison D and E 

examined the differences in expression between parental UPN251 and its taxol 

resistant subline UPN251-7T, after the cells were exposed to a dose of taxol. In 

comparison D, a low dose of taxol (15ng/ml) was applied to both cell lines to examine 

expressional differences upon taxol exposure. In comparison, E UPN251-7T was 

exposed to a higher dose of taxol (60ng/ml), which was used to develop UPN251-7T’s 

resistance phenotype in the cell selection strategy (Chapter 4). A lower dose of taxol 

(15ng/ml) was applied to UPN251 parental cells, as too much cell death occurred over 

a three day exposure to harvest enough RNA for array analysis.

Figures 6.19-6.24 gives a visual overview of the mRNA and miRNA data for each taxol 

comparison C, D and E. Each figure contains; (A) a clustering demograph of the
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Figure 6.19 Overview of the deregulated gene expression from comparison C=UPN251 V 

UPN251-7T.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated gene. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.20 Overview of the deregulated miRNA expression from comparison C=UPN251 V 

UPN251-7T.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated miRNA. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.21 Overview of the deregulated gene expression from comparison D=UPN251_TL V 

UPN251-7T_TL.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated gene. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.22 Overview of the deregulated miRNA expression from comparison D=UPN251_TL V 

UPN251-7T_TL.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated miRNA. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.23 Overview of the deregulated gene expression from comparison E=UPN251_TL V 

UPN251-7T_TH.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated gene. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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Figure 6.24 Overview of the deregulated miRNA expression from comparison E=UPN251_TL V 

UPN251-7T_TH.

(A) Clustering demograph of hierarchical clustering analysis between replicates of both 

treatments. (B) Volcano plot. This shows the significance and scale of the fold change of each 

de-regulated miRNA. Adjusted P-value is given on Y-axis and Log 2 fold change is given on X- 

axis. (C) Chromosome location plot. Depicts the chromosomal locations of up-regulated (green) 

and down-regulated genes. (D) Heat map. This shows overall expressional changes between 

both treatments. High expression is given in (green) and low expression in (red).
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hierarchical clustering analysis between replicates of both treatments being compared, 

(B) a volcano plot showing the significance and scale of fold change (Log 2) of each 

de-regulated probe in a comparison, (C) a chromosome location plot depicting the 

chromosomal locations of up-regulated and down-regulated probes and (D) a heat map 

showing the overall expressional changes between both treatments. This gave a visual 

overview of the data obtained from Affymetrix analyses for specific comparisons of de

regulated probes for easy reference. A large amount of data was simply depicted 

allowing for the rapid identification of any patterns present in the data.

6.4.2.1 Top five deregulated genes and miRNAs

The top five most de-regulated genes and miRNAs between UPN251 and UPN251-7T 

from comparisons C, D and E are given in Table 6.11. As a general trend, there were 

more down-regulated genes than up-regulated genes in UPN251-7T compared to 

UPN251 in our comparisons, while a similar number of miRNAs were up- and down- 

regulated. There was a similar level of fold increased and decreased gene expression 

in our taxol comparisons, while the miRNA had much larger fold decreases than fold 

increases in UPN251-7T compared to UPN251. As in the carboplatin comparisons, all 

of the genes that appeared in the top 5 deregulated genes lists of C, D and E 

comparisons also appeared in the other comparisons gene list at some level of fold 

change (e.g. all of the top 5 deregulated genes found in C are also found in D and E 

comparisons). This indicates that the top genes that were subject to changes in 

expression during the development of taxol resistance were the same genes that were 

affected by response to drug exposure in the newly developed taxol-resistant cell lines.

Some of the genes and miRNAs that were found in our top five deregulated taxol 

compansons were also found in the top five deregulated carboplatin comparison lists 

(Table 6.11 and 6.2 respectively). PLAC8 was highly up-regulated in all five carboplatin 

and taxol comparisons (comparing UPN251-7C/UPN251-7T to UPN251 under different 

conditions), while miR125b-1* was up-regulated in the top five lists of A, B and E 

comparisons. Both miR-205 and miR-708 were highly down-regulated in all of our 

comparisons (A-E, comparing UPN251-7C/UPN251-7T to UPN251 under different 

conditions). MiR-3200-3p was down-regulated in B, D and E’s lists, implying that it may 

be involved in platinum/taxane drug response in chemoresistant sublines. As these 

genes and miRNAs have been previously discussed in the carboplatin resistance 

biomarker discovery section above (section 6.4.1), they will not be further discussed 

here.
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Table 6.11 Overview of deregulated genes and miRNA for taxol connparisons. 

Top 5 deregulated genes and miRNAs are given for each comparison at 2 Fold (base 10) cut off FDR p<0.05. Probe 1-Probe 5 represents the top 5 up/down- 

regulated genes or miRNAs in a comparison.

Comparison C: UPN251 V UPN251-7T (changes in taxol resistance development) I
UP-regulated Gene 52 10.8 PU\C8 7.9 ABCB1 4.0 TENM2 3.5 MAP3K15 3.5 SRPX2 3.1

MiRNA 3 11 miR-145 11.0 miR-143 3.3 miR-139-5p 2.6
Down-regulated Gene 118 8.9 MAL2 8.9 AREG 5.4 NIDI 5.2 CRISPLD1 4.7 EDNRA 4.7

MiRNA 9 8.9 1miR-3929 8.9 miR-205 7.9 miR-708 7.2 miR-4440 2.9 miR-135b* 2.7
Comparison D: UPN251_TL V UPN251 -7T_TL (changes in response to low dose taxol in taxol resistance development)
Up-regulated Gene 79 11.4 PLAC8 8.2 MAP3K15 4.5 ABCB1 3.7 TENM2 3.6 DYSF 3.3

MiRNA 17 9.5 miR-145 9.5 miR-143 4.9 miR-766 3.4 miR-3200-3p 3.0 miR-210 3.0
Down-regulated Gene 147 8.8 MAL2 8.8 AREG 8.0 EDNRA 6.4 CTSS 5.8 NIDI 5.5

MiRNA 12 6.7 miR-708 6.9 miR-3929 4.9 miR-29b 3.0 mlR-146a 2.9 miR-135b* 2.7
Comparison E: UPN251_TL V UPN251-7T_TH (changes in response to high dose taxol in taxol resistance development)
Up-regulated Gene 34 10.0 PLAC8 7.0 MAP3K15 3.7 ABCB1 3.5 SRPX2 2.8 TENM2 2.6

MiRNA 8 7.3 miR-145 7.3 mlR-125b-1* 3.4 mlR-148a 3.0 miR-3934 2.5 miR-3200-3p 2.5
Down-regulated Gene 99 8.7 MAL2 8.7 AREG 7.7 EDNRA 5.6 NID1 4.8 CRISPLD1 4.3

MiRNA 6 7.9 miR-708 7.8 mlR-3929 5.9 miR-1273d 3.1 miR-205 2.6 miR489 2.4

Total= Total number of up or down regulated probes from a comparison (For gene chips this will include more than protein coding genes which we are 

interested in for this study (e.g. non protein coding genes, Long non coding RNAs, snoRNA etc.) Only top 5 deregulated genes are given in the body of the 

table), >FC = the greatest fold increase or decrease by a single probe from a comparison (base 10 Fold Change), FC= Fold Change (base 10).
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Of the remaining transcripts, ABCB1, TENM2, MAP3K15, SRPX2, miR-145 and miR- 

143, were up-regulated and MAL2, AREG, N ID I, CRISPLD1, EDNRA, miR-3929 and 

miR-135b* were down-regulated in the top 5 gene and miRNA lists of more than one 

taxol comparison (C, D or E). Table 6.12 gives an overview of all transcripts from our 

top five deregulated taxol comparisons (C, D and E) that are involved In ovarian cancer 

and/or resistance. The transcripts from our lists that have been linked to 

chemoresistance were ABCB1, SRPX2, miR-143, miR-145, miR-148a and miR-766 

(up-regulated in UPN251-7T compared to UPN251) and AREG, CTSS, MAL2, miR- 

29b, mlR-146a and miR-489 (down-regulated in UPN251-7T compared to UPN251). 

Those that were linked to chemoresistance in ovarian cancer were ABCB1, AREG, 

MAL2, miR-143, miR-145, miR-29b, miR-146a and miR-489.

P-glycoprotein (P-gp), the protein coded for by ABCB1 (MDR-1) gene, was found to be 

up-regulated in our taxol resistant subline UPN251-7T and down-regulated in our 

carboplatin resistant subline UPN251-7C when treated with carboplatin in chapter 5. 

This is reflected in our Affymetrix array data. ABCB1 mRNA was over-expressed in 

UPN251-7T compared to UPN251 in the C, D and E taxol comparisons and was under

expressed in UPN251-7C compared to UPN251 in the A and B carboplatin 

comparisons (exploring expressional changes linked to carboplatin resistance). As up- 

regulation of ABCB1 occurs with taxane resistance in our study and down-regulation of 

ABCB1 occurs in platinum resistance in our study, ABCBI/P-gp may have a role to 

play in the inverse resistance relationship between platinum and taxanes examined in 

chapter 4.

MAL2, a gene that codes for a multispan transmembrane protein of the MAL proteolipid 

family, has been found to be over-expressed in ovarian cancer by many independent 

microarray studies, but could not be linked to patient outcome {Byrne et at. 2010). 

However, MAL family members may be involved in acquired ovarian cancer resistance 

{d'Adhemar et al. 2014). Data from our group suggests that a functioning TLR4/MyD88 

pathway is required for cells to acquire chemoresistance in ovarian cancer. Signalling 

from this pathway requires the interaction of MAL members with MyD88. For this 

reason MAL members may influence a resistance phenotype in ovarian cancer. Up- 

regulation of MAL2 specifically has also been linked to platinum resistance in 

pancreatic cancer {Arumugam et al. 2009).

AREG, like MAL2, has been shown to be up-regulated in cancer and cancer resistant 

phenotypes in the literature. However, MAL2 is down-regulated in UPN251-7T  

compared to UPN251 in our study. AREG over-expression has been found in ovarian 

cancer and has been linked to ovarian cancer progression and resistance
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Table 6.12 Top five transcripts involved in ovarian cancer and resistance (taxol comparisons).

T ABCB1 Transmembrane efflux 

pump.

Up-regulation is linked to taxol resistance and bad prognosis in ovarian 

cancer {Chapter 1 section 1.6.1.)

Cell lines; Ovarian cancer (SK0V-3(Duan etal. 1999), 

KF, SKOV-3, K0C7C (Kamazawa et at. 2002), “2008 

{Parekh et al. 1997))

Patient tumour tissue {Kamazawa et al. 2002, 

Nakayama et al. 2002)

T SRPX2 Brain development and 

possible role in 

angiogenesis.

Up-regulation is linked with chemotherapy resistance in leukaemia and 

un-favourable outcome in gastric cancer. It has not yet been linked to 

ovarian cancer.

Cell lines: leukaemia (U0C-B1) {Kurosawa etal. 

1999) Patient gastric tumour tissue (Yamada et al. 

2014)

i MAL2 Multispan

transmembrane protein.

Up-regulation is linked with platinum resistance in pancreatic cancer. It is 

up-regulated in ovarian cancer tumour tissue*. Members of the MAL 

family have been linked with intrinsic chemoresistance in ovarian cancer.

Cell lines: ovarian cancer (SKOV-3 (d'Adhemar et al. 

2014)) pancreatic cancer (L3.6pl, BxPC-3, CFPAC-1, 

SU86.86, PANC-1, Hs766T, AsPC-1, MIAPaCa-2 and 

MPanc96 {Arvmugam et al. 2009))

Patient tumour tissue {Byrne etal. 201 O', d'Adhemar et 

al. 2014)

i AREG Autocrine growth factor. Up-regulation is linked to chemoresistance and progression in ovarian 

cancer. It is also associated with resistance to a number of other 

chemotherapeutic agents in different cancer types.

Cell lines: ovarian cancer* (SKOV-3, CA0V3) 

Mouse xenografts models* and patient tissue 

{Panupinthu et al. 2014).

Review: {Berasain et al. 2014)

i  NID1 Cell interactions with the 

extracellular matrix.

Up-regulation is linked with ovarian cancer development. Patient serum (Zhang etal. 2012)

1 EDNRA Receptor for endothelin-1 

(involved in 

vasoconstriction).

Down-regulation is linked to better prognosis in ovarian and colon 

cancer.

Patient tumour tissue (Rachidl et al. 2013)

i  CTSS lysosomal cysteine Up-regulation is linked to CPT-11 resistance to in colorectal cancer. Cell lines: colorectal cancer (HCT116, LoVo, Colo205
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proteinase. and HUVEC) (Burden et a/. 2012) 

Patient xenografts (Burden etal. 2012)

t miR-145 Regulation of gene 

expression

Down-regulation has been linked to taxol resistance in ovarian cancer. 

Also, it is down regulated in ovarian cancer patients, compared to 

healthy individuals. However, it is highly up-regulated in ovarian cancer 

patients that are relapsers compared to those who are non-relapsers.

Cell lines: ovarian cancer (IGR0V1, 0VCAR3, ES2 

and SKOV-3 (Wu et al. 2013) SKOV-3 and A2780 

(Zhu et al. 2014))

Patient tumour tissue, serum {Chung et al. 2013, Wu 

et al. 2013) and ascites (Chung et al. 2013)

t miR-143 Regulation of gene 

expression

Down-regulated in ovarian cancer patients, compared to healthy 

individuals. However, it is highly up-regulated in ovarian cancer patients 

that are relapsers compared to those who are non-relapsers.

Patient tumour tissue (Chung et al. 2013\ Marchini et 

al. 2011), serum and ascites (Chung etal. 2013)

t miR-139-5p Regulation of gene 

expression

Down-regulated in ovarian cancer compared to normal ovarian tissue. Patient tumour tissue (Miles et al. 2012)

t miR-766 Regulation of gene 

expression

Up-regulation is linked to chemotherapy response to 5-fluorouracil in 

cutaneous squamous cell and oesophageal carcinoma.

Patient tumour tissue (Sand et al. 2012)

t miR-210 Regulation of gene 

expression

Up-regulation is linked to recurrence, poor survival and metastasis in 

other cancer types. Also, up-regulation is seen in hypoxic conditions in 

ovarian cancer, promoting tumour growth and inhibiting apoptosis.

Cell lines: leukaemia (Reh and RS4;11) (Mel etal. 

2014)

Patient tumour tissue (Greitheret al. 2010, Hong et al. 

2012\ Li et al. 2014, Mei et al. 2014, Qiu et al. 2013)

t miR-148a Regulation of gene 

expression

Up-regulation is linked to cisplatin chemosensitivity in oesophageal 

adenocarcinoma and squamous cell carcinoma. Also, up-regulated in 

the majority of ovarian cancers.

Cell lines: ovarian cancer (SKOV-3 and 0VCAR3) 

(Zhou et al. 2012) squamous cell carcinoma 

(KYSE410) and adenocarcinoma (0E19) (Hummel et 

al. 2011)

Patient tissue (Zhou et al. 2012)

i  mlR-29b Regulation of gene 

expression

Down-regulation is linked to chemotherapy resistance and poor 

prognosis in ovarian cancer.

Cell lines: ovarian cancer (ES2 and AM0C2) (Sugio et 

al. 2014)

Patient tumour tissue (Dai et al. 2014, Flavin et al.
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2009, Sugio et at. 2014)

i  miR-146a Regulation of gene 

expression

Down-regulation is linked to poor overall survival in primary ovarian 

tumours. How/ever, up-regulation in omental lesions is linked to 

increased survival and chemoresistance.

Cell lines: ovarian cancer (SK0V3) (d'Adhemar et at. 

2014)

Patient tumour tissue (d'Adhemar et at. 2014)) and 

omental lesions {Vang et al. 2013)

i  mlR-489 Regulation of gene 

expression

Down-regulation is linked to cisplatin chemoresistance in ovarian cancer. Cell lines: ovarian cancer (SKOV-3 and 0VCAR8) 

(W uetal. 2014)

Green indicates up-regulation and red indicated down regulation of a gene or miRNA. 

‘ Table excludes PLAC8 and miR-205 previously shown in Table 6.3 

*Protein expression examined 

''Protein and mRNA expression examined
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{Panupinthu et al. 2014). AREG up-regulation has also been associated with resistance 

to a wide number of treatments including cisplatin, gefitinib, doxorubicin and sorafenib 

and hormonal treatments in various cancers (Berasain et al. 2014).

MiRNAs miR-145 and miR-143 have been shown to be co-down-regulated in 

endometrioid carcinoma and under-expressed in many cancers, acting as broad 

tumour suppressors in the literature {Zhang et al. 2013). The down-regulation of miR- 

145 is linked to taxol resistance in studies that examined ovarian cancer cell lines, 

patient tissue and serum samples (Wu et al. 2013\ Zhu et al. 2014). Furthermore, the 

down-regulation of miR-143 and miR-145 has also been shown to occur in the serum 

of ovarian cancer patients, compared to healthy individuals {Chung et al. 2013). 

However, both miR-143 and miR-145 have been shown to be more highly up-regulated 

in ovarian cancer patients that are relapsers compared to those who are non-relapsers 

in a retrospective study of two independent tumour tissue collections {Marchini et al. 

2011). This may indicate their suitability as a marker of prognosis in ovanan cancer and 

explain their up-regulation in UPN251-7T compared to UPN251 in our study.

Down-regulation of miR-29b has been strongly linked with taxol resistance and poor 

survival in ovarian cancer patients {Dai et al. 2014, Sugio et al. 2014). Lower 

expression of miR-29b and high expression of ATG9A and MAPK10, other known 

targets of miR-29b, has also been associated with shorter survival in ovarian cancer 

patients after chemotherapy {Dai et al. 2014). Our research group has shown that miR- 

29b is down-regulated in a significant proportion of ovarian cancer patients and that 

high miR-29b expression is linked with reduced disease-free survival (DFS) {Flavin et 

al. 2009). This may be an interesting candidate for the study of ovarian cancer 

resistance markers.

MiR-146a may have varied success as a candidate biomarker. It has been shown to 

act as both a tumour suppressor and tumour promoter under different conditions {Li et 

al. 2014b). Low expression of miR-146a in primary ovarian tumours is associated with 

poor overall patient survival, while increased expression of miR-146a in omental 

lesions result in increased survival and drug resistance {Vang et al. 2013). Our group 

has shown that miR-146a expression is significantly increased in MyD88 negative 

ovarian cancer cells {d'Adhemar et al. 2014). MyD88 positive ovarian cancer cells that 

had less miR-146a expression was associated with significantly reduced patient 

survival. This complimented the work from this study, as reduced expression of miR- 

146a was linked to taxane chemoresistance in our cell line UPN251-7T.
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MiR-489 may be a useful candidate biomarker. Reduced expression was seen in 

cisplatin resistant ovarian cancer cell lines compared to non-resistant parental cells 

{Wu et at. 2014). Forced re-expression of miR-489 in SK0V3/CDDP and 

0VCAR3/CCDP ovarian cancer cell lines, resulted in cisplatin sensitivity. Similar 

results were seen with adriamycin resistant breast cancer cell lines MCF-7A/VT, where 

re-expression of miR-489 resulted in adriamycin sensitivity {Jiang et al. 2014).

The remaining genes and miRNAs were either found to be deregulated in ovarian 

cancer (and/or other cancer types), but not linked to resistance (EDNRA, N ID I, MiR- 

139-5p, miR-210), other cancer types (TENM2, CTSS, DYSF and miR-766), other 

diseased states (MAP3K15 and CRISPLD1) or were not found by literature searches 

(miR-135b*, miR-1273d, miR-3929, miR-3934 and miR-4440).

6.4.2.2 Pathway analysis by DAVID

Pathway analysis of C, D and E comparisons (exploring expressional changes linked to 

taxol resistance) by DAVID v6.7 was carried out on our gene array data to predict 

pathways that our deregulated genes may be involved in. Only comparison D 

(examining changes in expression between taxol-sensitive and resistant cells upon low 

dose taxol exposure) had enough genes listed to link groups of genes to specific 

pathways. C and E comparisons returned no results. An overview of the pathways 

predicted by DAVID from comparison D is given in Table 6.13. Four pathways were 

found in D namely; extra cellular matrix (ECM)-receptor interaction, small cell lung 

cancer, arrhythogenic right ventricle cardiomyopathy (ARVC) and pathways in cancer. 

A number of genes from this analysis were also returned by the pathway analysis of 

the carboplatin comparisons A and B. Those genes are indicated in Table 6.13 and will 

not be further discussed in this section.

6.4.2.2.1 Extra cellular matrix (ECM)-receptor interaction

Interactions between the extracellular matrix, via cell surface molecules, drive cellular 

changes such as adhesion, migration, differentiation, proliferation and apoptosis. 

These processes are known to be involved in cancer progression {van Dijk et al. 2013). 

Three genes from this pathway (GPS, ITGB6 and LAMB3), which were identified by 

DAVID, were only found in comparison D. All of the genes found in DAVID’S small cell 

lung cancer pathway were also found in the ECM-receptor interaction pathway, so they 

will only be discussed here.

Laminin-5 chains LAMC2 and LAMA3 have previously been discussed in section 

6.4.1.2.5. LAMB3 found in the ECM-receptor interaction pathway, along with LAMC2, is
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Table 6.13 DAVID pathway analysis of deregulated genes found in comparisons D (Taxol).

De-regulated Genes

Pathways in Comparison D (UPN251_TL V UPN251-7T_TL)

ECM-receptor Interaction GP6, ITGA2 , ITGA6, ITGB6, LAMB3, LAMC2

Small Cell Lung Cancer ITGA2, ITGA6, LAMB3, LAMC2

Arrhythogenic Right 
Ventricle

Cardiomyopathy (ARVC)

ITGA2, ITGA6, ITGB6, JUP, PKP2

Pathways in Cancer HHIP, IL8, ITGA2, ITGA6, JUP, LAMB3, LAMC2, MMP9, WNT2B, 
WNT5A

Carboplatin (A and B) and Taxol (C,D and E) Analysis

Genes From Taxol Analysis 

Also in Carboplatin Analysis

HHIP. ITGA2, ITGA6, JUP, LAMC2, MMP9

Genes Unique to Taxol 

Analysis

GP6, IL8, ITGB6, LAMBS, PKP2, WNT2B, WNT5A

(RED) genes are down regulated (Green) genes are up-regulated.

part of the same family of basement membrane proteins. It is the beta-2 chain, part of 

the multifunction cell adhesion molecule Laminin-5, which is composed of LAMBS and 

two other chains (alpa-3 (LAMAS) and gamma-2 (LAMC2)). In the literature, LAMBS 

has not been linked to serous ovarian carcinoma to date (As with LAMC2 and LAMAS). 

In prostate cancer, the expression of LAMBS was found to be reduced during cancer 

development even though it has elevated expression in normal and cancerous tissue 

{Reis et al. 2013). Aberrant expression of GP6, which is up-regulated in UPN251-7T  

compared to UPN251 in our study, has not been linked with ovarian cancer or other 

cancer types in the literature, to our knowledge. Therefore, it may be a candidate novel 

resistance biomarker in ovarian cancer. Finally, Integrin ITGB6 was not found to be 

described in ovarian cancer in the literature. However, its up-regulation in UPN251-7T  

compared to UPN251 in comparison D may be a resistance linked adaptation to taxol 

drug response. In glioma patients, up-regulation has been shown to be linked with poor 

prognosis {Schittenhelm et al. 2013). This compliments our findings.
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6.4.2.2.2 Arrhythogenic right ventricle cardiomyopathy (ARVC)

Arrhythogenic right ventricle cardiomyopathy (ARVC) is an inherited heart muscle 

disease which may result in arrhythmia, heart failure and sudden death {Awad et al 

2008). There was only one gene found in this list that had not been found previously in 

other DAVID pathway analyses. This gene was PKP2 and it was down-regulated in 

UPN251-7T compared to UPN251 in comparisons C, D and E (examining changes in 

expression between taxol-sensitive and resistant cells upon low dose taxol exposure). 

This gene is a member of the arm-repeat (armadillo) and plankophilin gene families 

and its gene product may regulate beta-catenin signalling. Up-regulation of PKP2 has 

been found in bladder cancer cell lines being linked with cell invasion capabilities 

{Takahashi et al. 2012). However, it has also been found to be down-regulated in 

gastric cancer tissue when compared to normal controls {Demirag et al. 2011). This 

study found a correlation between decreased expression and a shorter DFS. This 

indicates its'possible utility as a prognostic marker.

6.4.2.2.3 Pathways in cancer

In DAVID, the 'Pathways in cancer’ pathway brings up genes that are well established 

as being involved in cancer. A number of genes returned in the ‘Pathways in cancer’ 

pathway for comparison D, have already been discussed from being identified in 

previous pathway analyses. These include HHIP, ITGA2, JUP, LAMBS, LAMC2 and 

MMP9. Any genes not covered previously were discussed below. In total this included 

three genes, two of which are up-regulated (WNT2B and WNT5A) and one which is 

down regulated (IL8) in UPN251-7T compared to UPN251 when exposed to low dose 

taxol.

WNT2B and WNT5A are both genes that are part of the wingless-type MMTV 

integration site (WNT) family, which are known to function in many developmental 

processes, including cell growth and differentiation {Willert et al. 2012). Genes in this 

family have been linked to carcinogenesis. WNT2B, which is up-regulated in UPN251- 

7T compared to UPN251 in comparison D, has been shown to be involved in ovarian 

cancer resistance {Wang et al. 2012). Silencing of WNT2B expression by siRNA 

treatment in A2780 and C13K ovarian cancer cell lines resulted in sensitivity to cisplatin 

and taxol treatment respectively. Evidence concerning WNTSA’s role in ovarian cancer 

is conflicting. Two studies have shown that increased expression of WNT5A is linked to 

poor prognosis in ovarian cancer patients {Badiglian et al. 2009\ Peng et al. 2011). 

Contrary to these studies, Bllteret al. (2011) showed that loss of WNT5A is a predictor 

of poor patient outcome in ovarian cancer. They also demonstrated that WNT5A
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signalling suppressing growth in ovarian cancer cells by triggering cellular senescence 

{Bitleretal. 2011).

IL8 is secreted by several cell types and is a key mediator of inflammatory response. 

IL8 Is under-expressed in UPN251-7T compared to UPN251 in our study. In ovarian 

cancer, IL8 has been shown to be elevated in cyst fluid, serum, ascites and tumour 

tissue of ovarian cancer patients {Fasciani et al. 2001] Kassim et al. 2004] Merritt et al. 

2008a] Nowak et al. 2010). Increased expression is correlated to poor prognosis and 

taxol chemoresistance {Kassim et al. 2004] Penson et al. 2000] Usiu et al. 2005). IL-8 

is over-expressed in most human cancers and has been strongly linked to tumour 

progression and metastasis {Tanaka et al. 2005). From the literature, it is not clear why 

decreased expression of IL-8 is seen in our taxol treated, taxol resistant cell lines 

(UPN251-7T) compared to parental, non resistant cells (UPN251) treated with taxol. 

This may be a cell line specific response to taxol chemotherapy.

6.4.2.3 MiRNA-Target interactions (IVITIs) for taxol resistance analyses

Figure 6.25 shows the possible miRNA-Target interactions (MTIs) networks for our 

taxol comparisons C, D and E (examining changes in expression between taxol- 

sensitive and resistant cells upon low dose taxol exposure and or treatment naive). 

Table 6.14 gives the strengths of each interaction pair in the form of an r̂  value from a 

Pearson correlation test. In comparison C (examining expressional differences in taxol- 

sensitive and taxol resistant cells) three miRNAs were found to have possible 

interactions with different genes (Figure 6.25 (A)). MiR-139-5p and ANK2 had a 

predicted interaction, but this has not been validated experimentally. MiR-143 had a 

validated interaction with MACC1 from our list. Also, miR-145 had validated 

interactions with LIN28B and LAMC2. As previously discussed, both miR-143 and miR- 

145 have been found to be co-down-regulated in endometrioid carcinoma and under

expressed in many cancers, acting as broad tumour suppressors in the literature 

{Zhang et al. 2013). However, they have been shown to be more highly up-regulated in 

ovarian cancer patients that are relapsers compared to those that are non-relapsers in 

a retrospective study of two independent tumour tissue collections {Marchini et al. 

2011). This could explain the up-regulation of these two miRNAs in our study of taxol 

chemoresistance. Also previously discussed, over-expression of LIN28B is linked with 

prognosis in ovarian cancer and chemoresistance (Topp et al. 2014] Yan et al. 2013) 

and LAMC2 over-expression is implicated in a number of cancer types with a possible 

function in tumour migration and invasion {Okuma et al. 2010). However, these two 

genes are down-regulated in these interactions in UPN251-7T compared to UPN251.
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Figure 6.25 miRNA/mRNA interactions for taxol comparisons C, D and E.

(A) Shows the possible interactions between mRNA and miRNA molecules in our cell lines for 

the de-regulated datasets of Comparison C (UPN251 V UPN251-7T) (B) Shows the possible 

interactions between mRNA and miRNA molecules in our cell lines for the de-regulated 

datasets of Comparison D (UPN251_TL V UPN251-7T_TL) (E) Shows the possible interactions 

between mRNA and mlRNA molecules in our cell lines for the de-regulated datasets of 

Comparison E (UPN251_TL V UPN251-7T_TH). The likelihood that a gene interacts with a 

miRNA is given as a r̂  value from a Pearson correlation test given on the line between each 

interaction and is based on their relative expressions from our Affymetrix array data. Please 

note that the distance of the lines is random and does not indicate strength of an interaction. 

Arrows/numbers represent the direction and fold of deregulation in UPN251-7T compared to 

UPN251,



Table 6.14 MiRNA-Target Interactions fortaxol comparisons.

Validated or predicted status of in interaction is given along with the strength of the interaction in the form of an r  ̂value from Pearson correlation analysis.

miR-139-5p ANK2 Predicted -0.91 0.83 miR-29b RHOBTB1 Predicted -0.63 0.40
miR-143 MACC1 Validated -0.88 0.78 U mlR-32 ITGA6 Validated -0.83 0.69
mlR-145 LAM2C Validated -0.99 0.99 mlR-99a SGPP2 Validated -0.86 0.74
mlR-145 LIN28B Validated -0.98 0.95 miR-143 MACC1 Validated -0.98 0.97

miR-143 MMP9 Validated -0.98 0.96
miR-145 LAMC2 Validated -0.97 0.94

miR-143 MACC1 Validated -0.90 0.80 miR-145 LIN28B Validated -0.95 0.91t miR-145 LAM2C Validated -0.96 0.91 miR-145 MMP9 Validated -0.94 0.89
miR-145 LIN28B Validated -0.97 0.94 miR-145 NAV3 Predicted -0.92 0.84

miR-145 PODXL Validated -0.92 0.85
miR-210 NT5E Validated -0.94 0.89

Comparison C=UPN251 V UPN251-7T (Genes/miRNA changes in taxol resistance development), Comparison D=UPN251_TL V UPN251-7T_TL 

(Genes/miRNA changes in response to low dose taxol in taxol resistance development), Comparison E=UPN251_TL V UPN251-7T_TH (Genes/miRNA 

changes in response to high dose taxol in taxol resistance development), r=Pearson correlation coefficient value.
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MACC1 is a recently discovered gene that was initially shown to promote metastasis in 

colorectal cancer. MACC1 up-regulation has been shown to be an independent 

prognostic indicator of recurrence and disease-free survival in colorectal cancer 

patients {Stein et al. 2009). In ovarian cancer, higher expression was seen in cancer 

tissue compared to normal ovarian tissues and benign cancer tissues {Zhang et al. 

2011 a\ Zhang et al. 2011b). Higher expression was associated with advanced stage, 

poor differentiation and lymph node metastasis. Suppression of MACC1 in ovarian 

cancer cell line 0VCAR3 has been found to suppress the malignant biological 

behaviour of ovarian cancer in these cells {Sheng et al. 2014). This gene, along with 

LIN28B and I.AMC2, are down regulated in UPN251-7T compared to UPN251 in our 

study for comparison C, which is contrary to evidence in the literature. Their down- 

regulated interaction, with over-expressed miR-143 and miR-145, may be a cell line 

specific mechanism taxol resistance present in our in our taxol resistant subline 

UPN251-7T.

The same validated interactions between miR-143 and miR145, which were seen in 

comparison C, also occurred in both D and E comparisons (examining expressional 

differences in taxol-sensitive and taxol resistant cells in response to taxol exposure, 

Figure 6.25 (A-C)). Therefore, these interactions may be involved in response to taxol 

exposure in taxol resistant cell lines and the generation of a long-term taxol resistant 

phenotype. Other interactions also occurred in comparison D. MiR-145 also interacted 

with MMP9, PODXL and NAV3 (NAV3 being a predicted interaction). MMP9 also 

interacted with miR-143. It had high r̂  values for both miRNAs (0.96 for miR-143 and 

0.89 for miR-145, Table 6.14). As previously discussed, conflicting results have been 

seen in the literature concerning MMP9. Over-expression of MMP9 in ovarian cancer 

has been correlated with poor prognosis, good prognosis or to have no prognostic 

value in different studies {Li et al. 2013). Down-regulation of MMP9, through 

interactions with miR-143 and miR-145, may contribute to our taxol resistance 

phenotype in UPN251-7T. MiR-29b has a predicted interaction with RH0BTB1 in 

comparison D, but this is not experimentally validated. Of the remaining possible 

interactions in comparison D, up-regulated miR-210 as a target of suppressed NT5E 

(CD73) gives the highest r̂  value at 0.89 (Table 6.14). Up-regulation of miR-210 has 

been associated with recurrence, poor survival and metastasis in a number of cancer 

types including pancreatic, breast and glioblastoma {Greither et al. 2010\ Hong et al. 

2012] Qiu et al. 2013). Also, in ovarian cancer, miR-210 elevations have been seen in 

hypoxic conditions promoting tumour growth and inhibiting apoptosis in vitro {Li et al. 

2014b). However, its target NT5E has been shown to confer shorter life expectancy in
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patients with solid tumours when it is up-regulated, not down-regulated, as was seen in 

UPN251-7T compared to UPN251 in comparison D. Therefore, our results contradict 

the literature, meaning that NT5E may not be a viable marker for taxol resistance in 

clinical samples.

6.4.3 First response biomarker discovery

In order to examine which genes and miRNAs were de-regulated upon initial drug 

exposure in our non-resistant parental cells (UPN251) and carboplatin and taxol 

resistant sublines (UPN251-7C and UPN251-7T respectively), a number of 

comparisons were made between the deregulated gene and miRNA datasets. This 

allowed us to see the different genes and miRNAs which were affected by drug 

exposure in non-resistant and resistant cell lines for the doses of carboplatin (2|jg/ml) 

and taxol (60ng/ml) used in our selection strategy (Chapter 4). Five comparisons were 

made in order to examine first response biomarkers;

F. UPN251 Vs UPN251_C

G. UPN251-7C Vs UPN251-7C_C

H. UPN251 Vs UPN251_TL

I. UPN251-7T Vs UPN251-7T_TL

J. UPN251-7TVS UPN251-7T_TH

Comparison F examined the initial expressional changes that occurred in parental 

UPN251 cells, after exposure to 2|jg/ml carboplatin. Comparison G examined the initial 

expressional changes that occurred in carboplatin resistant UPN251-7C cells, after 

exposure to 2|jg/ml carboplatin. Comparison H examined the initial expressional 

changes that occurred in parental UPN251 cells, after exposure to 15ng/ml taxol. 

Comparison I examined the initial expressional changes that occurred in taxol resistant 

UPN251-7T cells, after exposure to 15ng/ml taxol. Finally, comparison J examined the 

initial expressional changes that occurred in taxol resistant UPN251-7T cells, after 

exposure to 60ng/ml taxol.

Table 6.15 gives an overview of the top five de-regulated genes and miRNAs in all five 

first response comparisons (F-J). The majority of expressional changes occurred in 

parental UPN251 cells after exposure to carboplatin (Comparison F). These cells were 

sensitive to carboplatin, so exposure to carboplatin had caused transcriptional changes 

in response to the stress of carboplatin exposure. Less transcriptional changes 

occurred in carboplatin resistant cell line UPN251-7C, when exposed to the same dose
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Table 6.15 Overview of deregulated genes and miRNA for first response cx>mparisons. 

Top 5 deregulated genes and miRNAs are given for each comparison at 2 Fold (base 10) cut off FDR p<0.05. Probe 1-Probe 5 represents the top 5 up/down- 

regulated genes or miRNAs in a comparison.

Comparison F: UPN251 V UPN251_C (initial changes in parental cells treated with carboplatin)
UP-regulated Gene 40 4.3 PTPN22 3.8 CPA4 3.4 IL8 3.4 PLAT 2.9 F2RL2 2.5

MiRNA 2 3.6 miR-3916 3.6 miR-584 3.1
Down-regulated Gene 12 2.9 HIST1H3F 2.9 HIST1H4B 2.8 HIST1H2BB 2.7 KCNIP1 2.6 HIST1H2BM 2.5

MiRNA 0 N/A
1 Comparison G: UPN251-7C V UPN251-7C_C (initial changes in carboplatin resistant cells treated with carboplatin) |

Up-regulated Gene 5 3.4
MiRNA 0 N/A

Down-regulated Gene 3 3.5
MiRNA 2 2.6 miR-4274 2.6 miR-1238 2.6

Comparison H: UPN251 V UPN251_TL (initial changes in parental cells treated with low dose taxol)
Up-regulated Gene 8 2.7 KRTAP2-4 2.7 OR2B6 2.5 NT5E 2.2

MiRNA 0 N/A
Down-regulated Gene g 3.0 SLC17A1 3 MMP7 2.5 VCAM1 2.2 ITGB6 2.1

MiRNA 6 3.9 miR-205 3.9 mlR-1285 2.7 miR-125b-
2*

2.7 MiR-644* 2.6 miR-3187-5p 2.4

Comparison I: UPN251-7T V UPN251-7T_TL (initial changes in taxol resistant cells treated with low dose taxol)
Up-regulated Gene 0 N/A

MiRNA 2 2.6 mlR-32 2.6 Let-7f-r 2.4
Down-regulated Gene 0 N/A

MiRNA 0 N/A
Comparison J: UPN251-7T V UPN251-7T_TH (initial changes in taxol resistant cells treated with high dose taxol)
Up-regulated Gene 4 2.7

MiRNA 1 2.9 miR-4708-5p 2.9
Down-regulated Gene 4 3.2 EDN2 3.2 ACSM2A 2.5 CNN1 2.3

MiRNA 1 2.3 miR-181c 2.3
Total= Total number of up or down regulated probes from a comparison (For gene chips this will include more than protein coding genes which we are

interested in for this study (e.g. non protein coding genes, Long non coding RNAs, snoRNA etc.) Only top 5 deregulated genes are given in the body of the 

table), >FC = the greatest fold increase or decrease by a single probe from a comparison (base 10 Fold Change), FC= Fold Change (base 10).
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of carboplatin. These cells had made expressional changes during the selection 

strategy that allowed them to deal with the stress of carboplatin exposure without 

making further changes. Very few transcriptional changes occurred in comparison I, 

where UPN251-7T was exposed to 15ng/ml taxol at the two fold cut-off value. Two 

miRNAs (miR-32 and miR-7f-1*) were over-expressed in UPN251-7T treated with 

15ng/ml taxol compare to treatment naive cells. These cells did not seem to be 

stressed with this dose of taxol. It may be that sufficient amount of change had already 

occurred in these cells to resist this dose, without having to evoke more changes. The 

higher taxol dose (60ng/ml comparison J) also evokes little change in UPN251-7T. 

Therefore, it may have made enough changes to its phenotype to sufficiently deal with 

this higher dose also.

The de-regulated genes and miRNAs in this section will not be heavily discussed, 

however, a few interesting observations were made. F2RL2 was up-regulated in 

UPN251 carboplatin treated compared to treatment naive cells in comparison F, but 

found to be down-regulated in UPN251-7C carboplatin treated compared to UPN251 

carboplatin treated in comparison B. This implies that carboplatin sensitive cells up- 

regulate F2RL2, while carboplatin resistant cell lines down-regulate or don’t change 

their expression of F2RL2, in response to carboplatin exposure. This gene encodes a 

protein of the protease-activated receptor, which has essential roles to play in 

homeostasis and thrombosis. This gene has not been linked with ovarian cancer in the 

literature, but was found to be down-regulated in rectal cancer patients during pre

operative radiotherapy by microarray expression studies {Supiot et al. 2013). MiR-3916 

and miR-584 show the same pattern of expression in our comparisons with miR3916 

also being down-regulated in UPN251-7T compared to UPN251 when treated with 

taxol in comparison D. MiR-3916 was not found in literature searches, while miR-584 

has been found to act as a tumour suppressor. MiR-584 has been shown to have 

reduced expression in different cancer types {Fils-Aime et al. 2013\ Ueno et al. 2011). 

These genes and miRNAs could act as interesting novel biomarkers of resistance in 

ovarian cancer.

Histone proteins drive epigenetic modification, a mechanism which can contribute to 

cancer development and progression when disrupted {Sawan et al. 2010). A number of 

genes coding for histones were found to be down-regulated in comparison F, but up- 

regulated in comparison B (HIST1H3F, HIST1H4B and HIST1H2BB). This implies that 

carboplatin-sensitive cells down-regulate these histones, while carboplatin resistant cell 

lines up-regulate or don’t change their expression of these histones in response to 

carboplatin exposure. Literature searches involving HIST1H3F, HIST1H4B and
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HIST1H2BB did not find any information linking these histones to ovarian cancer. 

Therefore, they have the potential to act as novel biomarkers for ovarian cancer 

resistance.

Similar expressional patterns were seen with H (UPN251’s response to taxol) that were 

seen in F (UPN251’s response to carboplatin). NT5E (CD73) was up-regulated in 

UPN251 when exposed to taxol compared to treatment naTve cells in the comparison 

H, while NT5E was down-regulated in UPN251-7T compared to UPN251 in the 

comparisons C-E. High expression of NT5E has been shown to confer shorter life 

expectancy in patients with solid tumours playing a role in neovascularisation, 

invasiveness and metastasis {Xiong et al. 2014). High expression has been put forward 

as a marker of aggressiveness in ER-negative breast cancer and chemoresistance to 

doxorubicin in triple negative breast cancer {Loi et al. 2013). Again, NT5E may have 

the potential to act as a novel biomarker for ovarian cancer resistance.

SLC17A1, VCAM1, ITGB6 and miR-125b-2* are all down-regulated in UPN251 treated 

with taxol compared to treatment naive cells in comparison H, yet they are all up- 

regulated in UPN251-7T compared to UPN251 treated with taxol in comparison D. 

Interestingly, VCAM1 expression in mice models with ovarian cancer have been shown 

to be reduced in tumours that are carboplatin sensitive when treated with carboplatin, 

but remain elevated in tumours that are cariDoplatin resistant when treated with 

carboplatin {Scalici et al. 2013). This was seen in our study with taxol. UPN251 saw 

decreased expression of VCAM1 with taxol exposure compared to treatment naive 

(comparison H) and UPN251-7T saw elevated VCAM1 expression in response to taxol 

exposure compared to UPN251 (Comparison D). Elevated VCAM1 is associated with 

poor prognosis, poor response to surgery and chemotherapy resistance in ovarian 

cancer {Huang et al. 2013). This gene encodes a protein which is a cell surface 

sialoglycoprotein expressed in cytokine-activated endothelial cells and is involved in 

leukocyte-endothelial cell adhesion and signal transduction {Yamada et al. 2010). 

SLC17A1, miR-125-2* and ITGB6 have not been reported on in ovarian cancer in the 

literature, to our knowledge.

6.4.4 Comparisons of de-regulation between datasets

The following investigations were taken in order to examine which genes and miRNA 

had been de-regulated in the same and opposite directions between the different 

comparisons describes in sections 6.4.1-6.4.3. The following investigations were 

undertaken:
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•  Comparison A (UPN251 V UPN251-7C) v Comparison C (UPN251 V  UPN251- 

7T): To examine the differences and similarities in the gene/miRNAs that were 

deregulated in carboplatin and taxol resistance development.

• Comparison B (UPN251_C V UPN251-7C_C) v comparison D (UPN251_TL V  

UPN251-7T_TL): To examine the differences and similarities in the 

gene/miRNAs that were deregulated in response to carboplatin/taxol exposure 

in carboplatin and taxol resistance development.

•  Comparison A (UPN251 V UPN251-7C) v Comparison F (UPN251 V

UPN251_C): To examine the differences and similarities in the gene/miRNAs 

that were deregulated in initial carboplatin response and carboplatin resistance 

development.

• Comparison C (UPN251 V UPN251-7T) v Comparison H (UPN251 V

UPN251_TL): To examine the differences and similarities in the gene/miRNAs 

that were deregulated in initial taxol response and taxol resistance 

development.

Table 6.16 gives an overview of the genes and miRNAs identified in these

investigations. From the first investigation (Comparison A v C) we can see which genes

and miRNAs were commonly up and down-regulated in both carboplatin and taxol 

resistant sublines (UPN251-7C and UPN251-7T respectively). These genes may be 

involved in platinum and taxane cross-resistance or may be involved in a general drug 

resistance phenotype. The genes and miRNAs that were de-regulated in opposite 

directions may be involved in the inverse resistance relationship between platinum and 

taxane drugs (Chapter 1, section 1.7.3). A systematic review of the literature has 

revealed that the most likely genetic players in the inverse resistance relationship are 

BRCA1 (Investigated in chapter 4), C-erbB2, Survivin, Bcl-XI, Her-2, MAGE2, MAGE6, 

MRP1, PGK1, ABCB1, FHIT, GSTP1, p21, p53, p53wt, RB and Xrcc2 {Stordal et al. 

2009). These genetic markers do not overlap with our first investigation (Comparison A 

V C), which gave four probes de-regulated in the opposite direction (Three protein 

coding genes (CD24P4, TENM2 and LIN28B) and one non-coding RNA (Y RNA)). 

These genes may also contribute to the inverse resistance relationship.

From our second investigation (Comparison B v D) we could see which genes and 

miRNAs were commonly up and down-regulated in both carboplatin and taxol resistant 

sublines (UPN251-7C and UPN251-7T respectively) when exposed to their respective 

selecting agent (carboplatin and taxol). These genes and miRNAs may be involved in 

platinum and taxane cross-resistance and drug response or may be involved in a
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Table 6.16 Comparison of de-regulated probes (gene and miRNA) between datasets.

Examining which genes and miRNA had de-regulation in the same and opposite directions between different comparisons. Intersections were found using 

VENNY an online interactive tool for generating Venn diagrams (Oliveros 2007).

Oe-regulated Probes
A - UPN251 V UPN251-7C (changes in carboplatin resistance development) V
C - UPN251 V UPN251-7T (changes in taxol resistance development)_____________________________________________________________________________________

Commonly Up-regulated PLAC8, CTB-147C13.1, GDF15, MAP3K15, AC005392.13, AC004603.4, DYSF, CENPV, NPR3______________________________________
Commonly Down-regulated SERPINB7, DPP4, NPNT, AREG, ANK3, GAGE12J, MAL, CCDC68, MAMDC2. IFI44L, RAB27B, NID1, MMP7, EDNRA, IFI16, CRISPLD1,

FBN1, CLEC4E, CYP4F11, LAMC2, MIR205HG, FAM129A, CTSS, C1orf116, F0XP2, RELN, IL7, FLRT3, SLC38A5, PLA2G4A, FAM46A, 
C3, MY05C, IFI44, ID4, SLC1A3, RAB38, AL0X5AP, PID1, ALDH2, SLC1A1, TLL1, NTNG1, SLFN11. TSPAN1, TSPAN33, SGPP2, 
MAN1A1, INA, Y_RNA, IRF6, miR-708, miR-205, miR-449c

Up in A & Down in C CD24P4, TENM2_______________________________________________________________________________________________________
Up in C & Down in A LIN28B, Y_RNA________________________________________________________________________________________________________

B - UPN251_C V UPN251-7C_C V (changes in response to carboplatin in carboplatin resistance development)
D - UPN251_TL V UPN251-7T_TL (changes in response to low dose taxol in taxol resistance development)___________________________________________________

Commonly Up-regulated PLAC8, CTB-147C13.1, MAP3K15, RNA5SP221, NPR3, miR-3200-3p, miR-210___________________________________________________
Commonly Down-regulated MAL, SERPINB7, MAMDC2, DPP4, TMEM47, IFI44L, AREG, FBN1, NPNT, NID1, GAGE12J, CCDC68, CTSS, 03, IFI16, AL0X5AP, IFI44,

CYP4F11, CRISPLDI, EDNRA, 1TGA2, LAMC2, SLC38A5, C1orf116, XDH, FAM129A, TNFAIP3, MMP9, FAM46A, SLC1A3, PID1, HHIP, 
PLA2G4A, SEMA3A, JUP, MY05C, UNC00704, SLFN11, ITGA6, IL23A, AC108004.2, ALDH2, PODXL, MAN1A1, TLR2, AG112518.3,

____________________________ SGPP2, UCA1, mlR-708, miR-205, miR-3916, miR-504______________________________________________________________________ _
Up in B & Down in D CD24P4, VCAM1, GUCY1B3, SLC34A2, SLC17A1, GPC4, TENM2, ABCB1______________________________________________________
Up in D & Down in B_____ LIN28B_________________________________________________________________________________________________________________

A - UPN251 V UPN251-7C (changes in carboplatin resistance development) V '
F - UPN251 V UPN251_C (Initial changes in parental cells treated with carboplatin)________________________________________________________________________

Commonly Up-regulated RP11-255G12.3, GDF15, ANKRD1, SAA1___________________________________________________________________________________
Commonly Down-regulated MAP2K6, AC005725.1

Up in A & Down in F MAMDC2, 03, ACTBL2, AL0X5AP________________________________________________________________________________________
Up in F & Down in A ______________________________________________________________________________________________________________________

C - UPN251 V UPN251-7T V (changes in taxol resistance development)
H - UPN251 V UPN251_TL) Initial changes in parental cells treated with low dose taxol)____________________________________________________________________

Commonly Up-regulated ________________________________________________________________________________________________________
Commonly Down-regulated MMP7, MIR205HG, Y_RNA, miR-205, miR-4440_________________________________________________________________________

Up in C & Down in H____________________________________________________________________________________________________________________________
Up in H & Down in C_____ NT5E_______________
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general drug response. The genes and miRNAs that were de-regulated in opposite 

directions may also be involved in the inverse resistance relationship between platinum 

and taxane drugs. Nine candidate protein coding genes were identified from our 

second investigation (CD24P4, VCAM1, GUCY1B3, SLC34A2, SLC17A1, GPC4, 

TENM2, ABCB1 and LIN28B). Of these genes, one overlapped with the literature 

review by Stordal et al. (2009). This gene was ABCB1, which is involved in taxane 

resistance by actively pumping the drug out of the cell. This may be a strong candidate 

for further investigation into the inverse resistance phenotype. Further evidence linking 

ABCB1 to the inverse resistance phenotype from our study is that ABCB1 mRNA was 

over-expressed in UPN251-7T in C, D and E comparisons and was under-expressed in 

UPN251-7C in A and B comparisons.

The final two investigations (Comparison A v F) and (Comparison C v H) look at which 

genes and miRNAs were commonly up and down-regulated between a resistant 

subline (UPN251-7C and UPN251-7T respectively) and their parental cell line 

(UPN251) treated with the same selecting agent used to develop resistance in the 

resistant subline (carboplatin and taxol respectively, table 6.16). The probes which 

were commonly up and down-regulated indicate the genes or miRNAs which are 

initially de-regulated in response to a selecting agent, which are still utilised by the 

resistant subline to convey its resistance phenotype. Again the genes and miRNAs that 

were de-regulated in opposite directions may be involved in the inverse resistance 

relationship between platinum and taxane drugs.

6.5 Conclusions

To date, single markers of prognosis and resistance have had limited success in the 

clinic. This study, using a clinically relevant selection strategy has the potential to 

provide an array of novel markers to test in clinical samples. However, due to the 

complexity of ovarian cancer at a molecular level it is unlikely that a single marker will 

have sufficient predictive power to be used in the clinic for prognosis or detection of 

resistant disease. It is more likely that the development of a transcriptomic signature of 

expression will have more success. The markers identified by this study may have 

predictive power by being incorporated into such a signature.

From the results of the Affymetrix gene and miRNA analyses using the resistant cell 

lines UPN251-7C and UPN251-7T, a number of potential carboplatin and taxol 

resistance biomarkers for ovarian cancer were identified.

Some genes and miRNAs were up- and down-regulated in the same or opposite 

direction, from what is reported in the literature. Those gene/mlRNAs that were
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deregulated in the opposite direction to those observed in ovarian cancer patients in 

the literature might be experiencing cell line specific de-regulation, which may not be 

transferable to the clinic as a biomarker. Cancer cell lines do not always translate 

directly to what is occurring in the clinic. However, they are useful for preliminary 

studies.

Genes and miRNAs deregulated in the same direction as is seen in the literature for 

ovarian and other cancer types have a better chance of transferring to the clinic as a 

biomarker. In this study, some of these markers had been linked to ovarian cancer 

resistance and/or poor overall/progression free survival previously in the literature from 

patients and/or cell lines data. Therefore, these markers may be useful on their own or 

in combination with other markers as ovarian cancer resistance biomarkers. These 

include; EEF1A2, GDF15, LIN28B, DPP4, BMP2, BMPR1B, KITLG, TNFRSF11A, 

CCL2, WNT2B, WNT5A, IL8, MMP7, VCAM1, Let-7i, miR-146a, miR-152, miR-98, 

miR-143, miR-29b and miR-489. Other markers have been found to be de-regulated in 

ovarian cancer in the literature, but have not yet been linked to resistance. Therefore, 

these markers may have potential utility as biomarkers of resistance in ovarian cancer. 

These include; IL7, SLIT2/3, R0B01, CCL20 and miR-205. Other markers have been 

linked to chemo-resistance and/or poor overall/progression free survival in other cancer 

types and, therefore, may also play a role in ovahan cancer. These include; EPHA7, 

SEMA3A, GLI3, SRPX2, and miR-210 and miR-161c. The remaining markers with 

potential as resistance biomarkers are novel markers. These have been found to be 

deregulated in other cancer types or have not yet been studied in cancer. These 

include; MAP3K15, CTSS, SERPINB7, LAMB3, ITGB6, EDN2, miR-708, miR-532-3p, 

miR-125b-1*, miR-3128, mlR-3200-3p, miR-3687, miR1272, miR-4417, miR-501-5p, 

miR-766, miR-3200, mlR-3949, mlR-3929, miR-4440, miR-3916, miR-1273, mlR-4708- 

5p, miR-4274 and miR-1285. It is possible that the de-regulation of these genes and 

miRNAs are a cell line specific response to drug treatment and resistance 

development. This is the reason that biomarkers need to be validated in clinical 

samples.

The numerous pathways that the top de-regulated genes were involved in for both 

carboplatin and taxol resistance included apoptosis, tissue differentiation and 

maintenance, cell growth, cellular transformation, signal transduction, angiogenesis, 

embryogenesis, inflammation, interaction with extracellular matrix, cell adhesion and 

cell migration. Further to these pathways, pathway analysis by DAVID identified a 

number of pathways in which a number of de-regulated genes were found to be 

involved. These pathways included axon guidance, cytokine-cytokine receptor
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interactions, hedgehog signalling, extra cellular matrix interactions, ARVC and 

pathways in cancer. All of these pathways have the potential to confer a chemo- 

resistant phenotype when de-regulated. This con^oborates how complex signalling and 

interacting pathways contributed to carboplatin resistance in UPN251-7C and taxol 

resistance in UPN251-7T. This infers that complex interactions are occurring in ovarian 

cancer patients. This is further evidence that the development of transcriptomic 

signatures to identify resistant cancer would be better than the identification of single 

markers.

As gene arrays have had limited success in identifying markers of resistance in ovarian 

cancer, adding another layer to complexity in the form of miRNAs could lead to more 

success in the future of resistance biomarker discovery. Identifying mRNA and miRNAs 

from the same samples represents a novel approach to biomarker identification. This 

approach was taken in the present study. A number of MTIs were identified in this 

study that may have contributed to the UPN251 sublines resistance phenotype. The 

most interesting of these interactions were the down-regulation of miR-205 and up- 

regulation on GLI3 and the up-regulation of LIN28B and the down-regulation of Iet7-i. 

Identifying miRNAs that target gene products in pathways involved in resistance could 

be a good way of identifying novel targets for new therapies. In combination, interacting 

mRNA/miRNAs could provide more robust markers of prognosis and resistance, than 

mRNA markers on their own.

In addition, P-gp was further confirmed to be the dominant mechanism of taxol 

resistance in the taxol resistant subline UPN251-7T. It may also play a role in the 

inverse resistance relationship between platinums and taxanes along with CD24P4, 

GPC4, GUCY1B3, LIN28B, SLC17A1, SLC34A2, TENM2 and VCAM1. These could be 

useful in a panel of biomarkers to identify inverse resistance in patient samples. Such a 

panel could identify patients that are likely to respond to platinum or taxane salvage 

chemotherapy. Therefore, this panel could be used to optimise an individual patient’s 

chemotherapy schedule and be used to monitor a patient’s response to treatment.
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Chapter 7 Resistance biomarkers clinical validation

7.1 Introduction

Ovarian cancer is the leading cause of death from a gynaecological malignancy. 

Incidences of cancers throughout Europe show that ovarian cancer was the 5th most 

common cancer for all European women in 2012 {Ferlay et al. 2013). Standard 

chemotherapy approaches, such as the combination of taxol and carboplatin, often fail 

and patients relapse with chemoresistant ovarian cancer. Currently, approximately 75% 

of treated patients suffer from recurrence after treatment with cytoreductive surgery 

and platinum/taxane combination chemotherapy with a median survival of 2 years 

following the recurrence. All relapsed patients eventually die from their disease (Ozo/s 

2005).

The discovery of platinum/taxane resistance biomarkers is important in order to identify 

patients that are likely to relapse in response to this treatment. This will allow clinicians 

to use alternate treatments strategies which are more likely to increase the patient's 

disease free survival (DFS) or overall survival (OS) if they are diagnosed as resistant to 

platinum/taxane chemotherapy. Also, the identification of markers that contribute to a 

platinum/taxane resistance phenotype will help elucidate the underlying mechanisms of 

ovarian cancer resistance, allowing for the development of novel personalised 

treatments that can target or circumvent resistance mechanisms.

7.1.1 Aims and objectives

In this chapter, a subset of potential resistance biomarkers, identified from Affymetrix 

gene and miRNA chip analyses in chapter 6, were screened in ovarian cancer patient 

samples in order to identify markers that may have clinical utility in the diagnosis of 

platinum/taxane resistant disease. The expression of this subset of markers was tested 

in fresh frozen tissue samples from ovarian cancer patients by qPCR. The patient 

samples were classified into three groups, based on their sensitivity to platinum/taxane 

chemotherapy obtained from follow-up data. The samples were split into groups of 

responders, who were deemed platinum/taxane sensitive (patients who relapsed 12 

months after completion of 1®' line chemotherapy), non-responders, who were deemed 

platinum/taxane resistant (patients who relapsed within the first 6 months after 

completion of 1®‘ line chemotherapy), and partial responders, who were deemed 

partially resistant to platinum/taxane chemotherapy (patients who relapsed between 6 

and 12 months following completion of 1®' line chemotherapy) {Salzberg et al. 2005).
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The expression of these markers within the sample groups of this pilot study indicated 

whether or not further investigation in a larger cohort of patient samples would be 

valuable in the search for resistance biomarkers in ovarian cancer.

7.1.1.1 Hypotheses

The hypothesis examined in this chapter was:

•  A number of mRNA/miRNA biomarkers for carboplatin and taxol resistance can 

differentiate between chemoresistant and chemosensitive epithelial serous ovarian 

cancer, the most common and aggressive histological subtype of ovarian cancer.

7.1.1.2 Objectives

The objective was to identify one or more mRNA/miRNA biomarkers for predicting 

response of ovarian cancer patients to standard platinum/taxane chemotherapy.

7.2 Methods

A selection of potential resistance biomarkers that were identified in chapter 6 were 

tested in fresh frozen tissue samples from ovarian cancer patients that were treated 

and biopsied in St. James’s Hospital. Large and small RNA fractions were extracted 

from the tissue samples using the miRNeasy® Mini Kit (Qiagen Ltd, UK) as outlined in 

chapter 2 section 2.1.12. qPCR was carried out on the RNA extracted samples as 

outlined in chapter 2 section 2.1.16.

7.2.1 Patient sample details

32 fresh frozen tissue samples from the biobank at St. James’s Hospital were selected 

for this study. All samples were obtained from chemo-naTve patients who were 

diagnosed with advanced (FIGO stage 3-4) serous papillary adenocarcinoma of the 

ovary. All samples were taken from patients undergoing primary surgery before 1®* line 

adjuvant platinum containing chemotherapy. The patients’ BRCA1 status was 

unknown. Informed consent was obtained from all patients prior to surgery and the use 

of the patient samples was approved by the Joint St James’s Hospital/Adelaide and 

Meath Hospital Dublin Research Ethics Committee. The patients’ clinicopathological 

details were assembled from the St. James’s hospital archives. A summary of the 

relevant patient details for this study are given in Table 7.1. Survival data was 

calculated from patient records, which allowed us to determine disease-free survival 

(DFS), progression free survival (PFS), and overall survival (OS) for each patient in the 

study. DFS in cancer treatment is defined as the length of time after completion of 1®'
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Table 7.1 Patient details for pilot study.

2 3C Optimal Carboplatin/taxol 2 7 16 NR

4 3C Optimal Carboplatin/taxol 18 23 46 R

5 3C Optimal Carboplatin/taxol SO 39 75 R

6 3C Optimal Carboplatin/taxol 19 23 48 R

7 3C Suboptimal Taxol then carboplatin 1 10 13 NR

9 4 Optimal Carboplatin/taxol 18 2S 32 R

10 3A Unknown Carboplatin 0 S 3 NR

11 3C Optimal Carboplatin/taxol 44 48 65+ R

12 3B Optimal CarboplatinAaxol 0 4 4 NR

15 SC Optimal Carboplatin/taxol 2 7 23+ NR

16 SB Optimal Carboplatin/taxol S4+ 41 + 40+ R

17 38 Optimal CarboplatinAaxol 21 + 26+ 26+ R

18 SC Optimal Carboplatin/taxol 22 27 36 R

19 SC/4 Optimal Carboplatin/taxol 10 15 27 PR

20 4 Suboptimal Carboplatin/taxol 4 9 9+ NR

21 4 Suboptimal Carboplatin 3 7 7+ NR

22 3C Optimal Carboplatin/taxol 20 26 26+ R

23 SC/4C Unknown Carboplatin/taxol 5 10 33 NR

25 SC Unknown Carboplatin/taxol 38 44 50 R

28 SC Optimal CarboplatinAaxol 57+ 63 63+ R

30 3C Optimal Carboplatin/taxol 11 17 6S PR

33 SC Suboptimal Carboplatin 0 5 9 NR

34 SC Optimal Carboplatin/taxol 39 44 71 R

35 SC Optimal Carboplatin/taxol 4 8 11 NR

36 SC Unknown Carboplatin 0 9 NR

37 SC Optimal CarboplatinAaxol 42 48 66 R

39 SC Suboptimal Carboplatin/taxol 7 11 11 + PR

40 4 Unknown Cisplatin/taxol 20 25 96 R

43 4 Unknown Carboplatin/taxol 0 S 19 NR

44 S Unknown Carboplatin 10 17 27 PR

46 SC Unknown Carboplatin/taxol 0 3 5 NR

47 SC Unknown Carboplatin/taxol 16 20 52 R

PFS, DFS and OS are given in months

+ indicates that an event has not yet occurred at this time point (The last entry in the patient’s 

records) but may still occur in the future. This data was censored for analysis.
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line chemotherapy that there was no sign or symptoms of the patient’s cancer (i.e. the 

date chemotherapy was finished to date of first recurrence). A cancer patient’s PFS is 

defined as the length of time from the start of treatment to recurrence (i.e. the date of 

surgery to the date of relapse or follow-up if relapse did not occur). A cancer patient’s 

OS is defined as the length of time after a patient’s surgery that the patient is still alive 

(i.e. the date of surgery to the date of death).

Response data was determined from a patient’s DFS and was used to group patients 

according to their platinum chemosensitivity status. Responders to chemotherapy 

(platinum sensitive) were defined as having a DFS of > 12 months, non-responders to 

chemotherapy (platinum resistant) were defined as having a DFS < 6 month, and 

partial responders (partially platinum resistant) were defined as having a DFS of 

between 6 and 12 months {Chien et at. 2013\ Pfisterer et al. 2006a). In total 15 

responders (R), 13 non-responders (NR) and 4 partial responders (PR) were recruited 

into our pilot study.

7.2.2 Biomarker selection for clinical validation

A three pronged approach was taken as a risk reduction strategy in order to select 

potential ovarian cancer resistance biomarkers. These biomarkers were identified by 

Affymetrix analysis of carboplatin and taxol resistant cell lines, carried out in chapter 6 

(UPN251-7C and UPN251-7T respectively). The chemoresistant cell lines were initially 

developed in chapter 4.

Firstly, from chapter 6, the top five de-regulated genes and miRNAs and the de

regulated genes identified by DAVID pathway analysis from carboplatin and taxol 

resistance related comparisons (A-E), were investigated by literature searches using 

PubMed to identify previous work carried out on the potential biomarkers relating to 

cancer resistance. This allowed the identification of aspects of the potential biomarkers 

that may support their clinical utility, using evidence from the literature. A detailed 

definition of comparisons (A-E), referenced in this section, is given in Chapter 6 section 

6.2.4.3. Briefly;

A). UPN251 (untreated) v UPN251-7C (untreated)

B). UPN251_C (2|jg/ml carboplatin) v UPN251-7C_C (2pg/ml carboplatin)

C). UPN251 (untreated) v UPN251-7T (untreated)

D). UPN251_TL (15ng/ml taxol (low dose)) v UPN251-7T_TL (15ng/ml taxol (low 

dose))
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E). UPN251_TL (15ng/ml taxol (low dose)) v UPN251-7T_TH (60ng/ml taxol (high 

dose))

Secondly, the deregulated comparisons were subjected to miRNA-target interactions 

(MTIs) analysis, as described in chapter 6 section 6.2.4.3.1. This allowed the 

identification of validated and predicted MTIs that occurred in the de-regulated 

comparisons. This interacting pair may present us with an attractive target for 

therapeutic intervention or a stronger prognostic resistance biomarker than a solitary 

mRNA or miRNA.

Finally, all of the top five deregulated probes, probes identified by DAVID and probes 

identified by MTIs analysis were assessed using OVMARK; an online tool for 

correlating transcriptomic data to ovarian cancer survival (Madden et al. 2014). 

OVMARK is an algorithm that allows for the identification of gene/miRNA subsets that 

are associated with disease progression in ovarian cancer. The algorithm integrates 

gene expression microarray data (often containing miRNA expression data) and clinical 

data to correlate clinical outcome using differential gene and miRNA expression levels. 

In total, the algorithm incorporates data from 14 datasets on 7 different microarray 

platforms to report on approximately 17,000 genes and 341 miRNAs in up to 2,129 

patient samples [Bonome et al. 2008] Crijns et al. 2009] Denkert et al. 2009] Ferriss et 

al. 2012] Konstantlnopoulos et al. 2010] Konstantinopoulos et al. 2011] Mateescu et al. 

2011] Mok et al. 2009] Spentzos et al. 2005] The Cancer Genome Atlas Network 2011] 

Tothill et al. 2008] Yoshihara et al. 2010] Yoshihara et al. 2012).

In our study, both survival options (DFS and OS) were selected separately when 

analysing our targets with OVMARK. Targets were analysed in the full patient and the 

platinum/taxane cohort using a median cut-off value. The cut-off value refers to the 

expression level used to determine the groups for high and low expression of a given 

marker within the individual datasets analysed by OVMARK. The median was used as 

the cut-off value in our analyses. When a sample was assigned to the high or low 

expression group within its database, the 14 datasets were combined and global 

survival analysis was performed. OVMARK treats each dataset separately when 

determining the high or low expression groups, as the target of interest will vary greatly 

across different platforms/experiments. The full patient cohort contains all patient 

samples available for a given marker to be tested from the 14 datasets. The platinum 

treatment and taxane treatment cohorts only contain samples from patients where the 

study states that they have been treated with platinum or taxane chemotherapy 

respectively. A combined target analysis was also carried out. Using this option, patient 

samples with the two targets of interest, which are both over-expressed, are compared
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to all of the remaining patient samples in a selected cohort. By selecting the inverse 

option, patient samples with one marker over-expressed and the other marker under

expressed were compared to remaining patients in a selected cohort.

Targets which, when analysed in OVMARK, had a significant log-rank p-value and a 

hazard ratio (HR), which complemented the direction of de-regulation of our marker on 

the Affymetrix platform (chapter 6), were considered as interesting candidate 

biomarkers. P-values were adjusted for multiple testing using the Benjamini-Hochberg 

method {Benjamini et al. 1995). The HR was calculated by Cox regression analysis. A 

HR value of >1 indicated that the target expression when up-regulated in ovarian 

cancer patients is associated with poor prognosis. Conversely, a hazard ratio of <1 

indicated that the target expression when up-regulated is associated with good 

prognosis. For example, a HR of 2 implies that patients with high expression of a tested 

marker will do twice as poorly as those with low expression. The opposite is true for 

patients with a HR of 0.5. When using OVMARK, it is important to remember that the 

risk estimate is always based on increased expression of a marker.

7.2.3 Kaplan-Meier survival analysis

The relationships between gene/miRNA expression and PFS and OS were examined 

using Kaplan-Meier survival curves, using the GraphPad Prism 5 Software. This 

programme allows for censoring when an event has not occurred (e.g. death or 

recurrence) {Bland 1998). A number of assumptions are made when using this method. 

It is firstly assumed that the survival probabilities are the same for subjects recruited 

early and late into a study. This did not apply to our study as all patients were 

monitored independently for follow-up. Samples were collected and flash frozen at the 

time of surgery and stored in a bio-bank until required for experimentation. Therefore, 

early and late recruitment does not apply. The second assumption states that censored 

patients have the same survival prospects as those who are followed. In our study, the 

patient data was censored if the patient had not yet progressed or died. The third and 

final assumption states that it is assumed that events occur at the time specified. This 

is accurate for certain events, for example, the date of death in a patient is 

unequivocal. For other events it was not so clear cut. For example, the time of patient 

progression can be more complicated as the exact time of progression is not always 

clear from patient records. In ovarian cancer management, CA125 levels are routinely 

checked at six month intervals. A rise in CA125 can be an indicator of disease 

recurrence. However, some clinicians only conclude that a patient has recurred when 

they become symptomatic. For this reason, it is not always clear when exactly a patient
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has recurred. The time of recurrence in our study was determined as being the time 

when a recurrence was identified by radiology and logged into patient notes by their 

consultant. The survival curves generated by the Kaplan-Meier method were generated 

using a product limit formula and compared using the log rank test {Bland 2004). This 

is a non-parametric hypothesis based test used in comparing survival distributions of 

two groups and can be applied to censored data. It uses the same assumptions as 

those used to generate the survival curves {Bland 2004). If an individual’s patient data 

was censored, it was considered to be at risk of an event (e.g. recurrence or death) at 

the time of censoring, but not in subsequent time points {Bland 2004). The Kaplan- 

Meier curves in this study were based on gene/miRNA expression, so that expression 

of a marker could be linked to survival in our cohort of patients. For the Kaplan Meier 

analysis, the HR is defined as being a ratio of the slopes of the survival curves. It 

compares two patient groups, computing the HR from all the data present (not at any 

one time point). For example, if the HR is 2, then the rate of an event (DFS/OS) in one 

treatment group is twice that of the other. It is assumed that the population HR is 

consistent over time, with any differences being due to random sampling (assumption 

of the proportional hazards). One caution is that if the HR is not consistent over time, 

the value that prism reports will not be useful.

7.3 Results

7.3.1 Selection of targets for clinical validation

Four genes (LIN28B, SRPX2, CCL20 and GLI3) and two miRNAs (let-7i and miR-205) 

were selected for further validation in our pilot study using patient samples. The rational 

for selecting each target is described below. Table 7.2 demonstrates the results of 

each target when analysed with OVMARK (an online tool which combines an-ay 

expression data from different studies). Both the full-patient and the taxane/platinum 

cohorts were assessed separately. Samples were also analysed in pairs by OVMARK  

to see if they would improve DFS or OS compared to each target individually. Pairing 

the targets did not improve the log-rank p-value or the HR in most combinations. 

However, one pairing resulted in an improvement. The combination of GLI3 over

expression and CCL20 under-expression gave a significant p-value of 0.03 and a HR 

of 1.199 (1.013 - 1.42) in the all-patient cohort for DFS.

A detailed definition of comparisons (A-E) referenced in the following sections is given 

in Chapter 6 section 6.2.4.3
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Table 7.2 OVMARK results for candidate platinum/taxane resistance biomarkers.

Target

CCL20

LIN28B

SRPX2

Let-7i

miR-205

iA(2.1), B(3.8)

T B(2.3)

T A(3.0), B(4.3) 
iC(3.2), D(3.4),E(2.6)

tC(3.1), D(2.9), E(2.8)

i  B(2.2)

iA(16.7),B(21.1),C(7.9) 
D(2.3), E(2.6)

n=996 i n=1990 i n=451 i n=454
p=0.1417 p=0.07537 p=0.6009 p=0.02001
HR=0.897 (0.776- HR=0.895 (0.792- HR=0.944 (0.760- HR=0.715 (0.538-
1.037) 1.011) 1.172) 0.950)
n=996 T n=1833 r n=451 T n=454
p=0.05833 p=0.14 p=0.04021 p=0.1346
HR=1.149 (0.995- HR=1.102 (0.969- HR=1.253 (1.01-1.554) HR=1.24 (0.935-1.644)
1.328) 1.253)
n=811 T n=910 t n=451 T n=454
p=0.01 p=0.001644 p=0.04488 p=0.1458
HR= 1.236 (1.05-1.455) HR=1.35 (1.119-1.629) HR=1.249 (1.005- HR= 1.233 (0.929-

1.552) 1.635)
n=996 T n=1990 t n=451 r n=454
p=0.09885 p=0.003354 p=0.2012 p=0.09227
HR= 1.129 (0.977- HR=1.199 (1.062- HR=].151 (0.928- HR= 1.273 (0.961-
1.304) 1.355) 1.428) 1.688)
Not in OVMARK - Not in OVMARK - Not in OVMARK - Not in OVMARK

n=329 i n=417 n=191 i n=194
p=0.1479 p=0.1387 p=0.08398 p=0.422
HR=0.820 (0.627- HR=0.794 (0.585- HR=0.737 (0.521- HR=0.831 (0.518-
1.073) 1.078) 1.043) 1.333)

t  = up-regulated expression, J. = down-regulated expression. Arrows in bold indicate a significant change in OVMARK.
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7.3.1.1 LIN28B

LIN28B was selected for a number of reasons. Firstly, it was up-regulated in UPN251- 

7C compared to UPN251 in both carboplatin resistance related comparisons (A and B) 

and down-regulated in UPN251-7T compared to UPN251 in all the taxol resistance 

related comparisons (C-E). This gave an interesting target that was highly deregulated 

in our comparisons and that may play a role in the inverse resistance relationship 

between platinum and taxane chemotherapy (Chapter 1 section 1.7.3). It was also 

found to be one of the top five deregulated genes in carboplatin resistance related 

comparison B. Secondly, LIN28B interacts with Iet7i, which was down-regulated in 

UPN251-7C compared to UPN251 in comparison B. LIN28B is a known inhibitor of the 

let-7 processing system. LIN28B binds to the terminal loops of let-7 family miRNA 

precursors resulting in the negative regulation of its members (Heo et al. 2008\ Rybak 

et al. 2008). Over-expression of LIN28B promotes cellular transformation in vitro and is 

associated with advanced disease in a number of tumour types, including Wilms’, 

Kidney, germ cell, and ovarian tumours {Viswanathan et al. 2009). It has been shown 

that high expression of LIN28B, which results in reduced expression of Let-7 family 

members, is correlated with shorter progression-free and overall survival in ovarian 

cancer in the literature {Lu et al. 2009a). Over-expression of LIN28B has also been 

linked with poor prognosis and chemoresistance in ovarian cancer (Topp et al. 2014\ 

Yan et al. 2013). In the study by Topp et al. (2014), patient derived xenografts (PDX) 

were produced from chemo-naTve ovarian cancer patients with the high-grade serous 

disease. Four PDXs were platinum sensitive, three were platinum resistant, and three 

were platinum refractory. All three of the platinum-refractory PDXs over-expressed 

LIN28B. In contrast, none of the platinum-sensitive PDXs over-expressed LIN28B 

{Topp et al. 2014). Yan et al. (2013) linked the down-regulation of PSP94 to 

chemoresistance in ovarian cancer through the modulation of LIN28B/Let-7 signalling. 

However, we did not observe deregulation of the PSP94 gene. The existing literature 

provided strong evidence of LIN28B’s potential as a candidate biomarker for 

chemoresistance in ovarian cancer. Finally, OVMARK analysis showed that the over

expression of LIN28B was associated with poor DFS in the all patient and 

platinum/taxane patient cohorts (p=0.01 and 0.04 respectively) and poor OS in the all 

patients cohort (p=0.002. Table 7.2). From the above evidence, further investigation of 

LIN28B in our patient cohort was warranted. This would extend existing knowledge of 

LIN28B’s affects on survival and chemoresistance and would allow the investigation of 

LIN28B in combination with Iet7-i as a more robust biomarker compared to LIN28B 

alone.
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7.3.1.2 SRPX2

SRPX2 was highly up-regulated in UPN251-7T compared to UPN251 in all three taxol 

resistance related comparisons (C-E). To our knowledge, SRPX2 has not been studied 

in ovarian cancer resistance, but has been linked to having a possible role in 

chemotherapy resistance in leukaemia. SRPX2 was first described as a downstream 

target gene for E2A-HLA which is associated with a form of leukaemia that does not 

respond to chemotherapy {Kurosawa et al. 1999). SRPX2 over-expression has been 

noted in a number of cancer cell lines including gastric, colorectal, lung, mesothelioma 

and glioma, and has been shown to affect cellular migration and adhesion {Tanaka et 

al. 2009). It has also been linked with unfavourable outcome in gastric cancer, making 

this an interesting novel candidate biomarker for chemoresistance in ovarian cancer 

{Yamada et al. 2014). Results from OVMARK analysis showed that up-regulation of 

SRPX2 was associated with poor OS in the all patients cohort (p=0.003. Table 7.2).

7.3.1.3 CCL20

CCL20 was down-regulated in UPN251-7C compared to UPN251 in both carboplatin 

resistance related comparisons from chapter 6 (A and B). DAVID pathway analysis 

identified CCL20 to be part of the cytokine-cytokine receptor interaction pathway 

(section 6.4.1.2.3). The expression of cytokines and their receptors have a role to play 

in cancer {Balkwill 2004) and may have a role to play in the progression of ovarian 

cancer {Nash et al. 1999). The expression of cytokines has been investigated in 

ovarian cancer cell lines, ascites fluid and biopsies from ovarian cancer patients in 

different studies {Kulbe et al. 2012', Matte et al. 2012). Low concentrations of CCL20 

have been found in ascites fluid from ovarian cancer patients. Its concentration is much 

lower than other cytokines, such as IL8 or CCL18 {Schutyser et al. 2002). CCL20 is 

also expressed at a moderately low level in SKOV-3 ovarian cancer cell lines after 

exposure to pro-inflammatory chemokines IL1 and TNF {Son et al. 2007). In colorectal 

cancer, increased expression of CCL20 and its receptor CCR6 are seen in patients 

who receive pre-operative FOLFOX chemotherapy {Ruble et al. 2011). This increase in 

expression is short lived. Increased expression has also been linked to the inducement 

of cellular differentiation and migration in breast pancreatic and colorectal cancer 

through the up-regulation of MMP9 (down-regulated in UPN251-7C compared to 

UPN251 in our study) {Brand et al. 2006\ Campbell et al. 2005, Marslgllante et al. 

2013). CCL20 was observed to have decreased expression in carboplatin-resistant cell 

line UPN251-7C, compared to carboplatin-naTve parental cells UPN251. This may 

indicate that the effects of CCL20 expression are tissue specific or that a response of
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an increase in CCL20 expression to chemotherapy might be lost in chemoresistant 

ovarian cancer cells. For this reason, decreased expression of CCL20 may be linked 

with chemo-resistance. OVMARK analysis indicated that low expression of CCL20 was 

associated with poor OS in the platinum/taxane chemotherapy cohort of ovarian cancer 

patients (p=0.02, Table 7.2). To our knowledge, this chemokine has not been 

investigated as a chemoresistant marker in ovarian cancer and might be a potential 

biomarker for chemoresistance, based on the evidence above.

7.3.1.4 GLI3

GLI3 was found to be up-regulated in UPN251-7C compared to UPN251 in comparison 

B (related to carboplatin resistance). GLI3 was identified by DAVID pathway analysis 

as part of the hedgehog signalling pathway. Aberrant expression of hedgehog family 

members has been linked to multiple cancer types {Evangelista et al. 2006), including 

ovarian cancer {Chen et al. 2007). GLI3 over-expression was seen in the cytoplasm of 

endometrioid carcinoma tumour tissue when compared to normal endometrium from a 

patient cohort of 271 {Kim et al. 2009). Up-regulation of GLI3 has been found in a 

number of different cancer types and in NSCLC over-expression is associated with 

poor prognosis and may play an important role in tumourigenesis {Bai et al. 2013). In 

the context of chemoresistance, over-expression of GLI3 in cervical cancer has been 

shown to inhibit apoptosis and cell cycle arrest {Wen et al. 2014). From the MTIs 

analysis, GLI3 was shown to interact with miR-205, which is down-regulated in 

UPN251-7C and UPN251-7T compared to UPN251 in all carboplatin and taxol related 

resistance comparisons (A-E). Also, OVMARK analysis indicated that GLI3 up- 

regulation was significantly associated with poor DFS in the platinum/taxane cohort of 

ovarian cancer patients (p=0.04. Table 7.2). The above evidence pointed towards 

GLI3’s potential as an ovarian cancer chemoresistance biomarker.

7.3.1.5 Let-7i

Let-7i of the let-7 family was down-regulated in UPN251-7C compared to UPN251 in 

carboplatin resistance related comparison B. In ovarian cancer, let-7i has been found 

to have the ability to predict chemotherapy responses. Its expression was significantly 

reduced in platinum resistant patients and was also significantly associated with shorter 

PFS in advanced ovarian cancer patients {Yang et al. 2008b). In the same study, loss 

of function and gain of function manipulations through Let-7i inhibitors and retroviral 

over expression showed that a reduction in Let-7i expression resulted in increased 

cisplatin resistance in ovarian and breast cancer cells {Yang et al. 2008b). Our group 

has shown that Iet7i is down-regulated in the serum of ovarian cancer patients {Langhe
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et al. 2014). In addition, patients who developed chemoresistant ovarian cancer saw no 

detectable expression of let-7i from serum samples. MTIs analysis found that LIN28B 

(section 7.3.1.1) was a validated target of let-7i. Therefore, let-7i in combination with 

LIN28B may act as a robust biomarker panel of carboplatin-resistant in ovarian cancer. 

Also, let-7i delivery into taxol resistant ovarian cancer tumours re-sensitises the cells to 

taxol chemotherapy {Liu et al. 2012). This was tested on the OVCAR3 ovarian cancer 

cell line. Let7i specifically sensitised the role of taxol by inhibiting proliferation, inducing 

apoptosis, and decreasing long term survival. Therefore, this treatment releasing Let7i, 

sensitises the cells to taxol chemotherapy {Liu et al. 2012). No information was 

available through analysis with OVMARK, as this miRNA was not screened for in the 

microarray experiments utilised by the online tool. Evidence from the literature and its 

interaction with LIN28B by MTI analysis, makes this an attractive potential biomarker to 

test in our pilot study.

7.3.1.6 MiR-205

MiR-205 was down-regulated in UPN251-7C and UPN251-7T compared to UPN251 in 

all of the carboplatin and taxol resistance related comparisons (A-E) in chapter 6. It 

was found to be part of the top-five deregulated miRNA lists of four of these 

comparisons (A, B, C and E). In the literature, miR-205 has been shown to be 

frequently down-regulated in advanced cancers {lorio et al. 2007). However, it has also 

been shown to be up-regulated in cancer, depending on the tissue of origin. This may 

suggest that miR-205 has more than one target mRNA and that it could function as an 

oncogene or tumour suppressor gene, depending on the cellular context {Tsukamoto et 

al. 2014). A number of studies have shown miR-205 to be up-regulated in ovarian 

cancer tissue and plasma {Zheng et al. 2013\ Zhou et al. 2014). Down-regulation of 

miR-205 in the current study may be a result of resistance development as miR-205 

seems to be ordinarily up-regulated in ovarian cancer tissue compared to normal 

ovarian tissue. From MTIs analysis, miR-205 has been shown to have a predicted 

interaction with GLI3. Therefore, GLI3 could act as a more robust biomarker panel in 

combination with miR-205 than either marker on their own. However, OVMARK 

analysis on miR-205 does not give significant correlations with DFS or OS in either the 

full patient or platinum/taxane cohorts. Its scale of deregulation in our Affymetrix 

analysis (chapter 6), its interaction with GLI3, and evidence in the literature of its down- 

regulation in cancer all contribute in making this an attractive potential biomarker. Also, 

miR-205 in combination with let-7f has been suggested in the literature as a predictive 

biomarker panel for ovarian cancer prognosis that could complement CA125 {Zheng et
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al. 2013). Our study suggests that miR-205 may have the ability to predict 

chemotherapy resistance in combination with GLI3.

7.3.2 Target expression analysis

32 patient samples were analysed for the expression of CCL20, GLI3, LIN28B and 

SRPX genes and let-7i and miR-205 miRNAs by qPCR. In total, 15 patient samples 

were classed as responders (R) to chemotherapy, 13 were classified as non

responders (NR) to chemotherapy, and 4 were classified as partial responders (PR) to 

chemotherapy (Table 7.1). The average fold expression of each target (gene/miRNA) 

within the NR, PR and a combination of NR and PR groups relative to the R group is 

given in Table 7.3 and shown diagrammatically in Figure 7.1. In general, fold changes 

of markers in the chemoresistant groups had high standard deviations (SDs). This was 

because, in most cases the groups contained a number of samples that had both up 

and down-regulated expression of a single target when compared to the 

chemosensitive R group. Table 7.4 shows that in the chemoresistant NR group, each 

target had a nearly equal amount of patient samples with up and down-regulated 

expression relative to the non-chemoresistant R group. This is most likely due to the 

variability of biological samples. This trend was not seen for every target in the 

partially-chemoresistant PR group, but this is likely to be due to the small amount of 

patient samples in this group (Table 7.4). Significant changes were only observed in 

LIN28B between sample groups (Table 7.3, Figure 7.1). Significance was assessed by 

carrying out two tailed T-tests (un-equal variance) between sample group’s ACT values 

for the target of interest. Figure 7.2 shows the spread, mean and median of ACT values 

for each target within each patient group. LIN28B was significantly down-regulated in 

the PR and PR+NR groups in relation to the R group (p=0.03 and 0.04 respectively). 

The analysis of LIN28B excluded samples that had no detectable expression of LIN28B 

by qPCR. These samples were deemed to not express LIN28B. In total, 15 out of 32 

samples did not express LIN28B (Table 7.4). Validation of this finding needs 

confirmation in a larger patient cohort.

7.3.3 Survival analysis

In order to link target (gene/miRNA) expression to survival, Kaplan Meier survival 

graphs were generated for DFS and OS. In LIN28B, three scenarios were examined to 

account for the samples that did not express LIN28B by qPCR. One scenario 

compares samples of up-regu!ated expression to down-regulated expression, 

excluding samples that did not express LIN28B from the analysis. The second scenario 

treats the samples that were not expressed as down-regulated and included them in
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Table 7.3 Mean fold change of target (gene/nniRNA) in patient chemotherapy-response groups 

relative to responders group.

B B B
CCL20

GLI3

LIN28B ^

SRPX2

2.7 ±4.7 0.74 39.7 ±76.3 0.35 11.4 ±37.0 0.34

1.8 ± 2.6 0.67 0.4 ±0.3 0.20 1.5 ±2.4 0.50

0.5±0.7(n=7) 0.06 0.2 ± 0.2* (n=3) 0.03 0.4 ± 0.6* (n=10) 0.05

3.3 ±7.4 0.41 0.7 ±0.4 0.06 2.7 ±6.5 0.54

Let-7i

miR-205

2.0 ±2.3

3.2 ± 7.4

0.87

0.32

1.7± 1.2

6.7 ± 11

0.67

0.81

2.0 ± 2.0

4.0 ±8.1

0.81

0.35

''Only includes patient’s samples that had detectable expression of target by qPCR. Samples 

that were not detected were excluded.

‘ Indicates a significant difference between ACT values of responder group and ACT values of 

selected group (p<0.05 students t-test (un-equal variance)).
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Figure 7.1 Fold change of qPCR target expression in non-responder (NR) and partial- 

responder (PR) patient groups relative to the responder (R) patient group.

Fold change is given on y-axis and targets grouped into (NR), (PR) and (NR + PR) is shown on 

the x-axis. (A) Gene targets. Significant up-regulation of genes are fold changes >2 and 

significant down-regulation of genes are fold changes <0.5. (B) MiRNA targets. Significant up- 

regulation of mlRNAs are fold changes >1.5 and significant down-regulation of mlRNAs are fold 

changes <0.66.

''Only includes patient’s samples that had detectable expression of target by qPCR. Samples 

that were not detected were excluded

* Indicates a significant difference in fold expression between patient group of interest and 

responders (P<0.05, student T-test (non-equal variance)).
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Table 7.4 Number of significant fold changes in NR or PR when compared to R.

This table indicates the amount of patient samples that had significant up or down-regulated 

expression in non and partial-responders groups relative to the average ACT values of the 

responders group. It also indicates the amount of samples that were not found to be expressed 

by qPCR in each sample group.

5 4 0 3 4 0 0 5 6 4 4 0 6 5 0 5 5 0  13

2 0 0 0 3 0 0 3  1 0 2 0 2 1  0 2 2 0 4

- - 0 - - 0 - - 8 - - 0 - - 0 - - 0  15

t  = significant up-regulated expression, j  = significant down-regulated expression, NE = not 

expressed, NR = non-responder, PR = partial-responder, R = Responder, N = total number of 

samples in each group

For gene targets, significant fold up-regulation = >2 fold and significant fold down-regulation = 

<0.5 fold.

For miRNA targets, significant fold up-regulation = >1.5 fold and significant fold down-regulation 

= <0.66 fold.
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Figure 7.2 A CT values of qPCR targets in patient samples grouped by chemotherapy 

response.

X-axis depicts A CT values and Y-axis depicts patient groups. (A) CCL20 (B) GLI3 (C) LIN28B 

(D) SRPX2 (E) let-7i (F) miR-205. + represents the group mean. Bar within box depicts the 

group median. Whiskers represent the min and max sample A CT values. The box extends from 

the 25"  ̂ to 75'*̂  percentile of group A CT values. Higher A CT values indicate lower target 

expression while lower A CT values indicate higher target expression.

''Only includes patient’s samples that had detectable expression of target by qPCR. Samples 

that were not detected were excluded.

* Indicates a significant difference in fold expression between patient group of interest and 

responders (P<0.05, student T-test (non-equal variance)).
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the analysis. The last scenario compared all samples that had any detectable 

expression of LIN28B by qPCR to samples that had no detectable expression of 

LIN28B by qPCR.

No significant differences in DFS or OS were seen between high and low expressers of 

any target by Kaplan Meier analysis when the median value was used as a cut-off 

value to separate the samples into high and low expressers. Significant differences 

were seen when the cut-off value was set as the top 25% of samples for over- 

expressers and bottom 25% of samples for under-expressers. The following Kaplan 

Meier results were based on this analysis.

Figure 7.3 and Figure 7.4 show the results of Kaplan Meier analysis for differences in 

DFS in our samples, comparing high and low levels of target expression. CCL20 

(Figure 7.3 (A)), SRPX2 (Figure 7.3 (B)), let-7i (Figure 7.3 (C)) and miR-205 (Figure 7.3 

(D)) were shown to have no significant difference in DFS between high and low- 

expressers of the examined target. GLI3 (Figure 7.4 (A)) and LIN28B (Figure 7.4 (B-D)) 

did show significant differences in DFS. Low expression of GLI3 was significantly 

associated with poor DFS (p=0.009, 1 df (Log-rank test), HR=0.1210 (0.02480- 

0.5907)). The HR of 0.1 indicates that patients with low expression of GLI3 are 10 

times more likely to progress than those with high GLI3 expression. Median DFS in the 

GLI3 up-regulated group was 25 months, while the median survival in the GLI3 down- 

regulated group was 7.5 months. Also, down-regulated expression of LIN28B was 

associated with poor DFS when the non-expressed samples were removed from the 

study (p=0.0067, 1 df (Log-rank Test), HR=0.05537 (0.006830-0.4489), Figure 7.4 (B)). 

The HR of 0.06 indicates that patients with low expression of LIN28B are approximately 

17 times more likely to progress than those with high LIN28B expression. Median DFS 

in the LIN28B up-regulated group was 24.5 months and the median DFS in the LIN28B 

down-regulated group was 2.5 months. The other scenarios for LIN28B (not expressed 

as down-regulated. Figure 7.4 (C) and expressers compared to non-expressers. Figure 

7.4 (D)) did not show any significant differences in DFS.

Figure 7.5 and Figure 7.6 shows the results of Kaplan Meier analysis for differences in 

OS comparing high and low levels of target expression. CCL20 (Figure 7.5 (A)), 

SRPX2 (Figure 7.5 (B)), let-7i (Figure 7.5 (C)), miR-205 (Figure 7.5 (D)) and LIN28B 

(Figure 7.6 (B-D)) were all shown to have no significant difference in OS between high 

and low-expressers of the examined target. Only GLI3 showed a significant difference 

in OS between high and low-expressers of the target (Figure 7.6 (A)). Low expression 

of GLI3 was significantly associated with poor OS (p=0.0289, 1 df (Log-rank Test),
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Figure 7.3 Kaplan Meier survival curves depicting disease free survival (DFS) in patient 

samples grouped and compared by expressional data.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. The green line represents up-regulation and the red line 

represents down-regulation of a given target. (A) up-regulation compared to down-regulation of 

CCL20. (B) up-regulation compared to down-regulation of SRPX2. (C) up-regulation compared 

to down-regulation of let-7i. (D) up-regulation compared to down-regulation of miR-205.

The cut-off value for high and low sample expression defines high expression of a marker to be 

the top 25% expression level and low expression to be the bottom 25% expression level.
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Figure 7.4 Kaplan Meier survival curves depicting disease free survival (DFS) in patient 

samples grouped and compared by expressional data.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. The green line represents up-regulation and the red line 

represents down-regulation of a given target. (A) up-regulation compared to down-regulation of 

GLI3. (B) up-regulation compared to down-regulation of LIN28B without non-expressed patient 

samples not detected by qPCR. (C) up-regulation compared to down-regulation of LIN28B 

where non-expressed are grouped as down-regulated. (D) Expressed samples (green) 

compared to non-expressed samples of LIN28B (red) by qPCR.

The cut-off value for high and low sample expression defines high expression of a marker to be 

the top 25% expression level and low expression to be the bottom 25%  expression level.
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Figure 7.5 Kaplan Meier survival curves depicting overall survival (OS) in patient samples 

grouped and compared by expressional data.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. The green line represents up-regulation and the red line 

represents down-regulation of a given target. (A) up-regulation compared to down-regulation of 

CCL20. (B) up-regulation compared to down-regulation of SRPX2. (C) up-regulation compared 

to down-regulation of let-7i. (D) up-regulation compared to down-regulation of miR-205.

The cut-off value for high and low sample expression defines high expression of a marker to be 

the top 25% expression level and low expression to be the bottom 25% expression level.
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Figure 7.6 Kaplan Meier survival curves depicting overall survival (OS) in patient samples 

grouped and compared by expressional data.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. The green line represents up-regulation and the red line 

represents down-regulation of a given target. (A) up-regulation compared to down-regulation of 

GLI3. (B) up-regulation compared to down-regulation of LIN28B without non-expressed patient 

samples not detected by qPCR. (C) up-regulation compared to down-regulation of LIN28B 

where non-expressed are grouped as down-regulated. (D) Expressed samples (green) 

compared to non-expressed samples of LIN28B (red) by qPCR.

The cut-off value for high and low sample expression defines high expression of a marker to be 

the top 25% expression level and low expression to be the bottom 25% expression level.
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HR=0.2566 (0.07573-0.8692)). The HR of 0.3 indicates that patients with low 

expression of GLI3 are approximately 3.3 times more likely to suffer death than those 

with high GLI3 expression. Median OS in the GLI3 up-regulated group was 71 months, 

while the median survival in the GLI3 down-regulated group was only 21.5 months.

Kaplan Meier analysis of the data was also carried out in optimally debulked patients to 

determine if debulking status influenced the findings. However, no influence was 

observed.

Furthermore, significant differences in DFS and OS were examined between patient 

samples that had different expression patterns of a gene and a miRNA that had a 

predicted miRNA-target interaction (MTI) (Figure 7.7). There was no difference in DFS 

or OS when comparing samples that had up-regulated expression of LIN28B and 

down-regulated expression of let-7i to samples that had down-regulated expression of 

LIN28B and up-regulated expression of let-7i (Figure 7.7 (A & B)). Similarly, there was 

no difference in DFS or OS, when comparing samples that had up-regulated 

expression of GLI3 and down-regulated expression of miR-205 to samples that had 

down-regulated expression of GLI3 and up-regulated expression of miR-205 (Figure 

7.7 (C & D)).

Finally, an algorithm was devised using all 6 gene/miRNA targets (CCL20, GLI3, 

LIN28B, SRPX2, let-7i and miR-205) that could be used as a predictor of 

chemotherapy response. This was achieved by examining the direction of fold change 

of all the targets in a given sample from the chemoresistant groups (NR and PR) 

relative to the non-chemoresistant group R and determining how many of these targets 

were expressed in the direction that was predictive of poor response from OVMARK 

analysis (Table 7.2). Table 7.5 shows the expected direction of fold change in 

chemoresistant samples for all the targets examined (from Affymetrix data (Chapter 6) 

and OVMARK analysis (Table 7.2)) and the actual direction of fold change that was 

observed in our biological samples. In total, from the 17 chemoresistant samples 

examined, 23 instances of a target being expressed in the expected direction occurred, 

while 44 instances of a target being expressed in an unexpected direction occurred. In 

26 instances, a target had no significant change and in 7 instances, no expression of a 

target was found using qPCR. The samples were then grouped into an expected and 

an unexpected group or excluded from further analysis. The two groups were defined 

as follows;
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Figure 7.7 Kaplan Meier analysis of DFS and OS between different expression patterns of a 

mlRNA and predicted target gene.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. (A) PFS in samples with up-regulated expression of LIN28B and 

down-regulated expression of let-7i compared to down-regulated expression of LIN28B and up- 

regulated expression of let-7i. (B) OS in samples with up-regulated expression of LIN28B and 

down-regulated expression of let-7i compared to down-regulated expression of LIN28B and up- 

regulated expression of let-7i. (C) PFS in samples with up-regulated expression of GLI3 and 

down-regulated expression of miR-205 compared to down-regulated expression of GLI3 and 

up-regulated expression of miR-205. (D) OS in samples with up-regulated expression of GLI3 

and down-regulated expression of miR-205 compared to down-regulated expression of GLI3 

and up-regulated expression of miR-205.
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Table 7.5 Pold change direction and survival.

The number of targets (genes/miRNAs) expressed in the expected and unexpected direction of fold expression in a given sample was examined. Fold change 

in the PR and NR patient samples were relative to the R group. Extent of fold change is indicated in brackets. The samples DFS and OS were given for 

comparison purposes.

19 (PR) - - i  (0.1) T (2.4) - T (23.1) 0 3 10 26

30 (PR) - i  (0.4) i  (0.03) i  (0.2) i  (0.1) i  (0.4) 2 3 11 63

39 (PR) T (154.1) i  (0.4) i  (0.5) T (2.9) i  (0.4) i  (0.6) 0 5 7 11

44 (PR) T (3.4) - NE - i  (0.4) T (2.7) 0 4 10 27

2 (NR) - - i  (0.02) i  (0.6) i  (0.2) T (2.1) 1 2 2 16

7 (NR) i  (0.3) T (2.4) i(0.01) - - T (4.9) 3 1 1 13

10 (NR) i  (0.03) i  (0.01) - i  (0.5) - i (0.002) 3 1 0 3

12 (NR) i  (0.3) - - i  (0.1) i  (0.3) i  (0.6) 3 1 0 4

15 (NR) - - i (0.001) T(1.5) T (2.1) i  (0.6) 2 2 2 23+

20 (NR) t  (3.5) - i  (0.4) T(4.1) - T(1-8) 0 4 4 9

21 (NR)
- - i  (0.3) - - i  (0.3) 1 1 3 7+
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23 (NR) T (17.9) i(0.1) NE T (3.5) i(0.1) i (0.003) 0 5 5 33

33 (NR) T (3.4) T (3.9) NE i  (0.5) - - 2 1 0 9

35 (NR)
T(3.1) i (0.3) NE T(1.5) i  (0.2) - 0 4 4 11

36 (NR)
i  (0.3) i(0.1) NE T (3.2) i  (0.2) T (27.6) 1 4 0 9

43 (NR) T (2.0) T (27.6) NE T (8.2) t (8.2) T(2.1) 2 3 0 19

46 (NR)
- T(2.1) NE i  (0.5) T (7.0) - 3 0 0 5

Total 23 44

t target t = expected up-regulated expression, j, target j, = expected down-regulated expression, t  = significant up-regulated expression, j. = significant 

down-regulated expression, - = not significantly different, NE = not expressed, NR = non-responder, PR = partial-responder, R = Responder, Total = total 

number of expected and un-expected directional expression in samples, DFS = disease free survival, OS = overall survival

327



Expected

o 3 or more targets expressed in the expected direction 

o 1 or less targets expressed in the unexpected direction 

• Unexpected

o 3 or more targets expressed in an unexpected direction 

o 1 or less targets expressed in an expected direction

The expected group contained 4 samples and the unexpected group contained 7 

samples from our pilot study. The remaining samples were excluded from this analysis, 

as they did not meet the criteria of the expected or unexpected groups. OS and PFS 

were compared between the expected and unexpected groups. From this comparison, 

it was found that patient samples from the expected group had a significantly worse 

DFS and OS than patient samples that were part of the unexpected group (p=0.007 

and 0.02 respectively (student T-test (un-equal variance))) (Figure 7.8). The expected 

group was shown to have significantly lower DFS (p=0.01, 1 df (Log-rank Test)) and 

lower OS (p=0.04, 1 df (Log-rank Test)). The HR ratios for these comparisons were not 

calculated as they would not be accurate due to the low number of cases in each group 

being assessed. The median DFS was 1 and 6 months and the median OS was 4.5 

and 11 months for expected and unexpected groups respectively.
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Figure 7.8 Analysis of DFS and OS between samples in the expected group and the un

expected group.

Expected group=3 or more markers in an expected direction of expression and 1 or less 

markers in an un-expected direction predictive for poor prognosis by OVMARK analysis.

Un-expected group=3 or more markers in an un-expected direction of expression and 1 or less 

markers in an expected direction predictive for poor prognosis by OVMARK analysis.

X-axis depicts the time taken in months for a patient to relapse after surgery. Y-axis depicts the 

percentage survival of patients. (A) PFS between expected (n=4) and un-expected (n=7) (B) OS 

between expected (n=4) and un-expected (n=7).

7.4 Discussion

Chemoresistance is one of the major problems facing ovarian cancer management. 

The identification of biomarkers that can accurately predict patients who will be 

resistant to standard platinum/taxane chemotherapy or who will have a poor outcome is 

important in the fight to improve patient survival. This will allow clinicians to make 

informed decisions about alternate treatments that may have greater benefit to 

individual patients’ needs. Novel therapies could be designed to target biomarkers that 

are found to be linked to resistance. In this way, these therapies could inhibit the 

development of resistance or circumvent mechanisms of resistance that have evolved. 

We investigated the clinical utility of 6 potential gene/miRNA biomarkers CCL20, GLI3, 

LIN28B, SRPX2, let-7i and miR-205. Kaplan Meier analysis of these targets using the 

top and bottom 25% of expressers are discussed below. This analysis was carried out 

as a pilot study containing a small sample size of 32 patients.
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7.4.1 LIN28B as a marker of diagnosis and resistance

Of the 6 gene/miRNA markers investigated in clinical samples, our study indicated that 

the down-regulation of LIN28B may be linked with chemoresistance in ovarian cancer. 

However, it was difficult to draw definitive conclusions as all response groups (NR, PR 

and R) had samples that had no detectable expression of LIN28B by qPCR (Table 7.4). 

It is only when we examined a subset of samples (samples that expressed LIN28B to 

some degree by qPCR (n=17)), that a significant reduction in expression was seen in 

chemoresistant groups (PR (n=3) + NR (n=7)) compared to the non-chemoresistant R 

group (Table 7.3, Figure 7.1). This subset of LIN28B expressers had reduced DFS in 

those patients that expressed the gene at lower levels compared to those that had 

higher expression (p=0.0067, 1 df (Log-rank Test), HR=0.05537 (0.006830-0.4489), 

Figure 7.4 (B)). The HR value of 0.6 indicated that patients with low expression of 

LIN28B were 17 times more likely to progress than those with high expression. The 

LIN28B gene is primarily expressed in fetal tissues and is not ordinarily expressed in 

adult tissues. However, it does become re-expressed in cancerous tissues. For this 

reason, it may be reasonable to deduce that samples in our study that have no 

detectable expression by qPCR may be classed as low-expressers of LIN28B, and 

those that have any detectable expression by qPCR may be classed as high- 

expressers. For this reason, the expression of LIN28B and survival was re-evaluated 

using these criteria on our full set of patient samples. Unfortunately, no significant 

difference in DFS or OS was seen in this case (Figure 7.4 & 7.6 (D)).

The literature and results from OVMARK analysis (Table 7.2) contradicted the findings 

from our small cohort of samples linking low LIN28B expression to reduced DFS. It has 

been shown that up-regulation of LIN28B is associated with advanced carcinomas 

including Wilms’ Kidney, germ cell, and ovarian tumours {Viswanathan et al. 2009). In 

ovarian cancer patients, high expression of LIN28B has been found to be significantly 

associated with reduced PFS and OS compared to patients having low LIN28B 

expression (p=0.0017 and p=0.0022, respectively) {Lu et al. 2009a). The study by Lu et 

al. (2009a) utilises a larger cohort of patient samples when carrying out Kaplan Meier 

analysis (High expressers of LIN28B (n=59) and low expressers of LIN28B (n=82)). 

The team also found that high expression of LIN28B was associated with a larger 

residual tumours and suboptimal debulking status. Samples numbers were insufficient 

to investigate this in our study. Lu et al. (2009a) also found that LIN28B expression was 

not associated with the stage and grade of a tumour. It was not possible to evaluate 

this in our study, as we confined our samples to advanced cases (FIGO 3-4) of ovarian 

cancer. As this study used different grades, stages and histotypes of ovarian cancer.
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this could explain the difference in results obtained from Lu et al. (2009a) and our 

study.

Other studies also link over-expression of LIN28B to poor prognosis and 

chemoresistance in ovarian cancer {Topp et al. 2014] Van et al. 2013). UPN251-7C 

had up-regulated expression of LIN28B and down-regulated expression of let-7i when 

compared to non-resistant UPN251 parental cells. LIN28B is a known inhibitor of the 

Let-7 processing system binding to the terminal loops of Let-7 family miRNA 

precursors, resulting in the negative regulation of its members [Heo et al. 2008; Rybak 

et al. 2008). Considering this system of interaction, our study investigated whether 

opposed expression of these two markers (i.e. up-regulation of one marker and down 

regulation of the other and vice versa) influenced DFS and OS in our patient cohort. No 

significant differences were found in either DFS or OS (Figure 7.7 (A & B)). For this 

reason, we cannot conclude that these markers in combination improve their singular 

predictive power.

In summary, the results from our small subset of patients (excluding samples that did 

not express LIN28B), linking low LIN28B expression to chemoresistance and reduced 

DFS, could not be confidently confirmed. This was due to LIN28B not being expressed 

in many of our samples by qPCR across response groups, non-expressed samples of 

LIN28B showing no difference in DFS and OS compared to samples expressing 

LIN28B and the literature indicating from a large cohort study that high-expression of 

LIN28B was significantly associated with PFS and OS.

7.4.2 GLI3 as a marker of diagnosis and resistance

Although no significant differences in GLI3 expression were seen between 

chemoresistant and chemosensitive patient groups (Table 7.3, Figure 7.1), GLI3 

expression levels within our samples could be linked with DFS and OS. Patients that 

expressed low levels of GLI3 in our study had worse DFS than those who expressed 

high levels of GLI3 (p=0.009, 1 df (Log-rank Test), HR=0.1210 (0.02480-0.5907), 

Figure 7.4 (A)). The HR of 0.1 indicated that patients with low expression of GLI3 had 

10 times greater chance of progressing than those with high GLI3 expression. Also, 

patients with low expression levels of GLI3 had a worse OS than those who expressed 

high levels of GLI3 (p=0.0289, 1 df (Log-rank Test), HR=0.2566 (0.07573-0.8692), 

Figure 7.6 (A)). The HR of 0.3 indicated that patients with low expression of GLI3 had a 

3.3 times greater chance of dying than those with high GLI3 expression. Our 

carboplatin resistant cell line UPN251-7C had up-regulated expression of GLI3 and 

down-regulated expression of miR-205 when compared to non-resistant UPN251
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parental cells (chapter 6). MTI analysis showed a validated interaction between GLI3 

and miR-205. Considering this interaction, our study investigated whether opposed 

expression of these two markers (i.e. up-regulation of one marker and down regulation 

of the other and vice versa) influenced DFS and OS in our patient cohort. No significant 

differences were found in either DFS or OS (Figure 7.7 (C & D)). For this reason, we 

cannot conclude that these markers in combination improve their singular predictive 

power.

The results obtained from our OVMARK analysis showed that up-regulation of GLI3 

was associated with poor DFS, the opposite of what is shown by our cohort of patients. 

In the literature, GLI3 over-expression is seen in the cytoplasm of endometrioid 

carcinoma tumour tissue when compared to normal endometrium from a patient cohort 

of 271 {Kim et al. 2009). Our analysis by OVMARK contained samples from both 

epithelial serous patients and endometrioid patients. As up-regulation of GLI3 occurs in 

endometrioid carcinoma, this may have skewed the results given by OVMARK to point 

towards an up-regulated expression being linked with poor prognosis in advanced 

ovarian cancer. Our patient cohort only included patients with serous epithelial ovarian 

cancer. This may account for the differences in results. Down-regulation of GLI3 

contributing to poor prognosis may be specific to serous ovarian cancer. The finding 

that up-regulation of GLI3 may be involved in platinum resistance from our Affymetrix 

work on UPN251-7C (chapter 6) may have been a cell line specific result. Cell lines are 

not a perfect system for examining gene expression in a clinically relevant context and 

can differ to that of patient samples.

It has been shown that GLI3, along with having a key role in the activation of hedgehog 

signalling (Identified by DAVID, chapter 6), controls a diverse range of cellular 

behaviours by cross-talk with other cell signalling pathways, such as the WNT/|3- 

catenin pathway {Sengupta et al. 2007). In colon cancer, GLI3 (up-regulated in colon 

cancer cells compared to normal tissue) has been shown to promote cell proliferation 

by interacting with p53. Knockdown of GLI3 causes disruption of MDM2-p53 interaction 

and increases p53-dependant cell growth inhibition in colon cancer cells {Kang et al. 

2012). In colorectal cancer, up-regulation of GLI3 promotes anchorage-independent 

growth and tumorigenicity by causing the up-regulation of genes related to adhesion, 

independent of p53 status {Iwasaki et al. 2013). In cervical cancer, GLI3 over

expression by reduction in miR-506, a tumour suppressor targeting GLI3, has been 

shown to suppress apoptosis and cell cycle arrest and confer resistance to 

chemotherapy {Wen et al. 2014). In addition to this, GLI3 has been shown to modulate 

angiogenesis and endothelial cell migration in mammalian adults {Renault et al. 2009).
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The above evidence highlights the fact that GLI3 is a complex signalling molecule 

playing a role in a diverse number of signalling pathways (in addition to hedgehog 

signalling). This suggests that GLI3 may contribute to various physiological and 

pathological conditions in a number of ways. The mechanism by which GLI3 down- 

regulation is conferring poor PFS and OS in our serous ovarian cancer patient cohort is 

unknown. In the majority of cancer types, up-regulation of GLI3 has been associated 

with poor prognosis and cancer progression. To our knowledge, no other survival or 

expressional studies have been carried out for GLI3 in serous epithelial ovarian cancer. 

Further studies in serous ovarian cancer with a larger patient cohort are warranted for 

GLI3 in order to increase knowledge of GLI3 expression in ovarian cancer and 

resistance and to confirm our result of down-regulated expression of GLI3 being 

associated with poor prognosis. One caveat to this result is that as a prognostic tool 

detecting low levels of expression is more difficult than detecting high levels of 

expression in a clinical setting.

Gene expression does not necessarily translate to the protein level. There are many 

points of regulation between gene expression and translation into protein (including 

post transcriptional regulation). These points of regulation affect RNA processing, RNA 

stability. Translation and protein stability {Vogel et al. 2012). For this reason, 

immunohistochemistry analysis would be beneficial in order to confirm this finding.

7.4.3 Potential biomarkers (alone and in combination)

When the markers were assessed Individually, GLI3 could be confidently linked to 

predicting poor DFS and OS survival in patients with low GLI3 expression. None of the 

markers tested including GLI3 had any significant changes in fold expression when 

comparing chemoresistant groups (non-responders to chemotherapy (NR)) to the non- 

chemoresistant group (responders to chemotherapy (R)). Both groups contained 

samples that had high and low expression of tested markers resulting in fold changes 

with high SD and no significance (Table 7.3, Figure 7.1). LIN28B showed a significant 

fold reduction in expression in the partially chemoresistant group (partial responders to 

chemotherapy (PR)) when compared to the non-chemoresistant group. The partially 

chemoresistant group was small (n=4) and the analysis excluded one sample which 

had no expression of LIN28B by qPCR. Other groups also had a number of samples 

that had no expression of LIN28B (Table 7.4). Due to the small sample size of the PR 

group and difficulties in analysing data from LIN28B due to samples with no detectable 

expression, the reduction in fold expression by LIN28B could not be confidently 

regarded as a true result.
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By examining all of the markers tested together (6 in total), we noted that 4 samples 

(out of the 17 resistant and partially resistant samples) had 3 or more markers with fold 

changes in the direction of expression that was expected to confer resistance (from 

Affymetrix analysis of resistant cell lines (chapter 6) and OVMARK analysis (Table 7.2)) 

when compared to non-chemoresistant samples (expected group). These samples also 

contained 1 or less target expressed in an unexpected direction. These 4 samples from 

the expected group had a median DFS of 1 month and a median OS of 6 months. 7 

samples were also found that had 3 or more markers, with fold changes in the direction 

of expression, that was not expected to confer resistance (unexpected sample group) 

when compared to non-chemoresistant samples. These samples also contained 1 or 

less target expressed in an expected direction. When we compared the expected and 

unexpected groups, it was found that the expected group had a significantly worse 

prognosis (Figure 7.8). This indicated that this biomarker signature could be useful in 

identifying patients that will have poor prognosis when treated with conventional 

platinum/taxane chemotherapy. It would be beneficial to test this result in a larger 

patient cohort in order to confirm these findings.

This biomarker signature approach could potentially be used by clinicians to identify 

particularly aggressive cases of ovarian cancer. This could help shape a patient’s 

treatment regime. If the patient’s tumour expresses enough of this panel of markers in 

an expected direction, it could be classified as having poor prognosis with conventional 

chemotherapy. Therefore, other approaches could be employed to lengthen PFS and 

OS.

7.5 Conclusions

The down-regulation of LIN28B may play a role in chemoresistance in our patient 

cohort. This result was made difficult to interpret as a number of samples had no 

detectable expression across both chemoresistant and non-chemoresistant groups 

(which were excluded from our original analysis). A fold reduction in expression 

between partially chemoresistant/chemoresistant patients and non-chemoresistant 

patients was seen along with a significant reduction in DFS in patients with low LIN28B 

expression (excluding patient samples with no detectable LIN28B expression by 

qPCR). However, when samples with no detectable LIN28B expression were 

compared against samples that had detectable expression of LIN28B, no change in OS 

or DFS was seen. Therefore, this result is not clear-cut. Affymetrix analysis of 

carboplatin resistant cell lines UPN251-7C (chapter 6) and evidence from the literature 

pointed towards up-regulated expression of LIN28B being involved in resistance and
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poor prognosis. This is the opposite of what was found in our small patient cohort. For 

this reason, LIN28B may not be an ideal marker to bring forward for further validation.

GLI3 displayed an association with poor DFS and OS in patients that had low GLI3 

expression. This result, along with evidence from the literature that GLI3 has been 

found to be deregulated in other cancer types, makes it an attractive potential 

biomarker. This result warrants further investigation in a larger cohort of patients, 

containing at least 135 individuals for statistical power, to confirm its validity as a 

possible prognostic biomarker. If successful, GLI3 could help clinicians to select an 

appropriate treatment on a patient to patient basis. In general, this helps us move away 

from the standard chemotherapy approach currently employed for all patients with late 

stage epithelial ovarian cancer.

Further to this, an algorithm for a biomarker signature containing our 6 investigated 

targets (CCL20, GLI3, LIN28B, SRPX2, let-7i and miR-205) was devised, which may 

be useful in predicting patients with poor response to platinum/taxane chemotherapy, 

resulting in short DFS and OS. In breast cancer, a panel of markers has been 

successfully integrated into the clinic as a predictor of relapse in ER positive breast 

cancer. Oncotype DX® uses a panel of 21 genes to score the likelihood of breast 

cancer recurrence after standard treatment. This shows how a panel of markers, like 

our panel, can be useful in the clinical setting to improve treatment options. Again, this 

finding should also be verified in a larger patient cohort as with GLI3 alone in a study 

containing approximately 135 individuals.
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Chapter 8 General discussion

8.1 Introduction

Ovarian cancer is the leading cause of death from a gynaecological malignancy. 

European cancer incidence statistics show that ovarian cancer was the 5th most 

common cancer for all European women in 2012. There was a reported estimate of 

more than 65,000 new cases and approximately 42,000 deaths {Ferlay et al. 2013). 

This gives a mortality rate of approximately 65% in Europe. Ireland had in excess of 

350 reported cases in 2012 with mortality figures exceeding 260 {Ferlay et al. 2013). 

This gives Ireland a mortality rate that is greater than the European average at 

approximately 75%. This highlights the huge need for research to be invested into the 

area of ovarian cancer in order to improve these statistics.

With this in mind, two of the most pressing areas of research in ovarian cancer are 

early detection and screening and chemoresistance. A high mortality rate in ovarian 

cancer is partly due to poor diagnosis. When detected early, the 5-year survival rate for 

ovarian cancer patients is approximately 90%. However, when diagnosed at late stage, 

ovarian cancer patients have a 5-year survival rate of approximately 33% {Clarke- 

Pearson 2009). To date, no suitable screening program has been established to detect 

ovarian cancer at an early stage. Therefore, ovarian cancer typically presents at late 

stage and, as a result, higher mortality rates are experienced. Another factor 

contributing to high mortality in ovarian cancer is the development of chemoresistant 

disease. The current standard for treatment of ovarian cancer at late stage (FIGO III- 

IV) is surgical debulking followed by an intravenous combination of platinum and 

taxane based chemotherapy (usually carboplatin and taxol) (Cannistra 2004). 

Approximately 75% of treated patients will have recurrence of disease after treatment 

with cytoreductive surgery and combination chemotherapy due to the development of 

chemoresistant disease. Relapsed patients have a median survival of 2 years following 

the recurrence and will all eventually die from their disease (Ozo/s 2005). The main 

focus of this thesis was to uncover a greater understanding of the mechanisms of 

chemoresistance in order to contribute significantly to the improved treatment of 

ovarian cancer patients in the clinical setting.

8.2 A novel investigation of chemoresistance in ovarian cancer

One of the greatest risk factors associated with epithelial ovarian cancer is a family 

history of the disease. This is most often linked to germline BRCA1/2 mutations where
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incidence in ovarian cancer patients is estimated to be as high as 18.3% {Hennessy et 

al. 2010). A woman with a BRCA1 germline mutation has a 39-46% chance of 

developing ovarian cancer {Hennessy et al. 2009). The status of BRCA1 expression 

has also been shown to influence chemotherapy response. Down-regulation of BRCA1 

causes sensitivity to DNA damaging agents, such as platinums and resistance to 

microtubule-interfering agents, such as taxol {Foulkes 2006\ Lafarge et al. 2001\ Yuan 

et al. 1999). Up-regulation of BRCA1 causes resistance to DNA damaging agents and 

sensitivity to microtubule-interfering agents {Husain et al. 7998; Righetti et al. 1996\ 

Tassone et al. 2003). This is the basis for the ‘inverse resistance relationship’ that has 

been observed between acquired platinum and taxane resistance cell models, where 

BRCA1 was found to be a major genetic player driving this relationship {Stordal et al. 

2009, Stordal et al. 2007b).

In this study, our research team devised a comparative selection strategy to allow the 

effects of resistance development on the inverse resistance relationship between 

platinum and taxane chemotherapy to be investigated in relation to BRCA1 status. The 

information obtained from monitoring resistance development in the selection strategy 

would provide evidence for whether ovarian cancer patients with BRCA1 defects in the 

clinical setting would respond differently to carboplatin and taxol treatment, when 

compared to those with functional BRCA1. If found to be different, BRCA1 screening of 

ovarian cancer patients could be beneficial in order to identify patient that will respond 

better to conventional chemotherapy, having slower development of resistance. 

Patients that develop resistance quicker to conventional chemotherapy, as indicated by 

BRCA1 status, may benefit more from alternate treatment regimes.

Our goal was achieved by exposing 0VCAR8 (BRCA1-methylated) and UPN251 

(BRCA1-wildtype) cell lines to different combinations of single agent carboplatin 

(platinum) and taxol (taxane) treatments over several months. The time taken for cells 

to recover and the extent of resistance developed over time allowed us to draw 

conclusions about how the development of resistance is effected by BRCA1 in relation 

to the inverse resistance relationship between platinums and taxanes (chapter 4).

It must be noted that cell line models have certain pros and cons associated with them. 

Some of the advantages of cell models, that influenced the decision to use them in this 

study, were that they are; readily available, widely used and easy to 

handle/maintain/manipulate at a relatively low cost. Also, they initially have a high 

degree of similarity with the initial tumour. Some disadvantages are that they can be 

genomically unstable, which may lead to a change in cellular characteristics, and they 

are maintained in a different environment than the tumour from which they were
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originally derived. Therefore, cell models do not receive the same signals that the 

original tumour receives from its surrounding microenvironment and may act differently 

to certain stimuli. However, cell models are regarded as a good starting point for 

translational studies and drug testing. Results from cell line models are usually 

extrapolated to in-vivo models for further testing to confirm findings {Ferreira et al. 

2013).

Also, in the selection strategy, the effects of alternating doses of platinums and taxanes 

on the cell lines was investigated to see if this slowed down resistance development 

due to the inverse resistance relationship. This novel approach to cell line development 

is unique and, to the author’s knowledge, has not been investigated previously. If 

alternating treatments slowed down resistance development, then introducing this to 

the clinic to replace conventional combined administration could lead to improve 

survival in ovarian cancer patients.

One of the most novel aspects of this study was the stringent focus on maintaining 

clinical relevance throughout its duration. As the projects main focus was to better 

understand resistance mechanisms in ovarian cancer with the ultimate aim of 

improving treatment, it was important to keep all aspects of the study as clinically 

relevant as possible. For this reason, the selection strategy was devised as a low dose, 

pulsed strategy using drugs administered routinely in ovarian cancer treatment to 

mirror the clinical setting of chemotherapy administration, where patients receive 3-6 

cycles of carboplatin/taxol chemotherapy every 3-4 weeks by intravenous bolus 

injection (chapter 4) (Hennessy et al. 2009\ Ozols 2005). The majority of cellular 

models in the literature used to model carboplatin and taxol resistance have used an 

intermittent incremental inducement strategy or an increasing continuous 

administration strategy {Duan et al. 1999a] Duan et al. 1999b] Hah et al. 2006] Li et al. 

2004] Parekh et al. 1997b] Zhang et al. 2012a). Although these strategies produce 

stable resistance, they use doses of drug that are too high for the clinical setting and 

produce higher fold resistance than is observed in the clinic {McDermott et al. 2014). 

Therefore, the resulting mechanisms of resistance that arose from the pulsed model in 

this study had the potential to produce clinically relevant changes that could be 

characterised and related to ovarian cancer patients. Also, models of carboplatin 

resistance are rare in the literature, which gives this study novel insight into carboplatin 

resistance in ovarian cancer.

Although there are many established mechanisms of platinum and ta.xane resistance in 

the literature, there is still a poor understanding of resistance in ovarian cancer. Some 

of the most prevalent mechanisms of platinum resistance that have been established to
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date include, decreased accumulation and deactivation of the drug within the cell, loss 

or decrease in mismatch repair (MMR), increased repair of DNA adducts, inhibition of 

apoptosis and mutations in p53 {Piccart et al. 2001\ Rabik et al. 2007\ Stordal et al. 

2007a\ Vasey 2003). Similarly, some of the most prevalent mechanisms of taxol 

resistance to date include the expression of different isotypes of the p-tubulin subunit, 

mutation in the gene which codes for (3-tubulin causing altered dynamics, and altered 

binding of taxanes to microtubules {Kavallaris 2010) and the over-expression of the 

ABCB1 gene which codes for the P-glycoprotein protein (P-gp, p170) {Gottesman et al. 

2002). Further to this, transcriptomic changes in the transcriptome may also contribute 

to the development of taxane resistance mechanisms.

After the development of cellular resistance, the cell lines, derived from the selection 

strategy (chapter 4), were tested for a number of these commonly established 

mechanisms of carboplatin and taxol resistance (chapter 5). A drug screen using cell 

viability assays, a cellular glutathione (GSH) assay, growth assays, cell cycle and 

mitosis assays, apoptosis assays and western blotting were all utilised to characterise 

the resistant cells. Established mechanisms of resistance could then be linked to the 

clinically relevant resistant sublines. This, in turn, allowed us to speculate what 

mechanism of resistance may be developing within recurrent ovarian cancer patient 

tumours. In order to further elucidate the clinically relevant mechanisms of resistance 

that arose in the resistant sublines, gene chip technology was used in order to profile 

changes in both gene and miRNA expression in two of the most carboplatin and taxol 

resistant sublines (UPN251-7C and UPN251-7T), when compared to non-resistant 

parental cells (chapter 6).

The establishment of viable resistance biomarkers in ovarian cancer would be 

extremely beneficial in improving treatment in ovarian cancer. In the literature, gene 

profiling studies have been performed for numerous aspects of ovarian cancer 

including molecular profiling, subtype identification, diagnosis, early detection, 

prognosis and therapy {Berchuck et al. 2005\ Berchuck et al. 2009] Bonome et al. 

2005, Chien et al. 2009\ Hartmann et al. 2005] Huddleston et al. 2005\ Mok et al. 2001, 

Moore et al. 2008] Nishizuka et al. 2003] Schwartz et al. 2002] Spentzos et al. 2004] 

The Cancer Genome Atlas Network 2011] Welsh et al. 2001). The main aim of this 

study was to better understand chemoresistance in ovarian cancer. A number of gene 

profiling and biomarker discovery studies have also been undertaken in the area of 

chemoresistance; a number of which that have been conducted by our research group 

{d'Adhemar et al. 2014] Helleman et al. 2006a] Koti et al. 2013] Lalos et al. 2008b] 

Roberts et al. 2005] Selvanayagam et al. 2004). Recently, the profiling of miRNAs in
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ovarian cancer has also aimed at providing biomarkers for many aspects of the 

disease. MiRNAs are post transcriptional regulators of gene expression and are shown 

to be aberrantly expressed in cancer, presenting the opportunity to characterise these 

changes in expression (D/ Leva et al. 2010] Lewis et al. 2005). Measurement of miRNA 

expression is much more sensitive than that of mRNA expression. MiRNAs frequently 

target entire pathways, and for this reason may be superior drug targets than genes or 

proteins {Pritchard et al. 2012). A number of studies have investigated miRNA 

expression with regards to ovarian cancer chemoresistance {Boren et al. 2009', 

Cochrane et al. 2010] Eitan et al. 2009] Kong et al. 2011] Laios et al. 2008a] Leskela et 

al. 2011] Liu et al. 2012] Lu et al. 2011] Nam et al. 2008] Prislei et al. 2013] Yang et al. 

2008a] Yang et al. 2008b] Ye et al. 2011). These studies have taken place shortly 

before or during the commencement of this research project highlighting the current 

interest in this topic.

A number of factors separate our profiling study from previous studies (chapter 6). It 

has recently been stated that a robust overview of ovarian cancer resistance 

biomarkers could be obtained from the combination of mRNA and miRNA expression 

profiling {Miles et al. 2012). This article was published after the commencement of this 

research project. Our study does just that by profiling both gene and miRNA changes 

that occur between chemoresistant ovarian cancer cell lines and their non- 

chemoresistant parental cells. The top deregulated genes/miRNAs were examined 

from the Affymetrix arrays and DAVID pathway analysis was carried out on the gene 

datasets to identify deregulated pathways. Also miRNA-target interaction (MTI) 

analysis was carried out between the gene and miRNA datasets in order to identify 

systems of interaction within the cells. From this analysis we could see if any of the top 

deregulated genes or genes identified by DAVID, had interacting target miRNAs. 

Paired gene/miRNAs could provide novel drug targets that could potentially knock 

down key pathways involved in ovarian cancer resistance.

Another novel aspect of this experiment was that the cell lines utilised in this study 

were developed in a clinically relevant fashion (as previously described) and therefore 

have the ability to identify clinically relevant biomarkers from two different molecular 

levels in the cell that interact (mRNA/miRNA). Furthermore, the identified biomarkers 

with the most promise were then screened by qPCR in a pilot study containing tumour 

specimens from ovarian cancer patients with different responses to chemotherapy, 

allowing us to see if the biomarker was an accurate predictor of resistance (chapter 7). 

This bridged the gap from our laboratory derived cell models to the clinical setting by 

testing the discovered resistance biomarkers in ovarian cancer patient samples.
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8.3 Contributions to the current knowledge on ovarian cancer 

resistance

This study has added substantially to the current knowledge of ovarian cancer 

resistance. It has provided a novel method of measuring cell confluence to the cellular 

research community. It has broadened our understanding of taxol and carboplatin 

resistance in a clinically relevant framework and it has delivered a number of novel 

findings relating to the discovery of biomarkers for ovarian cancer resistance.

8.3.1 Development of the novel area fraction output method

As part of the cell selection strategy the need for a method that could objectively 

measure the point in time when cells in drugged flasks reached confluence, without 

disturbing growth was observed. This was required by our research group in order to 

accurately measure the time taken for cells to recover from drugging after each round 

of selection in the author’s selection strategy. The values returned from this method 

were used as a parameter to help elucidate the time taken for drug resistance to 

develop in the developing resistant cell line models. The manuscript for this method 

has been accepted for publication by MethodsX, a peer-reviewed journal.

The resulting method of area fraction (AF) output provides a fast, accurate, cheap, non

destructive and non-invasive method of measuring cell number as an estimate for cell 

confluence. It is ideal for adherent cells in cell-culture flasks that require undisturbed 

continued growth. It provides an objective measure of when cells reach confluence. 

The method was validated against cell counting using a haemocytometer, known to be 

an accurate measure of cell number (Figure 3.4). It is limited to adherent cell lines that 

grow in a monolayer. Other common methods of measuring cell number or confluence 

such as colorimetric assays, membrane integrity assays and the use of microscopic 

systems can be expensive, destructive, invasive, and laborious and often use indirect 

measurements {Allen et al. 1994, Anoopkumar-Dukie et al. 2005’, Brlnkmann et al. 

2002] Curl et al. 2004, Jones et al. 1985\ Juneau et al. 2013] Louis et al. 2011] Molder 

et al. 2008] Mosmann 1983] Muir et al. 1990] O'Brien et al. 2000] Ribble et al. 2005] 

Tennant 1964). This makes the AF method ideal for laboratories on a small budget. It 

can be adapted easily for equipment that is readily available and inexpensive. This 

technique could be applied to several biological fields that routinely require 

measurements of cell confluence such as oncology, stem cell biology and immunology. 

The technique is particularly geared towards measuring cytotoxicity and effects of drug 

administration to cells.
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8.3.2 BRCA1 and the inverse resistance relationship

Current knowledge on the inverse resistance relationship states that the majority of 

cellular models, that had acquired drug resistance and reported sensitivities to 

platinums or taxanes, had an inverse resistance relationship between cisplatin and 

taxol as well as other combinations of drugs, such as carboplatin and taxol used in this 

study {Stordal et al. 2007b). It was found that clinical responses to platinums and 

taxanes in ovarian cancer mirror that of cellular models, displaying this inverse 

resistance relationship. The mechanisms behind this inverse resistance relationship 

are poorly understood, but systematic review has indicated that BRCA1 was most 

associated with the inverse resistance relationship between cisplatin and taxol {Stordal 

et al. 2009).

This study contributes to the current knowledge of the inverse resistance relationship. 

Our results found that, both resistance to carboplatin and taxol developed quicker and 

more stably in UPN251 (BRC1-wildtype) compared to 0VCAR8 (BRCA1-methylated), 

(Figure 4.6). This was not expected as it was hypothesised that, due to the inverse 

resistance relationship, carboplatin resistance would develop quicker than taxol 

resistance in cells expressing BRCA1 and that the opposite would be true in cells not 

expressing BRCA1. Also, taxol resistance developed quicker in BRCA1-wildtype and 

BRCA1-methylated cells models, irrespective of BRCA1 status (Figure 4.8). These 

results are outlined in a manuscript recently accepted by Experimental Cell Research, 

a peer-reviewed journal.

Furthermore, it was hypothesised that, due to the inverse resistance relationship, cells 

receiving alternating treatments of carboplatin and taxol should develop resistance 

slower or not at all when compared to single-agent treatments. This would have the 

potential to evolve ovarian cancer treatment if found to hold true. However, the results 

were ambiguous, depending on the logic used to draw conclusions. It can be shown to 

be true or false under different conditions (Figure 4.8). For this reason, we cannot 

currently provide strong evidence for this sequence of treatment being superior to the 

current standard platinum/taxane combination chemotherapy. However, from the drug 

screen carried out on the cell lines prior to resistance development, PARP inhibitors 

CEP8983 and veliparib can put forward as possible candidate drugs for the treatment 

of carboplatin/taxol resistant ovarian cancer. No cross resistance was seen by either 

PARP inhibitor, in any of the carboplatin or taxol resistant UPN251 sublines developed 

(Table 5.1, Fiyuie 5.2).
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In addition to BRCA1, a number of additional genes were put forward from our study as 

having a possible involvement in the inverse resistance relationship between platinum 

and taxane resistance. ABCB1, CD24P4, GPC4, GUCY1B3, SLC17A1, SLC34A2, 

TENM2 and VCAM1 were all found to be up-regulated in carboplatin resistant cells and 

down-regulated in taxol resistant cells under different conditions when compared to 

non-resistant cells by Affymetrix gene chip analysis (Table 6.16). Similarly, LIN28B was 

up-regulated in taxol resistant cells and down-regulated in carboplatin resistant cells 

(Table 6.16). P-glycoprotein (P-gp), the product of the ABCB1 gene, has been 

previously put forward as a player in this relationship {Stordal et al. 2009). Up- 

regulation of the P-gp protein in taxol resistance and down-regulation in carboplatin 

resistance is also seen by Western blotting in our study in the same cell lines (Figure 

5.15). This evidence strengthens the findings by Stordal et.al (2009) and provides 

additional genes that have the potential to mediate the inverse resistance relationship. 

In order to confirm this result, further investigation of these markers in in-vivo studies is 

warranted. For example, the development of platinum and taxane resistant ovarian 

cancer xenografts could be earned out to see if these markers show the same inverse 

expressional patterns between taxol and carboplatin resistance, as seen in this study.

8.3.3 Mechanisms of resistance in ovarian cancer

Resistance in ovarian cancer remains a hot topic of research. This thesis has made 

significant contributions in this area. As the present study was designed to be clinically 

relevant in all aspects, the mechanisms of resistance that arose in the cell lines had the 

potential to mirror the mechanism of resistance that arise in ovarian cancer patients.

8.3.3.1 Taxol Resistance

The over-expression of P-gp was the dominant mechanism of taxol resistance found in 

our UPN251 resistant sublines. Cytotoxicity assays for P-gp substrates taxol, 

vinblastine and olaparib ± elacridar all show highly significant drops in ICso when P-gp 

is inhibited with elacridar (Table 5.1, Figure 5.1 and Figure 5.2) (Lawlor et al. 2014). 

Western blot data showed increased P-gp protein expression for sublines that had 

taxol treatment during selection (Figure 5.15). Finally, the ABCB1 gene that codes for 

P-gp is part of the top five significantly up-regulated genes returned by our Affymetrix 

gene chip analysis of UPN251-7T taxol resistant cells (Table 6.11). Therefore, it is 

likely that taxol is being actively pumped out of the cell by P-gp causing taxol 

resistance {Juliano et al. 1976\ Ueda et al. 1987). Up-regulation of this protein is linked 

with poor prognosis for patients with ovarian and breast cancers, sarcomas and other 

malignant diseases (Hoffmann et al. 2010\ Nakayama et al. 2002, Rodrigues et al.
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2008). However, other studies have indicated that strong P-gp over-expression is 

uncommon in the clinic, even if it is strongly correlated with poor outcome and relapse 

{Materna et al. 2004\ McGown et al. 1994] Penson et at. 2004). With this in mind, 

further investigation into the other mechanisms of taxol resistance contributing to the 

cells resistant phenotype was examined.

Apoptotic resistance was found to be another mechanism of taxol resistance in our 

cells as was shown by FACS apoptosis assays (Figure 5.8 & 5.9). This was, in part, 

due to an inability to reduce Bcl-2 levels, which was observed by Western blotting in 

the taxol-resistant cell lines, but not in taxol-sensitive cells (Figure 5.19). Another 

recent study has shown a similar result in ovarian cancer cells. Taxol treatment was 

able to reduce expression of the Bcl-2 protein in taxol-sensitive ovarian cancer cells 

SK0V3-ip1 and not in taxol resistant SKOV3-ip2 cell lines {Chen et al. 2013). 

Circumvention of G2/M arrest was another mechanism by which the UPN251 taxol- 

resistant cell lines modulated apoptosis to survive (Figure 5.6). Taxol is known to 

induce cell cycle arrest at the G2/M phase of the cell cycle, resulting in apoptosis as 

part of its mechanism of action {Long et al. 1994). From the results of the our mitosis 

assay on the UPN251 resistant sublines, at a high dose of taxol, UPN251-7T and 

UPN251-6TALT saw significantly less cells in mitosis than UPN251, UPN251-7C or 

UPN251-6CALT. Further to this, two genes that play a role in the modulation of 

apoptosis were found to be highly deregulated in our taxol resistant UPN251-7T cells 

by Affymetrix gene chip analysis. These genes were PLAC8 and MAP3K15 (ASKS), 

both up-regulated compared to non-resistant parental cells (Table 6.11). PLAC8 is an 

important target gene of the proto-oncogene c-Myc, where PLAC8 regulation is 

responsible for conferring resistance to apoptotic stimuli {Mourtada-Maarabouni et al. 

2013). Its over-expression has been shown to protect cancer cell lines from apoptosis, 

while PLAC8 knockdown induces apoptosis {Mourtada-Maarabouni et al. 2013). It has 

also been associated with doxorubicin resistance {Indermaur et al. 2010). MAP3K15, 

on the other hand, has no publications relating to cancer by searches made in 

PubMed. The protein encoded by this gene is a member of the mitogen-activated 

protein kinase (MAPK) family, playing an essential role in apoptotic cell death triggered 

by cellular stresses.

Taxol resistant cells have also been shown to have a reduction in growth rate, which 

contributes to their taxol resistant phenotype {Ohta et al. 1994\ Wang et al. 2013). Via 

growth assays, all UPN251 resistant sublines took significantly longer to reach 

quadrupling time when treated with a range of taxol concentrations compared to drug 

free controls, whereas, UPN251 had no significant changes for any taxol dose tested
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(Figure 5.4 and Figure 5.5). The cell line with the highest fold taxol resistance, 

UPN251-7T, also had reduction in growth rate at lower doses of taxol than any of the 

other UPN251 derived sublines. The AREG gene was found to be highly deregulated in 

the UPN251 resistant cell lines by Affymetrix analysis (Table 6.11). The AREG protein 

encoded by this gene is a member of the epidermal growth factor family and interacts 

with the EGF/TGF-alpha receptor to promote the growth of normal epithelial cells. It 

has been shown to inhibit the growth of aggressive cancer cell lines. AREG over

expression has been found in ovarian cancer and has been linked to ovarian cancer 

progression and resistance {Panupinthu et at. 2014). However, it was found to be 

down-regulated in UPN251-7T. AREG deregulation may still contribute to the reduction 

in growth rate observed in the UPN251 cells to circumvent resistance. A summary of 

the taxol resistance mechanisms found in our taxol resistant cell line UPN251-7T is 

shown in Figure 8.1.

Other pathways involved in taxol resistance, identified by the top deregulated genes in 

our taxol resistant cell lines, include angiogenesis, membrane regeneration and repair, 

intracellular transport, cell interactions with the extracellular matrix and 

vasoconstriction. DAVID pathway analysis also found a number of pathways in which a 

number of genes were deregulated namely; ECM-receptor interaction, small cell lung 

cancer, arrhythogenic right ventricle cardiomyopathy (ARVC) and pathways in cancer 

(Table 6.13).

8.3.3.2 Carboplatin resistance

The mechanisms of resistance in the UPN251 carboplatin resistant cell lines appeared 

to be a complex mixture, involving the deregulation of many genes and miRNAs 

affecting many signalling pathways.

A number of the classical mechanisms of resistance already established in the 

literature were ruled as having major roles to play in our carboplatin-resistant 

phenotypes. Rises in intracellular GSH was ruled out by the results of our GSH assay, 

which showed the resistant cell lines to have no significant rise in intracellular GSH 

levels in response to carboplatin (Figure 5.3) (Chen et al. 2010). Also, aberrant 

expression of copper transporters or alterations in copper metabolism was found not to 

have a major role in the author’s carboplatin-resistant phenotypes {Safaei et al. 2005). 

The possible role of copper transports in the author’s carboplatin resistant model was 

first indicated by the carboplatin resistant cells having cross resistance to CUSO4 

(Table 5.1, Figure 5.1 (C)). Protein expression by Western blotting (Figure 5.16 & 5.17) 

and mRNA expression by Affymetrix gene chip analysis of ATP7A and CTR1
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Figure 8.1 Characterisation of resistance mechanisms in taxol-resistant cell line UPN251-7T.

Mechanisms include increased efflux of taxol via over-expression of P-gp, increased expression 

of PLAC8 and MAP3K15 and inability to decrease Bcl-2 resulting in resistance to apoptosis, 

circumvention of G2/M arrest and a reduction in growth rate.

(chapter 6) indicated no significant changes between carboplatin resistant cells and 

non resistant parental cells. However, relocation of ATP7A and CTR1 might still 

contribute to their resistant phenotypes, even without changes in protein or gene 

expression {Stordal et al. 2012).

As with taxol resistance, a reduction in apoptosis played a role in our carboplatin 

resistant cell lines, as was indicated by FACS apoptosis assays (Figure 5.10 & 5.11). 

Also, an inability to reduce the levels of both bcl-2 and bcl-XL in carboplatin-resistant 

cell lines appears to be contributing to a carboplatin-resistance phenotype. By Western 

blotting, bcl-2 was reduced following carboplatin exposure in non-resistant parental 

cells when compared to an un-treated control (Figure 5.19). It was not reduced in the 

most highly resistant UPN251 subline UPN251-7C after carboplatin exposure. This 

follows the same theory of resistance as was seen in our taxol resistance model for bcl- 

2. Treatment with carboplatin in UPN251 gives a significant drop in Bcl-XL protein
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expression levels by Western blotting, when compared to untreated parental cells 

(Figure 5.20). However, no change was seen across all the drug-resistant phenotypes 

in response to carboplatin treatment when compared to their untreated counterparts. It 

may be that the loss of a cell’s ability to down-regulate Bcl-XL was contributing to a 

carboplatin resistance phenotype, as seen with Bcl-2. This theory is backed up by the 

literature where by the absence of Bcl-XL down-regulation in response to cisplatin 

(another platinum agent) has been associated with chemoresistance in ovarian cancer 

cell lines {Villedieu et al. 2007). MAP3K15 and PLAC8, which confers apoptotic and 

chemotherapy resistance when over-expressed, were also found to be highly up- 

regulated in the carboplatin-resistant UPN251-7C cells by Affymetrix gene chip 

analysis, as was found in the taxol-resistant cell lines (Table 6.2). Therefore, this may 

be a general response to cellular stresses experienced by the cells after drug 

exposure. Two bone morphogenetic proteins (BMPs) were down-regulated in our 

UPN251-7C cell lines by Affymetrix analysis (BMPR1B and BMP2). The signalling of 

BMP genes are involved in apoptosis and, therefore, may be contributing to apoptotic 

resistance to carboplatin in our cell lines {Miyazono et al. 2001\ Wozney 1998).

Resistance to cell cycle changes contribute to the carboplatin-resistance phenotypes in 

our models. The cell cycle of UPN251-7C, when treated with a high dose of carboplatin 

for 24hours, remained unchanged when compared to untreated cells (Figure 5.13 & 

5.14). UPN251 and UPN251-7T had significant changes in the number of cells at each 

stage of the cell cycle (G1, S and G2/M) when treated with the same dose of 

carboplatin. A summary of the carboplatin resistance mechanisms found in the 

carboplatin resistant cell line UPN251-7C is shown in Figure 8.2.

Other pathways involved in carboplatin resistance, identified by the top deregulated 

genes in the UPN251 taxol-resistant cell lines include regulation of developmental 

events, tissue differentiation, cell maintenance, morphogenesis, cell-cell interaction, 

signal transduction, cellular transformation, cell migration, bicarbonate secretion and 

absorption, regulation of intracellular pH and T-cell signal transduction. Also, DAVID 

pathway analysis found a number of pathways in which a number of genes were 

deregulated, namely; hematopoietic cell lineages, axon guidance, Cytokine-cytokine 

receptor interactions, basal cell carcinoma, hedgehog signalling pathway, and 

pathways in cancer (Table 6.4).
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Figure 8.2 Characterisation of resistance mechanisms in carboplatin-resistant cell line UPN251- 

7C.

Mechanisms include increased expression of PLAC8 and MAP3K15, reduced expression of 

BMPR1B and BMP2 and inability to decrease Bcl-2/Bcl-XL resulting in resistance to apoptosis 

and resistance to changes in the cell cycle when exposed to high dose carboplatin.

S.3.3.3 Combined platinum and taxol resistance models and their effects 

on resistance development

Models of taxane-platinum resistance are rare in the literature. One such study 

developed a taxane-platinum resistant model for non-small cell lung cancer (NSCLC) 

by exposing the cells to cycles of taxol and carboplatin, as was done with our 

alternating cell lines UPN251-6CALT and UPN251-6TALT {Daivi et al. 2012). These 

NSCLC models displayed over-expression of P-gp (ABCB1) and showed 

characteristics of cell undergoing EMT. Another study developed a dual carboplatin 

and docetaxel resistant cell line from A2780 ovarian cancer cell lines, which are cross 

resistant to both agents {Armstrong et al. 2012). The study also developed A2780 

sublines that were resistant to each agent individually, but were not cross-resistant to 

the other agent. Gene profiling revealed that the dual model contained genetic changes
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not present in the singularly resistant models demonstrating that combined drug 

resistance may not be a simple combination of changes present in single-agent 

resistant cell lines, but can contain novel changes.

Results from this study allowed for novel observations to be made concerning models 

receiving alternating doses of drugs with different mechanisms of action. It was 

concluded that the cytotoxic agent that a cell-line was exposed to first influenced the 

mechanisms of resistance that developed in the cells thereafter. From the drug screen 

on our cell lines receiving alternating treatments of carboplatin and taxol, UPN251- 

6CALT displayed significant fold resistance to CUSO4, while UPN251-6TALT showed 

no significant fold resistance (Table 5.1, Figure 5.1 (C)). Also, UPN251-6TALT showed 

significant sensitivity to oxaliplatin, while UPN251-6CALT had no significant fold 

change. The only difference was that UPN251-6CALT received carboplatin in the first 

round, whereas, UPN251-6TALT received taxol. This would indicate that different 

resistance mechanisms were being selected in these cells, depending on initial drug 

exposure. This may be a consideration for future combinations of drugs administered to 

cancer patients. Cancer therapy is continually changing and evolving in order to 

improve survival from this lethal malignancy. Therefore, sequence dependant studies 

into acquired mechanisms of drug resistance may be an important factor to consider 

when designing new therapies, or when improving existing regimes. Again, it must be 

mentioned that cell line models can be genetically unstable, leading to changes that 

may not necessarily be representative of, in this case, the development of resistance in 

ovarian cancer patient tumours {Ferreira et al. 2013). Therefore, further confirmation of 

this result by in-vivo studies is warranted.

8.3.4 Ovarian cancer resistance biomarkers

From the Affymetrix analysis of carboplatin and taxol resistant cell lines UPN251-7C 

and UPN251-7T, a number of potential gene and miRNA resistance biomarkers were 

identified for ovarian cancer (chapter 6). A number of gene/miRNAs were found to be 

de-regulated in the same direction as was seen in the literature for ovarian and other 

types of carcinoma making them interesting candidates for follow up analysis. A 

number of the top deregulated genes/miRNAs, relating to carboplatin and taxol 

resistance, and those identified by DAVID, have been linked to ovarian cancer 

resistance and/or poor OS/PFS by previous studies in patients or cell lines. Therefore, 

these markers may be useful on their own or in combination with other markers as 

ovarian cancer resistance biomarkers. These include; EEF1A2, GDF15, LIN28B, 

DPP4, BMP2, BMPR1B, KITLG, TNFRSF11A, CCL2, WNT2B, WNT5A, IL8, MMP7,
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VCAM1, Let-7i, miR-146a, miR-152, miR-98, miR-143, miR-145, miR-29b and miR-489 

{Arnold et al. 2005\ Badiglian et al. 2009] Bitter et al. 2011; Bock et al. 2010\ 

d'Adhemar et al. 2014] Fader et al. 2010] Huang et al. 2013] Kajiyama et al. 2010] 

Kassim et al. 2004] Li et al. 2014b] Liu et al. 2014] Ma et al. 2010] Marchini et al. 2011] 

Peng et al. 2011] Penson et al. 2000] Shaw et al. 2007] Sugio et al. 2014] Sun et al. 

2008] Topp et al. 2014] Usiu et al. 2005] Wang et al. 2012] Wendler et al. 2011] 

Wojnarowicz et al. 2008] Wu et al. 2014] Yan et al. 2013] Yang et al. 2008b] Yoon et al. 

2010] Zhang et al. 2008b] Zhu et al. 2014). A selection of these markers have only 

been found to be de-regulated in ovarian cancer in the literature, but have not yet been 

linked to resistance and, therefore, may have potential utility as markers of resistance 

in ovarian cancer. These include; IL7, SLIT2/3, R 0B 01, CCL20 and miR-205 {Dai et 

al. 2011] Dickinson et al. 2011] Dong et al. 2012] lorio et al. 2007] Lambeck et al. 2007] 

Qiu et al. 2011] Schutyseret al. 2002] Son et al. 2007] Tsukamoto et al. 2014] Xie et al. 

2004] Zheng et al. 2013] Zhou et al. 2014). Another subset of markers have been 

found to be linked to chemo-resistance and/or poor overall/progression free survival in 

other cancer types and, therefore, may have effect in ovarian cancer. These include; 

EPHA7, SEMA3A, GLI3, SRPX2, mlR-210 and miR-181c {Bai et al. 2013] Cui et al. 

2013] Deng et al. 2011] Greither et al. 2010] Hong et al. 2012] Kim et al. 2010a] 

Kurosawa et al. 1999] Liu et al. 2013a] Malone et al. 2009] Maione et al. 2012] Mei et 

al. 2014] Qiu et al. 2013] Wang et al. 2008] Wen et al. 2014] Yamada et al. 2014). Also, 

a large number of novel markers were identified for ovarian cancer. These have been 

found to be deregulated in other cancer types or do not have publications in the 

literature linking them to cancer. These include; MAP3K15, CTSS, SERPINB7, LAMB3, 

ITGB6, EDN2, miR-708, miR-532-3p, miR-125b-1*, miR-3128, miR-3200-3p, miR- 

3687, miR1272, miR-4417, miR-501-5p, miR-766, miR-3200, miR-3949, mlR-3929, 

miR-4440, miR-3916, miR-1273, miR-4708-5p, miR-4274 and miR-1285.

Further to the Affymetrix analysis, a small subset of potential markers to examine in 

ovarian cancer patient tumour samples with different responses to platinum/taxol 

combination chemotherapy were selected as a pilot study (CCL20, GLI3, LIN28B, 

SRPX2, let-7i and miR-205). From this study, it was found that down-regulation of 

LIN28B may be involved in chemoresistance in ovarian cancer. It was also found that 

GLI3 expression was correlated with patient outcomes. Low expression of GLI3 was 

linked with poor DFS and OS in the ovarian cancer patient cohort (Figure 7.4 & 7.6). 

This is a novel marker for ovarian cancer. However, deregulation of GLI3 has been 

previously associated with patient outcome and resistance in other cancer types {Kim 

et al. 2009] Wen et al. 2014). Also, a biomarker signature containing the six
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investigated targets that may be predictive of patients with short DFS and OS was put 

forward (Table 7.5, Figure 7.8).
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8.3.5 Summary of contributions to current knowledge

A summary of the contributions made by this project to the cun-ent knowledge of 

ovarian cancer resistance is given below:

• The development of a novel rapid, affordable, non invasive method of 

measuring confluence in adherent cell lines directly in tissue culture flasks;

•  The development and characterisation of novel singularly and dual carboplatin 

and taxol resistant cell lines in a clinically relevant framework;

•  W e provided novel insights into the development of chemoresistance in relation 

to BRCA1 status;

•  We provided novel insights into dual carboplatin and taxol resistant 

mechanisms;

• The discovery of novel gene/miRNA biomarkers for ovarian cancer 

platinum/taxane resistance;

• The identification of clinically relevant pathways involved in carboplatin and 

taxol resistance via gene/miRNA screening;

• The identification of genes that may play a role in the inverse resistance 

between platinum and taxane chemotherapy;

• The discovery of GLI3 and our novel biomarker panel (CL20, GLI3, LIN28b, 

SRPX2, Let-7i and miR-205), which could act as prognostic biomarkers in 

ovarian cancer. They have been shown to be predictive of DFS and OS in 

ovarian cancer patient tumour samples.
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8.4 Future directions

Further studies relating to this research project could include:

• Clinical validation of more potential resistance biomarkers identified by 

Affymetrix expression data

o Pilot studies in small patient cohort

o Studies in larger patients cohorts for markers with promise

• Further clinical validation of the currently identified biomarkers in larger patient 

cohorts

• Further validation of potential targets by examination in other resistant cell line 

panels

• Clinical validation of lincRNA identified by Affymetrix expression data

• Evaluation of promising biomarkers at a protein level

• Affymetrix analysis of carboplatin and taxol cross-resistant cell lines

• Further characterisation of carboplatin and taxol resistant cell lines

This study has identified multiple biomarkers through Affymetrix array data that have 

the potential to separate non-chemoresistant and chemoresistant disease in ovarian 

cancer. Only a small subset of these markers was chosen to test further in a pilot study 

of 32 ovarian cancer patients.

Markers previously linked to ovarian cancer resistance and/or OS/PFS by previous 

studies in patients or cell lines would be useful to pursue further in ovarian cancer 

patient samples. They could be tested on their own or in combination to find 

biomarkers or signatures that predict chemotherapy resistance or response to 

chemotherapy. Similarly, markers that have been previously linked to ovarian cancer in 

the literature but have not yet been linked to resistance would be useful to pursue 

further in patient samples. This study has discovered a number of biomarkers that are 

novel to ovarian cancer resistance. Both gene and miRNA biomarkers have been found 

that are novel to ovarian cancer or have not yet been linked to any type of carcinoma. 

The majority of these are newly discovered miRNAs. The characterisation of these 

biomarkers in patient samples could potentially identify new biomarkers of resistance or 

diagnosis that are effective in the clinical setting for ovarian cancer. Other biomarkers
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that could be pursued are those that have been previously linked with resistance in 

other cancer types, but have not yet been investigated in ovarian cancer.

After the testing of these potential biomarkers in a small sample pilot study, interesting 

markers should be examined in larger patient cohorts for further clinical validation. 

From our study, GLI3 and the biomarker panel of six targets (CCL20, GLI3, LIN28B, 

SRPX2, let-7i and miR-205) have shown promise as diagnostic biomarkers. These 

need to be tested in larger patient cohorts for further validation. Also, as mRNA 

expression levels in the cell do not necessarily correlate to protein expression, the 

investigation of these biomarkers by IHC in patient samples at the protein level is an 

important validation that should be carried out.

Potential markers, such as GLI3 and PLAC8 (involved in carboplatin resistance in our 

study), could also be examined in other chemoresistant ovarian cancer cell line panels 

to see how prevalent these markers are in resistant ovarian cancer cells. A cell line 

panel of 41 ovarian cancer cells is available for study by our research team {Stordal et 

at. 2013). The markers could be tested in more intrinsically carboplatin resistant cell 

lines, such as OCC1 or OVCAR433 (Figure 4.1), to see if they mimic the expression 

from the UPN251 acquired resistance models. This could indicate differences and 

similarities between acquired and intrinsic resistance. For example, high expression of 

PLAC8 may indicate circumvention of apoptosis in these cells by a similar mechanism. 

Therefore, It may also be interesting to look at other markers involved in apoptotic 

signalling that were deregulated in our cell lines such as bcl-2, bcl-XL, BMPR1B and 

BMP2 in OCC1 or OVCAR433. The effects of knocking down any of these markers that 

may be over-expressed would be expected to sensitise cells to carboplatin treatment. 

Similarly, in the case of low expression of markers, the cells could be transfected with 

the marker in question in order to see if the cells are sensitised to carboplatin. Markers 

could also be studied in other cell systems of acquired resistance such as IGR0V1 

(cisplatin sensitive) and IGROV-CDDP (cisplatin resistant) {Ma et al. 1998\ Stordal et 

al. 2012).

The Affymetrix GeneChip® Human Gene 2.0 ST arrays not only return expression 

levels of mRNA molecules that code for protein, but they also contain long intergenic 

non-coding RNA transcripts (lincRNA) that do not code for protein. Recently, greater 

than 10,000 transcripts have been discovered, however, only a small percentage of 

these have functional annotations found to date. However, there is a large body of 

evidence that points towards aberrant expression of lincRNAs being linked with cancer 

{Esteller 2011). As an example, a recent study in ovarian cancer identified lincRNA 

HOTAIR over-expression in epithelial serous ovarian cancer patients as being
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associated with reduced DFS and OS {Qiu et al. 2014). Expression was also correlated 

to FIGO stage, histological grade and metastasis. Examination of the aberrantly 

expressed lincRNAs from our study returned by the Affymetrix gene chip analysis on 

the carboplatin and taxol resistant cell lines could provide novel biomarkers for ovarian 

cancer chemoresistance.

The study by Armstrong et.al (2012) has given evidence that cell lines produced with a 

dual resistance to two cytotoxic agents, produce novel genetic changes during 

resistance development. These changes are not seen in cell lines developed in parallel 

that are resistant to one agent, but not cross resistant to the other. The study 

developed a dual carboplatin and docetaxel resistant cell line from A2780 ovarian 

cancer cell lines, which are cross resistant to both agents. Gene profiling revealed that 

the dual model contained genetic changes that were not present in the singularly 

resistant models. This demonstrated that combined drug resistance may not be a 

simple combination of changes present in single-agent resistant cell lines, but can 

contain novel changes. For this reason, it would be interesting to profile our carboplatin 

and taxol cross-resistant cell lines UPN251-6CALT and UPN251-6TALT using the 

Affymetrix gene and miRNA chips. By comparing and contrasting the deregulated 

targets with our current panel of markers it would be possible to deduce if novel 

mechanisms of resistance had arisen in the dual resistant models compared to the 

singularly resistant models. This may provide stronger clinically relevant biomarkers 

than the markers produced from the present study.

The chemoresistant UPN251 sublines could be further characterised with additional 

experimentation in order to further elucidate the mechanism of platinum and taxane 

resistance that have resulted in their resistant phenotypes. For example, platinum 

adduct assays could be performed to monitor the extent to which harmful DNA 

damaging platinum adducts form on DNA strands after carboplatin treatment in the 

UPN251 chemoresistant cell line panel. Decreased accumulation or increased repair of 

platinum adducts after platinum treatment is an established mechanism of resistance in 

ovarian cancer cells {Johnson et al. 1997). Western blotting for newly discovered gene 

targets from Affymetrix array data could be carried out in the cell lines to see if mRNA 

levels correlate to protein expression.

Finally, functional analysis of promising gene/miRNA biomarkers can be tested in the 

author’s cell lines by knockdown and over-expression experiments investigating their 

effects on chemoresistance. This again could be replicated in other resistant cell line 

panels such as IGROV-CDDP or other intrinsically resistant cell lines {Ma et al. 1998',
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stordal et at. 2013). This could indicate if the gene/miRNAs could act as therapeutic 

targets in ovarian cancer patients.
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8.6 Conclusions

As a whole, this study has produced a number of useful findings and results that relate 

to ovarian cancer chemoresistance. This includes the establishment of a novel method 

for measuring cell confluence that is fast, accurate, cheap, non-destructive and non- 

invasive. The method measures cell confluence in adherent cells in cell culture flasks 

requiring undisturbed continued growth. It provides an objective, consistent measure of 

when cells reach confluence that could be applied to several biological fields, such as 

oncology, stem cell biology and immunology. This method has been accepted for 

publication by MethodsX, a peer-reviewed journal.

This study has produced a number of novel carboplatin and taxol resistant ovarian 

cancer cell models in a clinically relevant fashion. During their development, new 

insights into the inverse resistance relationship between acquired platinum and taxane 

resistance were discovered that have contributed to cun^ent knowledge. It was 

discovered that resistance to both carboplatin and taxol developed quicker and more 

stably in UPN251 (BRC1-wildtype) compared to OVCAR8 (BRCA1-methylated) and 

that taxol resistance developed quicker in BRCA1-wildtype and BRCA1-methylated 

cells models, irrespective of BRCA1 status. These results have been accepted for 

publication in Experimental Cell Research, a peer-reviewed journal. Also, from the 

Affymetrix array data, a number of additional novel genes that may contribute to the 

inverse resistance relationship were identified, which included; CD24P4, GPC4, 

GUCY1B3, SLC17A1, SLC34A2, TENM2 and VCAM1.

The characterisation of the UPN251 resistant sublines has provided novel insights into 

the development of acquired carboplatin and taxol resistance in ovarian cancer. In the 

UPN251 taxol resistant models, over-expression of P-gp was the main mechanism 

driving taxol resistance. Inhibition of apoptosis was a contributing factor, with taxol 

resistant cells losing their ability to reduce Bcl-2 levels, circumventing G2/M arrest and 

having deregulation of molecules involved in apoptotic signalling including PLAC8 and 

MAP3K15 (ASKS). Also, a reduction in growth rate contributed to taxol resistance in the 

models (Figure 8.1). Other pathways found to have deregulated gene were pathways 

of angiogenesis, membrane regeneration and repair, intracellular transport, cell 

interactions with the extracellular matrix, vasoconstriction, ECM-receptor interaction, 

small cell lung cancer and arrhythogenic right ventricle cardiomyopathy (ARVC).

In the UPN251 carboplatin-resistant models, reduction in apoptosis played a role in 

acquired carboplatin resistance with an inability to reduce levels of bcl-2 and bcl-XL in 

response to carboplatin exposure. Along with this, the over-expression of PLAC8 and

361



MAP3K15 and deregulation of BMPR1B and BMP2 were further possible mechanisms 

for apoptotic inhibition. Resistance to changes in the cell cycle induced by carboplatin 

exposure also contributed to a carboplatin resistant phenotype (Figure 8.2). Other 

pathways found to have deregulated elements were pathways of regulation of 

developmental events, tissue differentiation, cell maintenance, morphogenesis, cell-cell 

interaction, signal transduction, cellular transformation, cell migration, bicarbonate 

secretion and absorption, regulation of intracellular pH, T-cell signal transduction, 

hematopoietic cell lineages, axon guidance, Cytokine-cytokine receptor interactions, 

basal cell carcinoma, and hedgehog signalling.

From investigations into the taxol and carboplatin cross resistant cell models, we were 

able to conclude that, in the dual resistance models, the cytotoxic agent that a cell-line 

was exposed to first influenced the mechanisms of resistance that developed in the 

cells thereafter. UPN251-6CALT and UPN251-6TALT had different profiles of CUSO4 

and oxaliplatin resistance. Also, as PARP inhibitors CEP8983 and veliparib did not 

develop resistance in any of our carboplatin or taxol models (both cross resistant and 

singularly resistant), they have been recommended as possible candidate drugs for the 

treatment of carboplatin/taxol resistant ovarian cancer by the results of this study. A 

number of the findings related to the development of carboplatin and taxol resistance 

have also been accepted for publication in Experimental Cell Research in the same 

manuscript mentioned previously.

Finally, this study has contributed significantly to the subject of ovarian cancer 

resistance through the discovery of genes and miRNAs that have the potential to act as 

biomarkers for platinum and taxane resistant in ovarian cancer. Some of these 

genes/miRNAs have been previously linked with ovarian cancer resistance and/or poor 

OS/PFS, making them strong candidates for further investigation. Other markers have 

been found to be de-regulated in ovarian cancer in the literature, but have not yet been 

linked to resistance and, therefore, may have potential utility as markers of resistance 

in ovarian cancer. Others have been found to be linked to chemoresistance and/or poor 

OS/PFS in other cancer types and, therefore, may have utility in ovarian cancer. 

Additionally a large number of novel markers were identified for ovarian cancer. These 

have been found to be deregulated in other cancer types or do not have publications in 

the literature linking them to cancer.

Further investigation of potential resistance makers in a small pilot study identified GLI3 

and a panel of six markers (CCL20, GLI3, LIN28B, SRPX2, let-7i and miR-205) as 

having predictive power for patient outcomes including DFS and OS.
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All of the above findings have contributed substantially to the current knowledge on 

ovarian cancer chemoresistance and have the potential to contribute to the 

improvement of ovarian cancer treatment in the future.
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