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Abstract
Ovarian cancer is the fifth most commonly diagnosed cancer in women in developed
countries, with epithelial ovarian carcinomas being the most prevalent type diagnosed.
Late diagnosis and development of drug-resistance to chemotherapeutic agents result in
poor patient survival, making this cancer the leading cause of death from
gynaecological malignancies. Ovarian tumours can be divided into two groups based on
their response to chemotherapeutic agents; tumours that are responsive to treatment
(chemosensitive) and those that are less responsive (chemoresistant).
Recent literature suggests that de-regulation of pro-apoptotic genes is a key factor
contributing to the onset and maintenance of chemoresistance. One such pro-apoptotic
gene family is the Secreted Frizzled-Related proteins (sFRPs), a family of five secreted
antagonists of the Wnt signalling cascade. In addition to a correlation between aberrant
canonical Wnt signalling and the absence or down-regulation of sFRP isoforms, various
studies have also reported that re-expression of these isoforms in experimental models,
in particular that of sFRP4, induces apoptosis and subsequently supresses tumour
growth.
The initial focus of this thesis was to determine whether differential expression was
apparent amongst the five sFRP isoforms in human epithelial ovarian cancer using
cancerous cell lines. The expression profiles of all the isoforms, except sFRP-2 which
was absent, was determined in four ovarian epithelial cell lines via quantitative realtime PCR (qPCR). Results demonstrated that only sFRP4 was differentially expressed
between chemosensitive (A2780) and chemoresistant cancerous cell lines (A2780-ADR
and A2780-Cis), warranting further investigation of this isoform.
As sFRP4 is known to interfere with Wnt signalling, it was hypothesised that the
differential sFRP4 expression detected is mediated through its interaction with the
canonical Wnt pathway. Western blots and immunohistochemical analysis of sFRP4
and the Wnt down-stream target β-catenin were performed. Results showed that the
chemosensitive cancerous cell line exhibited significantly higher levels of sFRP4
compared to the chemoresistant cell lines. In contrast no significant differences were
detected in β-catenin protein levels between normal and cancerous cells.
viii

Immunohistochemical analysis demonstrated localization of both sFRP4 and β-catenin
in the cytoplasm of cells.
Cell viability and apoptosis assays following treatment with Cisplatin, a known
chemotherapeutic drug showed an inverse relationship between sFRP4 expression and
the response of tumour cells to treatment. The chemosensitive cell line (A2780) which
demonstrated higher sFRP4 expression, exhibited greater sensitivity towards Cisplatin
treatment, while the chemoresistant cell lines A2780 ADR and A2780 Cis, which
showed low levels of sFRP4 expression, were less responsive. Furthermore
immunohistochemical analysis for sFRP4 expression in treated cells revealed fewer
sFRP4 positive cells compared to untreated controls indicating an association between
sFRP4 expression and chemosensitivity.
The relationship between sFRP4 and treatment response was first tested by transfecting
the chemoresistant cell lines with a plasmid expressing sFRP4 prior to treating them
with Cisplatin. Interestingly increasing sFRP4 expression in these cell lines significantly
reduced their resistance to Cisplatin treatment in comparison to untransfected cells.
Additionally, silencing of sFRP4 expression in the chemosensitive A2780 before
treatment resulted in a corresponding increase in cell viability. Thus this study confirms
the potential role of sFRP4 in determining response to chemotherapeutic treatment in
cancer cells.
In the final study the expression of sFRP4 and β-catenin was compared in 104 primary
mucinous ovarian cancer biopsies through immunohistology of tissue microarrays.
sFRP4 was expressed in both cells of the stroma, which had greater expression, and the
cancerous portion where expression was more diminished. In contrast there was greater
staining intensity for β-catenin in cancerous cells than the stroma. This highlighted an
inverse relationship between β-catenin and sFRP4. A decline in sFRP4 expression was
consistent with cancer progression, with cells of malignant tumours expressing
significantly lower sFRP4 than benign and borderline tumours in the samples.

In conclusion, the findings of this thesis indicate a role for sFRP4 as a potential means
to augment existing therapeutic agents and as a predictive marker to determine the
nature of the response of cancerous cells to chemotherapy.
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Chapter 1: Literature Review
1.1 The human ovary
1.1.1 Anatomy of the human ovary
The ovaries are oval shaped, endocrine glands located in the pelvis of women and form
part of the female reproductive tract. The ovary is attached to the posterior surface of
the broad ligament by a peritoneal fold, the mesovarium. The superior pole of the ovary
is attached to the pelvic wall by the suspensory ligament of the ovary, which carries the
ovarian vessels and nerves. The inferior (or uterine) pole is attached to the uterus by the
ovarian ligament. The ovarian hilum (labelled H - Figure 1.1A) connects the blood
vessels, lymphatic vessels and nerves that extend through the mesovarium and
suspensory ligaments.

1.1.2 Histology of the human ovary
Each ovary is covered by a single layer of epithelial cells known as ovarian surface
epithelium (OSE) (labelled OSE - Figure 1.1B), supported over a layer of dense,
irregular connective tissue called the tunica albuginea (labelled TA - Figure 1.1) by a
basement membrane. The interior of the ovary consists of the stroma, which contains
blood vessels, connective tissue and bundles of smooth muscle cells. The stroma can be
divided into a superficial cortex (labelled C - Figure 1.1A) and a deep medulla (labelled
M - Figure 1.1A). The production of gametes occurs in the ovarian cortex, with each
follicle (labelled F - Figure 1.1) containing an oocyte surrounded by follicular cells.
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Figure 1.1 –Morphology of the Ovary
(A) Light microscope image showing the components of a histological cross section of a human ovary,
stained with haematoxylin and eosin (18X). Arteries which supply the ovary are clearly visible, as are
developing follicles in the cortex of the ovarian stroma. (B) A higher magnification image of the ovary
(120X), with the OSE visible on the ovarian surface, just superficial to the dense connective tissue layer
of the tunica albuginea (adapted from Burkitt, Young & Heath 1996; CL= corpus luteum).
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1.1.3 Functions of the ovary
The ovaries have two interrelated functions, namely the production of gametes
(oogenesis) and the production of steroids (steroidogeneisis).
The reproductive lives of women are cyclic consisting of two phases, the reproductive
cycle, which encompasses the sequence of events from fertilization to birth, and the
sexual cycle, which encompasses events that recur every month when pregnancy does
not intervene. The sexual cycle is in turn divided into interrelated cycles namely the
ovarian cycle and the menstrual cycle. The ovarian cycle consists of the events taking
place in the ovary.
1.1.3.1 Ovarian Cycle
In the foetus, primordial germ cells (oogonia) cease dividing and enter meiosis,
becoming primary oocytes. They do this within a primordial follicle that consists of a
thin flattened layer of follicular cells (Figure 1.2). Each primordial follicle constitutes a
fundamental functional unit of the ovary and provides the microenvironment for the
developing oocyte. Upon onset of puberty, these primordial follicles are recruited
regularly into a pool of growing follicles. During each cycle, a few follicles commence
growing and pass through three stages of development en route to ovulation.

Figure 1.2 – Primordial Follicle
A photomicrograph (X640) of primordial follicles, FC – follicle cells, N – nucleus. (adapted from Ross,
Kaye & Pawlina 2003).

At puberty, the flattened follicular cells surrounding a primordial follicle start
proliferating, taking on a more cuboidal appearance; the follicle is now known as a
primary or pre-antral follicle (Figure 1.3 A1). The follicle cells undergo rapid mitotic
division giving rise to stratified epithelium; the follicle cells are now identified as
granulosa cells. These granulosa cells continue proliferating, increasing in size and form
3

multiple layers around the oocyte. As this happens, these cells also secrete follicular
fluid that soon accumulates to form a single follicular antrum (FA - Figure 1.3 A2).
Although the oocyte does not increase in size over the antral period, it is maturing from
a primary oocyte to a secondary oocyte. As the follicular antrum grows, the oocyte is
surrounded by a dense mass of granulosa cells (called the cumulus oophorus) and
becomes suspended in the fluid, and is connected to the rim of peripheral granulosa
cells by a thin stalk of cells. The follicle is now considered to be a secondary or antral
follicle (Figure 1.3 B). During every cycle, several follicles mature to become antral
follicles; however, only one of these follicles, the mature or Graafian follicle, will
ultimately ovulate. Following ovulation, the collapsed follicle transforms into a corpus
luteum (Boyer et al. 2010).

A

B

1

2

Figure 1.3 – Primary and Secondary Follicle
(A) A photomicrograph (X120) of two follicles. 1 – Primary follicle; FC – Follicle cells. 2 – Early
Secondary Follicle; FA – Follicular Antrum). (B) A photomicrograph (X120) of a Late Secondary
(Mature) Follicle; FA – Follicular Antrum; MG – membrane granulosa. (adapted from Ross, Kaye &
Pawlina 2003).
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Thus, ovulation is the process in the menstrual cycle during which the Graafian follicle
ruptures to release the ovum. It is an inflammatory-like process involving multiple
cytokines and proteolytic enzymes, ultimately resulting in tissue rupture (Espey 1994).
Leading up to ovulation the basement membrane of the ovarian surface is lost and there
is localised cell death of the OSE, which progresses inwards towards the follicle
(Murdoch 1994; Talbot et al. 1987; Tsafriri & Reich 1999). The loss of the basement
membrane and the disintegration of tissue via cell death ultimately lead to the rupture of
the follicle, allowing the ovum to be released into the oviduct (Espey 1980). The
subsequent wound left in the ovary following ovulation is repaired by the OSE cells
undergoing rapid proliferation (Gillet et al. 1991; Murdoch 1994).

Figure 1.4 – Summary of Ovarian cycle
Schematic drawing of the ovarian cycle (adapted from Ross, Kaye & Pawlina 2003).

1.1.3.2 Hormonal Secretion
The ovaries secrete two major groups of hormones, estrogens and progesterone.
1. Estrogens promote growth and maturation of internal and external sex organs
and are responsible for the female sex characteristics that develop at puberty.
2. Progesterone prepares the internal sex organs, mainly the uterus, for pregnancy
as well as preparing the mammary gland for lactation.
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1.2 Ovarian Cancer
1.2.1 Incidence & Mortality
Ovarian cancer is the fifth leading cause of cancer deaths in women (Gatcliffe et al.
2008; Jemal et al. 2010; Landen et al. 2008; Shan & Liu 2009; Su et al. 2010), however
this disease has the highest mortality rate of all gynaecological cancers accounting for
more than 55% of cancer related deaths in Australia (Australian Institute of Health and
Welfare 2010). In Australia alone 1 in 77 women will develop ovarian cancer in their
lifetime. Each year, more than 1200 Australian women are diagnosed with ovarian
cancer; with around 800 deaths reported annually (Ovarian Cancer Australia 2010). This
equates to an average of 3 women being diagnosed with this disease every day
(Australian Institute of Health and Welfare 2010). In the United States, 21,880 cases
were reported in of 2010 that resulted in the deaths of 13,850 women (Jemal et al.
2010).

1.2.2 Risk factors
Risk factors for developing ovarian cancer include ethnicity, increasing age, obesity,
family history of the disease, infertility, use of fertility drugs, and personal cancer
history. Studies have shown that the use of oral contraceptives and breastfeeding
provide beneficial effects in reducing the risk of developing ovarian cancer, while
frequent ovulation contributes to increased risk as the repeated rupture and repair of the
OSE at the sites of ovulation provide an opportunity for genetic aberrations (Anderson
2009; Auersperg et al. 2001; Williams et al. 2007).

1.2.3 Symptoms
Early symptoms of this cancer include abdominal discomfort, early satiety or appetite
loss, bloating, vaginal bleeding, fatigue and urinary tract symptoms. (Friedlander 1998).
However, most of these symptoms are non-specific and are often misdiagnosed for
other gastrointestinal diseases (Gubbels et al. 2010). Due to lack of a reliable screening
test, diagnosis is often made following a combination of tests, which include, pelvic
exam, blood level of CA 125 (cancer antigen), and transvaginal sonography
(ultrasound). However, these approaches cannot positively diagnose cancer and surgical
(invasive) procedures are required to make the final diagnosis in women with positive
or suspicious screening test results.
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1.2.4 Types of Ovarian Cancer
Ovarian cancer consists of a heterogeneous set of invasive tumours (Farley et al. 2008;
Landen et al. 2008) that can arise from any of the major cell types present in the ovary
(Germ cells, Stromal cells and Epithelial cells (Australian Institute of Health and
Welfare 2010). Approximately 90% of ovarian tumours are epithelial in origin, while
the remaining incidences of cancer are of stromal cell (6-15%) or germ cell (4%) origin
(Holschneider & Berek 2000).

1.2.5 Staging of cancer
The staging of ovarian cancer is surgical and is based on the Federation of International
Gynecologic Oncologists (FIGO) classification (Table 1.1). The tumour stage at time of
diagnosis greatly affects prognosis of this cancer. Patients whose tumours are diagnosed
in Stage 1, where neoplastic growth is still confined to the ovaries often demonstrate
survival rate greater than 90%. However, only about 20% of all tumours diagnosed are
found in this stage (Anderson 2009). Often, at the time of diagnosis tumours have
progressed to later stages and metastasised to other organs in more than 70% of patient
cases (Nedel et al. 2009; Shan & Liu 2009). This in turn results in high mortality rates
amongst the patients, with a five year survival rate of only 20-35% (Agarwal & Kaye
2003; Allen & Coulter 1999; Chan et al. 2003; Landis et al. 1998; Ozols 1991;
Teneriello & Park 1995).

Tumour Stage

Morphology

Stage I

Neoplastic growth confined to ovaries

Stage II

Growth spreads beyond ovaries to other locations in pelvis

70-80%

Stage III

Cancer spreads beyond the pelvis into the lining of the

20-30%

Survival
>90%

abdomen or into lymph nodes
Stage IV

Cancer present in one or both ovaries and metastasises to

<5%

other organs

Table 1.1 Ovarian tumour staging
The International Federation of Gynaecologists and Obstetricians (FIGO) staging information for ovarian
cancer (Adapted from Dodson & Johnson 1999). Early stage ovarian cancer (Stage 1) has a significantly
higher five year survival rate compared to later stages (Stage 3, 4).

Ovarian cancer cells can metastasise by either directly spreading to neighbouring organs
or by sloughing of tumour cells into the peritoneal cavity. The standard care for patients
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with ovarian cancer is cytoreductive surgery or tumour debulking (to remove as many
of the tumour cells as possible) followed by chemotherapy (Agarwal & Kaye 2003;
Balch et al. 2010; Balch et al. 2004; Cheng et al. 2009; Nedel et al. 2009).

1.3 Ovarian Surface Epithelium & Cancer
1.3.1 Ovarian Surface Epithelium
The surface of the ovary is covered by a single layer of epithelial cells known as the
ovarian surface epithelium (OSE). Derived from embryonic celomic epithelial cells, the
OSE comprises a monolayer of squamous to cuboidal epithelial cells separated from the
underlying ovarian stromal tissue by a basement membrane and dense collagenous
connective tissue layer, the tunica albuginea (Auersperg et al. 2001; Murdoch &
McDonnel 2002) (Figure 1.5).

Ovarian Surface
Epithelium

Tunica
albuginea

Figure 1.5 –Ovarian Surface Epithelium
(A) Light microscope image of cross section of ovarian surface epithelium. Healthy cells contain a large
nucleus with prominent nucleoli. Arrows indicate the basal lamina. (adapted from Murdoch and
McDonnel 2002).

These cells are highly responsive to environmental stimuli, with functions ranging from
shuttling molecules in and out of the peritoneal cavity; to participating in ovulatory
rupture and repair (Auersperg et al. 2001; Gubbels et al. 2010). During ovulation the
OSE cells produce proteolytic enzymes that contribute to follicular rupture by degrading
the epithelial cell wall (Gubbels et al. 2010). This results in disruptions in the OSE layer
in regions where preferential outgrowth of the preovulatory follicle brings it into close
apposition with the ovarian surface (Murdoch & McDonnel 2002).
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Following ovulation, the OSE undergoes proliferation to repair the post-ovulatory
wound created by expulsion of the oocyte. Osterholzer et al. (1985) demonstrated that
proliferative activity in rabbit ovaries was localised to the vicinity of the ovulatory site,
peaking at and immediately after the time of ovulation. OSE undergoes epithelialmesenchymal transition (EMT) to remodel the extracellular matrix and to repair the
post-ovulatory wound. While the ability of these cells to undergo EMT is postulated to
aid in tissue regeneration after wounding, it has also been implicated in development of
cancer (Gubbels et al. 2010).
Approximately 90% of all human ovarian cancers are thought to arise from the OSE.
Occasionally, during the post-ovulatory wound healing process, OSE fragments that get
trapped in or near ruptured follicles form inclusion bodies or cysts (Auersperg et al.
2001) (labelled IC - Figure 1.6). While most inclusion cysts regress and disappear over
time (Scully 1995), some cysts continue to persist in the ovary and have been postulated
to be more likely precursors of ovarian cancer than the surface epithelium itself (Dyck
et al. 1998; Pothuri et al. 2010).

IC
OSE
IC

S
IC

Figure 1.6 –Inclusion Cysts
(A) Light microscope image of cross section of ovarian surface epithelium. Healthy cells contain a large
nucleus with a prominent nucleolus. Arrows indicate the basal lamina. (adapted from Murdoch and
McDonnel 2002).

1.3.2 Epithelial Ovarian cancer
Epithelial ovarian cancers (EOC) are the most common type of ovarian malignancies,
comprising more than 90% of cases diagnosed. Most patients affected by EOC are
postmenopausal (~55 years or older). EOC can be either benign or malignant. While the
benign tumours typically do not spread beyond the ovaries and generally do not cause
serious disease, the malignant or cancerous epithelial tumours, also known as
carcinomas, are capable of metastasising and causing life-threatening illness (Williams
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et al. 2007). Based on histological differences, EOC can be classified into four main
subtypes; serous (fallopian tube-like), mucinous (endocervical-like), endometrioid
(endometrium-like) and clear-cell (mesonephros-like) (Auersperg et al. 2001; Chen et
al. 2007; Gubbels et al. 2010; Kaku et al. 2003). Each of these sub-types can be further
subclassified into benign, malignant and borderline, to reflect their histopathology
(Wamunyokoli et al. 2006). Mucinous carcinomas are one of the most common ovarian
epithelial neoplasms, and are macroscopically the largest of all ovarian tumours (Kaku
et al. 2003). Compared to other subtypes, mucinous tumors have been reported to
respond poorly to chemotherapy and thereby decreasing the survival rates of patients
(Kikkawa et al. 2006; Wamunyokoli et al. 2006).
1.3.2.1 Development of Epithelial Ovarian cancer
To date, very little is known about the initial events that result in the malignant
transition of the ovarian surface cells. The rapid cell division and increased proliferative
rate during wound repair following ovulation may play a role in the development of
tumours (Doraiswamy et al. 2000; Katabuchi & Okamura 2003; Gubbels et al. 2010;
Okamura et al. 2006; Pothuri et al.2010; Williams et al. 2007). It is not clear if this
cancer originates from the surface epithelial cells or from the architectural aberrations of
the surface epithelium, namely OSE-lined clefts and inclusion cysts (Auersperg et al.
2001; Kaku et al. 2003; Kurman & Shih Ie 2010; Pothuri et al. 2010; Scully 1977;
Scully 1995). The Incessant Ovulation theory (Fathalla 1971) and the Gonadotrophin
Hypotheses (Cramer & Welch 1983) are the two most widely accepted hypotheses
which are used to explain how this cancer occurs.
The Incessant Ovulation theory proposed by Fathalla (1971) suggests that the repetitive
wounding and recurring repair of the OSE during cyclical ovulatory processes could
increase the chances for aberrations to be incorporated, thus increasing the chances for
the cells to form neoplasms. This theory was based on epidemiological data revealing
that women who were on birth control or who had been pregnant had decreased risk of
ovarian cancer. Similarly, other studies have shown a correlation between contraceptive
use and reduction in ovarian cancer risk (Tworoger et al. 2007). Consequently, higher
ovulatory activity has been associated with increased accumulation of inclusion cysts
(Figure 1.7) and invaginations of the OSE, which provide a hospitable environment for
tumour cell growth (Feeley & Wells 2001; Ozols et al. 2004). This concept is supported
by evidence from in vitro studies involving the continuous culturing of OSE cells
mimicking the constant damage and repair process that these cells undergo during
10

ovulation. These studies demonstrated that these in vitro cells spontaneously transform
into cancerous cells (Godwin et al. 1992; Testa et al. 1994; Roby et al. 2000).

Figure 1.7 –Schematic representation of Epithelial Ovarian Carcinogenesis
Schematic representation of Epithelial Ovarian Carcinogenesis based on the hypothesis that periodic and
incessant ovulation, resulting in damage of cells and subsequent rapid proliferation, could predispose
certain individuals to malignant transformation of ovarian surface epithelial cells. The repetitive rupture
and repair process could give rise to multiple genetic alterations of the epithelial cells and, in turn, could
lead to neoplasia (adapted from Katabuchi & Okamura 2003).

The Gonadotrophin theory proposed by Cramer & Welch (1983) postulates that the high
levels of gonadotrophins associated with ovulation still persist in the systems of women
who have recently undergone menopause. Hence, these hormones continue stimulating
the ovulation-like process involving the expression of cytokines and proteolytic
enzymes within the surface epithelium, resulting in inflammation of the OSE. The
inflammatory factors may lead to loss of basement membrane and formation of
inclusion cysts, which can then contribute to cancerous growth (Ness & Cottreau 1999;
Ness et al. 2000; Ozols et al. 2004).
Stromal-epithelial cell interactions are also believed to play a critical role in the function
and growth of both normal and cancerous OSE (Scully1995; Vigne et al. 1994). Cancer
invasion has been often observed to require an association with stromal tissue and most
ovarian tumours have a stromal-like component (Scully 1995). Mouse models of
ovarian tumours demonstrate that the degradation of the basement membrane from
beneath the OSE can promote epithelial tumour development (Sternlicht et al. 1999).
The loss of the basement membrane is also a precursor to epithelial cancer formation in
the human ovary, with the ovaries of women at high risk of developing ovarian cancer
exhibiting areas of atypical epithelia overlying absent sections of basement membrane
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(Yang et al. 2002). Contact with the basement membrane provides regulatory signals for
the epithelial cells, maintaining their epithelial characteristics (Hagios et al. 1998; Timpl
& Dziadek 1986); so the integrity of the basement membrane is a very important factor
in preventing tumours forming from the OSE. Epithelial cells that persist in inclusion
cysts lack the basement membrane and are, therefore, lacking these regulatory signals.
Additionally, OSE within inclusion cysts are not separated from the underlying stroma
by the tunica albuginea, hence it is likely that these cells have more access to stromally
derived growth factors and cytokines that may promote neoplastic growth (Auersperg et
al. 2001).
1.3.2.2 Treatment response of Epithelial Ovarian cancer
Patients with advanced stages of tumour (II, III and IV) following cytoreductive surgery
are put on platinum and taxane based chemotheraphy (Balch et al. 2010; Balch et al.
2004; Cheng et al. 2009; Gibb et al. 1997; Greenlee et al. 2001;Hoskins et al. 1997; Li
et al. 2001). The platinum based chemotherapeutic drugs act by forming inter- and intrastrand cross-links with deoxyribonucleic acid (DNA), disrupting DNA replication and
transcription, thus damaging the DNA beyond repair and resulting in the cells being
signalled to undergo apoptosis. Taxane based drugs act by compromising the stability of
the cellular cytoskeleton by hyperstabilization of microtubules. Carboplatin and
Paclitaxel are a few examples of first line chemotherapeutic drugs used (Balch et al.
2010; Williams et al. 2007)
EOC, particularly tumours that have been diagnosed early, show a high initial overall
response rate to systemic therapy. However, studies have shown that this response rate
is not durable, with approximately 50-75% of these patients eventually experiencing a
relapse (Balch et al. 2010; Balch et al. 2004; Cheng et al. 2009; Greenlee et al. 2001;
Helm et al. 2008; Gubbels et al. 2010; Li et al. 2001; Ozols 2002; Williams et al. 2007),
and survival rate is further affected by the emergence of drug-resistant disease (Agarwal
& Kaye 2003; Fraser et al. 2003; Helm et al. 2008; Siddik 2003; Shahzad et al. 2009;
Ozols 1991; Ozols et al. 2004).
Based on their response to platinum based chemotherapeutic agents, ovarian tumours
can be divided into chemosensitive and chemoresistant tumours. Patients with
chemosensitive tumours have a better prognosis, as they respond better to first and
second line platinum based chemotherapeutic treatment and have high tumour remission
rates. If a patient suffers a relapse within 6 months of the original chemotherapy regime,
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she is considered to have chemoresistant ovarian cancer (Helm et al. 2008; Ferriss &
Rice 2010; Williams et al. 2007).
Although recurrent epithelial ovarian cancer is still regarded as incurable, there are
several options that can control the disease for a time. The choice of second line
chemotherapy regimens differs depending on whether the patient has chemosensitive or
chemoresistant tumours. The exact cause of chemosensitivity or resistance is yet to be
understood (Balch et al. 2004; Su et al. 2010). Recent evidence suggests that the
deregulation of pro-apoptotic pathways is a key factor in the onset and maintenance of
chemoresistance (Balch et al. 2010; Fraser et al. 2003; Li et al. 2001).

1.4 Chemotherapy and Apoptosis
Apoptosis (or programmed cell death) is an inbuilt response for the removal of cells not
needed or which are aberrant. In normal cells the balance between cell growth and cell
death is tightly regulated (Ellis et al. 1991; Li et al. 2001; Zhou et al. 1998). It has been
well established that altered function of genes controlling cell cycle and de-regulation of
normal mechanisms controlling apoptosis contribute to the pathogenesis of cancer
(Hahn et al. 1999; Hanahan & Weinberg 2000; Hartwell & Kastan 1994; Kaufman &
Divgi, 2005; Peifer & Polakis 2000; Weinberg 1995; Zhou et al. 1998). Although
apoptosis is still frequently detected in human tumours (Kerr & Searle 1972),
investigations have demonstrated that it is generally down-regulated relative to normal
cells and, therefore, allows for an increase in cell numbers and tumour growth (Cotter et
al. 1992; Fulda & Debatin 2004; Li et al. 2001; Stephens et al. 1991).
All successful cancer treatments, such as radiation and chemotherapy, essentially aim to
increase the rate of apoptosis in malignant cells, thereby slowing or even reversing
cancerous growth (Balch et al. 2004; Cotter et al. 1992; Drake et al. 2009; Fulda &
Debatin 2004; Gibb et al. 1997; Stephens et al. 1991). The ability of a cancer cell to
respond to a chemotherapeutic agent is believed to be due in part to its apoptotic
capacity, and this drug-induced apoptosis is dependent not only on up-regulation of proapoptotic factors but also on modulation of cell survival factors (Fraser et al. 2003; Li et
al. 2001). As drug-induced apoptosis is dependent on the intracellular balance between
pro-apoptotic and survival signals, these pathways therefore represent potential targets
for enhancing the efficacy of chemotherapeutic agents and overcoming drug resistance
(Agarwal & Kaye 2003). Additionally, chemoresistant cells, when compared to
chemosensitive cells, have often been shown to possess defective or down-regulated
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pro-apoptotic genes and over-expressed cell proliferative genes (Balch et al. 2004).
Recent literature suggests that dysregulation of pro-apoptotic genes is a key factor
contributing to the onset and maintenance of chemoresistance (Balch et al. 2004; Fraser
et al. 2003). One such pro-apoptotic gene family is the Secreted Frizzled-Related
proteins (sFRPs) family, an antagonist of the Wnt signalling cascade.

1.5 Secreted Frizzled-Related proteins
The Secreted Frizzled-Related proteins (sFRPs) are a family of secreted glycoproteins
that serve as one of the antagonists of the canonical Wnt signalling pathway (Bafico et
al. 1999; Finch et al. 1997; Hu et al. 1998; Jones & Jomary 2002; Kawano & Kypta
2003). These proteins were initially known as FRZB-like proteins before being renamed
by Rattner et al. (1997). There are currently five different sFRPs known in the human
(sFRP 1 -5). Based on sequence homology, sFRP isoforms 1, 2 and 5 form a subgroup,
while sFRP3 and sFRP4 form a second distantly related subgroup (Figure 1.8)
(Bovolenta et al. 2008; Jones & Jomary 2002). sFRP1 and sFRP5 share the closest
similarity with 51% amino acid identity followed by sFRP2 (37%), sFRP3 (19%) and
sFRP4 (17%) (Chong et al. 2002; Jones & Jomary 2002). Thus, sFRP4 has been
reported to have the least homology to other isoforms. However, to date there are
insufficient data available to assign any functional significance to these groupings. The
sFRPs have been detected in many human tissues including skin, heart, bone, brain,
kidney and lung, as well as hormone dependent tissues such as the prostate, breast,
endometrium and ovary (Abu-Jawdeh et al. 1999; Drake et al. 2003; Jones & Jomary
2002; Kawano & Kypta 2003; Rattner et al. 1997; Wang et al. 1997)

SFRP2

SFRP

22

4

SFRP
5

SFRP3
SFRP1

Figure 1.8 – Homology of human sFRP family members
Phylogenetic analysis of the human sFRP members. The polypeptide sequences of sFRP
isoforms 1, 2 and 5 are most closely related, whereas sFRP 3 and 4 form a separate sub-group
(adapted from Jones & Jomary 2002).
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sFRPs structurally resemble the Fz receptors sharing 30-50% sequence similarity,
including 10 conserved cysteine residues, but lack the transmembrane domains (Figure
1.9) (Jones & Jomary 2002; Melkonyan et al. 1997). The cysteine-rich domain (CRD)
of Fz receptors has been shown to serve as the putative binding site of the Wnt ligand
(Finch et al. 1997; Hu et al. 1998; Rattner et al. 1997). As sFRPs lack the
transmembrane domain (Wang et al. 1996), which binds the Fz receptor to the cell
surface, they exist as free secreted proteins outside the cell. Evidence from cell surface
binding and in vitro interaction assays reveal that sFRPs, due to their shared homology
with Fz receptors, are able to impede Wnt-Fz interactions by interacting with Wnt
proteins and blocking their access to cell receptors (Bafico et al. 1999; Bovolenta et al.
2008; Jones & Jomary 2002; Rattner et al. 1997; Takagi et al. 2008; Uren et al. 2000).
Studies have reported that sFRPs can also block Wnt activity by binding directly to the
Fz receptors (Bafico et al. 1999).

Figure 1.9 – Structure of Frizzled receptor compared to sFRPs
This diagram exhibits the larger degree of morphological homology between the Frizzled receptors (Left)
and the sFRPs (Right). Frizzled is bound to the cell by its transmembrane section but sFRPs lack this area
and exist as free proteins (adapted from Wodarz & Nusse 1998).

sFRPs function as negative modulators of Wnt signalling during foetal development as
well as in adult tissues (Finch et al. 1997; Hu et al. 1998;Wang et al. 1997). Many
studies have reported a correlation between up-regulation of sFRP expression, in
particular that of sFRP4, and apoptosis in various tissues (Drake et al. 2003; Guo et al.
1998; Hsieh et al. 2003; Jones et al. 2000; Lacher et al. 2003; Constantinou et al. 2008;
Wolf et al. 1997). The over-expression of sFRPs has been shown to decrease β-catenin
levels within the cells, thus increasing their susceptibility to pro-apoptotic stimuli
(Kawano & Kypta 2003; Melkonyan et al. 1997; Zhou et al. 1998). Additionally, sFRPs
have been shown to be frequently down-regulated in various cancers including
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carcinomas of the breast, prostate, cervix, stomach, colon and mesothelium (Cheng et
al. 2007; He et al. 2005; Lee et al. 2004; Ko et al. 2002; Nojima et al. 2007; Qi et al.
2006; Suzuki et al. 2002; Wong et al. 2002; Takagi et al. 2008; Zi et al. 2005; Zhou et
al. 1998).
These reports of frequent down-regulation of sFRPs in cancerous cells, coupled with
reports of their up-regulation in some degenerative diseases, indicate their potential
importance in controlling Wnt activity in healthy tissues (Kawano & Kypta 2003) and
has led to the postulation that sFRPs function as tumour suppressor genes (Bovolenta et
al. 2008; Fox & Dharmarajan 2006; Lee et al. 2004; Yamamura et al. 2010). Tumour
cells are thought to shut down expression of sFRPs, since these proteins can promote
apoptosis (Kawano & Kypta 2003), with subsequent up-regulation and over-expression
of sFRPs being associated with increased apoptosis (Ko et al. 2002; Zhou et al. 1998).
Consequently, while restoration or up-regulation of sFRP expression in cancerous cells
was shown to attenuate their tumourigenic behaviour by inhibiting Wnt signalling and
inducing apoptosis (Bovolenta et al. 2008; Chung et al. 2009a; Ko et al. 2002; Nojima
et al. 2007; Qi et al. 2006; Suzuki et al. 2004; Zi et al. 2005; Zhou et al. 1998),
hypermethylated silencing of sFRP genes tended to increase with tumour progression
and invasiveness (Horvath et al. 2004; Marsit et al. 2005; Qi et al. 2006).
Some studies however have reported over-expression of sFRPs in various cancers
including carcinomas of the endometrium, breast, glioma, colon and prostate (AbuJawdeh et al. 1999; Feng Han et al. 2006; Huang et al. 2010; Hrzenjak et al. 2004; Luo
et al. 2002; Roth et al. 2000; Wissmann et al. 2003). The over-expression of sFRPs in
these cases may be explained as part of an ineffective homeostatic mechanism to curb
the excessive proliferation of more aggressive tumours (Drake et al. 2009).
Molecular analysis of apoptosis in various cancerous cells demonstrated a positive
relationship between apoptosis and sFRP expression, particularly with sFRP4, where
restoration of sFRP4 resulted in growth suppression and apoptosis in various cancerous
cell lines (Carmon & Loose 2008; He et al. 2005; Horvath et al. 2004; Lee et al. 2004).

1.5.1 Secreted Frizzled-Related Protein 4
sFRP4 expression has been closely associated with the occurrence of apoptosis in
various tissues including the uterus, mammary gland, prostate and ovary of rats (Drake
et al. 2003; Guo et al. 1998; Hsieh et al. 2003; Lacher et al. 2003; Constantinou et al.
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2008; Wolf et al. 1997). sFRP4 has also been linked to apoptosis in humans, where a
correlation between its expression and occurrence of apoptotic death was established in
several tissues including skin, involution of mammary gland following weaning,
osteoarthritic cartilage, myocardial cells and chondrocytes (Berndt et al. 2003; James et
al. 2000; Lacher et al. 2003; Maganga et al. 2008; Schumann et al. 2000; Constantinou
et al. 2008). Furthermore, Muley et al. (2010), using in vitro and in vivo assays,
revealed sFRP4 to also possess anti-angiogenic properties (as summarized in Figure
1.10).

Figure 1.10 – Multifunctional role of sFRP4
Schematic representation of various functions of sFRP4 established to date in the literature.

In humans, the sFRP4 gene is located on chromosome 7p14.1 (Abu-Jawdeh et al. 1999).
Interestingly, frequent mutations of genes located on chromosome arm 7p have been
observed in many epithelial ovarian cancers (Cliby et al. 1993; Sato et al. 1991),
suggesting that if sFRP4 functions as a tumour suppressor gene by promoting apoptosis,
its mutational loss may predispose cells to malignant progression. Silencing of sFRP4
expression in mesothelioma cell lines was demonstrated to enhance Wnt/β-catenin
signalling, resulting in promotion of cell proliferation and inhibition of apoptosis (He et
al. 2005; Lee et al. 2004). Similarly, loss of sFRP4 expression in endometrial cells has
been associated with excessive Wnt signalling, overactive β-catenin expression and
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subsequent increased proliferation, contributing to the onset of endometrial cancer
(Carmon & Loose 2008). sFRP4 expression has been reported to be down-regulated or
lost in various cancers (Furlong 2000; Carmon & Loose 2008 ; Lee et al. 2004; Qi et al.
2006; Wong et al. 2002; Zou et al. 2005), indicating that this could be a critical step in
the progression of cancer.
Restoration of sFRP4 expression in mesothelioma cell lines resulted in induction of
apoptosis and suppression of subsequent cell proliferation (He et al. 2005; Lee et al.
2004), establishing a positive relationship between sFRP4 expression and apoptosis.
Similarly, over-expression of sFRP4 in prostate cell lines was associated with decreased
proliferation and invasiveness of these cancerous cells (Horvath et al. 2007). In contrast,
He et al (2005) demonstrated that suppression of sFRP4 expression in mesothelioma
cell lines in turn enhanced Wnt signalling, which promoted cell growth and
consequently inhibition of chemotherapeutic drug induced apoptosis. Furthermore, the
same study also reported that re-expression of sFRP4 in β-catenin deficient
mesothelioma cell lines, induced apoptosis and suppressed cell growth, suggesting that
sFRP4 may induce apoptosis not only through the canonical pathway but also through
β-catenin independent noncanonical pathways.
Due to its potential to induce apoptosis in cancer cells and, therefore, decrease tumour
volume, sFRP4 has been proposed to hold therapeutic potential, particularly for
endothelial, breast and prostate carcinomas (Horvath et al. 2004; Horvath et al. 2007;
Carmon & Loose 2008; Wong et al. 2002).
1.5.1.1 sFRP4 in the Ovary
To date there have only been a few studies that have reported the expression of sFRP4
in both normal and cancerous ovarian tissue. sFRP4 expression has been positively
associated with occurrence of apoptosis in rodent follicular cells during ovulation
(Drake et al. 2003) Furthermore, sFRP4 expression in these follicular cells resulted in
inhibition of Wnt/β-catenin signalling pathway (Guo et al. 1998), suggesting that it
shares an inverse relationship with this pathway. In ovarian cancer, the development of
resistance severely limits treatment success of this disease. As mentioned previously,
studies on other cancers have shown an association between suppression of sFRP4
expression in cancerous cell lines and subsequent inhibition of drug-induced apoptosis.
Thus, it would be of interest to determine if sFRP4 plays a role in determining the
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response of chemosensitive and chemoresistant ovarian cancerous cells to
chemotherapeutic treatment.

1.6 Wnts
As mentioned previously the sFRPs function as modulators of the Wnt signalling
pathway. The Wnts are an ancient and evolutionarily conserved family of secreted
extracellular signalling glycoproteins (Filho et al. 2007; Gatcliffe et al. 2008; Komiya &
Habas 2008). To date 19 Wnts ligands have been identified in the human genome
(http://www.stanford.edu/~Ernusse/wntwindow.html),

which

code

for

secreted

signalling proteins approximately 350 to 400 amino acids in length that remain tightly
associated with the cell (Kawano & Kypta 2003; Nusse 1992). Wnt ligands act in a
paracrine fashion by activating diverse cascades inside target cells (Lustig & Behrens
2003).
The Wnt ligands have been well established to play essential roles in cell proliferation,
cell migration, patterning, fate determination and organogenesis during normal
developmental processes (Chung et al. 2009b; Filho et al. 2007; Gatcliffe et al. 2008;
Kawano & Kypta 2003; Komiya & Habas 2008; Lee et al. 2004; Lustig & Behrens
2003; Polakis 2000). They also play a key role in maintenance of homeostasis in adult
tissues (Fox & Dharmarajan 2006). In the ovary, Wnt signalling has been reported to
play key roles during embryonic development as well as during normal ovarian function
and follicular development (Gatcliffe et al. 2008; Ricken et al. 2002). Several reports
have described Wnt expression at defined stages of follicular development in rodent
ovaries (Hsieh et al. 2003; Ricken et al. 2002).
Historically, Wnt proteins have been grouped into two classes based on their activity;
namely Canonical Wnts and Non-Canonical Wnts (Dann at al. 2001; Gatcliffe et al.
2008; Giles et al. 2003; Lustig & Behrens 2003; Komiya & Habas 2008; Rao & Kuhl
2010; Widelitz 2005; Yamamura et al. 2010). The non-canonical Wnts have been
reported to be able to antagonise the canonical Wnt pathway in some circumstances
(Lustig & Behrens 2003; Kuhl et al. 2000).
The Wnts were initially reported to be proto-oncogenic in 1982 (Nusse &Varmus 1982).
Since then, aberrant Wnt signalling has been widely described in cancer and has been
closely linked to tumourigenesis (Chung et al. 2009; Fox & Dharmarajan 2006; Giles et
al. 2003; Jones & Jomary 2002; Lee et al. 2004; Lustig & Behrens 2003; Nusse 1992;
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Polakis 2000; Qi et al. 2006; Smalley & Dale 1999; Yamamura et al. 2010; Zhang et al.
2008). In addition, various studies have also reported aberrant activation of components
of the Wnt cascade, in particular those of the canonical Wnt pathway, to play an
important role in tumour development (Giles et al. 2003; Jones & Jomary 2002; Polakis
2000).

1.6.1 Canonical Wnt signalling pathway
The canonical Wnt pathway is of particular interest as, by increasing the intracellular
levels of its down-stream target β-catenin, this pathway is able to stimulate protooncogenes such as c-myc, cyclin-D1 and EGF/ras (Bienz & Clevers 2000; Dierick &
Bejosovec 1999; Gat et al. 1998; Morin 1999; Peifer 1997; Rao & Kuhl 2010; Zhai et
al. 2002).
In the absence of canonical Wnt signalling (Figure 1.11 – Left), β-catenin is
phosphorylated by Glycogen Synthase Kinase 3β (GSK3β) in a multiprotein complex
with Casein Kinase 1 (CK-1), Adenomatous Polyposis Coli (APC) and Axin. GSK3β
phosphorylates APC and Axin to form a structural scaffold, increasing their binding
affinities for β-catenin. The phosphorylated β-catenin is then ubiquitinated by βtransducin repeat-containing protein and degraded, hence limiting the free
intracytoplasmic pool of β-catenin (Giles et al. 2003; Jones & Jomary 2002; Lustig &
Behrens 2003; Polakis 2000).
In the presence of Wnt signalling (Figure 1.11 – Right), the extracellular Wnt ligand
binds to a surface receptor complex composed of a frizzled receptor (Fz) in conjunction
with one of the low density lipoprotein (LDL) receptor-related proteins LRP5 or LRP6.
This results in the phosphorylation of Dishevelled proteins (Dsh) by Casein Kinase 1
(CK-1) and subsequent inactivation of GSK3β, preventing the phosphorylation of
cytoplasmic β-catenin molecules. Non-phosphorylated β-catenin is not degraded as it is
not recognised by the β-transducin repeat-containing protein. Thus, the free β-catenin
molecules accumulate within the cytoplasm of the cell and then translocate to the
nucleus (Giles et al. 2003; Jones & Jomary 2002; Lustig & Behrens 2003; Polakis
2000).
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Figure 1.11 –Canonical Wnt signalling cascade
Schematic representation of canonical Wnt signal transduction cascade. Left – In the absence of Wnt
ligand, cytoplasmic β-catenin is phosphorylated by a complex consisting of Axin, APC, GSK3β and CK1,
thus targeting it for degradation and preventing translocation to the nucleus. Right – During activation of
canonical Wnt signalling, the Wnt ligand binds to the Fz/LRP receptor complex, activating Dvl, this in
turn inhibits β-catenin degradation, allowing it to accumulate and translocate to the nucleus, where it
binds to TCF receptor and initiates activation of target genes (adapted from Komiya & Habas 2008).

In the nucleus, β-catenin binds to members of the T cell factor and lymphoid enhancer
factor proteins (TCF/LEF). In the absence of nuclear β-catenin, the TCF/LEF proteins
act as transcriptional repressors for the Wnt target genes (Cavallo et al. 1998; Lustig &
Behrens 2003). When bound to β-catenin, the TCF/LEF is converted from a repressor to
an activator of gene expression. The TCF/β-catenin complex now initiates the
expression of downstream target genes for cell proliferation (Lustig & Behrens 2003;
Rao & Kuhl 2010). Once the Wnt signal subsides, β-catenin is removed from the
nucleus by APC and subsequently degraded, and the TCF/LEF proteins revert to being
transcriptional repressors (Rosin-Arbesfeld 2000).
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Aberrant activation of canonical Wnt signalling in cancerous cells results in chronic
stabilisation of β-catenin (Eastman & Grosschedl 1999). This up-regulation of Wnt
activity can either result from over-expression of Wnts or mutations in the genes
encoding one of the components of the signalling cascade that leads to stabilization of
β-catenin and activation of target genes (Giles et al. 2003; Lustig & Behrens 2003;
Polakis 2000). Mutations in β-catenin, APC and Axin have been reported in various
cancers including colon, gastric, breast, and prostate (Chung et al. 2009; He et al. 2005;
Karim et al. 2004; Polakis 2000; Qi et al. 2006; Takada et al. 2004; Zhang et al. 2008).
1.6.1.1 Canonical Wnt signalling pathway in the ovary
Although aberrant canonical Wnt signalling has been implicated in ovarian
tumourigenesis, only isolated cases were reported to show mutations of APC and Axin
genes (Gamallo et al. 1999; Gatcliffe et al. 2008; Lustig & Behrens 2003; Polakis 2000;
Rask et al. 2003). Most reports also show that β-catenin mutations are exhibited almost
exclusively by endometrioid epithelial ovarian carcinomas and very rarely in serous,
clear cell and mucinous carcinomas (Filho et al. 2007; Gamallo et al. 1999; Gatcliffe et
al. 2008; Palacios & Gamallo 1998; Takada et al. 2004; Wright et al. 1999; Wu et al.
2001).
Despite most ovarian tumours lacking mutations of the β-catenin gene, studies have
reported increased β-catenin expression in ovarian tumours compared to normal cells,
suggesting that other factors such as over-expression of Wnt ligands could be
responsible for the over-expression of β-catenin in cancerous cells (Filho et al. 2007;
Rask et al. 2003). Alternatively, other studies have reported that, despite elevated Wnt
expression in ovarian cancers, low levels of β-catenin were detected (Davies et al. 1998;
Furlong & Morin 2000), suggesting that the that molecules that prevent Wnt signalling
such as the sFRPs may be present in these systems.
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1.7 Summary
Ovarian carcinoma has the highest mortality rate of all gynaecological malignancies
amongst women from developed countries. Approximately 90% of these carcinomas
develop from the OSE itself or from epithelial cells lining surface invaginations and
inclusion cysts. Mucinous ovarian carcinoma is one of the most prevalent histological
subtypes of epithelial ovarian malignancy.
De-regulation of the homeostatic mechanisms controlling cell proliferation and death
has been well recognised as a critical step in tumourigenesis. The Wnt proto-oncogenes
are a gene family that play key roles in fundamental processes of development and the
maintenance of homeostasis in adult tissue. However, the aberrant activation of the Wnt
transduction pathway has been closely linked to tumourigenesis in adults. A correlation
between elevated Wnt expression and cell proliferation has been observed in normally
proliferating ovarian cells as well as ovarian cancer.
Wnt activity is modulated by expression of sFRPs, a family of five secreted
glycoproteins (sFRP1 – 5) that share homology to the Fz receptors, which are the
binding sites for Wnts. Although relatively little is known about the role of sFRPs in
carcinogenesis, sFRP4 has been shown to play an important role in inducing cell death
in both normal and malignant cells by interfering with canonical Wnt signalling and
preventing the accumulation of cytoplasmic β-catenin.
An association between up-regulation of sFRP4 expression and apoptosis has been
observed in both normal and cancerous cells. The precise mechanism by which sFRP4
regulates cell proliferation and apoptosis remains poorly understood mainly due to the
extremely limited number of systems studied at present. Therefore, additional research
into this area is necessary to elucidate the role sFRP4 plays in ovarian malignancies.
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Chapter 2: Experimental Outline
The overall aim of the experiments presented in this thesis was to investigate the effects
of sFRP4 in ovarian cancer with in vivo biopsies and in vitro models, and to detect
whether the responsiveness of tumours to chemotherapy was affected by the degree of
sFRP4 expression within cells. It is apparent from the review of the literature that
sFRP4 plays a role in antagonising Wnt/β-catenin signalling. However the antagonistic
role of sFRP4 and its expression in relation to the progression of ovarian cancer requires
further elucidation.

The overall aim of this thesis was to test the following hypotheses:
1. A. There will be differential expression of sFRP isoforms in epithelial ovarian
cancer cell lines.
1. B. This differential expression will correlate with chemosensitivity or
chemoresistance of the epithelial ovarian cancer cell lines.
2. Differential sFRP4 expression is correlated to its interaction with the Wnt/βcatenin signalling pathway.

3. sFRP4 expressing cells are selectively killed by Cisplatin.

4. A. Induced over-expression of sFRP4 in the chemoresistant cell lines increases the
response to Cisplatin treatment

4. B. Silencing of sFRP4 in the chemosensitive cell line decreases the response to
Cisplatin treatment.
5. sFRP4 expression is inversely proportional to β-catenin expression in human
mucinous ovarian tumours.
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For this thesis, five separate studies were undertaken and the specific experimental
objectives of each are outlined below.
Chapter 4: The expression profiles of the sFRPs in ovarian epithelial cell lines
The objective of this study was to examine the expression profiles of the five sFRP
isoforms in chemosensitive and chemoresistant epithelial ovarian cancer cell lines. The
expression of all sFRPs was determined by analysis of mRNA from normal untreated
cell cultures. These analyses enabled confirmation that sFRP4 was differentially
expressed across the various chemosensitive and chemoresistant cell lines, making
sFRP4 the main isoform of interest for the duration of this thesis.
Chapter 5: Protein expression of sFRP4 & β-catenin expression
This study examined the relationship between sFRP4 and β-catenin via comparison of
protein expression levels in the ovarian cancer cell lines. It is well established that an
inverse relationship exists between sFRP4 and β-catenin, and this is determined here in
the ovarian cancer cells.
Chapter 6: Effect of Cisplatin on sFRP4 expressing cells
Cisplatin is a widely used treatment for ovarian cancer. The aim of this study was to
investigate the effect of Cisplatin on cell viability and apoptosis and to correlate this
with sFRP4 expression.
Chapter 7: sFRP4 induces chemo-response of cancerous cells
Results from Chapter 6 showed differences in post-treatment sFRP4 expression and
response between the chemosensitive (A2780) and chemoresistant (A2780ADR and
A2780 Cis) cell lines. Therefore, the aim of this study was to determine if overexpressing sFRP4 increased the sensitivity of chemoresistant cell lines A2780 ADR and
A2780 Cis to Cisplatin treatment. Furthermore this study examined whether silencing
sFRP4 expression of the chemosensitive cell line would decrease its response to
Cisplatin treatment.
Chapter 8: Expression of sFRP4 and β-catenin in primary mucinous ovarian
tumours
This study investigated the expression of sFRP4 and β-catenin in ovarian mucinous
carcinoma TMAs. Samples of mucinous ovarian cancer biopsies were stained with
sFRP4 and β-catenin antibodies for immunohistological analysis.
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Chapter 3: Materials and Methods
3.1 Cell Culture
Four human ovarian epithelial cell lines were used for all experiments, comprising of
one control cell line and three cancerous cell lines. The cancerous cell lines were
selected on the basis of their response to treatment with chemotherapeutic agents.

3.1.1 IOSE
The Immortalised normal human Ovarian Surface Epithelial cell line (IOSE 398) was
generously donated by Dr. Nelly Auersperg at the University of British Columbia,
Vancouver, BC, Canada. These cells were isolated from the human ovary according to a
procedure described by Kruk et al. (1990) and immortalised according to the protocol
by Auersperg et al. (1999). The IOSE cells were grown in 15ml RPMI 1640 media
(Gibco Cat#21870) supplemented with 10% foetal bovine serum (FBS, Gibco),1%
penicillin streptomycin (Gibco Cat#15070) and 1% Glutamax™ (Gibco Cat#35050).

3.1.2 A2780
The A2780 cell line was sourced from European collection of Cell Cultures (ECACC,
Cat#93112519). This human ovarian cancer cell line was established from the ovarian
carcinoma tumour tissue of an untreated patient. The cells were grown according to
ECACC specifications in 15ml RPMI 1640 media (Gibco) supplemented with 10% FBS
(Gibco), 1% penicillin streptomycin (Gibco) and 1% Glutamax™ (Gibco).

3.1.3 A2780 ADR
The adriamycin-resistant cell line A2780 ADR was sourced from ECACC
(Cat#93112520). These cells were developed by exposure of the parent cell line A2780
to adriamycin. The cells were grown according to ECACC specifications in 15ml RPMI
1640 media (Gibco Cat#21870) supplemented with 10% FBS (Gibco),1% penicillin
streptomycin (Gibco) and 1% Glutamax™ (Gibco).

3.1.4 A2780 Cis
This Cisplatin-resistant cell line was developed by chronic exposure of the parent
Cisplatin-sensitive cell line A2780 to increasing concentrations of Cisplatin. This cell
line was sourced from ECACC (Cat#93112517) and was grown according to ECACC
specifications in 15ml RPMI 1640 media (Gibco Cat#21870) supplemented with 10%
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FBS (Gibco), 1% penicillin streptomycin (Gibco Cat#15070) and 1% Glutamax™
(Gibco Cat#35050).
All cells were cultured in T-75 tissue culture flasks (Sarstedt cat#83.1813.002 and
Corning cat#3290) in a Binder incubator (Australian Biosearch, Perth, Australia) at
37°C supplemented with 5% carbon dioxide (CO2). The tissue culture medium was
replaced every three days with cells reaching confluence approximately every five to
eight days depending on the seeding densities.

3.2 Assessment of Proliferation
Cell proliferation assays were performed using the MTS cell viability assay to
determine appropriate cell seeding rates for optimal cell proliferation over time points of
24, 48 and 72 hours for experiments. This assay was performed using CellTiter 96®
AQueous One Solution Cell Proliferation Assay (Promega cat#G3580), which contains a
tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-tetrazolium (MTS) (yellow) that is reduced by the mitochondria of
viable cells to a purple coloured formazan product. The degree of colour change (i.e.
formazan production) when measured via absorbance should be directly proportional to
total live cell number.

3.2.1 Optimisation of Proliferation
To determine proliferation rates of each cell line, the cells were seeded (n=4) at various
seeding densities (30,000 – 60,000 cells per ml) in 96 well plates and allowed to grow
for 72 hours. At 72 hours, 20µl of CellTiter 96® AQueous One Solution Reagent was
added to each well and incubated for 3 hours further at 37°C with 5% CO 2. The amount
of formazan product formed was then measured using a photometric plate reader
(Labsystems Multiskan RC) at 490nm and the optimal seeding density for each cell line
was selected (Table 3.1).
Cell Line

96 Well plate (100µl)

IOSE

50,000 cells/ml

A2780

40,000 cells/ml

A2780 ADR

40,000 cells/ml

A2780 Cis

50,000 cells/ml

Table 3.1 Seeding concentrations
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3.3 Treatment with Cisplatin
Chemotherapeutic agent Cisplatin (Oncotain, Mayne Pharma, VIC, Australia) kept as a
stock concentration of 50mg in 50ml, was diluted with sterile 1x phosphate buffered
saline (PBS) to obtain treatment concentrations of 1, 5 and 10g/ml for proliferation
assays to determine which concentration was most effective on cancerous cells.
The cells were seeded at an appropriate level and allowed to grow overnight. The
following day, the growth media was aspirated and replaced with the appropriate
treatment of Cisplatin; Control (PBS), 1, 5 and10µg Cisplatin. Following 48 hours of
treatment, media were removed and centrifuged to retain floating cells, and experiments
carried out.

3.3.1 MTS assay following Cisplatin Treatment
Since treatment with Cisplatin targets proliferating cells (Balch et al. 2004; Gibb et al.
1997), this experiment set out to determine the proliferative rate of each cell line
following treatment for 24, 48 and 72 hours with three different doses of Cisplatin (1, 5
and10µg). The cells were first seeded at appropriate seeding densities determined
previously (Table 3.1) and left overnight to plate down. The next day, the growth media
was aspirated and replaced with growth media with appropriate treatment (n=4) for each
time point. Following treatment for the appropriate time point, 20µl of CellTiter was
added to each well and read using a photometric plate reader after incubation of 3 hours.
The absorbance readings for each treatment dose and time point was calculated and
equated against its corresponding control cell readings in order to determine the effect
of Cisplatin on the proliferation rates of each cell line.
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3.4 Assessment of Apoptosis using JC-1 Assays
The depolarization of the mitochondrial membrane is one of the characteristic events of
early cell death or apoptosis. The JC-1 assay allows for the quantification of the
depolarization of the mitochondrial membrane by incorporating itself into the
mitochondria, it either forms monomers which fluoresce green (520nm) or forms Jaggregates (at higher mitochondrial potential) which fluoresce red (590nm) (Smiley et
al. 1991; Zamzami et al. 2000). The ratio of monomeric to aggregated JC-1 gives a
quantitative representation of mitochondrial membrane permeability such that a low red:
green ratio is indicative of apoptosis (Smiley et al. 1991; Zamzami et al. 2000)
The cells were grown overnight on white 96 well fluorescent plates (Greiner Bio-One
cat#675083). The following day, the growth medium was removed and replaced with
appropriate treatment and control (n=4). In addition, a positive control supplied with the
JC-1

kit

was

used.

The

positive

control

FCCP

(carbonylcyanide-4-

trifluoromethoxyphenylhydrazone) is a potent mitochondrial depolarising agent. Four
treatments were used with normal media for FCCP staining; control (PBS), 1, 5 and
10µg of Cisplatin over 24, 48 and 72 hours. The JC-1 staining solution was made up by
combining 2.5mM JC-1 stock solution (Molecular Probes cat#T-3168) 1:125 in FBS
free medium. The FCCP staining solution was prepared by using 1:125 JC-1 buffer and
1: 66 FCCP (50mM) in FBS free medium.
Following treatment with Cisplatin, the treatment medium was removed and 50µl of
either JC-1 or JC-1/FCCP staining solution was added to each well and the plate was
covered with foil to protect the plate from light and then incubated for one hour at room
temperature. The staining solutions were then removed and 200μl PBS containing 5%
Bovine Serum Albumin (BSA) was added to each well to quench excess fluorescence.
The plate was incubated at 37°C with 5% CO2 for 5mins before the PBS/BSA solution
was removed and 100µL of fresh PBS added to each well. The plate was read using a
FluoStar fluorescent plate reader at 520nm (green) and 590nm (red) over a 5x5 crosssection for each well. Raw values for red were divided by the raw values of the
corresponding green samples to obtain a ratio of red to green emission.
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3.5 Assessment of RNA Expression
3.5.1 RNA Extraction
Total ribonucleic acid (RNA) was extracted from the cells using Tri-reagent (Sigma,
Cat#TR-118). Briefly, the growth medium was aspirated and replaced with 500µl of
Tri-reagent. The cells were collected using a sterile cell scraper to detach the cells from
the base of the six-well plate (Sarstedt). The cell suspension was further homogenised
by mixing with a pipette before being transferred into a 1.5ml Eppendorf tube, where it
was allowed to incubate at room temperature for five minutes. 200µl of chloroform
(Sigma) was added to the homogenate, mixed vigorously and incubated for 10 minutes.
The samples were then centrifuged at 12000rpm for 15 minutes at 4°C, the upper
aqueous phase was collected in a fresh 1.5ml Eppendorf; 500µl of isopropanol (Sigma)
was added and incubated overnight at 4ºC. The samples were then centrifuged at
12000rpm for 8 minutes at 4°C, the supernatant was discarded and the pellet was
washed with 1ml of freshly prepared, cold 75% ethanol. The samples were spun again
at 7500rpm for 5 minutes at 4°C, the supernatant was discarded and the pellet was air
dried for 5 minutes before being dissolved in 30µl RNAse free water. The RNA samples
were then stored at -80°C.

3.5.2 Quantification of RNA
Following RNA extraction, the quantity and quality of each sample was determined.
The concentration of RNA in each sample was determined by analysing 2μl of each
sample using a Nanodrop spectrophotometer (Thermo Scientific, cat#Nd-1000). The
quality of the RNA was determined by the ratio of 260/280nm. Samples with
260/280nm values below 1.6 were discarded. Additionally, 5µl of RNA was run on a
2% agarose gel to detect the presence of three distinct 28s, 18s and 5s bands, indicative
of high quality of samples collected.

3.5.3 DNase Treatment of RNA
Before converting the RNA to cDNA via reverse transcription, the RNA was subjected
to DNase treatment. 1µl RQ1 RNase-free DNase 10x Buffer and 2µl of RQ1 RNaseFree DNase (Promega cat#M6101) were added to 2µg of RNA. This was made up to the
total reaction volume of 10µl with RNAse free water and incubated for 30 minutes at
37˚C. This reaction was then terminated by adding 1µl RQ1 DNase Stop Solution
(Promega cat# M6101) and incubating for 10 minutes at 65˚C.
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3.5.4 Reverse Transcription (RT) reaction
Following DNase treatment, 1µg of RNA (5.5µl) was taken and made up to 13.5µl with
DEPC water. 0.5µl of random primers (Promega cat#C1181) were then added to each
sample and incubated for 5 minutes at 70ºC. The reaction mix was then further
incubated on ice for 5 minutes. The master mix for reverse transcription was added in
the specific order listed below (Table 3.2). The final volume of master mix was made up
to 25µl by addition of 3.7µl DEPC water. The samples were reverse transcribed by
heating to 25ºC for 10 minutes, 55ºC for 50 minutes and 70ºC for 15 minutes.
Components

Amount for 1 reaction (µl)

5x M-MLV Reaction Buffer (Promega cat#M1701)

5µl

dNTPs 10mM (Promega cat#U1420)

1.3µl

M-MLV (Promega cat#M1701)

1µl

Table 3.2 Components for RT reaction

3.5.5 Post-PCR Clean up
The complementary DNA (cDNA) was further processed using the UltraClean™ PCR
Clean-up kit (MoBio Laboratories, Inc. Cat #12500) to remove excess primers, dNTPs,
enzymes and buffering salts. Briefly, one volume of RT reaction (25µl) was treated with
5 volumes (125µl) of SpinBind, mixed well and transferred to a spin unit and
centrifuged for 30 seconds at 13000rpm. The flow-through was discarded, the filter
basket was returned to the tube and 300µl of Spin Clean was added to the filter. The
spin unit was spun twice at 13000rpm for 30 seconds, and flow-through was discarded
after each spin. The filter basket was moved to a fresh 1.5ml Eppendorf tube and 50µl
of MilliQ water was added to the filter. The spin column was allowed to incubate for 1
minute before further centrifugation at 13000rpm for 1 minute. The filter basket was
then discarded and the flow-through (cDNA) was stored at -20°C.

3.5.6 Dilution of Primers
All primers used for quantitative real-time PCR (qPCR) (Table 3.3) were obtained from
Geneworks (SA, Australia). Primers were diluted to a working concentration of 5µM.
The primer stocks were first resuspended in 200µl of 1x TE Buffer (Tris-EDTA buffer),
dissolved by gentle votexing and allowed to incubate for 20 minutes at room
temperature.

The

primer

concentration

was

then

quantified

by

Nanodrop

spectrophotometry (Thermo Scientific, cat#Nd-1000). The stock concentration (ng/µl)
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was converted to µM by dividing the concentration with the molecular weight of the
primer, and then multiplying by 1000. Once the primer stock concentration was
determined, in order to obtain a 5µM working solution, 5µl of primer stock was diluted
in a volume (µl) of MilliQ water equivalent to the stock concentration (µM) minus 5.

3.5.7 Optimising primers for PCR
Once the working solutions for primers were made, an approximate annealing
temperature

was

calculated

using

the

Primer3

program

(http://frodo.wi.mit.edu/primer3/). Using this calculated annealing temperature as a
starting point, a test run was conducted using samples previously identified as positive
controls. Once an optimal annealing temperature was maintained (Table 3.3), the
products for each PCR reaction were run on a 2% agarose gel in 1x TAE buffer (Trisacetate buffer) at 100 volts for 20 minutes. Syber safe (3 drops) was added to the gel
prior to running and allowed viewing of the PCR product bands via ultra-violet (UV)
light with the help of the Kodak Imager 2000. The products were then excised from the
gel (using a gel excision tips) and the DNA was then extracted from the gel before being
sent for sequencing to ensure that the amplified product was the specific gene transcript.
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Gene

sFRP1

Sequence

Forward: ATCTCTGTGCCAGCGAGTTT

Product Size

Annealing

(Base Pairs)

Temperature

202bp

55°C

217bp

55°C

227bp

55°C

181bp

54°C

352bp

60°C

185bp

59°C

194bp

51°C

173bp

55°C

Reverse: AAGTGGTGGCTGAGGTTGTC
sFRP2

Forward: AGGACAACGACCTTTGCATC
Reverse: TTGCTCTTGGTCTCCAGGAT

sFRP3

Forward: AAACTGTAGAGGGGCAAGCA
Reverse: GGCAGCCAGAGCTGGTATAG

sFRP4

Forward: CGATCGGTGCAAGTGTAAAA
Reverse: GACTTGAGTTCGAGGGATGG

sFRP5

Forward: GATGTGCTCCAGTGACTTTG
Reverse: GCAGGGGTAGGAGAACATGA

GAPDH

Forward: CAGAACATCATCCCTGCATCCACT
Reverse: GTTGCTGTTGAAGTCACAGGAGAC

L19

Forward: GGACAGAGTCTTGATGATCTC
Reverse: CTGAAGGTCAAAGGGAATGTG

β-

Forward: GCACCAAGGATGGAGATGTT

ACTIN

Reverse: GGACAGAGTCTTGATGATCTC

Table 3.3 Primer sequences, product size and annealing temperature.

3.5.8 PCR product gel extraction and clean up
Once the PCR products had been run on a 2% agarose gel, the bands were viewed under
a UV Transilluminator (Pharmacis, Kalamazoo, USA). Each product band was excised
using gel extraction tips and placed in a sterile 1.5ml Eppendorf tube. The DNA was
then extracted from the gel using an AxyPrep DNA spin kit (Axygen Biosciences
cat#AP-GX-250). Briefly, the gel slice was weighed on an electronic scale and three
times volume of Buffer DE-A was added per one weighed volume of gel. Once the gel
was resuspended in buffer DE-A, the gel was incubated at 75°C for 6 minutes to
dissolve the gel. The sample was vortexed in between to aid gel solubilisation. Once the
gel was completely dissolved, 0.5 x volume of buffer DE-A of Buffer DE-B was added
and one gel volume of isopropanol. The solution was mixed before being loaded into a
Axyprep column and centrifuged for 1 minute at 12000rpm. The filtrate was discarded
and 500µl of Buffer W1 were added to the column before being spun for 1 minute at
12000rpm. The filtrate was again discarded and 700µl of Buffer W2 were added to the
column and spun twice at 12000rpm for one minute. The filtrate was discarded each
time. After the second spin, the column was placed in a new 1.5 Eppendorf and 25µl of
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MilliQ water were added to the column and spun for 1 minute at 12000rpm. The
resulting filtrate containing the DNA solution was then prepared for sequencing.

3.5.9 Sequencing Reaction
A 6µl volume of the filtrate was aliquoted into a 0.2ml tube, to which the master mix
(Table 3.4) was added. The 5µM concentration of the specific forward primer was
diluted to 2µM concentration and a 1.6µl volume was added to make the 10µl final
reaction volume. The tubes were placed in a PTC-100 Programmable Thermal Cycler
(MJ Research) and run according to a pre-programmed PCR protocol described below
(Table 3.5)
Components

Amount for 1 reaction (µl)

Big Dye® v 3.1 (Applied Biosystems cat# 4337455)

2µl

Big Dye® Buffer (Applied Biosystems cat # 337455)

1µl

Table 3.4 Components for sequencing reaction
Start

Denature

Annealing

Extension

Cycles

96ºC; 1 mins

96ºC; 30 secs

52ºC; 30 secs

60ºC; 4 mins

25

Table 3.5 Sequencing cycle conditions
Following the sequencing reaction, the 10µl reaction volume was subjected to
ethanol/EDTA sequence precipitation. A 2.5µl volume of 124mM EDTA and 25µl of
100% ethanol were added to the reaction volume. The samples were mixed by inverting
4 times, and allowed to incubate for 15 minutes at room temperature. The samples were
then spun for 20 minutes at max speed at 4°C, the supernatant was removed and 30µl of
freshly prepared 70% ethanol were added. The sample was then spun for 5 minutes at
max speed at 4°C, the ethanol was removed and the pellet was air dried in the dark for 2
hours before being sent for sequencing at Royal Perth hospital, Perth, Australia.

3.5.10 Creation of standards for qPCR
The optimal annealing temperature for each primer was determined and sequenced to
ensure it was amplifying only the gene of interest. A standard run was performed and
the PCR product was extracted and cleaned-up as detailed in section 3.58. The DNA
solution obtained was serially diluted to obtain 10 ten-fold serially diluted standards, as
illustrated in Table 3.6.
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qPCR Standard

Dilution

1

10µl DNA solution + 90µl MilliQ water

2

10µl Standard 1 + 90µl MilliQ water

3

10µl Standard 2 + 90µl MilliQ water

4

10µl Standard 3 + 90µl MilliQ water

Table 3.6 Construction of qPCR standards

3.5.11 Quantitative Real Time PCR (qPCR)
The quantitative real time PCR (qPCR) was conducted using a master mix of reaction
components detailed in Table 3.7. This master mix was then added to 2µl of cDNA
sample to make a final volume of 10µl in a 0.2ml PCR tube for each reaction.
Components

Amount (µl)

SybrIQ (BioRad, Cat. No. 170-8882)

5

Forward primer (5µM)

1

Reverse primer (5µM)

1

MILLIQ water

1

Table 3.7 qPCR Master mix ingredients
The master mix was added to each sample, tubes were loaded into a RotarGene 3000
(Corbett Research) and run according to a pre-programmed protocol (Table 3.8).

Product

Start

Denature

Annealing

Extension

Cycles

sFRP 1

95ºC; 3 mins

95ºC; 1 secs

55ºC; 15 secs

72ºC; 5 secs

40

sFRP 2

94°C; 10 mins

94C; 5 secs

55°C; 15 secs

72°C; 15 secs

35

sFRP 3

95ºC; 3 mins

95ºC; 0 secs

55ºC; 15 secs

72ºC; 5 secs

40

sFRP 4

95ºC; 5 mins

95ºC; 1 sec

54ºC; 15 secs

72ºC; 5 secs

40

sFRP 5

95ºC; 3 mins

95ºC; 0 secs

60ºC; 15 secs

72ºC; 5 secs

40

GAPDH

95ºC; 3 mins

95ºC; 1 secs

59ºC; 15 secs

72ºC; 5 secs

40

β-ACTIN

95ºC; 3 mins

95ºC; 1 secs

51ºC; 15 secs

72ºC; 5 secs

50

L-19

95ºC; 3 mins

95ºC; 1 secs

55ºC; 15 secs

72ºC; 5 secs

40

Table 3.8 Optimised run protocol for qPCR
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3.5.12 Sequencing of reaction products
Following qPCR reactions, each sample product was sequenced to confirm that the
correct product had been amplified. The sample products were extracted and sequenced
as detailed in sections 3.5.8 and 3.5.9. The samples were read using a DNA sequencing
machine (ABI 377) and the data were converted to an ABI sequence file.
Chromatogram pictures generated from the ABI sequence file was then interpreted
using the programme Chromas v145-95. The sequence homology of the product
sequence was then compared to the published sequence using “Blast N” on the pubmed
“BLAST” program.

3.6 Assessment of Protein expression and Localization
In addition to analysing total protein expression within experimental models, Western
blots were also used to analyse protein extracted from cytosolic and nuclear
compartments of the cells to determine localization of protein expression. Localization
of protein was further confirmed using immunohistochemical analysis.

3.6.1 Extraction of Total Protein from cells
Total protein was extracted from the cells using Radioimmunoprecipitation (RIPA)
buffer. This buffer was made fresh for every protein extraction by combining the
ingredients listed in Table 3.9 in 10mls of MilliQ water.
Components

Concentration

Amount for 10mls

Sodium Chloride (NaCl)

150mM

1.5ml

Tris-HCl, pH 7.5

50mM

500µl

Triton X-100

1%

100µl

Sodium deoxycholate

0.5%

50mg

SDS

0.1%

100µl

Phenylmethyl-sulfonyl fluoride (PMSF)

0.1mM

10µl

Table 3.9 Components of RIPA buffer
The growth medium was first aspirated and the cells were washed and collected by
scraping using cold 1x PBS. The collected cells were placed in a 1.5ml Eppendorf and
the mixture was spun for 3 minutes at 4ºC at max speed. The supernatant was removed
and 70µl of RIPA buffer was added to the cell pellet. The mixture was vortexed,
allowed to incubate on ice for 30 minutes, vortexed again and centrifuged for 6 minutes
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at 4ºC at maximum speed. The supernatant was collected in a fresh 1.5ml Eppendorf
and stored at -80ºC.

3.6.2 Extraction of Protein from cytosolic & nuclear compartments
Protein from cytosolic and nuclear compartments was extracted from cells as as
described by Chopra et al. (2009). Briefly, growth media was aspirated off the cells, and
the cells were collected, washed in PBS and centrifuged for 10 minutes at 4ºC at 500g.
The PBS was aspirated off genetly and the cell pellet was resuspended in 200μl
hypotonic isolation buffer (pH 8.0, Table 3.10) and incubated on ice for 30 minutes.
Components

Concentration

Tris

50mM

EDTA

15mM

NaCl

150mM

Triton-X-100

0.1%

Protease-inhibitor cocktail

0.1%

Table 3.10 Components of hypotonic isolation buffer
Following incubation, the cells were homogenised using a glass potter (5 strokes) before
being centrifuged for 10 minutes at 4ºC at 1000g. The supernatant containing cytosolic
and mitochondrial proteins was transferred to new Eppendorf tube and centrifuged for
further 15 minutes at 4ºC at 12000g. The subsequent supernatant comprising of the
cytosolic fraction was the transferred to new Eppendorf tube and stored at -80ºC. The
pellet from original spin containing the nuclear proteins was resuspended in 100μl
nuclear isolation buffer (pH 7.4, Table 3.11) and incubated on ice for 30 minutes.
Components

Concentration

PIPES

10mM

KCl

10mM

MgCl2

2mM

DTT

1mM

Protease-inhibitor cocktail

0.1%

Table 3.11 Components of nuclear isolation buffer
Following incubation, the cells were homogenised using a glass potter before being
layered on top of 750μl nuclear isolation buffer with 30% sucrose and centrifuged for
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10 minutes at 4ºC at 800g. The resulting pellet was washed with nuclear isolation buffer
and spun down again. The pellet was then lysed in nuclear isolation buffer containing
0.1% Triton-X-100 on ice for 30 minutes before re-spinning. The supernatant was then
transferred to a fresh Eppendorf tube and stored at -80ºC. The protein content of all
samples was determined using a Bradford assay.

3.6.3 Bradford assay for protein quantification
The protein content in samples collected was quantitated using a Bradford assay as
described by Bradford (1976). Protein standards were prepared by serial dilution of
acetylated BSA stock solution (10mg/ml; Promega cat#R396A) in 0.01 M PBS to create
standards ranging from 500 to 100µg/ml as indicated in Table 3.12
Protein Standard

Final Concentration

Stock Solution + 0.01 M PBS

A

500µg/ml

50 µl stock BSA + 950µl PBS

B

400µg/ml

760µl stock BSA + 190µl PBS

C

300µg/ml

750µl stock BSA + 250µl PBS

D

200µg/ml

600µl stock BSA + 300µl PBS

E

100µg/ml

400µl stock BSA + 400µl PBS

Table 3.12 Dilution of protein standards
The protein samples were diluted 1:20 in 0.01M PBS 10μl of diluted protein solution
was transferred into glass tubes. In duplicate, 10μl of each standard were also
transferred to glass tubes, to which 200μl of protein dye (Bio-rad, Hercules, USA;
diluted 1:4) was added, vortexed and incubated for 5 minutes at room temperature. The
standards were first analysed with a Beckman DU 640 spectrophotometer using visible
light and a standard curve was produced. A 50 μL aliquot of each sample was then
examined using the spectrophotometer, and the concentration of protein (μg/ml)
extrapolated from the standard curve.

3.6.4 Western blot gel electrophoresis
Western blot gel electrophoresis is achieved by loading protein into an acrylamide gel
and running a current through the gel. The protein fragments travel through the gel
according to their molecular weight, charge and conformation. Once sufficiently
separated, proteins are transferred from the gel onto a nitrocellulose membrane. This
enables the identification of specific proteins via immunoblotting.
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The glass plates were first cleaned with 70% ethanol before being aligned and placed
into the casting apparatus. Once in place, a 12% Separating Gel was prepared (Table
3.13) and carefully poured into the space between the glass plates to a level
approximately 2.5cm below the top of the smaller plate. 100μl of MilliQ water was
added to the top of the gel to ensure that it set evenly and the gel allowed to set for 30
minutes.
Components

Amount

MilliQ water

3.35ml

1.5 M Tris pH 8.8

2.5ml

30% Acrylamide-bis

3.0ml

10% SDS (sodium dodecyl sulphate)

100μl

TEMED (Tetramethylethylenediamine)

10μl

10% APS

100μl

Table 3.13 Ingredients for a 12% separating gel
Once the separating gel had set, the water was carefully decanted and any excess was
removed with blotting paper. Next, a 4% stacking gel was prepared according to the
protocol outlined in Table 3.14 and poured between the glass plates. The gel comb was
added to the gel, whilst ensuring there were no air bubbles and the gel was allowed to
set for 40 minutes.
Components

Amount

MilliQ water

3.05ml

0.5 M Tris pH 6.8

1.25ml

30% Acrilamide-bis

650μl

10% SDS

100μl

TEMED

5μl

10% APS

25μl

Table 3.14 Ingredients for a 4% stacking gel
The protein samples were prepared by mixing 30μg of quantitated protein with 0.01 M
PBS to standardise the concentration of all the samples. These diluted samples were
then combined with an equal volume of loading buffer (consisting of 4% SDS, 2% β-
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mercaptoethanol, 20% glycerol, 250mM Tris-HCl and 0.006% bromophenol blue). This
mixture was then incubated at 95ºC for 5 minutes in order to denature the proteins.
Once the stacking gel had set, the gels were placed into the electrophoresis tank with the
smaller plates facing each other, and the reservoir between them filled with Electrode
Buffer (Table 3.15). The electrode buffer was also added to the electrophoresis tank to a
depth of 2cm. The combs were carefully removed and the wells were flushed with
electrode buffer to remove any air bubbles before adding the samples to each well using
a metal syringe (SGE Australia, Ringwood, Australia). To the first well of each gel, 5μl
of SeeBlue Plus 2 molecular weight standard (Invitrogen, cat#LC5925) was added.
After loading the protein, the apparatus was run at 100V until the samples reached the
top of the separating gel, after which the voltage was increased to 130V and run for
about 1½ hours. Once the run was finished, the gels were removed from the
electrophoresis tank, and the glass plates gently prised apart to remove the gel. The gel
was washed for 5 minutes in Transfer Buffer (Table 3.16) to remove excess electrode
buffer.

Components

Concentration

Tris-HCl

25mM

Glycine

200mM

SDS

0.1%

Table 3.15 Components of Electrode buffer
Components

Amount

MilliQ water

800ml

Tris

3.03g

Glycine

14.4g

Methanol

200ml

Table 3.16 Components of Transfer buffer
In preparation for the transfer of proteins to a Hybond-C supported nitrocellulose
membrane, 4 pieces of blotting paper and 2 nitrocellulose membranes (one for each gel)
were cut to the required size and, along with 6 thin pads, soaked in Transfer Buffer. The
transfer cassettes were set up as illustrated in Figure 3.1, consisting of one pad, then a
piece of blotting paper, the separating gel, the nitrocellulose membrane, more blotting
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paper and 2 more pads, with each component layered consecutively upon the black side
of the rack. The contents were kept wet throughout, and air bubbles were removed by
using a glass rod to roll out any air bubbles between the gel and the membrane before
closing the transfer cassette.

Black Plate

Figure 3.1 – Western blot transfer cassette components
Following assembly, the cassette was placed in a transfer apparatus and the tank was
filled with transfer buffer. The protein from the gel was transferred onto the membrane
by running at 100 V for 75 minutes with stirring. Following transfer, the gel was
discarded and the nitrocellulose membrane rinsed quickly in TBS-T (Tris-Buffered
Saline and Tween 20) prior to being briefly covered with Ponceau S (2% Ponceau S,
2% Trichloroacetic acid (TCA) for 5 minutes to reveal all transferred proteins. Excess
Ponceau S was removed by repeated washes with MilliQ water. The membrane was
then cut into strips containing the desired range of protein sizes (β-catenin protein ~92
kDa; sFRP4 protein ~50 kDa and β-ACTIN protein ~42 kDa) for immunoblotting.

3.6.5 Immunoblotting
The membranes were blocked in 5% skim milk powder (Diploma) dissolved in TBS-T
for 30 minutes at room temperature in order to prevent non-specific antigen binding.
The membranes were then placed in a sealed bag with the appropriate dilutions of
primary antibody (β-catenin, sFRP4 and β-ACTIN ) on a shaker at 4ºC overnight. The
monoclonal rabbit anti-active-β-catenin antibody (Cell Signalling) was diluted 1:1000 in
TBS-T solution, while the rabbit anti-active-sFRP4 antibody was diluted 1:750 and the
mouse anti-active β-ACTIN antibody was diluted 1:5000 in TBS-T.
The next day the membranes were washed three times with TBS-T for 10 minutes each
to remove any unbound antibody. Next, they were incubated for 90 minutes in 5ml of
primary antibody-specific HRP-conjugated secondary antibody diluted 1:10,000 in
TBS-T. After incubation, excess liquid was removed with blotting paper, and 1ml each
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of the two SuperSignal West Pico Chemiluminescent Substrates (ECL) (Pierce
cat#34080) were combined and placed onto the membrane and incubated for 5 minutes.
Excess liquid was again removed completely with blotting paper, and the membrane
bagged and imaged on the Kodak Imager 2000.

3.6.6 Stripping the nitrocellulose membrane
After detecting sFRP4 protein levels, this membrane portion was stripped in order to reprobe for β-ACTIN protein. The membrane was first washed in TBS-T twice for 5
minutes each to remove any residual ECL from the membrane. The membrane was then
stripped by incubating it in Western Stripping Buffer (Sigma) for 15 minutes at room
temperature with shaking. The membrane was then washed three times in TBST for 10
minutes each before repeating the steps for blocking and probing described in 3.6.5.

3.6.7 Immunohistochemistry
Immunohistochemistry was used to analyse and confirm protein expression and its
subcellular localisation. Each cell line was grown on coverslips until 70% confluent at
which time the coverslips were fixed and stained for the expression of sFRP4 and βcatenin. Briefly, the incubation medium was aspirated and the cells on the coverslips
were gently washed twice with cold 1x PBS. The cells were then fixed with 4%
paraformaldehyde (containing 1x PBS, 40% Formaldehyde and 0.6% Triton X-100) for
20 minutes at room temperature. The cells were then washed thrice with PBS before
being blocked against non-specifc binding with Blocking Buffer made up in PBS (Table
3.17) for 60 minutes at room temperature.
Components

Concentration

BSA

0.5%

Triton X-100

0.3%

Normal Goat Serum

1%

DMSO

1%

Table 3.17 Components of blocking buffer
Next, primary antibody dilutions of sFRP4 (1:100) and β-catenin(1:200) in blocking
buffer were added to the cells for overnight incubation at 4ºC. The next day the
coverslips were washed three times with blocking buffer for 5 minutes each to remove
excess antibody. Secondary HRP antibody (horseradish peroxidase) diluted 1:300 in
blocking buffer was then added to the cells for 60 minutes at room temperature. The
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cells were then washed again three times with blocking buffer for 5 minutes each before
a few drops of DAB (3,3'-Diaminobenzidine, Sigma) was added before washing the
cells again with blocking buffer. The coverslips were then counterstained with Meyer‟s
Haematoxylin for 2 ½ minutes before being dehydrated and mounted on slides using
DPX mounting medium. The cells were examined under a Leica DMLB microscope
(Leica) with multi-head attachments at 400X magnification to determine the intensity of
cytoplasmic brown DAB staining for both sFRP4 and active β-catenin antibodies.
3.6.7.1 Immunohistochemistry following Cisplatin treatment
Immunohistochemistry was used to analyse and confirm that sFRP4-expressing cells
were being actively targeted by Cisplatin treatment. Each cell line was grown on
coverslips until 70% confluent, at which time the cells were treated with 10μg/ml
Cisplatin for 48 hours. Following treatment the cells were fixed and stained for the
expression of sFRP4 and β-catenin as described in section 3.6.7.
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3.7 Transfection of chemoresistant cell lines
Transient transfections were performed on chemoresistant cell lines (A2780 ADR and
A2780 Cis) using a pEGFP-N1 plasmid vector (CLONTECHInc) containing the cDNA
of sFRP4 inserted into the Kpnl site (Figure 3.2). This plasmid was generously donated
by Dr. Suvro Chatterjee, AU-KBC Research Centre, Chennai, India.
sFRP4 DNA

Figure 3.2 – Plasmid map of pEGFP-N1 vector
A map of the plasmid vector pEGFP-N1 containing sFRP4 cDNA inserted into the Kpnl site. There is no
intervening stop codon and these proteins are fusions with EGFP.

3.7.1 Culture of E.coli bacteria containing plasmid
Culture medium Luria broth (LB) was prepared by dissolving 20g of LB-broth powder
(Sigma) in 1 litre of MilliQ water before autoclaving. After autoclaving, the medium
was allowed to cool before adding ampicillin (100mg/ml) to media. A wire loop was
sterilised before scooping some bacteria from a stock vial of E.coli bacteria containing
the sFRP4 plasmid previously snap frozen in glycerol. The loop of bacteria was placed
into 2ml of LB broth/antibiotic solution and the mixture was gently agitated (225300rpm) in an incubator for 6 hours. The contents were then transferred to a large
conical flask containing 50-150ml of LB broth and incubated overnight
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3.7.2 Plasmid extraction
After overnight incubation the bacterial cells were pelleted by spining for 5 minutes at
14000rpm. The plasmid was extracted from the bacterial cells using a Qiagen plasmid
midi prep kit (Qiagen cat#12143). Briefly, the bacterial pellet was resuspended in 4ml
of Buffer P1, following which 4ml of Buffer P2 was added and the solution was mixed
gently by inverting 4-6 times before incubating at room temperature for 5 minutes. 4ml
of chilled Buffer P3 were added and mixed by gently inverting 4-6 times, before
incubating the mixture on ice for 15 minutes. The mixture was then centrifuged for 30
minutes at 20,000g at 4ºC. The supernatant containing plasmid DNA was removed and
added to a Qiagen-tip 100. The Qiagen tip was washed twice with 10ml Buffer QC. The
DNA was then eluted with 5ml of Buffer QF. The DNA was precipitated by adding
3.5ml of isopropanol to the eluted DNA solution, the resulting mixture was then
centrifuged for 30 minutes at 15,000g at 4ºC. The supernatant was carefully decanted
and the pellet was washed twice with 2ml 70% ethanol before being spun at 15,000g for
10 minutes. The ethanol was decanted and the pellet was air dried for 5-10 minutes. The
pellet was now dissolved in TE buffer and stored at -20°C.

The plasmid DNA

concentration was then quantified by Nanodrop spectrophotometry.

3.7.3 Optimisation of Transfection protocol
The transfection protocol was first optimised to determine which concentration of
pEGFP-N1 vector containing sFRP4 would have minimal toxicity to the cells but still
provide adequate transfection efficiency. The A2780 ADR and A2780 Cis cells were
seeded into 12 well plates in antibiotic media and incubated overnight. The cells were
seeded such that they were 70% confluent at the time of transfection. Briefly, the
plasmid DNA concentrations listed in Table 3.18 were made up to 100μl with OPTIMEM (Gibco). 4μl of lipofectamine 2000 reagent (Invitrogen) was also made up
separately to a volume of 100μl with OPTI-MEM. The solutions were allowed to
incubate at room temperature for 20 minutes before being combined and allowed to
incubate for a further 30 minutes at room temperature. This allowed the cDNA to be
incorporated into the lipofectamine.

Plasmid DNA

1.6μg

1.2μg

1μg

0.8μg

0.4μg

0.2μg

Liopfectamine

4μl

4μl

4μl

4μl

4μl

4μl

Table 3.18 Concentration of plasmid DNA
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Each 200μl of cDNA/lipofectamine solution was then made up to 1ml by adding 800μl
of antibiotic-free growth media. The media from 12 well plates was aspirated and 1ml
of cDNA/lipofectamine solution was added to each well. The cells were incubated in
transfection medium for 6 hours at 37°C, before the medium was replaced with fresh
growth medium. Transfection efficiency was analysed by extracting protein (described
in section 3.6.1) from cells at 12, 24, 36 and 48 hours post transfection. A plasmid DNA
concentration of 0.8ug was determined to have the maximum transfection success,
while 24 hours post transfection was shown to achieve best transfection efficiency.

3.7.4 Transfection and Cisplatin treatment of A2780 ADR and A2780 Cis
Following optimisation, the chemoresistant cell lines A2780 ADR and A2780 Cis were
seeded (n=4) overnight in 96 well plates in antibiotic free media and the transfection
protocol described in section 4.7.3 was performed. Since 96 well plates were used for
this part of experiment, the plasmid (0.2ug) and lipofectamine (0.5μl) concentrations
were scaled down appropriately. After the cells were transfected for 24 hours, they were
subjected to a 10μg/ml treatment dose of Cisplatin for 24 hours. Following treatment,
20µl of CellTiter were added to each well and read after an incubation of 3 hours using
a photometric plate reader. The absorbance readings for each group was calculated and
equated against its corresponding control cell reading to determine the effect of
increasing sFRP4 expression prior to Cisplatin treatment on the proliferation rates of
each cell line.

3.8 RNA interference
The ability to selectively and transiently silence individual gene products is a technique
developed within the past decade, earning its inventors A. Fire and C. Mello the Nobel
Prize in Physiology or Medicine in 2006. Gene products are selectively silenced through
the cleavage of their respective mRNA, preventing translation into the functional
protein (Fire et al. 1998). Upon the introduction of gene-specific double stranded RNA
(dsRNA) to a cell, the dsRNA binds to the Dicer protein complex, which cleaves it into
21-23bp fragments known as small interfering RNA (siRNA). These siRNA are then
bound by the RNA-induced silencing complex (RISC), the sense strand discarded while
the antisense strand guides the complex to complimentary mRNA. The RISC cleaves
this mRNA and marks it for degradation, preventing its translation into protein and thus
effectively silencing the gene. For in vitro silencing of genes in mammalian cells, pre-
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fabricated synthetic siRNA are generally used, thereby bypassing the Dicer protein
complex step in the process.

3.8.1 Optimisation of siRNA protocol
The siRNA protocol was optimised to determine the optimal concentration of siRNA
which achieved maximum suppression of gene expression. Briefly, sFRP4 siRNA
concentrations of 25, 50, 100 and 200nM were delivered into the cells using the
transfection agent Lipofectamine. A negative control of siRNA consisting of scrambled
sFRP4 was also used. The A2780 cells were seeded into 12 well plates in antibiotic
media and incubated overnight. Aliquots of the siRNA and lipofectamine in OPTI-MEN
were prepared as described in section 3.7.3 and the siRNA/lipofectamine solution was
added to each well and incubated for 6 hours before the media were replaced with fresh
growth media. RNA and protein were extracted from cells as described in sections 3.5.1
and 4.6.1 at 6, 12, 24 and 48 hours post treatment for confirmation of gene silencing.

3.8.2 Silencing of sFRP4
Following optimisation, the chemosensitive cell line A2780 was seeded (n=4) overnight
in 96 well plates in antibiotic free media and treated with 50nm of sFRP4 siRNA as
described in section 3.8.1. 24 hours after silencing had commenced, the cells were
subjected to a 10μg/ml treatment dose of Cisplatin for 24 hours. Following treatment,
20µl of CellTiter were added to each well and read after an incubation of 3 hours using
a photometric plate reader. The absorbance readings for each group was calculated and
equated against its corresponding control cell reading to determine the effect of
decreasing sFRP4 expression prior to Cisplatin treatment on the proliferation rate of the
cell line.

3.9 Tissue Microarrays (TMAs)
3.9.1 Tissue collection
Archived mucinous ovarian tumour tissue (stored as paraffin embedded tumour blocks)
were sourced from the Western Australian Research Tissue Network.

3.9.2 Construction of TMA block
The TMA block was constructed on an MTA-1 manual tissue arrayer (Beecher
Instruments). Immediately prior to the TMA construction, the recipient paraffin block
was heated at 75°C for 30 minutes to allow for ease of cutting and to slightly soften the
wax so that the introduced cores adhered to the recipient block. Once patient cases were
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selected, the appropriate tissue area of the donor block was identified by a pathologist
and a core sample of tissue was removed. An equivalent sized core of paraffin was
simultaneously removed from the recipient block and the tissue core was inserted in its
place. Tissue sample cores were 1 mm in diameter and placed in the recipient block 0.3
mm apart. If the tissue did not extend the full length of the core sample, the remainder
was filled with paraffin wax. The tissue core coordinates were identified by their
horizontal and vertical position on a grid, as illustrated in Figure 3.3.
6.21

1.1

1.21

Figure 3.3 – Schematic diagram of TMA block
After incubating for 15 minutes, the sides of the block were very gently squeezed
together (being very careful not to significantly distort the block) and the top was
flattened by pushing it down against a clean slide lying on a flat surface.

This

procedure was done quickly and the block was then immediately placed back at 75°C to
complete the incubation period. Following the 30 minute incubation, the block was
removed from the oven and the top of the block was rubbed gently on the flat wax
coated area of the embedding machine to fill in irregularities in the surface of the block.
The block was then allowed to slowly return to room temperature to prevent it from
cracking.

3.9.3 Cutting sections from the TMA block
Prior to being sectioned, TMA blocks were cooled on wet ice for two hours. TMA
blocks were returned to the ice tray as soon as cutting had ceased in order to increase
the ease of sectioning. All sections cut from the block, which contained at least 75% of
the cores, were mounted on slides and kept for optimising protocols. Sections were cut
to a 5 μm thickness using a Leica R2135 microtome and placed on silanated Starfrost A
adhesive treated slides. Each TMA section was orientated in the same manner using the
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shaved corner (as illustrated in Figure 3.3) to allow for consistency between
experiments. The sections were subsequently dried in an oven for 1.5 hours at 65°C.
Every slide was numbered and stored in chronological order to keep track of the number
of sections cut from each TMA block.

3.9.4 Immunohistochemistry for sFRP4 and β-catenin
The TMA slides were dewaxed via three washes of 3 minutes each in xylene and then
rehydrated using decreasing concentrations of ethanol followed by MilliQ water.
Antigen retrieval was then performed on the slides by placing the slides in 10 mM
citrate buffer (pH 6.0) and incubating them under pressure at 121°C in a pressure cooker
for 6 minutes. The container holding the slides was then cooled in running water for 20
minutes. The slides were then washed in 1x TBS for five minutes to wash off any
excess citrate buffer. The tissue sections were encircled using a DAKO pen to ensure
that, when the antibody was applied, it did not spread beyond the tissue. The slides were
now placed in a damp incubating chamber and 3% peroxidase solution was applied for
5 minutes to block any endogenous peroxidases that may have been present and would
increase background staining.
Following this, the slides were washed twice in TBS for five minutes. DAKO envision
protein block was added for 10 minutes to inhibit any non-specific binding. Excess
protein block was tipped off and primary rabbit anti-sFRP4 (1:100) and anti-β-catenin
(1:150) antibodies diluted in DAKO antibody diluent (DAKO) were added to the slides
and allowed to incubate for 1 hour at room temperature. The slides were then washed
twice in TBS for five minutes. Biotinylated goat anti-HRP rabbit secondary antibody
(DAKO) diluted 1:300 in DAKO antibody diluent was applied to the slides for 30
minutes at room temperature. The slides were then washed twice with TBS before being
incubated in DAB solution (DAKO) for 30 seconds. Excess DAB was washed with
MilliQ water, following which the slides were counterstained in Meyer‟s Haematoxylin
for 20 seconds. Following counterstaining, slides were rinsed in DDW washes before
being dehydrated and cover-slipped using DPX mounting medium.
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3.9.5 Histopathologist grading of staining intensity
Tissue sections on TMA slides were analysed in conjunction with histopathologist Dr
Colin Stewart (St John of God Hospital, Perth, Western Australia). Tissue samples were
examined under a Leica DMLB microscope (Leica) with multi-head attachments at
400X magnification to determine the intensity of brown DAB staining for both sFRP4
and active β-catenin antibodies. Samples which had non-specific positive staining were
discarded from subsequent analysis. Each tissue section was subjectively classified into
one of four categories depending on the intensity of the cellular staining: negative,
weak, moderate or strong.

3.10 Statistical analysis
All data were analysed using the SPSS statistics programme version 17.0 and Microsoft
Excel. Data collected from qPCR, Western blots, JC-1 and MTT assays were
statistically analysed using one way analysis of variance (ANOVA) and Student T tests.
Where ANOVA results indicated statistical significance between the group means, least
significant difference (LSD) tests were performed in order to analyse the difference
between two groups. Data generated from TMAs were analysed using log rank to
compare between groups and chi-squared tests to determine significance between
groups. A “p value” of less than 0.05 was considered to be statistically significant.
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Chapter 4: The expression profiles of the sFRPs expression
in ovarian epithelial cell lines
4.1 Introduction
Ovarian tumours can be divided into two groups based on their response to
chemotherapeutic agents; tumours that respond to treatment (chemosensitive) and those
that are drug-resistant (chemoresistant) (Agarwal & Kaye 2003; Ferriss & Rice 2010).
Identifying factors that contribute to this differential response to chemotherapeutic
treatment would allow selection of other treatment options, potentially improving the
patient‟s well being and survival.
As in other cancers, many growth-factor mediated signalling pathways have been
implicated in ovarian tumourigenesis. One of these is the Wnt signalling pathway,
which is involved in normal cellular proliferation and maintenance of homeostasis
(Chung et al. 2009b; Fox & Dharmarajan 2006; Lee et al. 2004), but has also been
implicated in a variety of cancers including those of the ovary (Boerboom et al. 2005;
Filho et al. 2007; Gamallo et al. 1999; Gatcliffe et al. 2008; Rask et al. 2003; Ricken et
al. 2002; Polakis 2000). Members of the secreted frizzled-related protein (sFRP) family
have been revealed as potential antagonists of Wnt activity. This family of five secreted
glycoproteins (sFRP1 – 5) has been reported to be frequently down-regulated in a
number of carcinomas including colorectal, breast and cervical carcinomas (Ko et al.
2002; Suzuki et al. 2004, Zhou et al. 1998), emphasising their potential importance in
controlling tumours that result from aberrant Wnt-signalling.
To date, apart from studies reporting the individual expressions of sFRP isoforms 1, 4
and 5 in human ovarian cancers (Drake et al. 2009; Su et al. 2010; Takada et al. 2004),
there has been no other report relating to the differential expression of all five sFRP
isoforms in human surface epithelial ovarian cancer.
Hypothesis 1.A: There will be differential expression of sFRP isoforms in the epithelial
ovarian cancer cell lines.
Hypothesis 1.B: This differential expression will correlate with chemosensitivity or
chemoresistance of the epithelial ovarian cancerous cell lines.
Aim: To examine the expression profiles of the five sFRP isoforms in chemosensitive
and chemoresistant epithelial ovarian cancer cell lines.
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4.2 Methodology
The expression profiles of the five sFRP isoforms (1-5) in four human epithelial ovarian
cell lines was investigated in one normal (IOSE) and three cancerous epithelial ovarian
cell lines. The IOSE cell line maintains many of the properties of normal human ovarian
epithelium despite being an immortalised cell line (Liu et al. 2004). The cancerous
ovarian cancer cell lines were selected on the basis of their response to
chemotherapeutic agents. They include one chemosensitive cell line (A2780) and two
chemoresistant cell lines (A2780 ADR and A2780 Cis).
Each cell line was cultured and RNA was extracted and reverse transcribed into cDNA
as per protocols described in Materials & Methods (Chapter 3). qPCR was used to
determine mRNA expression of each sFRP isoform. All primers used in this study were
initially optimised to obtain their appropriate annealing temperatures. The PCR products
were then sequenced and the results were analysed using the BLAST programme on
pubmed to ensure the correct gene been amplified. A positive control (skin primary
cells) was also utilised. Following optimisation, these primers were used to perform
qPCR on samples collected from each cell line (n=4). Subsequent PCR products were
also sequenced and analysed to re-confirm correct product amplification.
All statistical analysis was conducted using the SPSS statistics programme. One way
ANOVAs and Student T tests were used to determine if any significance could be
detected when comparing expression levels of each isoform in each cancerous cell line
to the corresponding expression demonstrated in the normal cell line IOSE. These tests
were also then used to determine if any of the isoforms were expressed differentially
between the cancerous cell lines, where the expression levels of each isoform in the
chemosensitive cell line (A2780) was compared to the corresponding expression in the
chemoresistant cell lines (A2780 ADR and A2780 Cis).
The quality of each RNA sample collected from each respective cell line (n=4 for each
cell line) was determined using a Nanodrop spectrophotometer and RNA integrity was
determined via electrophoresis. Bands of ribosomal RNA were detected in all samples
(Figure 4.1). Visual identification of ribosomal bands 28s and 18s indicated good RNA
quality that had not been degraded by RNases and thus, was suitable for use in further
experiments. These samples were subsequently reverse-transcribed into cDNA for
qPCR analysis.
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Figure 4.1 – Analysis of RNA Quality
A digital image of 1.5% agarose gel showing RNA extracted from four different cultures of IOSE,
A2780, A2780 ADR and A2780 Cis cells

The housekeeping gene GAPDH was selected to normalise levels of target genes
expression detected via qPCR. β-ACTIN was used as a secondary housekeeping gene to
confirm normalization of target gene expression. The expression of both housekeeping
genes was confirmed in all four cell lines (Figures 4.2A and 4.3A)
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Figure 4.2– GAPDH expression in IOSE, A2780, A2780 ADR and A2780 Cis
(A) Digital image of 2% agarose gel with 185bp products of GAPDH qPCR. Note: Positive control is
standard 1 sample from qPCR run; negative control contained DDW in place of cDNA (B) Comparison
of quantitated GAPDH expression across the four cell lines. Values represent the mean for each group ±
SEM.

Statistical analysis of GAPDH levels (Figure 4.2B) showed that there was consistent
expression of this housekeeping gene between the different cell lines. This high degree
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of uniformity in GAPDH expression indicated that GAPDH was a good endogenous
reference for use in the present study to correct for differing amounts of input RNA and
uneven loading of samples, and thus normalise the levels of target gene expression.
Statistical analysis of β-ACTIN also demonstrated a consistent expression pattern
(Figure 4.3B).
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Figure 4.3– β-ACTIN expression in IOSE, A2780, A2780 ADR and A2780 Cis
(A) Digital image of 2% agarose gel with 173bp products of β-ACTIN qPCR. Note: Positive control is
standard 1 sample from qPCR run; negative control contained DDW in place of cDNA (B) Comparison
of quantitated β-ACTIN expression across the four cell lines. Values represent the mean for each group ±
SEM.

qPCRs to detect the expression of the five sFRP isoforms were performed on all four
RNA samples obtained from each cell line. The relative expression of each isoform was
determined by dividing the expression of the gene of interest (sFRP isoform) with the
corresponding housekeeping gene expression (GAPDH and β-ACTIN).
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4.3 Results
4.3.1Expression of sFRP1 mRNA in ovarian epithelial cell lines
While both normal and cancerous cell lines expressed sFRP1 (Figure 5.4A), analysis of
sFRP1 mRNA levels revealed a clear disparity between normal and cancerous cells. The
cancerous cell lines expressed significantly lower levels of sFRP1 (p< 0.01) compared
to the normal cell line (Figure 4.4B). However, there was no statistically significant
variation in sFRP1 expression between the chemosensitive (A2780) and chemoresistant
cell lines (A2780 ADR and A2780 Cis).
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Figure 4.4 – Expression of sFRP1 in IOSE, A2780, A2780 ADR and A2780 Cis cell
lines
(A) Digital image of 2% agarose gel with (202bp) products of sFRP1 qPCR. Note: Positive control is a
primary skin sample; negative control contained DDW in place of cDNA (B) Comparison of quantitated
sFRP1 expression across the four cell types. Values represent means for each group ± SEM. ( † = p<0.01
one way ANOVA and LSD)
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4.3.2 Expression of sFRP2 mRNA in ovarian epithelial cell lines
While qPCR performed on the positive control (Skin primary cells) demonstrated
sFRP2 expression, sFRP2 mRNA levels were not detected in any of the ovarian
epithelial cell lines indicating that sFRP2 is not expressed by human epithelial ovarian
cells (Figure 4.5).
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Figure 4.5 – Expression of sFRP2 in IOSE, A2780, A2780 ADR and A2780 Cis cell
lines
Digital image of 2% agarose gel with (217bp) products of sFRP2 qPCR. Note: Positive control is a
primary skin sample; negative control contained DDW in place of cDNA

4.3.3Expression of sFRP3 mRNA in ovarian epithelial cell lines
Unlike sFRP2, all four cell lines expressed sFRP3 (Figure 4.6A) however, similar to the
expression profile of sFRP1, a disparity between expression levels of this isoform was
detected between normal and cancerous cells (Figure 4.6B). Statistical analysis of
mRNA levels of sFRP3 revealed that all three cancerous cells expressed significantly
lower levels compared to levels detected in the normal cell line (p<0.01 for A2780 and
A2780 Cis; p<0.05 for A2780 ADR). While the chemoresistant cell line A2780 ADR
expressed slightly higher levels of sFRP3 than the other two cancerous cell lines, this
difference was not statistically significant.
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Figure 4.6 – Expression of sFRP3 in IOSE, A2780, A2780 ADR and A2780 Cis cell
lines
(A) Digital image of 2% agarose gel with (227bp) products of sFRP3 qPCR. Note: Positive control is
primary skin sample; negative control contained DDW in place of cDNA (B) Comparison of quantitated
sFRP3 expression across the four cell types. Values represent means for each group ± SEM. ( † = p<0.01;
* = p<0.05) one way ANOVA and LSD)

4.3.4Expression of sFRP4 mRNA in ovarian epithelial cell lines
All four cell lines were shown to express sFRP4 (Figure 4.7A) and, similar to the
expression pattern of isoforms 1 and 3, the cancerous cell lines expressed significantly
lower levels of sFRP4 compared to the normal cell lines (p<0.05 for A2780; p<0.001
for A2780 ADR and A2780 Cis) (Figure 4.7B). However unlike sFRP1 and 3, statistical
analysis of sFRP4 expression demonstrated that this isoform is differentially expressed
between

the

chemosensitive

and

chemoresistant

cancerous

cell

lines.

The

chemosensitive cell line A2780 expressed significantly higher levels of sFRP4 (p<0.01)
compared to the chemoresistant cell lines A2780 ADR and A2780 Cis (Figure 4.7C).
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Figure 4.7 – Expression of sFRP4 in IOSE, A2780, A2780 ADR and A2780 Cis cell
lines
(A) Digital image of 2% agarose gel with (181bp) products of sFRP4 qPCR. Note: Positive control is
primary skin sample; negative control contained DDW in place of cDNA (B) Comparison of quantitated
sFRP4 expression across the four cell types. Values represent means for each group ± SEM. (** =
p<0.001; * =p<0.05; one way ANOVA and LSD) (C) Comparison of quantitated sFRP4 expression
between chemosensitive cell line (A2780) vs chemoresistant cell lines (A2780 ADR and A2780 Cis).
Values represent means for each group ± SEM. († = p<0.01; one way ANOVA and LSD)
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4.3.5 Expression of sFRP5 mRNA in ovarian epithelial cell lines
Expression of sFRP5 was detected in all four cell lines (Figure 4.8A). In contrast to the
expression patterns demonstrated by sFRP isoforms 1, 3 and 4, statistical analysis of
sFRP5 mRNA levels between normal and cancerous cells showed no significant
differences (Figure 4.8B).
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Figure 4.8 – Expression of sFRP5 in IOSE, A2780, A2780 ADR and A2780 Cis cell
lines
(A) Digital image of 2% agarose gel with (352bp) products of sFRP5 qPCR. Note: Positive control is
primary skin sample; negative control contained DDW in place of cDNA (B) Comparison of quantitated
sFRP5 expression across the four cell types. Values represent means for each group ± SEM.
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4.4 Discussion
Characterisation of the five members of the secreted frizzled related protein (sFRP)
family revealed that they contained a Cysteine Rich Domain (CRD) homologous to the
CRD of Frizzled (Fz) receptors (Finch et al. 1997; Hoang et al. 1996; Jones & Jomary
2002; Ko et al. 2002; Melkonyan et al. 1997; Yamamura et al. 2010). Since Wnt ligands
mediate their activity by binding to the Fz receptors located on the cell membrane via
their CRD domain, It has been postulated that sFRPs are able to antagonise Wnt
signalling by interacting with either the Wnt ligands or by binding to the Fz receptors
themselves (Bafico et al. 1999; Bovolenta et al. 2008; Jones & Jomary 2002; Takagi et
al. 2008)
The oncogenic potential of constitutive Wnt signalling has been widely described in
cancer (Jones & Jomary 2002), with many studies reporting aberrant activation of the
Wnt signalling cascade as an important contributor to tumour development (Fox &
Dharmarajan 2006; Giles et al. 2003; Lee et al. 2004; Polakis 2000; Yamamura et al.
2010; Zhang et al. 2008). Many of these studies have also reported frequent downregulation of secreted Wnt antagonists, particularly the five sFRP isoforms, in various
carcinomas including colorectal, gastric, breast, cervix and mesothelioma (Ko et al.
2002; Lee et al. 2004; Nojima et al. 2007; Qi et al. 2006; Suzuki et al. 2004; Wong et al.
2002; Zhou et al. 1998), indicating their potential importance in controlling tumours
that result from aberrant Wnt signalling.
The expression of the five sFRP isoforms has been reported in various tissues and
cancers. Lee et al. (2004) demonstrated a clear disparity in sFRP mRNA levels between
normal pleural tissue and mesothelioma samples, with the neoplastic cells
demonstrating significantly lower levels of sFRP expression. Similarly both Zou et al.
(2005) and Qi et al. (2006) reported markedly decreased sFRP expression in Barrett‟s
oesophageal and colorectal carcinomas in comparison to the generally high expression
levels seen in the normal epithelia and mucosa. Analysis of sFRP isoform expression
between the normal and cancerous epithelial ovarian cell lines selected for this study
also showed a similar disparity between normal and cancerous cells.
The expression profiles of four sFRP isoforms (1, 3, 4 and 5) were determined in the
four cell lines used in this study. The expression of sFRP2 was not detected in any of
the cell lines selected and expression of sFRP2 has been reported to be silenced in
numerous cancers including gastric (Cheng et al. 2007), colorectal (Huang et al. 2007;
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Oberwalder et al. 2008; Qi et al. 2006; Suzuki et al. 2004; Wang & Tang 2008), breast
(Suzuki et al. 2008; Veeck et al. 2008), and cervical cancer (Chung et al. 2009b). In
addition, Cheng et al. (2007) reported that promoter methylation of sFRP2 was
specifically associated with low or absent mRNA expression in gastric cancer. In the
ovary the expression of sFRP2 was specifically located in cumulus and granulosa cells
(Hernandez-Gonzalez et al. 2006), which could explain the absence of sFRP2 mRNA
levels in the four epithelial ovarian cell lines used in this study.
Analysis of the other four isoforms determined that the cancerous cell lines expressed
low levels of sFRP1, 3 and 4 in comparison to the normal cell line. In contrast, sFRP5
levels between cancerous and normal ovarian cells did not reveal any significant
variation. Reports of sFRP5 in other cancers indicate that the expression of this isoform
is often silenced, particularly in tumours of the colon (Suzuki et al. 2004), stomach
(Nojima et al. 2007), bladder (Marsit et al. 2005), and mesothelium (Lee et al. 2004).
Although Su et al. (2010) reported that sFRP5 expression was frequently downregulated in ovarian carcinomas, this was not observed in cancerous cell lines. The lack
of variation of sFRP5 expression between normal and cancerous ovarian cell lines could
indicate that this isoform may also not play a significant role in tumourigenesis of the
cancerous cell lines selected for this study.
Functional differences among sFRP isoforms have been reported in various cancers
(Takagi et al. 2008). Qi et al. (2006) reported that, in colorectal cancers, the role of
sFRP1, 2 and 5 was more important that sFRP 3 and 4. Fox & Dharmarajan (2006)
reported differential expression of the sFRP isoforms, particularly sFRP 1, 3 and 5, in
various cancerous cell lines including human mesothelioma. Similarly Zou et al. (2005)
reported that, although esophageal adenocarcinomas exhibited sFRP 1, 2 and 4
expressions, these expressions was markedly different suggesting that these three sFRP
isoforms act differently and have distinct functions. The results from the current study
may indicate that these isoforms could also function differently and distinctly in ovarian
cancerous cells.
The cancerous cell lines in this study were selected on the basis of their response to
chemotherapeutic treatment. The expression levels of sFRP1, 3 and 4 were lower in all
the cancerous cell lines compared to the normal cell line (IOSE). Only sFRP4 was
found to be differentially expressed between the different cancerous cell lines, with the
chemosensitive cell line (A2780) expressing significantly higher mRNA levels of
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sFRP4 in comparison to the two chemoresistant cell lines (A2780 ADR and A2780
Cis).
Previous studies have established a positive relationship between expression of sFRP4
and apoptosis not only in tissues such as the ovary (Drake et al. 2003; Guo et al. 1998;
Wolf et al. 1997) and breast (Lacher et al. 2003) but also in various in vitro cancer cell
cultures (He et al. 2005; Horvath et al. 2004; Lee et al. 2004, Carmon & Loose 2008).
In addition He et al. (2005) demonstrated that knocking down sFRP4 expression in
cancerous cell lines promoted cell growth and inhibition of chemotherapy-induced
apoptosis. Thus, the differential sFRP4 levels detected in chemosensitive and
chemoresistant cell lines could play an essential role in determining the response of
these cell lines to chemotherapy.
In conclusion, the current study establishes that of the five sFRP isoforms, the epithelial
ovarian cancerous cell lines expressed significantly lower levels of sFRP isoforms 1, 3
and 4 compared to the normal cell line. However, only sFRP4 was differentially
expressed between chemosensitive and chemoresistant cancerous cell lines, indicating
that the expression of this isoform can be correlated with chemosensitivity or
chemoresistance. Thus, the focus of subsequent chapters is to further investigate the role
of sFRP4 in ovarian tumourigenesis.

62

Chapter 5: Protein expression of sFRP4 & β-catenin
5.1 Introduction
In the previous chapter, differential expression of five members of the sFRP family was
noted between the cancerous and normal epithelial ovarian cells. Additionally sFRP4
was found to be differentially expressed between the chemosensitive and chemoresistant
cancerous cells. sFRP4 has been the focus of attention in recent years due to its
potential to induce apoptosis in cancer cells and thereby suppress tumour growth (Lee et
al. 2004; He et al. 2005). One way in which it may do this is through the canonical Wnt
signalling pathway.
sFRP4 modulates Wnt signalling, preventing Wnt activation on targets cells and thereby
ensuring that any β-catenin present in the cytoplasm is degraded. Aberrant activation of
the canonical Wnt signalling pathway has been reported in various cancers. Similarly
many studies have reported that sFRP4 expression is often lost or significantly downregulated in many cancers (He et al. 2005; Lee et al. 2004; Carmon & Loose 2008; Qi et
al. 2006; Suzuki et al. 2004; Wong et al. 2002; Zou et al. 2005).
Given this relationship between sFRP4 and the canonical Wnt signalling pathway, the
potential relationship between this pathway and the differential expression of sFRP4 in
the chemosensitive and chemoresistant cell lines was explored further.

Hypothesis 2: Differential sFRP4 expression is correlated to its interaction with the
Wnt/β-catenin signalling pathway.
Aim: To compare the sFRP4 and β-catenin protein expression levels in cancerous cell
lines.
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5.2 Methodology
Initially Western blots were conducted to determine the total protein expression of
sFRP4 and β-catenin in the four ovarian epithelial cell lines. Examination of total cell
lysate enables us to quantitate the total expression of β-catenin within a cell; however βcatenin is found localised in at least three cellular pools namely the cell membrane,
cytoplasm and nucleus. Its function is largely mediated by its sub-cellular location, with
its accumulation in the cytoplasm being indicative of activation of the canonical Wnt
pathway. Hence in addition to total protein, protein from fractionated parts of the cell –
cytosolic and nuclear fraction were also isolated (three repeats for each cell line), to
determine if active β-catenin protein was present in cell lines.
Western blots were performed using antibodies against sFRP4 and β-catenin. The
relative expression of each protein (total and cytosolic) was quantified against β-ACTIN
as a standard to quantify expression among samples allowing a comparison of the
relative quantities of sFRP4 and β-catenin protein in each cell line. Protein from nuclear
fractions was quantitated against Histone antibody, as β-ACTIN is sub-localised to the
cytoplasm of cells.
Ovarian tumours have been recognised to comprise of a heterogeneous population of
cells which could point to their differential response to chemotherapeutic agents. Thus,
immunohistochemistry was performed on all four cell lines for sFRP4 and β-catenin
expression to further assess cellular localization and to determine if expression was
homogenous amongst the cells in culture or whether there was a heterogeneous
distribution with some cells staining positive and some not. The proportion of cells
staining positive for each protein was then counted and quantified.
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5.3 Results
5.3.1 Expression of sFRP4 and β-catenin as determined by Western
blots
Statistical analysis of sFRP4 protein levels determined using Western blots
demonstrated that the normal cell line IOSE expressed significantly higher levels of
sFRP4 (p<0.001) in comparison to all three cancerous cell lines (Figure 5.1B). Further
comparison of sFRP4 protein expression between the cancerous cell lines demonstrated
that the chemosensitive cell line A2780 expressed significantly higher levels (p<0.001)
of the protein than the chemoresistant cell lines A2780 ADR and A2780 Cis (Figure
5.1C). Thus protein levels of sFRP4 mirrored the mRNA expression pattern seen in the
previous chapter.
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Figure 5.1 – Western Blot for sFRP4 on IOSE, A2780, A2780 ADR and A2780 Cis
cell lines
A) Digital image of Western blot autoradiograph for sFRP4 (top) and β-ACTIN (below) run as a loading
control. B) Comparison of quantitated total sFRP4 protein expression across all four cell lines. Values
represent the mean for each group ± SEM. (** = p<0.001 one way ANOVA and LSD).
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In contrast to sFRP4, analysis of β-catenin protein levels suggested that there was no
significant difference between the cell lines (Figure 5.2).
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Figure 5.2 – Western Blot for β-catenin on IOSE, A2780, A2780 ADR and A2780
Cis cell lines
A) Digital image of Western blot autoradiograph for β-catenin (top) and β-ACTIN (below) run as a
loading control. B) Comparison of quantitated β-catenin protein expression across all four cell lines.
Values represent the mean for each group ± SEM.

5.3.2 Cellular localization of proteins determined by Western blots
The functionality of the β-catenin protein is dependent on its sub-cellular localization,
where its accumulation in the cytoplasm is indicative of activation of the Wnt pathway.
Following quantitation of sFRP4 and β-catenin total protein expression for each cell
line, the localization of these proteins was determined by performing Western blots on
cytosolic and nuclear fractions extracted from each cell line.
Analysis of Western blots for sFRP4 protein on cytosolic and nuclear fractions revealed
that this protein was predominately localised in the cytoplasm of these cells (Figure
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5.3). Analysis of sFRP4 protein in nuclear fractions revealed that only IOSE and
chemosenstive cell line A2780 demonstrated nuclear expression of this protein (Figure
5.4). sFRP4 protein was not detected in the nuclear fractions of chemoresistant cell
lines.
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Figure 5.3 – Western Blot for cytosolic sFRP4
A) Digital image of Western blot autoradiograph for sFRP4 (top) and β-ACTIN (below) run as a loading
control. B) Comparison of quantitated cytosolic sFRP4 protein expression across all four cell lines.
Values represent the mean for each group ± SEM. (*=p<0.05; ** = p<0.001 one way ANOVA and LSD)
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Figure 5.4 – Western Blot for nuclear sFRP4
A) Digital image of Western blot autoradiograph for sFRP4 (top) and histone (below) run as a loading
control. B) Comparison of quantitated nuclear sFRP4 protein expression detected in IOSE and A2780.
Values represent the mean for each group ± SEM. (**=p<0.009 one way ANOVA and LSD)

68

Analysis of Western blots for β-catenin in fractionated samples revealed that this
protein was seen mainly localised in the cytoplasm of these cells (Figure 5.5). However
β-catenin expression was not detected in nuclear fractions.
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Figure 5.5 – Western Blot for cytosolic β-catenin
A) Digital image of Western blot autoradiograph for β-catenin (top) and β-ACTIN (below) run as a
loading control. B) Comparison of quantitated cytosolic β-catenin protein expression across all four cell
lines. Values represent the mean for each group ± SEM
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5.3.3 Immunohistochemistry for sFRP4 and β-catenin
Analysis

of

immunolocalization

for

both

sFRP4

and

β-catenin

following

immunohistochemistry determined that both proteins exhibited greater expression in the
cytoplasm (Figure 5.6 and 5.7) in all four cell lines. These results re-confirmed Western
Blot analysis of fractionated protein samples (Figures 5.3B and 5.5B). Furthermore
immunohistochemical results proved to be far more sensitive compared to those
generated from Western blots; when immunohistochemstry for sFRP4 and β-catenin
revealed nuclear expressions of both proteins in all four cell lines which was previously
undetected by Westen blots apart from nuclear expression of sFRP4 in IOSE and A2780
cells.
The cells that were positive for sFRP4 and β-catenin expression respectively were
counted and the proportion of positively stained cells for each protein was quantified for
all four cell lines (Figure 5.8). The percentage of cells staining positive for β-catenin
was determined to be similar in all four cell lines mirroring previous Western blot
results (Figure 5.2B). In contrast, results from both immunolocalization and
quantification of stained cells revealed that the expression of sFRP4 in the cancerous
cell lines was heterogeneous, compared to the homogenous expression seen in normal
cell line IOSE, indicating that ovarian tumours comprise of heterogeneous cell
populations.
Almost all IOSE cells demonstrated sFRP4 and β-catenin expression (Figure 5.6A). On
the other hand, while immunolocalization analysis revealed that the chemosensitive cell
line A2780 exhibited strong sFRP4 and β-catenin expression (Figure 5.6B), when
quantified only 58% of cells showed sFRP4 expression compared to 90% β-catenin
expression(Figure 5.8), indicating significant heterogeneity in sFRP4 expression.
Compared to A2780 cells, both chemoresistant cell lines demonstrated a much higher
percentage of cells staining for β-catenin (A2780 ADR – 85%; A2780 Cis - 90%)
(Figure 5.7 and 5.8B) than sFRP4 (25 - 30%) (Figure 5.7 and 5.8A).
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Figure 5.6 – Immunolocalization of sFRP4 and β-catenin in IOSE and chemosensitive cell line A2780
Light microscope images (400X) of each cell line expressing sFRP4 and β-catenin proteins stained brown with DAB and counterstained with haematoxylin for
contrast. Immunolocalization of sFRP4 and β-catenin showed in (A) IOSE and (B) A2780. Images include negative control followed by sFRP4 and β-catenin stained
cells
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Figure 5.7 – Immunolocalization of sFRP4 and β-catenin in chemoresistant cell lines A2780 ADR and A2780 Cis
Light microscope images (400X) of each cell line expressing sFRP4 and β-catenin proteins stained brown with DAB and counterstained with haematoxylin for
contrast. Immunolocalization of sFRP4 and β-catenin showed in (A) A2780 ADR and (B) A2780 Cis. Images include negative control followed by sFRP4 and βcatenin stained cells
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Figure 5.8 – Proportion of sFRP4 and β-catenin positive stained cells following
immunolocalization
A) Quantification of the proportion of cells stained positive for sFRP4 across all four cell lines. (B)
Quantification of the proportion of cells stained positive for β-catenin across all four cell lines. Values
represent the mean for each group ± SEM. (* = p<0.001 one way ANOVA and LSD).
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Additionally statistical analysis revealed that the proportion of chemosensitive cells
staining positive for sFRP4 was significantly higher (p<0.002) than the proportion
observed in either of the chemoresistant cell lines (Figure 5.9).
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Figure 5.9 – Proportion of sFRP4 positive stained in cancerous cells
A) Quantification of the proportion of cells stained positive for sFRP4 in chemosensitive cell line A2780
vs chemoresistant cell line A2780 ADR and A2780 Cis. Values represent the mean for each group ±
SEM. (** = p<0.002 one way ANOVA and LSD).
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5.4 Discussion
The stabilization and accumulation of β-catenin is a hallmark of canonical Wnt
signalling (Ricken et al. 2002), with aberrant activation of this pathway occurring in a
large proportion of tumours especially colon carcinomas (Behrens 2005; Qi et al. 2006;
Zhang et al. 2008). Although reports of aberrant signalling in Wnt/ β-catenin pathway
have been reported in ovarian tumours, mutations in the β-catenin gene, have only been
observed in endometrioid carcinomas (Gamallo et al. 1999; Palacios & Gamallo 1998;
Wright 1999) and are very rare in serous, clear cell and mucinous carcinomas (Filho et
al. 2007). However, reports of β-catenin expression in ovarian tumours have been
conflicting. While studies like Rask et al. (2003) found a significant increase of βcatenin expression in ovarian cancer cells compared to normal ovarian cells, Fujimoto et
al. (1997) did not find any significant difference in β-catenin expression between
normal and cancerous ovarian cells. In this study analysis of total β-catenin protein
using Western blots revealed that both normal and cancerous cell lines demonstrated
similar expression levels which is consistent with the latter report.
β-catenin is a multifunctional molecule and its function is dependent on its intracellular
localization (Maruyama et al. 2000; Ricken et al. 2002; Widelitz 2005). While its
accumulation and expression in the cytoplasm of cells is indicative of its participation in
the Wnt pathway, and is regulated by components of the Wnt cascade, the oncogenic
potential of β-catenin stems from its localization in the nucleus where its association
with TCF/LEF results in the activation of transcription of multiple target genes
(Brabletz et al. 2000a; Brabletz et al. 2000b; Maruyama et al. 2000; Ricken et al. 2002;
Widelitz 2005).
Immunoblotting of fractionated protein samples as well as immunolocalization of βcatenin expression in four epithelial ovarian cell lines in the current study revealed that
this expression was predominately localised in the cytoplasm, consistent with previous
reports on serous and mucinous carcinomas (Drake et al. 2009; Kildal et al. 2005; Rask
et al. 2003; Gatcliffe et al. 2008). Although nuclear expression of β-catenin could not be
detected in the cell lines in the Western blots, subsequent immunohistochemical
analysis determined the presence of nuclear β-catenin expression in the cell lines,
however only in a small percentage of cells.
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Data from this study parallels previous reports where a large proportion of serous
epithelial ovarian tumours exhibited aberrant cytosolic expression but no accompanying
nuclear localization of β-catenin (Kildal et al. 2005). Furthermore, aberrant nuclear βcatenin expression has only been reported in endometrioid ovarian carcinomas and
granulosa cell tumours (Boerboom et al. 2005; Gamallo et al. 1999; Palacios & Gamallo
1998; Polakis 2000; Wright et al. 1999). Since cytosolic β-catenin is rapidly degraded in
the absence of active wnt signalling (Maruyama et al. 2000), the elevated level of βcatenin demonstrated by all four ovarian cell lines is indicative of an active canonical
Wnt pathway in these cells.
Our research group has previously reported that in the majority of serous ovarian
tumours, high β-catenin expression was associated with corresponding low levels of
sFRP4 expression (Drake et al. 2009) and data from this current study demonstrates a
similar trend. Analysis of sFRP4 using Western blots revealed that the cancerous cell
lines expressed significantly lower levels (p<0.001) of sFRP4 compared to the normal
cell line. Furthermore results determined that cancerous cell lines differentially
expressed sFRP4, with the chemosensitive cell line A2780 expressing significantly
higher levels of sFRP4 (p<0.001) than both the chemoresistant cell lines. This data
confirms the results of sFRP4 mRNA levels determined in previous chapter.
Analysis of Western blots of fractionated protein samples and immunohistochemistry
revealed that sFRP4 was localised in the cytoplasm of all the cell lines, paralleling
previous studies that reported sFRP4 localisation in the cytoplasm of serous ovarian
tumours, prostate cancers and breast ductal carcinomas (Drake et al. 2009; Hovarth et
al. 2004; Wong et al. 2002). In addition, nuclear localization of sFRP4 expression was
also determined in both the IOSE and A2780 cells. Apart from current study, which is
the first to report nuclear localization in ovarian cells, nuclear localization of sFRP4 has
only been reported previously by one other study (Mohan et al. 2007). It is possible that
the nuclear localization of sFRP4 seen in current study may be responsible for blocking
nuclear translocation of β-catenin in these ovarian cells.
Immunohistochemical analysis also revealed that the proportion of cells expressing
sFRP4 varied significantly between the normal and cancerous cell lines (p<0.001).
Expression of sFRP4 was homogenous amongst all of the IOSE cells in culture. In
contrast, sFRP4 expression was heterogeneous in the cancerous cell lines suggesting
that there are at least two populations of cells in these cultures. With the chemosensitive
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cell line demonstrating a significantly (p<0.002) larger proportion of sFRP4 expressing
cells (58%) compared to the chemoresistant cell lines (25%).
Although the IOSE cells demonstrated higher sFRP4 expression compared to the
cancerous cell lines, these cells also showed elevated β-catenin expression similar to the
level detected in the cancerous cell lines. It is possible that these cells despite
maintaining many properties of normal ovarian cells may have slightly increased
expression of proliferative genes due to their immortalization.
In conclusion, this study indicates an inverse relationship between the expression of
sFRP4 and in the cancerous cell lines. The cancerous cell lines all expressed elevated
levels of β-catenin and lower levels of sFRP4. Western blots for sFRP4 confirm mRNA
results from previous chapter, determining that chemosensitive cancerous cells express
higher levels of sFRP4 than chemoresistant cells. In addition, immunohistochemical
analysis revealed the presence of heterogeneous sFRP4 expression within individual
cancerous cell populations, with larger population of sFRP4 positive cells present in
normal and chemosensitive cancerous cells. However, this trend was not seen for βcatenin. Taken together these data suggest that sFRP4 expression appears to be linked to
chemo-response of cancerous cells. Hence the focus of the subsequent chapter will be to
determine if sFRP4 expressing cells are selectively targeted by Cisplatin
.
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Chapter 6: Effect of Cisplatin on sFRP4 expressing cells
6.1 Introduction
Chemotherapy regimens for ovarian cancer often involve the administration of
Cisplatin, a very potent anti-tumour agent (Agarwal & Kaye 2003; Balch et al. 2004;
Ozols 1991; Siddik 2003). Women who respond well to treatment and are disease free
for at least six months after the completion of primary therapy are said to have
chemosensitive tumours, while those with tumours that do not respond well to therapy
and/or who have a recurrence within six months from completion of treatment are
termed chemoresistant (Ozols 1991; Siddik 2003; Ferriss & Rice 2010). The reason why
this chemoresistance develops is still not well understood, although recent evidence
suggests that dysregulation of pro-apoptotic genes is a key factor in the onset and
maintenance of chemoresistance (Fraser et al. 2003). The pro-apoptotic properties of
sFRP4 have been shown in experimental models where it is involved in inducing
apoptosis and hence suppressing tumour growth (Drake et al. 2009; He et al. 2005;
Horvath et al. 2007; Horvath et al. 2004; Carmon & Loose 2008; Lee et al. 2004)
In the previous chapters the expression of sFRP4 was significantly lower in cancerous
cell lines compared to the normal cell line. Furthermore, the chemosensitive cell line
A2780 expressed higher levels of sFRP4 than both the chemoresistant cell lines A2780
ADR and A2780 Cis. Interestingly immunohistochemical analysis revealed that the
expression of sFRP4 in the cancerous cell lines was heterogeneous with the
chemosensitive cell line exhibiting a larger sub-population of sFRP4 expressing cells
than the chemoresistant cells. In contrast, the IOSE cells had homogenous expression.
Taken together these data suggest that sFRP4 expression is lost as cells become more
malignant and chemoresistant. It is therefore hypothesised that sFRP4-expressing cells
are selectively targeted by Cisplatin.
Hypothesis 3: sFRP4 expressing cells are selectively killed by Cisplatin.
Aim: To investigate the effect of Cisplatin on cell viability and apoptosis and to
correlate this with sFRP4 expression.
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6.2 Methodology
The four cell lines were treated with Cisplatin and cell viability (MTS) assays were
conducted to assess the effect of treatment on cell survival. Three different doses of
Cisplatin (1, 5 and 10μg/ml) were administered to the cells to determine dose dependent
treatment (n=4). Cell viability assays were determined over three time points of 24, 48
and 72 hours. The 10μg/ml Cisplatin dose was determined to be the most effective on
the cancerous cell lines and this dose was selected for the immunohistochemistry study.
Following cell viability assays, JC-1 assays were conducted to determine if the decrease
in cell viability caused by treatment was due to apoptotic cell death by detecting
mitochondrial membrane depolarisation, an early marker of apoptosis. A positive
control was also included to elicit maximum mitochondrial membrane depolarisation.
Immunohistochemical staining was performed to assess localisation of sFRP4 in all four
cell lines following treatment with 10μg/ml Cisplatin for 48 hours. This time point was
selected since the chemoresistant cancerous cell lines only demonstrated apoptotic cell
death following Cisplatin treatment for 48 hours. The proportion of sFRP4 positive
stained cells was counted and quantified to determine the percentage of cells still
expressing sFRP4 following treatment compared to untreated cells.
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6.3 Results
6.3.1 Treatment of cell lines with chemotherapeutic agent Cisplatin
Following twenty four hours of treatment with Cisplatin, the normal cell line IOSE
showed a significant reduction in number of the viable cells when assessed using the
MTS assay (Figure 6.1A). There also appeared to be a dose dependent relationship
when the percentage of proliferating cells in the control group was compared to
corresponding cells in treatment groups, with the highest treatment dose of 10μg/ml
Cisplatin causing about 60% loss of viable cells. Overall, this cell line demonstrated a
significant reduction (p<0.001) in cell proliferation at all treatment doses within 24
hours post treatment, and continued to demonstrate significantly less proliferation in
treatment groups at the later time points of 48 and 72 hours post treatment (Figure 6.1B
and C).
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Figure 6.1 – Cell viability of IOSE following Cisplatin treatment
Graphical representation of IOSE cell number following various doses of Cisplatin treatment with time
(A) Live cell number after 24hours treatment with 3 doses of Cisplatin (1, 5 and 10μg/ml). (B) Cell
number following 48hours of Cisplatin treatment. (C) Cell number following 72hours of Cisplatin
treatment. Values represent means for each group ± SEM (**= p<0.001 one way ANOVA and LSD).

The chemosensitive cell line A2780 also demonstrated a significantly reduced number
of viable cells following Cisplatin treatment for 24 hours (Figure 6.2A), similar to the
results seen for the normal cell line IOSE. A similar dose dependent relationship was
also noted when the percentage of proliferating cells in the control group was compared
to corresponding cells in treatment groups. All treatment groups demonstrated
significant loss of cell viability (p<0.001) compared to the control group and this loss of
cell proliferation continued for the later time points of 48 and 72 hours post treatment
(Figure 6.2B and C).
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Figure 6.2 – Cell viability of chemosensitive cell line A2780 following Cisplatin
treatment
Graphical representation of A2780 cell number following various doses of Cisplatin treatment with time
(A) Live cell number after 24hours treatment with 3 doses of Cisplatin (1, 5 and 10ug). (B) Cell number
following 48hours of Cisplatin treatment. (C) Cell number following 72hours of Cisplatin treatment.
Values represent means for each group ± SEM (** = p<0.001 one way ANOVA and LSD).
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In contrast, the chemoresistant cell lines A2780 ADR and A2780 Cis continued to
proliferate at 24 hours at the 1 and 5μg/ml doses (Figures 6.3A and 6.4A). While there
appeared to be a reduction in proliferation at the highest dose (10μg/ml) this was not
statistically significant. At 48 hours post treatment, both cell lines demonstrated a
significant reduction in cell viability compared to control in the treatment groups of
5μg/ml (p<0.05 for A2780 ADR; p<0.03 for A2780 Cis) and 10μg/ml (p<0.001)
respectively (Figures 6.3B and 6.4B). All three treatment groups showed a significant
loss in cell viability (p<0.001) at 72 hours post treatment (Figures 6.3C and 6.4C).
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Figure 6.3 – Cell viability of chemoresistant cell line A2780 ADR following
Cisplatin treatment
Graphical representation of A2780 ADR cell number following various doses of Cisplatin treatment with
time (A) Live cell number after 24hours treatment with 3 doses of Cisplatin (1, 5 and 10ug). (B) Cell
number following 48hours of Cisplatin treatment (* = p<0.05; ** = p<0.001 one way ANOVA and LSD).
(C) Cell number following 72hours of Cisplatin treatment. Values represent means for each group ± SEM
(** = p<0.001 one way ANOVA and LSD).
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Figure 6.4 – Cell viability of chemoresistant cell line A2780 Cis following Cisplatin
treatment
Graphical representation of A2780 Cis cell number following various doses of Cisplatin treatment with
time (A) Live cell number after 24hours treatment with 3 doses of Cisplatin (1, 5 and 10ug). (B) Cell
number following 48hours of Cisplatin treatment († = p<0.03; ** = p<0.001 one way ANOVA and LSD).
(C) Cell number following 72hours of Cisplatin treatment. Values represent means for each group ± SEM
(** = p<0.001 one way ANOVA and LSD).
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6.3.2 JC-1 assays following Cisplatin treatment
The normal cell line IOSE exhibited significantly increased mitochondrial membrane
depolarisation (an early indicator of apoptotic cell death) at treatment doses of 5μg/ml
(p<0.05) and 10μg/ml (p<0.01) respectively of Cisplatin for 24 hours (Figure 6.5).
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Figure 6.5– Assessment of apoptosis in IOSE cells using JC-1 apoptosis assay
Quantification of IOSE apoptosis by JC1 analysis after treatment with 3 doses of Cisplatin (1, 5 and
10ug) for 24hours. A positive control of FCCP was used to demonstrate maximum mitochondrial
membrane depolarisation. Values represent means for each group ± SEM (* = p<0.05; † = p<0.01 one
way ANOVA and LSD).
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Although apoptosis was detected in the chemosensitive cell line A2780 at 24 hours,
analysis revealed that only the treatment dose of 10μg/ml exhibited significant cell
death (p<0.001) (Figure 6.6A). The remaining two doses (1μg/ml and 5μg/ml), despite
demonstrating decreased cell viability at 24 hours post treatment, only showed
significant apoptotic cell death around 48 hours (p<0.001) (Figure 6.6B).
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JC-1 analysis of A2780 treated with Cisplatin for 48 hours
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Figure 6.6– Assessment of apoptosis in A2780 cells using JC-1 apoptosis assay.
(A) Quantification of A2780 apoptosis by JC1 analysis after treatment with 3 doses of Cisplatin (1, 5 and
10ug) for 24hours, (B) Quantification of A2780 apoptosis by JC1 analysis following Cisplatin treatment
for 48hours. A positive control of FCCP was used to demonstrate maximum mitochondrial membrane
depolarisation. Values represent means for each group ± SEM (** = p<0.001 one way ANOVA and
LSD).

87

Mitochondrial depolarisation consistent with apoptosis was also detected in the
chemoresistant cancerous cell lines. However, in contrast to the normal cell line IOSE,
analysis of JC-1 assays revealed that the chemoresistant cancerous cell lines only
demonstrated significant apoptotic cell death after 48 hours of treatment (p<0.001)
(Figure 6.7).

A

JC-1 analysis of ADR treated with Cisplatin for 48 hours

RFU(590nm)/RFU(535nm)

120
100

**

80
60

**

40
20
0
FCCP

B

Control

1ug

5ug

10ug

JC-1 analysis of Cis treated with Cisplatin for 48 hours
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Figure 6.7– Assessment of apoptosis in chemoresistant cells using JC-1 apoptosis
assay
(A) Quantification of A2780 ADR apoptosis by JC-1 analysis following 48hours treatment with 3 doses
of Cisplatin (1, 5 and 10ug). (B) Quantification of A2780 Cis apoptosis by JC-1 analysis following
Cisplatin treatment for 48hours. A positive control of FCCP was used to demonstrate maximum
mitochondrial membrane depolarisation. Values represent means for each group ± SEM (** = p<0.001
one way ANOVA and LSD).
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6.3.3 Immunohistochemistry for sFRP4 following Cisplatin treatment
Immunohistochemical analysis was performed for sFRP4 following Cisplatin treatment
to determine if the cell death observed earlier was selective for sFRP4 expressing cells.
Results demonstrated that sFRP4 expression could not be detected in the majority of
surviving cells (Figure 6.8).
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Figure 6.8 – Immunolocalization of sFRP4 following Cisplatin treatment
Light microscope images (400X) of each cell line expressing sFRP4 protein stained brown with DAB and
counterstained with haematoxylin for contrast (A) Immunolocalization of sFRP4 in IOSE. (B)
Immunolocalization of sFRP4 in A2780. (C) Immunolocalization of sFRP4 in A2780 ADR. (D)
Immunolocalization of sFRP4 in A2780 Cis.
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When the number of cells still expressing sFRP4 following treatment was counted for
each cell line, results showed that the IOSE cells still demonstrated a significantly
greater percentage of sFRP4-positive stained cells than both the chemosensitive
(p<0.02) and chemoresistant cancerous cell lines (p<0.001). However, compared to
untreated controls, the percentage of IOSE cells still expressing sFRP4 had decreased
significantly by 70% following treatment (Figure 6.9C). Similarly the chemosensitive
cell line A2780 also demonstrated a reduction of about 45% of its sFRP4 expressing
cell population following treatment (Figure 6.9C). Both chemoresistant cell lines
compared to IOSE and A2780, demonstrated a greater percentage of live cells following
treatment and only showed a reduction of 25% in number of cells expressing sFRP4
following treatment (Figure 6.9C). Additionally, the difference between sFRP4
expressing cells between chemosensitive and chemoresistant cell lines was highly
significant (p<0.01) (Figure 6.9B).
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Figure 6.9 – Proportion of sFRP4 expression following Cisplatin treatment
(A) Quantification of the proportion of cells stained positive for sFRP4 across all four cell lines (†
=p<0.02; * =p<0.01 one way ANOVA and LSD). (B) Quantification of the proportion of cells stained
positive for sFRP4 in chemosensitive cell line A2780 vs. chemoresistant cell line A2780 ADR and A2780
Cis (* = p<0.01).(C) Comparison of sFRP4 protein expression between untreated and treated cells of all
four cell lines. Values represent the mean for each group ± SEM.
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6.4 Discussion
Initial response rates of epithelial ovarian cancer to chemotherapeutic treatment are
quite high (Ozols 1991; Greenlee et al. 2001; Siddik 2003; Helm et al. 2008; Cheng et
al. 2009), with only between 20-30% of tumours being inherently resistant to treatment
(Helm et al. 2008). However, the majority of patients will relapse with recurrent
carcinomas (Balch et al. 2010; Balch et al. 2004) and about 50% will ultimately die
from their recurrence (Ozols 2002; Cheng et al. 2009). The overall survival of patients
with chemoresistant tumours is 6-12 months as compared to the median survival of 1240 months of patients with chemosensitive tumours (Helm et al. 2008).
Cisplatin is one of the most widely used cytotoxic agents in the treatment of
malignancies of the head and neck, lung, colorectal and ovarian cancers (Krieger et al.
2010). The development or existence of resistance against Cisplatin by cancerous cells
is one of the most dominant limitations in the clinical application of this drug.
Chemoresistant cells often possess defective or down-regulated pro-apoptotic genes
suggesting that identifying and targeting these genes could re-sensitise these cells to
chemotherapeutic treatment (Agarwal & Kaye 2003; Balch et al. 2004; Cheng et al.
2009; Ferriss & Rice 2010).
sFRP4, whose pro-apoptotic properties are widely reported in various tissues, has been
proposed as a prognostic marker in breast and prostate cancer and has been shown to
directly suppress tumour growth in vitro (Wong et al. 2002; Horvath et al. 2007;
Horvath et al. 2004). In the previous chapters, it was demonstrated that the
chemosensitive cell line A2780 expresses higher levels of sFRP4 than the
chemoresistant cell lines, indicating that sFRP4 may also be involved in mediating
ovarian cancer cell sensitivity to chemotherapy. Thus, the focus of this current chapter
was to extend these initial findings by assessing whether or not the expression of sFRP4
predicts sensitivity to Cisplatin. Furthermore, given the heterogeneous expression
pattern

of

sFRP4

exhibited

by

the

cancerous

cell

line

populations,

immunohistochemical analysis was performed to compare the proportion of sFRP4
expressing cells before and after treatment. It was predicted that the proportion should
fall if these sFRP4 expressing cells were being selectively targeted by Cisplatin
treatment and results from this study support this case.
Analysis of cell viability assays following Cisplatin treatment demonstrated that the
normal cell line IOSE as well as the chemosensitive cell line A2780, both of which
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expressed more sFRP4, responded better to Cisplatin treatment compared to the
chemoresistant cell lines. Both the IOSE and A2780 cells demonstrated significant
reduction (p<0.001) in cell proliferation compared to untreated controls within 24 hours
for all three treatment doses administered, and continued to exhibit decreased
proliferation for the remaining time points of 48 and 72 hours. The chemoresistant cell
lines on the other hand were shown to continue proliferating at 24 hours for the two
smaller doses (1 and 5 μg/ml), and even the highest dose (10μg/ml) administered only
resulted in a non significant reduction of viable cells. At 48 hour post treatment, all cell
lines demonstrated a significant reduction in cell proliferation for treatment groups of
5μg/ml (p<0.05 for A2780 ADR; p<0.03 for A2780 Cis) and 10μg/ml (p<0.001)
respectively.
The aim of cancer treatments like chemotherapy is to induce and increase the rate of
apoptosis in tumour cells. Assessment of apoptosis in the cell lines following treatment
with Cisplatin was conducted by detecting early mitochondrial membrane
depolarisation

using

the

„JC-1‟

assay.

Significant

mitochondrial

membrane

depolarisation was demonstrated by the normal cell line IOSE 24 hours post treatment
in all treatment groups (p<0.05 - 5μg/ml and p<0.01 - 10μg/ml). Although the
chemosensitive cell line A2780 demonstrated decreased cell viability for all three
treatment groups, at 24 hours, Cisplatin induced apoptotic cell death was only exhibited
by the treatment dose of 10μg/ml(p<0.001). In contrast, apoptotic cell death was only
detected 48 hours following treatment in the chemoresistant cancerous cell lines
suggesting that their lower sFRP4 levels could potentially be one of the factors
influencing the delayed response of these cells to chemotherapeutic treatment.
Immunohistochemical analysis for sFRP4 expression in the cells following treatment
revealed that the majority of surviving cells did not express sFRP4. Results also showed
that compared to untreated controls, each cell line demonstrated a significant reduction
in the proportion of sFRP4 expressing cells following treatment. The normal cell line
IOSE which prior to treatment exhibited an almost homogenous population of cell
expressing sFRP4, showed the maximum reduction in viable cell number following
treatment compared to the other cell lines, losing almost 70% of its sFRP4 expressing
cell population. Similarly the heterogeneous sFRP4 expression demonstrated by the
cancerous cells seemed to influence how these cells responded to treatment. While the
chemosensitive cell line A2780, which had a significantly larger sub-population of
sFRP4 expressing cells, demonstrated significant reduction of viable cells that could be
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directly related to the 45% loss of its sFRP4 expressing cell population. The
chemoresistant cell lines, due to their low sub-population of sFRP4 expressing cells,
still demonstrated a greater percentage of live cells following treatment despite having
lost about 25% of sFRP4 positive cells. Thus, these results indicate that Cisplatin does
target sFRP4 expressing cells.
Consequently these findings highlight the complex problem which arises when using
cytotoxic drugs, such as Cisplatin, to treat tumours in a clinical setting. Concentrations
of Cisplatin measured in blood plasma from patients undergoing chemotherapy, within
a clinical setting, have been shown to reach peak levels of between 3 - 5 μM after
intravenous administration (Gibb et al. 1997). The data generated from this study proves
that clinical blood plasma concentrations of Cisplatin of 3 - 5 μM, while effective to
certain degree in killing chemosensitive cancer cells, would be ineffective against more
aggressive cancerous cells such as A2780 ADR and A2780 Cis.
In conclusion, this study confirms the novel finding that cells expressing higher levels
of sFRP4 respond better to Cisplatin treatment. The focus of the next chapter will be to
determine the effect of selectively up-regulating or suppressing sFRP4 expression prior
to Cisplatin treatment in the chemoresistant and chemosensitive cancerous cell lines
respectively.
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Chapter 7: sFRP4 induces chemo-response of cancerous cells

7.1 Introduction
The ovarian epithelial cancer cells were previously determined to express significantly
lower levels of sFRP4 than in the normal cell line. Furthermore the chemosensitive cell
line was shown to express higher levels of sFRP4 compared to chemoresistant cell lines.
This relative expression of sFRP4 was inversely correlated with sensitivity to Cisplatin
treatment, since there appeared to be a specific depletion of sFRP4-positive cells
following treatment when assessed by immunohistochemistry, even in the
chemoresistant cell line. That is, although there is less cell death in the chemoresistant
cell lines compared to the others, some cell death still occurs in response to Cisplatin.
The data appear to point toward any cell death being solely in sFRP4-positive cell
population following treatment.
Other studies have reported a clear association between expression of sFRP4 and
occurrence of apoptosis in follicles during ovulation (Drake et al. 2003; Guo et al. 1998;
Wolf et al. 1997). Similarly in vitro studies have demonstrated a positive relationship
between sFRP4 expression and apoptosis in various cancer cell lines (Carmon & Loose
2008; He et al. 2005; Horvath et al. 2004; Lee et al. 2004). In addition He et al. (2005)
reported that silencing of sFRP4 expression in mesothelioma cell lines resulted in a
corresponding inhibition of chemotherapeutic drug-induced apoptosis. Thus, these
experiments provide some evidence that there is an association between sFRP4
expression and chemosensitivity.
Hypothesis 4.A: Over-expression of sFRP4 in the chemoresistant cell lines increases the
response to Cisplatin treatment.
Hypothesis 4.B: Silencing of sFRP4 in the chemosensitive cell line decreases the
response to Cisplatin treatment
Aim A: To determine if over-expression of sFRP4 increases the sensitivity of
chemoresistant cell lines A2780 ADR and A2780 Cis to Cisplatin.
Aim B: To determine whether sFRP4 plays a role in increasing the sensitivity of the
chemosensitive cell line A2780 resulting in better responsiveness to Cisplatin compared
to the chemoresistant cell lines.
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7.2 Methodology
7.2.1 Transfection of chemoresistant cell lines with sFRP4 plasmid
A GFP-tagged sFRP4 plasmid was transfected (described in Chapter 3 - Materials &
Methods) into the chemoresistant cells to increase their sFRP4 expression levels. The
sFRP4 plasmid used in this study was optimised to obtain an appropriate transfection
time point (24 hours) and plasmid concentration (0.8μg/ml) to achieve maximum
transfection successes. Western blots were performed on the protein that was isolated
from transfected cells to confirm transfection success (Figure 7.1).
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Figure 7.1 – Western blot to determine increase in sFRP4 levels in chemoresistant
cells
(A) Digital image of Western blot autoradiographs for sFRP4 expression before transfection (B)
Increased sFRP4 expression following transfection with sFRP4 plasmid; (C) β-ACTIN run as a loading
control.

Following transfection for 24 hours, the cells were treated with 10ug/ml Cisplatin for 24
hours (n=4). The time point for Cisplatin treatment was selected since in the previous
chapter, the chemoresistant cell lines had demonstrated that they were able to
successfully withstand treatment for this period. The effect of increasing sFRP4
expression in the chemoresistant cells prior to Cisplatin treatment was then assessed
using cell viability assays. One way ANOVA was used for statistical analysis to
compare viable cells detected between control and treatment groups.
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7.2.2 Silencing sFRP4 expression in chemosensitive cell line
sFRP4 expression was decreased in the chemosensitive cells using sFRP4 siRNA as per
the protocol described in Chapter 3 (Materials & Methods). Following RNA
interference, the level of sFRP4 in these chemosensitive cells was assessed by
extracting mRNA and protein to perform qPCR and Western blots respectively to
confirm silencing success. Following optimisation of the silencing protocol, the sFRP4
levels in the chemosensitive cell lines was reduced prior to being subjected to treatment
with a 10ug/ml dose of Cisplatin for 24 hours. Cell viability assays (n=4) were then
used to assess the effect of decreasing sFRP4 expression in these cells before Cisplatin
treatment. Statistical analysis was perfomed using one way ANOVA to compare viable
cells detected between control and treatment groups.

7.3 Results
7.3.1 Cisplatin treatment of sFRP4 transfected chemoresistant cell
lines
Results revealed that increasing sFRP4 levels in the A2780 ADR (Figure 7.2A)
decreased cell viability. However this was not statistically significant when compared to
control values (Figure 7.2A). Although, Cisplatin treatment resulted in some death in
these cells (Figure 7.2A), this was not substantial when compared to the control group.
In contrast, increasing the sFRP4 expression of this cell line followed by treatment with
Cisplatin for 24 hours (Figure 7.2A) demonstrated a highly significant decrease in cell
viability (p<0.001) compared with each of the other three groups respectively (Figure
7.2A).
A similar trend was observed for the other chemoresistant cell line A2780 Cis. While
elevating sFRP4 expression in this cell line also demonstrated some decrease in cell
viability (Figure 7.2B), this was not substantial when compared to the control group
(Figure 7.2B). As expected treatment with Cisplatin resulted in some cell death (Figure
7.2B), however this was not significant when compared to control values. In contrast,
increasing sFRP4 expression prior to Cisplatin treatment for 24 hours (Figure 7.2B)
revealed a very significant decrease in cell viability (p<0.001) compared to other three
groups respectively (Figure 7.2B)
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Figure 7.2 – Cell viability of sFRP4 transfected chemoresistant cell lines following
Cisplatin treatment
Graphical representation of A2780 ADR and A2780 Cis cell number following transfection with sFRP4
plasmid and subsequent Cisplatin treatment for 24 hours (A) A2780 ADR live cell number following
sFRP4 transfection and Cisplatin treatment (B) A2780 Cis live cell number following sFRP4 transfection
and Cisplatin treatment. Values represent means for each group ± SEM (** = p<0.001 one way ANOVA
and LSD).

7.3.2 Cisplatin treatment of sFRP4 silenced chemosensitive cell line
Both qPCR and Western blots determined that sFRP4 levels in the chemosensitive cell
line A2780 compared to control cells was successfully knocked down using sFRP4siRNA (Figure 7.3). Additionally the sFRP4-siRNA treated A2780 cells demonstrated a
40% decrease in sFRP4 mRNA and protein expression compared to control cells
(Figure 7.3A & C).
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Figure 7.3 – qPCR and Western Blot determining silencing of sFRP4 in
chemosensitive cell line
(A) Graphical representation demonstrating decrease in mRNA levels. Values represent the mean for each
group ± SEM. (** = p<0.001 LSD) (B) Digital image of western blot autoradiograph for sFRP4 (top) and
β-ACTIN (below) run as a loading control. (C) Graphical representation demonstrating decrease of
sFRP4 protein levels Values represent the mean for each group ± SEM. (** = p<0.001 LSD).
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Despite demonstrating decreased sFRP4 levels, treated sFRP4-siRNA cells (Figure 7.4),
still demonstrated significant reduced cell viability compared to the control (Figure 7.4).
Similarly, as demonstrated previously in chapter 6, chemosensitive cells subjected to
Cisplatin treatment alone (Figure 7.4) resulted in a 60% reduction in cell viability
compared to controls. Whereas the sFRP4-siRNA cells only exhibited a 40% reduction
in cell viability following treatment with Cisplatin compared to control cells (Figure
7.4). This reduction of 20% in cell death indicated that decreasing sFRP4 expression in
chemosensitive cells renders them more resistant to Cisplatin.
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Figure 7.4 – Cell viability of chemosensitive cell line A2780 following silencing of
sFRP4 and Cisplatin treatment
Graphical representation A2780 cell number following silencing sFRP4 expression and subsequent
Cisplatin treatment for 24 hours Values represent means for each group ± SEM (** = p<0.001 one way
ANOVA and LSD).

In Chapter 5, A2780 was shown to have elevated levels of β-catenin compared to the
other cancer cell lines which was taken as indicating the presence of an active Wnt
pathway. The 40% decrease in sFRP4 expression in the A2780 cells due to silencing
was accompanied by a corresponding increase in β-catenin expression (Figure 7.5A &
B) confirming a functional relationship between sFRP4 and the Wnt/β signalling
pathway in this cell line (Figure 7.5C).
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Figure 7.5 –Western Blot of sFRP4 and β-catenin following siRNA treatment in
chemosensitive cell line
(A) Digital image of western blot autoradiograph for sFRP4 (top) and β-ACTIN (below) run as a loading
control. (B) Graphical representation demonstrating β-catenin protein levels (C) Graphical representation
demonstrating inverse sFRP4 and β-catenin protein expression following siRNA treatment. Values
represent the mean for each group ± SEM. (** = p<0.001 one way ANOVA and LSD).
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7.4 Discussion
From Chapter 4 and 5, it was established the three epithelial ovarian cancerous cell lines
selected for this study expressed significantly lower levels of sFRP4 in comparison to
levels detected in the normal cell line IOSE. While the expression of sFRP4 has been
reported to be significantly down-regulated in a majority of cancers, including those of
the colon, breast, oesophagus, endometrium, prostate and mesothelium (Carmon &
Loose 2008; He et al. 2005; Hovarth et al. 2007; Hrzenjak et al. 2004; Lee et al. 2004;
Qi et al. 2006; Wong et al. 2002; Zou et al. 2005), other studies have reported upregulation of sFRP4 particularly in colon, prostate and breast tumours(Abu-Jawdeh et
al. 1999; Feng Han et al. 2006; Huang et al. 2010; Liu et al. 2002; Wissmann et al.
2003). These findings suggest that the expression and regulation of sFRP4 is different in
various tissues and cancer types; however, the up-regulation of sFRP4 in some tumours
could also be explained as being part of an ineffective homeostatic mechanism to curb
the excessive proliferation of these more aggressive tumours (Drake et al. 2009; Shi et
al. 2007).
In Chapter 6, it was determined that the A2780 cell line which expressed higher levels
of sFRP4 responded better to Cisplatin treatment than both the chemoresistant cell lines.
This indicated that this differential sFRP4 expression could play a role in enabling the
response of these cell lines to chemotherapy. Additionally, the chemosensitive cell line
A2780 was expressed significantly higher levels of sFRP4 than both the chemoresistant
cell lines (A2780 ADR and A2780 Cis).
This theory was tested here by determining the effect of increasing sFRP4 in the
chemoresistant cell lines using a transfection protocol prior to treating them with
Cisplatin. Transfection resulted in a significant increase in sFRP4 expression in both
chemoresistant cell lines and this appeared to increase both of their sensitivities to
treatment. This increased sensitivity was not a result of the transfection procedure as
clearly demonstrated by the control experiments. These data are consistent with
previous in vitro studies which reported that over-expressing sFRP4 resulted in
suppression of cell growth in mesothelioma and prostate cancer cell lines (He et al.
2005; Hovarth et al. 2004; Lee et al. 2004). Similarly, Carmon & Loose (2008) reported
that stable over-expression of sFRP4 successfully suppressed endometrial cancer cell
growth. Thus, the hypothesis that over-expression of sFRP4 increases the response of
ovarian cancerous cells to chemotherapeutic agents was successfully proven.
102

In Chapter 5 it was shown that there was a relatively high β-catenin protein expression
level in un-transfected cells which was almost completely abolished in the sFRP4transfected cells here. The data is consistent with a previous report by Lee et al. (2004)
who also showed that increasing sFRP4 in mesothelioma cells down-regulated
canonical Wnt signalling, confirmed by determining that the high levels of cytosolic βcatenin seen in control samples were undetectable following transfection with sFRP4.
On the other hand, He et al. (2005) reported that increasing sFRP4 expression in βcatenin-deficient mesothelioma cell lines still resulted in suppression of cell growth
indicating that the pro-apoptotic properties of sFRP4 can also function independently of
the canonical Wnt/β-catenin pathway.
The second hypothesis of this study postulated that decreasing sFRP4 expression in the
chemosensitive cancerous cells (A2780) would render these cells less responsive to
chemotherapy. This hypothesis was tested by knocking down the sFRP4 expression of
A2780 cells using small interfering RNA prior to Cisplatin treatment. The hypothesis
was confirmed as silencing did indeed decrease the sFRP4 protein expression in these
cells and this was accompanied by a corresponding increase in cell growth, which was
statistically significant when compared to Cisplatin treated control cell lines (p<0.001).
Other studies have also reported a similar trend; He el al (2005) who also used small
interfering RNA to knock down sFRP4 expression in mesothelioma cell lines,
demonstrated that reducing sFRP4 expression in these cells promoted cell growth and
inhibited chemotherapeutic drug induced apoptosis. Carmon & Loose (2008) reported
that loss of sFRP4 expression resulted in increased proliferation and could lead to the
onset of endometrial cancer.
Furthermore, this study also demonstrated that although the decrease in sFRP4
expression was only 40% this was sufficient to render these formerly sensitive cells
more resistant to Cisplatin treatment. In clinical practice most chemotherapeutic agents
have a low therapeutic index such that even small fold changes in the sensitivity of
tumour cells in patients can render them clinically resistant. If any of these sensitive
cells were to acquire mutations that down-regulates their sFRP4 levels, the resulting
clones would also demonstrate lower sFRP4 expression than the parent cell and be more
resistant. Thus, due to gradual accumulation of these more resistant clones, despite the
presence of some cells that are still sensitive, this formerly sensitive tumour would now
have become chemoresistant.
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The silencing of sFRP4 in the chemosensitive ovarian epithelial cancer cell line was
associated with an increase in β-catenin levels. This is consistent with other research,
which has also reported a similar inverse correlation between sFRP4 and β-catenin
levels in endometrial stromal sarcomas and carcinomas (Carmon & Loose 2008;
Hrzenjak et al. 2004). Similarly He et al. (2005) reported that silencing of sFRP4 in
mesothelioma cell lines resulted in increased β-catenin signalling and promotion of
neoplasia. Therefore an inverse relationship between intracellular β-catenin signalling
and apoptosis has been established, which has been previously shown in various cancers
(Carmon & Loose 2008; Drake et al. 2009; He et al. 2005; Horvath et al. 2007; Horvath
et al. 2004; Lee et al. 2004).
While in Chapter 5, the association with sFRP4 and β-catenin was not clear in the
cancerous cell lines. The data generated from this study confirmed an inverse
relationship between sFRP4 and β-catenin.
In conclusion, both transfection and silencing experiments conducted in this study
clearly

demonstrate

the

importance

of

sFRP4

in

functionally

regulating

chemosensitivity.
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Chapter 8: Expression of sFRP4 and β-catenin in primary
mucinous ovarian tumors
8.1 Introduction
Data generated from the in vitro experiments described in the previous chapter provides
evidence of the potential of sFRP4 to influence chemo-responsiveness of epithelial
ovarian cancer cells. Additionally, analysis of the expression profiles of sFRP4 and βcatenin indicates an inverse relationship for the two proteins as would be expected if
sFRP4 is indeed associated with suppression of the canonical Wnt mediated signalling
pathway.
Several studies have observed differences in gene expression between in vitro and in
vivo experimental models (Birse-Archbold et al. 2005; Maruyama et al. 2000; Sha et al.
2003) thus comparing gene expressions between the two is essential to establish
whether there is any significant variation. Here we have used a series of mucinous
ovarian cancer tissues in Tissue microarrays (TMA) to enable a high throughput
analysis and greater internal consistency between cases (Kononen et al. 1998).
Mucinous tumours account for 12% - 15% of all ovarian neoplasms, with around 71%
of cases reported to be confined to the ovary at time of diagnosis. These tumours can be
histologically sub-divided into benign, borderline and malignant or adenocarcinomas
(Wamunyokoli et al. 2006). Mucinous tumours are believed to progress from benign to
borderline onto adenocarcinomas, unlike the other epithelial ovarian carcinomas
subtypes.

Additionally compared to serous and endometrioid types that are more

sensitive to chemotherapy, advanced mucinous adenocarcinomas respond poorly and
are mostly resistant to most chemotherapeutic agents (Kikkawa et al. 2006;
Wamunyokoli et al. 2006).
Hypothesis 5A: sFRP4 expression is inversely proportional to β-catenin expression in
human mucinous ovarian tumour samples, similar to the pattern observed in ovarian
epithelial cell lines
Hypothesis 5B: There will be a loss of sFRP4 expression and more β-catenin as these
tumours progress from benign to malignant adenocarcinomas
Aim: To determine the expression profile of sFRP4 and β-catenin in mucinous ovarian
cancers
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8.2 Methodology
Sections were cut from a TMA block comprised of 104 mucinous epithelial ovarian
tumour cores taken from 52 patients. Immunohistochemistry for sFRP4 and β-catenin
were performed on TMA sections as per the protocol detailed in Chapter 3 (Materials
and Methods).
The tumour samples were graded based on the immunohistochemical staining intensity
into one of four categories: negative, weak, moderate or strong for both SFRP4 protein
(Figure 8.1) and β-catenin protein expression (Figure 8.2).
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Figure 8.1 – Examples of sFRP4 TMA scoring based on staining intensity
Photomicrographs (400X) of mucinous ovarian tumor tissue (T) and stroma (S) from the TMA. Tissue
samples expressing sFRP4 are stained brown with DAB and counterstained with haematoxylin. Images
show examples of (A) Negative (B) Weak (C) Moderate and (D) Strong staining. Scale bar represents
30μm.
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Figure 8.2 – Examples of β-catenin TMA scoring based on staining intensity
Photomicrographs (400X) of mucinous ovarian tumor tissue (T) and stroma (S) from the TMA. Tissue
samples expressing β-catenin are stained brown with DAB and counterstained with haematoxylin. Images
show examples of (A) Negative (B) Weak (C) Moderate and (D) Strong staining. Scale bar represents
30μm.

Following scoring of the tumour samples for sFRP4 and B-catenin intensity, an
assessment of their localization pattern was determined as either being within the
epithelium or in the stroma. Once scoring was complete the results were tabulated
according to clinic-pathological criteria. Log rank and chi-squared tests were performed
using the SPSS statistics programme to determine if there was any association between
expression of either protein, their relative intensity, localisation and association with
histological grade.
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8.3 Results
8.3.1 Scoring of TMAs based on staining intensity
Assessment of the immunohistochemical staining intensity for sFRP4 and β-catenin
indicated that the majority of tumours exhibited weak to moderate sFRP4 expression in
addition to absent or weak expression of β-catenin (Table 8.1).
sFRP4

β-catenin

Negative

8

31

Weak

36

30

Moderate

47

16

Strong

13

27

Total Tumours

104

104

Table 8.1 Distribution of sFRP4 & β-catenin staining intensity among tumours
Analysis showed that 8 out of 104 tumours had no sFRP4 expression (8%), 36/104
showed weak, the majority (47) had moderate staining and 13 showed very strong
staining. β-catenin expression was not detected in 31 tumours, while 30 showed weak
expression, 16 had moderate and 27 showed strong staining.
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Figure 8.3 – TMA scoring based on staining intensity for sFRP4 and β-catenin
(A) A comparison of the total number of tumours present in each category of sFRP4 expression. (B)
Graphical representation of total numbers of tumours. present in each category of β-catenin expression

Analysis of staining for these two proteins also revealed that in the majority of tumours
high sFRP4 expression was associated with low β-catenin expression (41%), however
an equal number exhibited comparable levels of both SFRP4 and β-catenin expression
(40%). A small group of tumours (19%) exhibited low sFRP4 was associated with high
β-catenin expression (Figure 8.4).
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Figure 8.4 – Comparison of staining intensity for sFRP4 and β-catenin
Graphical representation of total percentage of tumours exhibiting an inverse relationship of high sFRP4
staining in conjunction with low β-catenin staining, tumours which showed high β-catenin staining in
combination with low sFRP4 staining, and tumours which showed equivalent levels of staining intensity.

8.3.2 sFRP4 and β-catenin expression in stromal vs. tumour cells
Analysis of sFRP4 in the samples showed that this protein appeared to be localised to a
greater extent in the stroma tissue present adjacent to each of the tumours, than the
tumour cells themselves (Figure 8.5A). In contrast, β-catenin expression was almost
exclusive localised to the tumour cells, with expression seen only in few stromal cells
(Figure 8.5B). Thus, the localization pattern exhibited by sFRP4 and β-catenin in the
stromal and tumour cell confirms an inverse relationship to be true in both tissues.

A

T

B

S

T

S
T

Figure 8.5 –sFRP4 and β-catenin expression in stromal and tumour cells
Photomicrographs (400X) of mucinous ovarian tumour tissue (T) and stroma (S) from the TMA.
Positively expressing tissue samples are stained brown with DAB and counterstained with haematoxylin
as depicted for (A) sFRP4 and (B) β-catenin. Scale bar represents 30μm.
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83 out of 96 tumours samples determined to express sFRP4 were found to be positive
for sFRP4 staining compared to 62 cases exhibiting expression in the tumour (Figures
8.6A). On the other hand, in 66 out of 73 cases active β-catenin was not expressed in the
stromal cells, with expression seen in only about 16 cases compared to majority of cells
showing positive expression (69) in tumours (Figure 8.6B)
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Figure 8.6 – Localization for sFRP4 and β-catenin in stromal and tumour cells
Graphical representation of total numbers of tumours exhibiting (A) Localization of sFRP4 in stromal and
tumour cells (B) Localization of β-catenin in stromal and tumour cells.

The inverse expressions of these proteins indicate that given the high sFRP4 and low βcatenin levels in the stroma, suggests that the sFRP4 ability to β-catenin in the
cancerous cells may be affected in some way.
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8.3.3 Localization of sFRP4 and β-catenin
The majority of stromal and tumour cells that stained positive for sFRP4 expression,
exhibited localization of this protein in the cytoplasm (Figures 8.7A and 8.8).
Subsequent analysis determined that the stromal cells exhibited stronger cytosolic
expression compared to the tumour cells. Furthermore only basal tumour cells (labelled
B – Figure 8.7B) were detected to positively express sFRP4, the poorly differentiated
tumour cells did not express sFRP4 (labelled T - Figure 8.7 A and C). Interestingly
nuclear expression of sFRP4 was detected in a proportion of both stromal as well as
tumour cells (basal cells) (Figure 8.7B), though the stromal cells again demonstrated
greater number (Figure 8.8).
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Figure 8.7 – Localization of sFRP4 in stromal and tumour cells
Photomicrographs (400X) of mucinous ovarian tumour tissue (T) and stroma (S) demonstrating (A)
localization of sFRP4 protein in cytoplasm and (B) nucleus (denoted by arrows). (C) Absence of sFRP4
expression in poorly differentiated and metastatic tumour cells. Scale bar represents 30μm.
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Figure 8.8 – Localization of sFRP4 in stromal and tumour cells
Graphical representation of the total number of tumours exhibiting localization of sFRP4 in the cell
membrane, cytoplasm and nucleus of the cells.

As mentioned previously, while tumour cells strongly expressed β-catenin, only weak
expression was detected in stromal cells (Figure 8.9). A vast majority of tumour cells
demonstrated strong membranous (Figure 8.10A), moderate cytosolic (Figure 8.10B),
and weak nuclear expression of β-catenin (Figure 8.10C), while stromal cell expressed
weak expressions at all three locations (Labelled S - Figure 8.10 A and C). Furthermore
the more poorly differentiated tumour cells unlike sFRP4 expression, showed stronger
expression of β-catenin (Figure 8.10 A and B).
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Figure 8.9 – Localization of β-catenin in stromal and tumour cells
Graphical representation of the total number of tumours exhibiting localization of sFRP4 in the cell
membrane, cytoplasm and nucleus of the cells.
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Figure 8.10 – Localization of β-catenin in stromal and tumour cells
Photomicrographs (400X) of mucinous ovarian tumour tissue (T) and stroma (S) demonstrating (A)
localization of β-catenin protein in cell membrane, (B) cytoplasm and (C) nucleus (denoted by
arrows).Scale bar represents 30μm.
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Thus, comparison of sFRP4 and β-catenin localization in tumour cells re-confirmed the
inverse relationship between the two proteins. While strong membranous β-catenin was
associated with weak sFRP4 expression, the expressions of these proteins in the cytosol
were comparable. In contrast strong nuclear sFRP4 expression was associated with
weak β-catenin expression (Figure 8.11).
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Figure 8.11 – Comparison of localization of sFRP4 and β-catenin
Graphical representation of comparison of localization of sFRP4 and β-catenin in cell membrane,
cytoplasm and nucleus of cells
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8.3.4 Expression of sFRP4 and β-catenin based on histological
classification of mucinous tumours.
The 104 primary mucinous ovarian tumours analysed in this study were histologically
classified into three sub-types, namely benign, borderline and malignant tumours
(adenocarcinomas) (Figure 8.12).
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Figure 8.12 – Histological classification of mucinous epithelial ovarian tumours
A comparison of sFRP4 in mucinous tumours defined according to their histological
grade indicated that there is a trend toward a loss of expression as tumours become
more malignant. However, no pattern could be seen for β-catenin expression (Table 8.2;
Figure 8.13).
sFRP4

β-catenin

Total

Benign

32

24

35

Borderline

44

36

48

Malignant adenocarcinomas

11

18

21

Table 8.2 Comparison of sFRP4 & β-catenin based on histological classification
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Figure 8.13 – Comparison of sFRP4 and β-catenin based on histological
classification
Graphical representation of comparison of of expression of sFRP4 and β-catenin based on histological
classification of mucinous tumours (A) Benign (B) Borderline (C) Malignant. Values represent the mean
for each group ± SEM. (**=p<0.001)
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8.4 Discussion
In Chapters 5 and 7 analysis of sFRP4 and β-catenin expression in the epithelial
cancerous ovarian cell lines confirmed their expression was inversely related. The focus
of the current study was to determine this relationship was also maintained in in vivo
settings by examining the expression of both sFRP4 and β-catenin in 104 primary
mucinous epithelial ovarian tumours
In the majority of the ovarian tumours analysed in this study, high sFRP4 expression
was associated with low β-catenin expression and, conversely low sFRP4 was
associated with high β-catenin expression. These findings indicate sFRP4 may be acting
via the Wnt/β-catenin signalling pathway to decrease β-catenin levels, and supports the
experimental evidence presented in previous chapters which also show a similar inverse
relationship in vitro. High sFRP4 expression and low β-catenin levels have been
observed in other female reproductive tissues such as the breast and endometrium
(Hrzenjak et al. 2004; Wong et al. 2002), suggesting that through its involvement with
Wnt pathway, sFRP4 may be acting as a tumour suppressor by regulating cytosolic βcatenin levels in the cell. However, high expression of sFRP4 in tumour cells has also
been suggested as being part of an ineffective homeostatic mechanism to curb the
excessive proliferation of these more aggressive tumours (Drake et al. 2009).
Analysis of localization of sFRP4 and β-catenin in stromal and cancerous tissue of the
mucinous ovarian tumours revealed inverse expressions of these proteins in respective
tissues. sFRP4 protein was determined to be localised to a greater extent in the stromal
tissues than the cancerous cells themselves. These findings are consistent with other
studies reporting strong sFRP4 concentration is stromal cells in carcinomas of
endometrium, breast and oesophagus (Abu-Jawdeh et al. 1999; Carmon & Loose 2008;
Hrzenjak et al. 2004; Zou et al. 2005). In contrast β-catenin expression was
demonstrated to be predominately localised in the cancerous cells, with very little
expression presented in the stromal cells.
Localization of protein expressions within stromal and cancerous cells revealed that
both stromal and tumour cells exhibited strong cytosolic localization of sFRP4. These
results parallel previously reported data that show sFRP4 expression localised to
cytoplasm of breast ductal carcinomas and both serous and mucinous ovarian
carcinomas (Drake et al. 2009; Gatcliffe et al. 2008; Rask et al. 2003; Wong et al.
2002). sFRP4 expression while present in basal tumour cells, was determined to be
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absent in more poorly differentiated and malignant cells. In addition, both stromal and
cancerous tissue also exhibited nuclear localization of sFRP4, confirming that the
nuclear localisation of this protein demonstrated previous in cancerous cell lines in
chapter 5, was consistent in in vivo conditions as well. However, the nuclear localisation
of sFRP4 was only seen in basal tumour cells, suggesting that this localisation of this
protein within the nucleus may be preventing nuclear localization of β-catenin in these
cells. This study is the first report of nuclear expression of sFRP4 in epithelial ovarian
carcinomas, to date nuclear localization of sFRP4 has only been previously reported to
block implantation in uterine cells by Mohan et al (2007).
Expression of β-catenin was determined to be predominately localised in the membrane
and cytoplasm of majority of tumour cells. These results paralleled previous studies that
have reported both membranous as well as cytosolic β-catenin expression in various
ovarian carcinomas (Boerboom et al. 2005; Gamallo et al. 1999; Gatcliffe et al. 2008;
Rask et al. 2003). Additionally, unlike sFRP4 expression, well differentiated tumour
cells exhibited stronger β-catenin expression, compared to β-catenin levels in basal
cells. The functionality of β-catenin is dependent on its intracellular localization, while
membranous β-catenin is indicative of its association with cadherns and its participation
in cell-cell adhesions (Brabletz et al. 2000a; Maruyama et al. 2000; Widelitsz et al.
2005); its accumulation within the cytoplasm and subsequent nuclear localization in
tumour cells points to its oncogenic activation (Brabletz et al. 2000a; Widelitsz et al.
2005).

While some differentiated tumour cells demonstrate strong membranous

staining, the movement of β-catenin expression from membrane to cytoplasm is
indicative of loss of adhesion, resulting in these neoplastic cells acquiring metastatic
ability.
Futhermore analysis of sFRP4 and β-catenin expression in mucinous tumours defined
according to their histological grade demonstrated a positive trend between sFRP4
expression and tumour grade. While benign tumours exhibited significantly stronger
sFRP4 expression than β-catenin, borderline tumours did not demonstrate any
significant difference in expression of these two proteins. In contrast, the high sFRP4
level demonstrated by both benign and borderline tumours was demonstrated to be
significantly lowered in the malignant cells who also demonstrated marginally higher βcatenin levels. A similar trend has been observed by other studies where downregulation of sFRP4 expression was similarly associated with higher stage and grade of
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cancer (Horvath et al. 2004; Zou et al. 2005). These results suggest that sFRP4
expression is lost as cancerous cells become more malignant and chemoresistant.
In conclusion, the findings presented here corroborates with data generated from in vitro
experimental models in previously chapter 5 and 7, and confirms the existence of
inverse relationship between sFRP4 and β-catenin expression levels in the mucinous
tumour samples analysed in this study.
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Chapter 9: General Discussion
Although ovarian cancer occurs less frequently than breast cancer it has a higher
relative mortality (Australian Institute of Health and Welfare 2010) because it presents
often as advanced disease and also because even tumours initially responsive to
chemotherapy eventually acquire drug-resistance to therapeutic agents (Fraser et al.
2003; Shahzad et al. 2009). Comprehending how this drug resistance occurs is the basis
of developing strategies to improve outcomes from this disease.
In cancer the normally tightly regulated process of cellular proliferation and cell death
are disturbed resulting in excessive cell proliferation and/or suppressed cell death. Many
cancer treatments result in an increase in the rate of cell death in malignant cells through
apoptosis due to DNA damage induced by the therapy (Fraser et al. 2003). Defects in
apoptotic signalling and regulation are thought to be significant contributors to inherent
or acquired resistance to anti-tumour therapy (Fox & Dharmarajan 2006, Balch et al.
2004; Fraser et al. 2003). Since the expression of the sFRP family has been linked to
inducing apoptosis in various healthy tissues (Berndt et al. 2003; Drake et al. 2003; Guo
et al. 1998; Hsieh et al. 2003; James et al. 2000; Lacher et al. 2003; Maganga et al.
2008; Schumann et al. 2000; Constantinou et al. 2008; Wolf et al. 1997) as well as
various human cancer states (He et al. 2005; Hovarth et al. 2004; Lee et al. 2004;
Carmon & Loose 2008), their expression and function were examined in ovarian
epithelial cancerous cells.
Here, the five sFRP isoforms were characterised for the first time in a range of
chemosensitive and chemoresistant human epithelial ovarian cancer cell lines. Similar
to other tumour types several of the sFRP isofroms were detected in ovarian cancer
cells; however, sFRP4 was the dominant isoform detected in all the cell lines tested.
This is consistent with the fact that sFRP4 was first isolated from the ovary (Wolf et al.
1997) and that it may have specificity for this organ that underlies a particular function.
Similarly, sFRP4 mRNA was the only isoform to be differentially expressed between
the different cell lines with significantly lower levels of sFRP4 (p<0.001) compared
with the chemosensitive cell line. Western blots and immunohistochemistry for sFRP4
protein also confirmed that the chemoresistant cells expressed lower levels of this
protein. The differential expression of sFRP4 seen in the chemosensitive and
chemoresistant cell lines indicated that sFRP4 warranted further investigation as to its
role in chemosensitivity of ovarian tumours.
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sFRP4 is a known antagonist of the canonical Wnt signalling pathway and its downregulation in various tumours has often been reported to correlate with up-regulation of
Wnt signalling (He et al. 2005; Lee et al. 2004; Ko et al. 2002; Qi et al. 2006; Suzuki et
al. 2002; Wong et al. 2002). A similar trend was observed in all the cancerous cell lines,
where the cancerous cell lines expressed elevated levels of β-catenin, a marker of active
Wnt activation, in comparison to their corresponding low sFRP4 expressions. Western
blots for cytosolic and nuclear proteins, and immunohistochemical analysis revealed
that these cells demonstrated strong cytoplasmic expression of β-catenin, an early
indicator of Wnt activity. This confirms the existence of an active Wnt pathway in these
ovarian cells.
Furthermore, analysis of immunohistochemical staining for sFRP4 demonstrated
heterogeneous expression in the various ovarian cell populations examined. While its
pattern of expression in the normal IOSE cells were determined to be homogenous. The
chemosensitive cell line was found to exhibit a larger sub-population of sFRP4 positive
cells than the chemoresistant cells. Ovarian tumours are well recognised to comprise of
a heterogeneous population of cells as demonstrated by heterogeneous sFRP4
expression and this heterogeneous nature of this disease has been suggested to
contribute to the differential responses of these cells to chemotherapeutic treatment
(Farley et al. 2008; Landen et al. 2008). Thus, these results indicated that the
heterogeneity of sFRP4 may be correlated to response of the cancerous cell line to
chemotherapy.
Immunohistochemical staining of the cancerous cell lines following treatment with
Cisplatin revealed that compared to untreated controls, each cell line exhibited a
significant reduction in the proportion of sFRP4 expressing cells following treatment.
The chemosensitive cell line A2780, which had a significantly larger sub-population of
sFRP4 expressing cells, demonstrated a significant reduction of viable cells that could
be directly related to the loss of its sFRP4 expressing cell population. Whereas the
chemoresistant cell lines, due to their low sub-population of sFRP4 expressing cells,
despite having lost most of its sFRP4 positive cells, still demonstrated a greater
percentage of live cells following treatment. Therefore these results indicate that
Cisplatin selectively targets sFRP4 expressing cells within the heterogeneous
population.
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Increasing the sFRP4 expression of the chemoresistant cell lines prior to Cisplatin
treatment was successful in increasing these cell responses. In contrast, when the sFRP4
expression of the chemosensitive A2780 was down-regulated via RNA interference
prior to treatment with Cisplatin, results demonstrated that these cells were now more
resistant to subsequent treatment. These results parallel a study by He et al (2005) who
reported that significant down-regulation of sFRP4 expression promoted cell growth
and inhibited chemotherapeutic drug-induced apoptosis in mesothelioma cell lines. The
trasnfection and silencing experiments confirmed that sFRP4 can influence chemoresponse of cancerous cells. The data generated from this study presents a novel finding
and indicates a potential avenue for future research on sFRP4.
The silencing experiment in particular highlights a highly plausible suggestion in
regards to how these ovarian cancerous cells could acquire their resistance. In a clinical
setting most chemotherapeutic agents are known to have a low therapeutic index such
that even small fold changes in the sensitivity of tumour cells in patients can render
them clinically resistant (Agarwal & Kaye 2003). The relevance of this point is
demonstrated by results from the silencing experiments which showed that suppressing
the sFRP4 expression of the A2780 cells by 40% was sufficient enough to render these
formerly sensitive cells more resistant to Cisplatin treatment.
As mentioned earlier, the heterogeneous expression of sFRP4 in these cells indicates the
presence of at least two sub-populations within the culture. The chemosensitive cells
have a larger population of sFRP4 positive cells, and this sFRP4 expression enables
their greater sensitivity to treatment. However, if the sFRP4 expression of these cells
were to be suppressed such as by hypermethylation of sFRP4 gene, which is very often
reported in various cancers and has been associated with tumour progression and
malignancy (Nojima et al. 2007; Qi et al. 2006), the subsequent cells arising from these
modified cells may no longer be sensitive. As these resistant clones accumulate, despite
the presence of a few drug-sensitive cells still remaining, the overall net response of the
population would become one of resistance.
Alternatively, from immunohistochemical analysis of the cancerous cells following
treatment we know that Cisplatin selectively targets sFRP4 expressing cells, thus
continuous treatment would gradually deplete this sub-population of cells expressing
sFRP4 over time. Consequently, the resultant population would now be comprised
largely of cells that do not express sFRP4 and hence more resistant to subsequent
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treatment. Taken together, these data suggest that sFRP4 expression is lost as cancerous
cells become more malignant and chemoresistant.
Furthermore suppression of sFRP4 in the chemosensitive cells resulted in a
corresponding increase in β-catenin expression of these cells. This study confirms the
existence of an inverse relationship between sFRP4 and β-catenin expression and the
presence of a signalling interaction between these two proteins in the ovarian cell line.
These findings are consistant with other studies that have also reported a similar inverse
relationship between these two proteins in endometrium and breast (Hrzenjak et al.
2004; Wong et al. 2002).
Analysis of sFRP4 and β-catenin expression in mucinous epithelial ovarian cancer
samples demonstrated that the majority of these tumours exhibited higher sFRP4
expression compared to β-catenin expression. Examination of the localization pattern of
sFRP4 within each tumour core revealed that the stromal cells lying adjacent to the
cancerous cells expressed significantly stronger sFRP4 compared to the cancerous cells.
Thus, explaining the higher sFRP4 expression noted. Other studies that have also
reported strong sFRP4 concentration in the stromal cells surrounding carcinomas of the
endometrium, breast and oesophagus (Abu-Jawdeh et al. 1999; Carmon & Loose 2008;
Zou et al. 2005). In contrast, β-catenin was strongly expressed by the cancerous cells,
while stromal cells exhibited only weak expression.
Both in vitro and in vivo analysis of sub-cellular localization of sFRP4 within tumour
cores and cell lines revealed that sFRP4 was predominately localised in the cytoplasm
of both normal and cancerous cells, and nuclear localization of sFRP4 was also detected
in some cells. Cytoplasmic localization of sFRP4 has been reported previously in both
breast and ovarian carcinomas (Drake et al. 2009; Gatcliffe et al. 2008; Rask et al. 2003;
Wong et al. 2002). Western blot analysis of cytosolic and nuclear proteins and
immunohistochemical staining showed that nuclear expression of sFRP4 was apparent
in both normal IOSE and chemosensitive A2780 cells. Similarly, stromal as well as
cancerous cells (albeit fewer cells) in mucinous tumour samples also exhibited nuclear
localization of this protein. Nuclear expression of sFRP4 was only seen in basal tumour
cells, whereas poorly differentiated tumour cells did not show any sFRP4 expression.
This study is the first to report nuclear expression of sFRP4 in epithelial ovarian
carcinomas. Nuclear expression of sFRP4 has only been reported by one other study
that showed a correlation between sFRP4 nuclear localization and prevention of
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implantation in uterine cells (Mohan et al. 2007). The nuclear localization of sFRP4
demonstrated by ovarian cells may function in a similar manner by blocking nuclear
localization of β-catenin.
While β-catenin expression in the cell lines was demonstrated to be mostly cytoplasmic,
in mucinous tumours, most tumours were found to exhibit membranous and
cytoplasmic β-catenin expression. While membranous expression of β-catenin is
indicative of its association with cadherins and its participation in cell-cell adhesions
(Brabletz et al. 2000a; Maruyama et al. 2000; Widelitsz et al. 2005), its accumulation
within the cytoplasm and subsequent nuclear localization in tumour cells points to its
oncogenic activation (Brabletz et al. 2000a; Constantinou et al. 2008). Additionally, the
movement of β-catenin from membranous to cytoplasmic expression is indicative of a
loss of cell adhesions and acquisition of metastatic ability (Brabletz et al. 2000a;
Widelitsz et al. 2005). A comparison of sFRP4 and β-catenin expression in mucinous
tumours revealed that β-catenin was more strongly expressed in poorly differentiated
tumour cells and only showed moderate to weak expression in basal tumour cells.
Mucinous tumours, unlike other ovarian epithelial sub-types, are well established to
progress from benign to borderline states and on to the more malignant
adenocarcinomas (Gamello et al. 1999; Wamunyokoli et al. 2006). In addition,
mucinous adenocarcinomas, compared to other subtypes, respond poorly to
chemotherapy and are known to have a poor prognosis (Wamunyokoli et al. 2006).
Comparison of sFRP4 and β-catenin expression based on histological classification of
mucinous tumours revealed a positive trend between sFRP4 expression and tumour
grade. Analysis revealed that, while both benign and borderline tumours expressed
higher levels of sFRP4, malignant adenocarcinomas demonstrated significantly
decreased sFRP4 levels compared to borderline tumours (p<0.001). However, the same
was not observed for β-catenin expression despite malignant adenocarcinomas
demonstrating marginally higher β-catenin expression compared to other sub-types, but
this could be a limitation due to limited patient cohort size. A similar trend has been
observed by other studies where down-regulation of sFRP4 expression was similarly
associated with higher stage and grade of cancer (Horvath et al. 2004; Zou et al. 2005).
These results suggest that the progressive decline of sFRP4 expression could relate to
both development of chemoresistance as well as tumour progression of mucinous
tumours. However due to low patient cohort size, this trend would need to be
determined in larger groups.
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Studies have shown that targeting factors that regulate drug induced apoptosis, arrest
cell cycle or inhibit angiogenesis could in fact influence chemosensitivity (Chien et al.
2007; Su et al. 2010). Data from this thesis is the first to demonstrate that sFRP4 plays a
not only plays a key role in chemo-response of ovarian tumours, but also can when upregulated in chemoresistant cells enable these cells to respond better to Cisplatin
treatment. Another advantage of sFRP4 is that this molecule can suppress tumourigenic
growth either in the presence or absence of the canonical Wnt/β-catenin pathway as
demonstrated in mesothelioma cell lines by Lee et al (2004) and He et al (2005)
respectively.
Thus sFRP4 has the potential to be utilised as both therapeutic agent as well as a
biomarker for ovarian cancer screening due to its pro-apoptotic and anti-angiogenic
properties (Muley et al. 2010). The potential of this protein warrants further
investigation in vivo using transgenic mouse models. Muley et al (2010) have
demonstrated in their nude mice study that this protein can be administered via direct
injections. In humans, the development of molecular target-based therapies is becoming
a major strategy for cancer treatments. Currently the use of RNA-interference mainly
siRNA and viral therapies have emerged as a possible delivery mechanism (Chien et al.
2007; Workman & Kaye 2002). However, determining the best delivery system for
sFRP4 will take some time, as the complete mechanism of action of sFRP4 has not yet
been fully elucidated. Preliminary data collected from TMA indicate that sFRP4 may be
used as a biomarker for screening of ovarian cancer and as a predictor of the response to
chemotherapy. However a larger sample size and other epithelial ovarian sub-types
would also need to be examined to determine if this trend is universal among ovarian
carcinomas.
In conclusion, this work demonstrated that sFRP4 expression was differentially
expressed in cancerous cell lines, where both chemosensitive cells and benign mucinous
tumours showed higher expression levels than chemoresistant cell lines and malignant
adenocarcinomas. In addition, the chemosensitive and chemoresistant cell cultures
exhibited heterogeneous expression of sFRP4, with a larger sub-population of sFRP4
positive cells present in the chemosensitive cell culture. Data in this thesis was able to
demonstrate that these sFRP4-expressing cells were selectively targeted by Cisplatin
and this differential sFRP4 expression determined the cancerous cell response to
chemotherapy. Up-regulation of sFRP4 expression in chemoresistant cell lines made
them more sensitive to subsequent treatment, whereas suppression of sFRP4 expression
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in the chemosensitive cells rendered these formerly sensitive cells more resistant to
treatment. Furthermore, the results from both in vitro and in vivo studies were able to
demonstrate that that sFRP4 shared an inverse relationship with β-catenin. Evidence
collected from these studies also provides a highly plausible explanation of how ovarian
cancerous cells may acquire resistance over a period of time.
Thus, taken together, the results from this thesis indicate a role for sFRP4 as a potential
means to augment existing therapeutic agents and as a predictive marker to determine
the nature of the response of cancerous cells to chemotherapy.
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