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ABSTRACT

Ovarian cancer (OvCa) is the most lethal of the gynecological malignancies, and
its mechanisms of carcinogenesis are poorly understood. Most OvCas are thought to
arise from the ovarian surface epithelium (OSE). An autocrine bone morphogenetic
protein 4 (BMP4) signalling pathway in primary human normal OSE and OvCa cells has
been identified in our laboratory, and this study investigated the behavioural
consequences of BMP4 signalling in OSE and OvCa cells. BMP4 treatment of OvCa
cells produced morphological alterations and increased cellular adhesion, motility and
invasion. The BMP4 inhibitor Noggin blocked the BMP4-induced phenotype, and
decreased autocrine BMP4-mediated OvCa cell motility and adherence. Exogenous
BMP4 upregulated the epithelial-mesenchymal transition (EMT) markers Snail and Slug
while E-cadherin was downregulated, and the network of alpha smooth muscle actin
(aSMA) changed to resemble a mesenchymal cell. Levels of activated Rho-GTPases in
OvCa cells were changed, suggesting that the BMP4-induced cellular behaviours are
likely mediated through the activation of these molecules. Treatment of OSE cells with
BMP4 or Noggin failed to alter cell motility, providing evidence that OSE and OvCa
cells possess distinct capacities to respond to BMP4. The BMP4-induced changes in
morphology and motility were shown to be Smad-dependent through the RNA-mediated
targeting of Smad expression. These studies suggest a link between autocrine BMP
signalling mediated through Smad-dependent signalling, the Rho-GTPases, and
Snail/Slug-induced EMT that may collectively contribute to aggressive OvCa behaviour.

Transforming growth factor beta (TGFB) and Activin signalling pathways were
also found to be intact in OSE and OvCa cells, where exogenous ligand stimulated Smad
phosphorylation and target gene upregulation. BMP6, TGF31 and ActivinA also induced
morphologic changes characterized by cell spreading. Interestingly, TGFB1 and
ActivinA induced inhibition of OvCa growth and motility, while BMP4 and BMP6
increased cellular motility, having no proliferative effect. TGFB and Activin inhibitors
increased cellular growth and motility to above control levels, indicating that autocrine
TGFB/Activin signalling also exerts control over OvCa behaviours. Taken together,
these results suggest that a balance exists between BMP and TGFf/Activin signalling
within OSE and/or OvCa cells, and that this balance is altered to favor BMP signalling
during OvCa metastatic progression.

Xiv
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CHAPTER 1 - INTRODUCTION



PREAMBLE

This body of work investigates the behavioural implications of BMP signalling in
primary human OvCa cells. My hypothesis is that BMP4 will promote aggressive
cellular behaviours of primary human OvCa cells in vitro. Assessments of adhesion,
motility, invasion and proliferation in response to exogenous BMP4 were performed to
evaluate cellular responses. Furthermore, the contribution of autocrine BMP signalling in
OvCa cell behaviours was revealed through the use of the BMP inhibitor Noggin. Effects
on motility obtained in response to BMP4 in primary OvCa cells were then compared to
those of primary normal OSE cells, and significant differences between how these two
cell types respond wére observed. Intracellular mediators responsible for these BMP4-
induced effects were then examined and identified. This study evolved to investigate the
autocrine contributions of other members of the TGFR superfamily of ligands, such as
BMP6, TGFB1 and Activin A through the use of exogenous ligands with the combination
of specific inhibitors. The comparison of the behavioural responses obtained through
autocrine signalling exposed antagonistic effects between TGFB/Activin signalling and
BMP signalling in OvCa cells. Based on the different in vitro contributions of TGFR3
superfamily signalling members on OvCa cell biology, a model of OvCa cell tumor

metastatic progression was proposed.



1.1 Ovarian Cancer

OvCa is the most lethal of the gynecological malignancies (Tortolero-Luna et al.,
1994), and the fourth leading cause of death in women in North America. According to
the Canadian Cancer Society, there will be in 2007 an estimated 2400 new diagnoses and
1700 deaths due to this disease in Canada. Although women only have a 1 in 70
probability of developing this disease over their lifetime, the 5-year survival rate for
women suffering from OvCa is 38% (2007). This poor prognosis is primarily dué to the
fact that most OvCas (~ 80%) are detected at advanced stages, when the cancer has
metastasized to other organs. When OvCa is found at earlier stages (~ 20% of cases), the
5-year survival rate increases to 94%. The disease often develops and progresses without
any overt symptoms, and when symptoms do occur, they are often non-specific (Williams
et al., 2007). Symptoms include gastrointestinal disturbances, nausea, cramps,
headaches, or bloating; these symptoms could be attributed to benign causes or associated
with a ﬁumber of disease processes other than OvCa (Goff et al., 2007). However, Goff
et al recently developed an OvCa symptom index that lists symptoms that were
associated significantly with OvCa: pelvic/abdominal pain, urinary frequency/urgency,
increased abdominal size/bloating, and difficulty eating/feeling full (Goff et al., 2007).
These symptoms were determined to be cause for concern and correlative with the
development of OvCa when they were present for less than 1 year, and occurred more
than 12 days per month; therefore this index could become a useful tool in the early
detection of women suffering from OvCa (Goff et al., 2007). Metastatic disease
progression is often characterized by the formation of ascites fluid within the peritoneal

cavity, which causes a visible distention of the abdominal cavity and is for many women,



the first physical sign of disease progression. Although a number of effective therapies
exist for the first-line treatment of OvCa (discussed below), for reaéons that are not yet
understood, many patients with OvCa will have recurrent disease which is resistant to
conventional chemotherapeutics (Aletti et al., 2007; Chien et al., 2007). Screening tests
to detect the disease at early stages are currently unavailable but are actively being sought
by OvCa researchers (Williams et al., 2007).
1.1.1 Types Of Ovarian Cancer

Based on the cells of origin, OvCas can be classified into three main groups:
epithelial ovarian cancer, which is the most common type of ovarian malignancy and is
thought to arise from the OSE (Auersperg et al., 2001), accounting for ~80% of OvCas;
stromal cell tumors, which are tumors arising from the stromal cells or connective tissue
of the ovary and comprise 10-15% of OvCas; and germ cell tumors which comprise 5-
10% of OvCas (Williams et al., 2007). Epithelial ovarian cancer, which is the most
common and most widely studied type of ovarian cancer, will be the focus of this thesis
and will be referred to from this point forward as OvCa.
1.1.2 Epithelial Ovarian Cancer (OvCa) Pathology

OvCas are heterogeneous in nature, and are further subdivided into 5 major
categories based on tumor histology resembling the morphology of different epithelia of
the female reproductive tract. Serous tumors are the most common type, comprising ~
40% of all OvCa tumors, and resemble the epithelium of the fallopian tube; endometrioid
OvCa comprises ~ 20% of tumors and resembles endometrial cells; clear cell which
comprises 6-10% of tumors and also resembles endometrial cells; mucinous comprises 1-

4% of tumors and resembles the endocervical epithelium; and 15% of OvCas are



undifferentiated carcinomas, which do not resemble any of the previous subtypes or any
of the gynecologic tissues. The remaining subtypes (~15%) are generally borderline
tumors that do not appear cancerous and they are characterized as having low malignant
potential, showing serous or mucinous histology and tending to occur in younger women
(Scully, 1995; Williams et al., 2007). The extent of spread (staging) and aggressiveness
(grading) of OvCas is examined by surgical removal of the tumor, along with biopsies of
normal and suspicious areas throughout the peritoneal cavity followed by pathological
examination of the tissues obtained from these biopsies. Gynecologic tumors are usually
staged according to the guidelines issued by the International Federation of Gynecology
and Obstetrics (FIGO) (Benedet et al., 2000). Stage I consists of tumors confined to the
ovaries; stage la represents the tumor confined to one ovary, stage Ib represents tumors
present in both ovaries, while stage Ic consists of tumors on one or both ovaries with the
presence of ascites fluid or malignant cells in the peritoneal fluid. Stage II consists of
tumors on one or both ovaries with pelvic extension; stage Ila represents the cancer
extending or metastases present on the uterus and/or fallopian tubes, stage IIb represents
the cancer extending to other pelvic tissues, and stage Ilc represents the cancer extending
to reproductive tissues or other pelvic tissues with the presence of ascites or malignant
cells in the peritoneal fluid. Stage III consists of tumors on one or both ovaries with
microscopically confirmed metastasis outside the pelvic area; stage Illa represents
seeding of the cancer cells on abdominal peritoneal surfaces with negative lymph nodes,
stage IIIb represents confirmed cancer cell implants on peritoneal surfaces that are less
than 2 cm in diameter with negative lymph nodes, while stage Illc represents peritoneal

cancer cell implants over 2 cm in diameter, with positive peritoneal or inguinal lymph



nodes. Stage IV consists of tumors present on both ovaries with distant metastases,
including parenchymal liver and pleural metastases (Benedet et al., 2000; Williams et al.,
2007). Tumors can be further subclassified by grading, which will reveal the
microscopic features of the malignant cells and describe how they differ from normal
cells, and is also a measure the aggressiveness of the tumor (Aletti et al., 2007; Williams
et al., 2007). Gx denotes that the grade cannot be assessed, G1 denotes that the cells are
well differentiated, G2, the cells are moderately differentiated, and G3, the cells are
poorly differentiated. The prognosis of a patient will decrease with an increasing grade,
as the more poorly differentiated cells tend to be more aggressive (Aletti et al., 2007;
Williams et al., 2007).
1.1.3 OvCa Risk Factors

A number of environmental, hormonal and hereditary factors have been
associated with the increased risk of developing OvCa. The median age for women
suffering from OvCa is 60 (Cannistra, 2004). Reports on the effect of diet and exposure
to carcinogens such as radiation, asbestos and talc on OvCa risk are conflicting (Aletti et
al., 2007; Auersperg et al., 2001; Williams et al., 2007). However, epidemiological
studies have shown that hormonal factors such as pregnancy and oral contraceptive use
will decrease a woman’s risk of developing OvCa (Risch, 1998), while nulliparity, early
menarche and late menopause will increase the risk of OvCa development. These risk
factors stem from two theories of OvCa etiology proposed by Fathalla et a/ in 1971, and
Stadel ef al in 1975, where the risk of developing OvCa increases with the number of
ovulatory events. The incessant ovulation theory proposed by Fathalla states that the

frequent cycles of proliferation and cellular repair that the OSE experiences during



ovulation causes these cells to accumulate genetic mutations that could predispose them
to malignant transformation (Fathalla, 1971). In the same manner, the gonadotropiﬁ
theory proposed by Stadel postulates that the cyclical surge in gonadotropins responsible
for initiating ovulatory events stimulates cellular proliferation and induces cellular
transformation (Stadel, 1975). Both of these theories suggest a link between chronic
ovulation and the development of neoplasms on the ovarian surface.

Since their inception, these theories have received tremendous epidemiological
evidence to support their claims. Indeed, there is a clear link between increasing the
number of ovulatory events in a lifetime and the predisposition to developing OvCa. As
an example, Purdie ef al showed that there was an average 6% increase in risk in
developing OvCa associated with each ovulatory year; furthermore, they show that the
use of oral contraceptives decreased this risk by 8% for each year of ovulation
suppressed, and that pregnancy resulted in a 12% reduction in risk associated with each
year of ovulation suppressed through full-term pregnancies (Purdie et al., 20035. This
study along with many others (Hildreth et al., 1981; Mori et al., 1988; Risch et al., 1983;
Whittemore et al., 1992; Wu et al., 1988) demonstrate the protective effect of pregnancy
and oral contraceptive use against developing OVCa;. Similarly, tubal ligation and
hysterectomies has been shown to be protective against developing OvCa (Hankinson et
al., 1993), but contradictory evidence showing that tubal ligation as well as infertility
increase OvCa risk put these theories into question (Tworager et al., 2007). Studies have
suggested that the use of fertility drugs may increase OvCa risk, but the evidence is
contradictory and no clear consensus has been achieved (Ness et al., 2002; Rossing et al.,

1994),



Although most OvCas develop sporadically, there exists a hereditary
predisposition to developing OvCa, where a strong family history of either breast or
ovarian cancer (breast-ovarian cancer family syndrome) exists. Breast-ovarian cancer
syndrome accounts for 10 — 15% of all OvCas, and is the most important risk factor in
developing OvCa (Cannistra, 2004; Pal et al., 2005; Risch et al., 2001; Rubin et al.,
1998), although an identifiable genetic predisposition is present in only 5% of affected
women in this group (Cannistra, 2004). It is though that this hereditary predisposition is
in part due to germ-line mutations in the breast cancer 1 (BRCA) or breast cancer 2
(BRCA2) genes, where the lifetime risk of developing OvCa in women with a BRCA!
mutation is 40%, whereas a BRCAZ mutation results in a 10-20% lifetime risk. Another
hereditary disorder associated with increased risk of OvCa is called the Lynch syndrome
I1, which stems from inherited mutations in DNA mismatch repair genes. Patients
suffering from this syndrome also have an increased risk of developing colon,
endometrial and gastric cancers (Lindor et al., 2006).

1.1.4 OvCa Screening

Although detection of early-stage OvCa has been associated with a better
prognosis and longer disease-free survival, there is currently no screening program
available to detect OvCa at an early stage (Williams et al., 2007). Many studies have
been undertaken to evaluate the predictive value in using cancer antigen 125 (CA125)
serum levels or transvaginal ultrasound as an independent screening test (Urban, 1999).
Transvaginal ultrasound, even though highly sensitive at detecting pelvic masses, is not
very specific at detecting tumorous masses, and as such cannot be used as an independent

testing modality for detection of OvCa. This low predictive value is primarily due to the



commonality of benign pelvic lesions present in women (Aletti et al., 2007). The only
FDA-approved blood test for the detection of OvCa is the CA125 test, which detects
serum levels of CA125, a cell surface glycoprotein belonging to the mucin family and is
typically elevated in advanced stages of OvCa. This test is not very useful in the
detection of OvCa at early stages, because it has been shown that only 50% of women
with Stage I OvCa have CA125 levels that are above the elevated threshold level of 35
U/mL, while CA125 levels are above threshold in 82% of women with advanced stage
disease (Aletti et al., 2007; Jacobs et al., 1996; Williams et al., 2007). Additionally,
many health conditions other than OvCa can lead to elevated CA125 levels, such as
uterine fibroids, endometriosis, menses, pregnancy and pelvic inflammatory disease, as
well as other cancers such as pancreatic, breast, lung, gastric and colon cancers (An et al.,
2006; Cannistra, 2004). However, once the patient has been diagnosed with OvCa, the
monitoring of serum CA125 levels is very effective at predicting patient outcomes and
response to treatments, and is the primary indication for the use of this serum test (Aletti
et al., 2007; An et al., 2006; Cannistra, 2004; Jacobs et al., 1996). Therefore the final
diagnosis for OvCa still involves invasive abdominal surgery. Currently two large
randomized studies are assessing the predictive value in a combination screening strategy
consisting of annual pelvic examination, transvaginal ultrasound and CA125 serum levels
for detecting OvCa in asymptomatic patients (Aletti et al., 2007); these studies will
hopefully answer the largely debated question of whether ultrasound with or without
CA125 screening can increase the percentage of early detections.

With the recent development of technologies such as genomic, metabonomic and

proteomic platforms that can more easily screen the differential gene or protein
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expression of many molecules simultaneously between normal and diseased states, the
race to discover the perfect OvCa biomarker is moving at an incredible pace, yielding
some promising candidates. A recent gene array study undertaken by Lu et al studied
global gene expression patterns between 42 normal tissue samples and 42 OvCa patient
samples at different stages, grades and histotypes (Lu et al., 2004). Expression levels of
claudin-3 (CLDN3), CA125, mucin 1 (MUC1) and vascular endothelial growth factor
(VEGF) were able to distinguish between normal and cancerous cells, demonstrating that
the use of a panel of gene biomarkers may be a useful and a more reliable screening
strategy as compared to one single gene biomarker. Another study conducted by
Swisher and colleagues examined whether levels of circulating tumor DNA could be
identified by tumor-specific tumor protein 53 (p53) mutations (Swisher et al., 2005). p53
gene mutations are the most common somatic alteration in OvCa and are found in all
stages of OvCa (Swisher et al., 2005). The authors identified that of those patients with
somatic p53 mutations (69 out of the 137 OvCa tumors tested), tumor-specific p53
sequences were detected in 30% (21) of plasma or serum samples. The peritoneal fluid
of a separate cohort of OvCa patients with known somatic p53 mutations was then
assessed, and 98% (28 out of 30) of patients tested positive, including the 3 patients with
Stage 1 cancer (Swisher et al., 2005). These results demonstrate the potential to detect
the DNA for a tumor suppressor gene in serum to become a biomarker for OvCa.
Metabolites have also been studied for the early detection of OvCa. Of these,
lysophosphatidic acici (LPA) and lipid-associated sialic acid (LSA) have been the most
studied (Williams et al., 2007). LPA has been shown to be elevated in 90% of Stage I

and all of the Stage II-IV OvCas (Xu et al., 1998); these results were later corroborated
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by Sutphen et al in 2004 (Sutphen et al., 2004). On the other hand, studies for the use of
LSA as a potential OvCa metabolite marker have been conflicting due to the inconsistent
data obtained assessing its predictive value as a biomarker, and put into question the
validity of this metabolite in serving as an effective marker for OvCa (Katopodis et al.,
1982; Petru et al., 1990; Schutter et al., 1992; Stratton et al., 1988; Vardi et al., 1989).

The majority of OvCa biomarker research has focused on the development of
protein biomarkers, as proteins are essentially the end products of gene transcription and
are the effectors of altered states in the body, being healthy or diseased. A large number
of proteins have been identified as potential OvCa marker candidates. Among these is
Haptoglobin, where a number of studies have demonstrated its ability to differentiate
between normal and OvCa patient serum samples with high sensitivity and specificity
(Ahmed et al., 2004; Ye et al., 2003). The addition of serum CA125 levels further
increased its positive predictive value (Ye et al., 2003), demonstrating the potential utility
of this protein, either alone or in combination, to detect OvCa. Furthermore, Mor et al
demonstrated that the combined expression profile of 4 serum protein biomarkers: leptin,
prolactin, osteopontin and insulin-like growth factor II (IGFII) were capable of
diagnosing OvCa, with a 95% specificity and sensitivity could be-achieved; this means
that this test had a low rate of false-positives (highly specific) along with a low rate of
false-negatives (highly sensitive) (Mor et al., 2005).

Although the research on OvCa biomarkers is yielding exciting results, to date,
there is no single gene, metabolite or protein that outperforms CA125 in its ability to
detect OvCas (Williams et al., 2007). Additionally, no two independent proteomic

studies have identified the same proteins as potential OvCa markers. Further research is
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needed to discover new biomarkers, but to also investigate the combination of already
identified gene, metabolite and protein biomarker expression profiles in the hopes of
improving the accuracy of early OvCa detection.
1.1.5 OvCa Treatments For Primary And Recurring Disease

The standard of treatment for advanced stage OvCa patients is a combination of
cytoreduction surgery and chemotherapy. Early stage disease always involves
cytoreductive surgery, but may involve a number of different surgical procedures to
remove tumorous or suspicious masses depending on the spread and aggressiveness of
the cancer. These procedures can involve total abdominal hysterectomy (removal of the
'uterus), infracolic omentectomy (excision of the omentum beneath the transverse colon),
bilateral salpingooophorectomy (removal of the fallopian tubes and ovaries), and lymph-
adenectomy (lymph node dissection) (Williams et al., 2007). Several studies suggest that
adjuvant chemotherapy for early stage (Stages Ia to Ilc), low-risk patients is not needed
(Young et al., 1990), however‘adjuvant chemotherapy immediately after reduction
surgery is now recommended for early stage high-risk patients based on two large
randomized trials conducted by the International Collaborative Ovarian Neoplasm
(ICON-1 trial) (Colombo et al., 2003) and the European Organization for Research and
Treatment of Cancer (ACTION trial) (Trimbos et al., 2003b). Results showed that there
was a statistically superior overall 5 year survival and progression-free survival in the
adjuvant chemotherapy group as compared to the non-adjuvant chemotherapy group
(Trimbos et al., 2003a).

As previously mentioned, first-line therapy for advanced stage OvCa patients (Illa

- IV) always involves aggressive cytoreductive surgery in combination with adjuvant



13

chemotherapy. This chemotherapy regime usually consists of a combination of drugs
such as platinum-containing drugs (i.e. cisplatin, carboplatin or oxaliplatin) along with -
taxol (palcitaxel) (Aletti et al., 2007; Bukowski et al., 2007; Williams et al., 2007).
Cisplatin and carboplatin are crosslinking agents, which form inter- and intra-strand
cross-links with DNA or RNA, effectively disrupting DNA replication and transcription.
The formation of DNA adducts will produce DNA damage beyond repair, inducing
cellular apoptosis (Boulikas and Vougiouka, 2003; Piccart et al., 2001). Oxaliplatin is a
third generation platinum derivative that was approved by the FDA for the treatment of
colorectal cancer in 2002. As with cisplatin and carboplatin, oxaliplatin cross-links DNA
and RNA and adducts are formed, but the structure of the adducts differ and will be
recognized by different DNA repair proteins (Fu et al., 2006). Because of its different
mechanism of action, oxaliplatin is capable of overcoming the cisplatin resistance in
ovarian cancer cells, in addition to producing a synergistic cytotoxic effect in
combination with other chemotherapeutic agents. Thus oxaliplatin is an attractive agent
for use in combination therapy and in cisplatin-resistant patients (Fu et al., 2006).
Paclitaxel is a microtubule stabilizer, and will cause the hyperstabilization of the cell’s
cytoskeleton during mitosis, leading to an inhibition of cell division (Williams et al.,
2007). These chemotherapeutics are usually given intravenously (IV); however, there
has been some recent discussion and study about the potential benefit of administering
chemotherapeutic drugs intraperitoneally (IP) in women with optimally debulked disease.
Large phase III trials have shown statistically significant improvements in both
progression-free and disease-free survival. Nevertheless, significant complications due to

IP-catheter placement have translated to poor patient compliance where most patients
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could not finish their course of chemotherapy; these complications question the practical
use of this delivery method and has limited its adoption in the clinic (Rao et al., 2007).
Although women respond well to IV platinum and taxol initially, 50-75% of
patients will have a recurrence of their OvCa within 5 years. For reasons that are not yet
understood, a large proportion of those recurrences are now resistant to conventional
chemotherapeutics. Unfortunately, most recurring OvCas are incurable, and the mean
survival rate after recurrence is 2 years (Ozols, 2005). Thus the primary goal of therapy
for recurrent disease is symptom management. Patients with platinum-resistant disease
have a number of agents that provide effective symptom management, including
topocenan, taxanes, doxorubicin and etoposide. Additionally, hormonal therapies have
been used for treating recurrent OvCa patients with some success; tamoxifen, ethinyl
estradiol and medroxyprogesterone have shown modest response rates between 6 and
17% (Aletti et al., 2007). However, all recurrent OvCa therapies show response rates
below 20%, and therefore much research has been undertaken to study new therapeutic
strategies. Some promising therapies that are currently being investigated in clinical
trials include Herceptin (Trastuzumab), a monoclonal antibody to block v-erb-2
erythroblastic leukemia viral oncogene homolog 2/neuro/glioblastoma derived oncogene
homolog (erbB2/new/HER?2) receptor kinase activation involved in stimulating epithelial
cell proliferation, Lapatinib, a potent dual inhibitor of epidermal growth factor receptor
(EGFR) and erbB2/new/HER?2 receptor activation, as well as Avastin (Bevacuzimab),
another monoclonal antibody used to block the actions of VEGF, a potent stimulator of
angiogenesis in OvCa cells (Aletti et al., 2007; Williams et al., 2007). Recurring OvCa

accounts for the majority of deaths due to OvCa, thus the discovery-of chemotherapeutic
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agents to prevent, or effectively treat recurring OvCa is of crucial importance in order to
improve patient prognosis.
1.1.6 OvCa Carcinogenesis And Tumor Progression

Ovarian surface epithelial lesions have been widely accepted as precursors to the
development of OvCa. Two main types of lesions have been described as precursors of
OvCa: lesions that appear in situ in the OSE or in inclusion cysts that potentially give
rise to high-grade tumors, and pre-existing benign ovarian tumors and endometriosis that
may give rise to low-grade OvCas (Bell, 2005; Shih Ie and Kurman, 2004). The first
theory of how OvCa develops was forwarded by Fathalla, who postulated that the
repeated and cyclic process of ovulation caused repeated damage to the OSE,
predisposing these cells to the accumulation of genetic changes and the development of
neoplastic changes leading to the formation of OvCa (Fathalla, 1971). Support for this
hypothesis has been shown in the experimental setting, where rapid cell division in the
OSE during the 24 h period after ovulation can encourage chromosomal aberrations
(Williams et al., 2007), and neoplastic transformation of the OSE has been shown to
occur in cultures of rat and human OSE (Auersperg et al., 2001). Another view of OvCa
carcinogenesis was extended by Stadel, who put forth the gonadotropin hypothesis,
where the ovarian surface forms inclusion cysts derived from crypts or invaginations of
the OSE. The exposure of the enclosed OSE cells to elevated levels of pituitary
gonadotropins such as follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
will promote the increased generation of estrogen, leading to stimulation of rapid cell
division and malignant transformation of the OSE contained within the cyst (Stadel,

1975). Support for this hypothesis has been shown experimentally, where gonadotropin
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receptors are expressed in both normal and OvCa cells, and that normal OSE cell cultures
can respond to gonadotropins (Auersperg et al., 2001; Wong and Leung, 2007).
However, there are a number of growth factors and hormones that are produced by the
OSE (discussed later), and many of these signalling molecules maintain autocrine
pathways that could potentially have a tumorigenic impact on the OSE that is confined
within a cyst (Auersperg et al., 2001). Additionally, the stroma surrounding the inclusion
cyst is also a potential source of growth factors that could act in a paracrine fashion to
influence OSE cells contained within the cyst (Ahmed et al., 2007).

There is some debate on whether inclusion cysts solely arise from ovulatory
evénts; the fact that large numbers of cysts were found in women with decreased
ovulation and women with multiple pregnancies (Scully, 1995) suggests that cyst
formation can be a result of ovulation, but is not dependent on the number of ovulatory
events and thus can form through other mechanisms that are currently unknown.
However, there is mounting evidence to suggest that ovarian cysts are sites of neoplastic
transformation. Salazar and others studied ovaries removed by prophylactic
oophorectomy in women at high risk of developing familial OvCa, and identified the
presence of inclusion cysts and small neoplastic lesions within these ovaries (Salazar et
al., 1996). Furthermore, a number of molecular changes have been seen in the epithelial
cells lining inclusion cysts, such as p53 and CA125 overexpression (Nnene et al., 2004;
Scully, 1995), suggesting that genetic abnormalities can occur in inclusion cysts that may
predispose the cells to malignant transformation.

Pre-existing benign ovarian tumors and endometriosis have also been accepted as

potential precursors of OvCa. It is thought that benign tumors and endometriosis may
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give rise to low grade serous and endometrioid OvCa, as these tumors have a low
proliferative index and tend to remain undetected for up to 20 years (Shih Ie and Kurman,
2004). It has also been shown that 15-50% of clear cell and endometrioid carcinomas are
associated with endometriosis in the ovary or pelvis (Smith Sehdev et al., 2003), leading
researchers to postulate that endometriosis may be a precursor to these tumors.
Furthermore, a recent study using transvaginal ultrasound determined that approximately
50% of OvCas develop from pre-existing benign tumors, and that the remaining 50%
develop in ovaries without apparent abnormality (Horiuchi et al., 2003b). Analysis of
genetic alterations in these tumors revealed that in opposition to high-grade serous tumors
which have frequent p53 mutations, low-grade clear cell and endometrioid tumors have
frequent v-raf-murine sarcoma viral oncogene homolog B1 (BRAF), v-ki-ras2 Kirsten rat
sarcoma viral oncogene homolog (KRAS), B-catenin and phosphatases and tensin
homology (PTEN) mutations (Shih Ie and Kurman, 2004). These studies have led to the
development of a dualistic model of OvCa tumorigenesis based on epidemiological and
molecular genetic analyses: The Type I tumors, comprised of low-grade serous,
mucinous, endometrioid and clear cell carcinomas, develop in a stepwise manner through
well-recognized precursors such as benign lesions and adenofibromas. These tumors
possess known genetic alterations (BRAF, KRAS, B-catenin and PTEN) and are slow-
progressing, with a better prognosis. Type II tumors represent high-grade serous and
undifferentiated tumors that are rarely associated with morphologié precursor lesions, and
develop from the OSE or inclusion cysts. They have very frequent p53 mutations, evolve

rapidly, metastasize early and are highly aggressive, with poor prognosis. It is also
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thought that 25% of serous QvCas are Type 1 tumors, and 75% of serous OvCas are of
Type II (Bell, 2005; Shih Ie and Kurman, 2004).

There is some evidence to suggest that the epithe_lial lining of the fallopian tube is
the site of origin for some OvCas (Crum et al., 2007; Lee et al., 2007). A study found
that high-risk women who had prophylactic salpingo-oophorectomy due to BRCA1 and
BRCA2 germline mutations showed carcinoma in situ in the fallopian tubes, while no
cellular changes were seen in the ovaries, suggesting that BRCA carriers may show
OvCas originating from the fallopian tube epithelium; however, further patient testing
will need to be conducted in order to confirm this link (Piek et al., 2003a; Piek et al.,
2003b).

OvCa first spreads by direct extension into adjacent organs of the reproductive
systems, especially the fallopian tubes, uterus, and occasionally the bladder, pelvic
sidewall and rectum (Tan et al., 2006). After direct extension, the OvCa cells can
disseminate through three different routes: transcoelomic, haematogeneous or lymphatic.
Transcoelomic metastasis (into the peritoneal cavity) is the most common route of
dissemination, which occurs in 70% of patients whose OvCa has metastasized (Tan et al.,
2006). This route of metastasis also accounts for the morbidity associated with this type
of cancer, as it has the capacity of affecting a number of organs within the peritoneal
cavity. The most widely accepted explanation for the mechanism of peritoneal metastasis
is that tumor cells become detached from the primary tumor after extension, and are
transported by passive mechanisms throughout the peritoneal cavity before re-seeding to
other organs. However emerging evidence points toward an alternative view where

OvCa cells show many instances of adaptive behaviour in order to effectively survive
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within the peritoneal fluid and re-attach to foreign surfaces with the end result of
metastatic spread. Tan et al suggest a 6-step process of OvCa metastatic spread; Step 1
involves anchorage-independent growth through the upregulation of the vesicular
trafficking protein Ras oncogene family 25 (R4AB25), involved in preventing apoptosis
and anoikis. OvCa cells have also been shown to undergo an epithelial-mesenchymal
transition (EMT) in vitro, with an upregulation of the EMT marker Snail, and a down-
regulation of the cell-cell junction protein E-cadherin, which could confer cellular
motility and invasive capabilities to the cancer cells (Rosano et al., 2005; Theriault et al.,
2007) in vivo. OvCa cells undoubtedly need to alter their adhesive capabilities in order to
detach from the primary tumor, and evidence shows integrin receptor upregulation in
malignant but not normal ovarian tissue (Ahmed et al., 2002). Furthermore, upregulation
of urokinase-like plasminogen activator receptor (UPAR), with its subsequent
engagement of integrin receptors and cellular detachment, has also been implicated in
OvCa cell progression (Czekay and Loskutoff, 2004). Therefore OvCa cells have shown
to display changes in behaviours that are crucial for the initial steps of metastasis.

The second step involves dissemination throughout the peritoneal cavity. The
long-held view of peritoneal metastasis is that the flow of peritoneal fluid would direct
the OvCa cells to distant organs where they could form tumor nodules. The fluid flow of
the peritoneal cavity is directed by gravity, and follows a clockwise flow towards the
anterior portion of the cavity due to the negative pressure caused by respiration. One
would thus expect that the distribution of the OvCa cells would follow this directional
flow of fluid, and would see a larger number of cancerous implants in the lower portions

of the pelvis (such as the omentum) and on the surface of the diaphragm. Indeed this is
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the case; in a prospective study which observed the distribution of peritoneal metastases
in patients with various tumors including OvCa, the omentum, lower colon and
diaphragm were most commonly affected (Carmignani et al., 2003).

The third step involves evasion of the immune system. OvCa cells would need to
acquire mechanisms for them to circumvent immunological surveillance in the peritoneal
cavity in order to properly disseminate. This function could be performed by the
formation of ascitic fluid, which is the host’s immunologic reaction to the presence of
malignant cells within the peritoneal cavity. Many studies have pointed to the blockage
of proper lymphatic drainage by tumor cells as a mechanism of ascites formation, but
other mechanisms such as edema caused by increased capillary permeability within the
peritoneal wall vasculature are also plausible (Aslam and Marino, 2001). This ascitic
fluid has been shown to contain many immune modulators such as tumor necrosis factor
superfamily member 6 (FAS ligand), complement inhibitors and alternative pathway
inhibitors factor H and factor H-like protein 1, as well as the recruitment of regulatory T
cells to suppress tumor-specific T-cell immunity (Tan et al., 2006). Cytokines and
growth factors that modulate immune responses such as interleukin 1 (IL-1), 6 and 8§,
macrophage colony stimulating factor (M-CSF), epidermal growth factor (EGF),
hepatocyte growth factor (HGF) and TGFB have also been found in ascitic fluid and
expressed on OvCa cells; additionally our laboratory has shown that TGF8 is present in
the ascites obtained from OvCa patients (Dunfield and Nachtigal, 2003; Tan et al., 2006;
Wong and Leung, 2007), indicating that the presence of ascites provides an
immunologically privileged microenvironment for the metastatic progression of OvCa

cells.
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Further support for the adaptive metastatic process in OvCa is shown through the
last three steps of tumor progression, where OvCa cells form small aggregates called
spheroids, attach to peritoneal surfaces and invade through the mesothelial cell layers to
form tumor nodules. OvCa cell spheroids have been isolated from ascitic fluid and
primary OvCa cells isolated from ascites can form spheroids in vitro (Shepherd et al.,
2006; Tan et al., 2006). This may be another mechanism through which the OvCa tumor
cells can travel through the peritoneal fluid and evade immune detection, as it has been
shown that in vitro spheroids show increased complement resistance (Tan et al., 2006).
Chemokine receptors such as the chemokine (C-X-C) motif receptor 4 (CXCR4)
expressed on OvCa cells can bind to its ligand, chemokine (C-X-C) motif ligand 12
(CXCL12) present in ascitic fluid and mediate increased migration through the peritoneal
cavity and attachment to peritoneal surfaces (Scotton et al., 2001). It is thought by some
researchers that in order for OvCa spheroids to propagate onto peritoneal surfaces, they
undergo a mesenchymal to epithelial transition (MET) response where they re-adopt
certain epithelial characteristics such as upregulation of the cell-cell adhesion receptor E-
cadherin in order to establish metastases (Ahmed et al., 2007). In fact, E-cadherin levels
have been shown to fluctuate during OvCa progression and metastasis, where OSE cells
express low levels of E-cadherin, but gain E-cadherin expression during OvCa
progression, only to loose it again at late stages of OvCa metastasis (Auersperg et al.,
2001; Rosano et al., 2005; Theriault et al., 2007; Zeineldin et al., 2006). After attachment
of spheroids to peritoneal surfaces, which involves integrin receptor engagement as well
as the upregulation of the tumor-associated glycoprotein CA125 and E-cadherin, they can

undergo another EMT response and disaggregate, proliferate and invade the mesothelial
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layers lining the peritoneal cavity through loss of E-cadherin, integrin receptor activation,
and expression of matrix metalloproteases (MMP) and uPA/uPAR (Burleson et al.,
2004a; Burleson et al., 2004b; Tan et al., 2006). It is therefore apparent that OvCa cells
actively participate in the metastatic process, and as the cell types from which they arise
(OSE), maintain inherent aspects of cellular plasticity that allow them to adapt to a
number of extracellular environments in order to successfully metastasize within the
peritoneal cavity.
1.1.7 Experimental Models Of OvCa

A number of in vitro and in vivo models have been developed to study the
mechanisms of OvCa development, progression and metastasis. In vitro analyses
comprise the study of OvCa cell lines, or primary OvCa cells obtained from tumor tissues
or ascites fluid collected from OvCa patients. There are advantages and limitations to the
use of these systems; OvCa cell lines, although having the advantage of almost unlimited
replicative capacity, contain many genetic alterations that differ from the primary tumor
and may affect the relevance of results to in situ cellular biology. This is especially true
when studying the effects of various agents on cellular proliferation since a common
genetic difference between primary tumor cells and established OvCa cell lines is the
deletion of the cyclin dependent kinase p15™“B by the cell lines (Dunfield et al., 2002a;
Ichikawa et al., 1996; Watson et al., 1999). Primary OvCa cells obtained from patients
on the other hand, are likely more reflective of the disease processes in vivo and the
patient population than OvCa cell lines, but also may contain alterations due to their
forced adaptation to cell culture conditions, as well as present variability in responses due

to the heterogeneous nature of human OvCas. The limited detection of early-stage
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OvCas makes it so that most primary OvCa cells are obtained from patient tumors or
ascitic fluid at advanced stages of disease and are not suitable to study early events in
OvCa pathogenesis. Many researchers have circumvented the restrictions of two-
dimensional monolayer cultures by growing cells iﬁ suspension, spheroids, or in gel
matrices that support three-dimensional growth; these methods have advantages as they
more closely replicate the in vivo nature and behaviour of metastatic OvCa cells that
reside within the peritoneal fluid. The ability to isolate and culture normal OSE cells
from human and animal ovaries has been crucial in understanding the early events of
OvCa progression, and to perform comparative analyses between normal and cancerous
cells in the hopes of identifying novel biomarkers and/or signalling pathways involved in
OvCa tumorigenesis (Auersperg et al., 1984; Burleson et al., 2006; Dunfield et al.,
2002b; Nakamura et al., 1994; Ohtake et al., 1999; Shepherd et al., 2006; Zictarska et al.,
2007).

The longest-standing and most popular method of studying tumor formation in
vivo is human OvCa cell xenografts, where human OvCa ce‘lls are inoculated into
immunodeficient rodents either through subcutaneous (SC), IP or orthotopic
administrations. The obvious pitfall to these procedures is that the animal models are
immunocompromised, and so the immune component to cancer progression cannot be
studied. Rodents have a unique anatomical organization in that they possess a bursal
membrane, which is a sac that surrounds the ovary and the oviduct, and provides an
opportune environment for the intrabursal injection of cells or agents that will be
confined within this space which is in close proximity to the OSE (Garson et al., 2005).

This procedure may not be optimal for studying metastatic spread, as the cells and/or
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agents are confined to the ovary, but may be useful in studying early events in OvCa
progression.

Many genetic models of OvCa have been developed in recent years through
transgenic mouse models. The first successful transgenic model for OvCa was reported
by Connolly et al, where they expressed the early region of simian virus 40 (SV40) T
Antigen under the control of the miillerian inhibiting substance receptor type Il promoter
(MISIIR; tgMISIIRTAg), a receptor that had been previously shown to be upregulated in
OvCa cell lines and cells isolated from patient ascites (Connolly et al., 2003; Masiakos et
al., 1999). Approximately 50% of the transgenic mice developed ovarian tumors within
6-13 weeks of age, and were associated with the frequent appearance of ascites, but upon
histological observations were identified as poorly differentiated carcinomas.
Furthermore, the MISIIR promoter also shows strong expression in granulosa cells as
well as OSE, and so may not be an appropriate model to study cancers solely arising from
the OSE.

The difficulty in finding suitable promoters for the OSE-specific expression of
various genes in transgenic models has been partially circumvented by the exploitation of
the Cre-loxP system. This system involves the engineering of the gene of interest with
flanking loxP sites (é floxed gene), which are targets for the Cre recombinase. If the loxP
sites are engineered to point in the same direction on either side of the flanked sequence,
then Cre recombinase will bind to these loxP sites and will irreversibly excise the DNA
of interest and recombine the remaining sequence. This effectively produces a conditional
knockout animal, where the gene will be “knocked out” only when and where the Cre

recombinase is present. In the same manner, the genome can be modified to insert
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transcriptional stop sequences flanked by loxP sites (“lox-stop”) between the promoter
and the transgene; this will result in expression of the gene only when Cre recombinase is
present to excise the lox-stop sequence and recombine the native gene sequence. The
expression of Cre can be OSE-specific through intrabursal injection of a viral vector
expressing Cre recombinase. This strategy has been employed in at least three animal
models to knock out the tumor suppressor genes p53 and tumor protein retinoblastoma
(pRb) (Flesken-Nikitin et al., 2003), to knock out PTEN and activate KRAS
simultaneously (Diﬁulescu et al., 2005), and to inactivate the BRCA/ gene (Clark-
Knowles et al., 2007). Although all of these models have proved invaluable in
identifying changes that are critical for tumorigenesis of the OSE, none of them can
exactly recapitulate all of the various forms of human OvCa that exist. Thus further
refinement of these models and the generation of new genetic models will undoubtedly
further our understanding of OvCa tumorigenesis and progression.
1.2 Biology Of The OSE

As mentioned previously, most OvCas are thought to arise from the OSE
(Auersperg et al., 2001). The OSE, also referred to as the ovarian mesothelium (Nicosia,
1991), is composed of a single layer of squamous-to-cuboidal epithelial cells that covers
the entire surface of the ovary (Auersperg et al., 2001) (Figure 1-1). During
embryogenesis, the OSE is derived from the coelomic epithelium. The OSE rests on a
basement membrane composed of various ECM proteins such as laminin and several
collagens. Albeit existing as a cell monolayer that is inconspicuous in its nature, the OSE

participates in transport of growth factors, cytokines and hormones to and from the
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peritoneal cavity, and is a crucial player in the process of ovulation (Auersperg et al.,
2001).
1.2.1 The Role Of OSE During Ovulation

During each reproductive cycle, the OSE lining the mature follicle undergoes
apoptosis and is lost during follicular rupture and release of the egg (Murdoch, 1995).
The OSE has also been shown to produce proteolytic enzymes to degrade and weaken the
ovarian surface tissue above the maturing follicle to facilitate its rupture (Kruk et al.,
1994). A repair process is initiated immediately after ovulation, where the OSE adjacent
to the site of ovulation participates in a wound-healing response. This response involves
proteolytic activity to degrade the wounded area, and a remodeling activity to re-establish
the integrity of the OSE, the basement membrane, as well as some of the underlying
stroma. These remodeling activities include growth factor and cytokine production,
cellular proliferation, cellular migration, production of ECM and adhesive proteins by the
OSE to re-adhere to the newly formed basement membrane. The OSE cells must
therefore change their ph’enotype from a stationary epithelial monolayer to an active
remodeling entity during ovulatory repair. It is thought that the OSE is a less
differentiated epithelial cell type as compared to the epithelia seen in other coelomic
derivatives, where these cells maintain both epithelial (expression of cytokeratins and
tight junctions) and mesenchymal characteristics (loss of E-cadherin and expression of
vimentin) (Czernobilsky et al., 1985) and therefore have the capacity to respond to a
variety of extracellular stimuli and modify their behaviour accordingly. It is therefore
thought that this undifferentiated phenotype allows for the OSE to undergo an EMT-MET

response during post-ovulatory repair, where OSE cells will temporarily adopt
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fibroblastic characteristics such as spindle-shaped morphology, increased contractile
activity, migration, secretion of ECM proteins and increased adhesive capabilities
through integrin receptor expression (Auersperg et al., 2001). Support for this is based
on in vitro evidence showing that in cell culture, a number of different growth factors
including EGF and TGFB can induce epithelial cells (including OSE) to undergo an EMT
response (Auersperg et al., 2001; Salamanca et al., 2004). Additionally, growth in 3-
dimentional matrices will also stimulate an EMT in epithelial cells (Berchuck et al.,
1992; Toda et al., 1997). Following post-ovulatory repair it is thought that the OSE cells
involved in the repair are capable of reverting to their initial epithelial phenotype through
a MET (Ahmed et al., 2007). These adoptive processes highlight the plastic and highly
adaptable nature of the OSE which allow for cyclical epithelial-mesenchymal
interconversions that are tightly controlled (Ahmed et al., 2007). Conversely, the ability
of the OSE to exhibit various cell morphologies ranging from squamous to cuboidal
(Figure 1-1) suggests that OSE cells may show limits to its ability to revert back to a
simple epithelial morphology following postovulatory repair. A study of the cell
morphology exhibited by the OSE post-ovulation showed two groups of OSE cells; one
group of cells that had not participated in ovulation exhibited cuboidal cell morphologies,
while the cells found adjacent to the ovulation site exhibited squamous cell morphologies
(Gillett et al., 1991). These findings suggest that the cyclic process of wound repair
following ovulation may in some way alter the biology of the OSE over time, as well as
its responses to the environment. It is thought that either the accumulation of genetic
aberrations and/or imbalances in the regulation of these processes in OSE cells may allow

them to acquire differential responses and behaviours to pathologic extracellular
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influences with the end result of neoplastic progression (Auersperg et al., 2001; Wong
and Leung, 2007) (discussed below).
1.3 Regulation Of OSE And OvCa By Hormones, Cytokines And Growth Factors

A variety of molecules are expressed in both OSE and OvCa cells, and many of
these factors maintain autocrine and/or paracrine signalling loops, suggesting that they
may not only control normal OSE biology, but may also have a role to play in the
development or maintenance of OvCa.
1.3.1 Peptide Hormones

Normal OSE and OvCa cell lines express both forms of Gonadotropin-releasing
hormone (GnRH-I and -II) as well as the GnRH receptor (GnRHR), and both ligands
show a growth inhibitory effect on normal OSE and OvCa cell lines by acting through the
GnRHR (Kang et al., 2000). The expression of GnRH-I and —II and the GnRHR is
regulated by sex steroids (estrogen, progesterone, testosterone) and peptide hormones
(activin, inhibin, gonadotropin) (Cheng and Leung, 2005). Gonadotropin receptors such
as for FSH and LH are expressed in a variety of normal and immortalized OSE cells, as
well as OvCa cell lines. Additionally, normal OSE and OvCa cell lines can respond to
both FSH and LH stimulation, but experimental results have been conflicting. While
some reports show that FSH and LH stimulate OSE proliferation (Choi et al., 2002),
other reports show either no effect or growth inhibition (Ivarsson et al., 2001). The
theory behind this differential response may be due to the concentration of the ligands
present; evidence shows that a surge in FSH levels causes oocyte cellular apoptosis,
while lower levels induces cellular proliferation (Thomas et al., 2005). Cyclic AMP

(cAMPY)/ protein kinase A (PKA), mitogen-activated protein kinase (MAPK) and IL-6/
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signal transducer and activator of transcription 3 (STAT3) signalling pathways have all
been involved in transducing the growth-regulatory effects of gonadotropins (Choi et al.,
2002; Syed et al., 2002). Recent evidence has also shown that gonadotropins have
indirect effects on OSE proliferation via cross-talk with other growth factors. FSH has
been shown to stimulate levels of growth-promoting factors such as keratinocyte growth
factor (KGF), HGF, and Kit ligand (kitL) mRNA. Additionally, FSH and LH increased
EGF receptor mRNA and protein in preneoplastic OSE, indicating a putative mechanism
of action for the growth-promoting effects of gonadotropins (Ji et al., 2004). In addition
to stimulating proliferation, gonadotropins have also been reported to enhance tumor
angiogenesis and adhesion by regulating the expression of vascular endothelial growth
factor (VEGF), integrin aV, and CD44 in OvCa cells (Wong and Leung, 2007),
suggesting a novel role for gonadotropin signalling in OvCa cell metastasis.

As mentioned earlier, sex steroids such as estrogen, progesterone and androgens
are involved in OSE and OvCa cell biology. Receptors for these hormones have been
found at the mRNA and/or protein level in OSE and OvCa cells. Estrogenic effects are
mediated through estrogen receptor alpha (ERa) and ERB, and there is evidence pointing
to the differential expression of these receptors in normal versus neoplastic OSE
(Brandenberger et al., 1998) which may explain some of the enhanced growth stimulatory
effects of estrogens on OvCa cells. Estrogen has also been shown to play a role in OvCa
cell-ECM interactions by upregulating the expression of cathepsin D, fibulin-1 and
fibronectin (Wong and Leung, 2007), indicating that estrogenic stimuli may play a role in
OvCa-mediated adhesion during metastasis. Progesterone, on the other hand, has been

shown to be growth-inhibitory in normal OSE and OvCa cells through the induction of
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apoptosis (Bu et al., 1997; Syed and Ho, 2003). Progesterone receptors A (PR-A) and
PR-B are expressed in normal OSE and OvCa cells, but a reduction in PR-A was found in
OvCa cells are compared to normal OSE cells, while the expression of PR-B remained
unchanged (Karlan et al., 1995; Lau et al., 1999). How this differential expression may
contribute to OvCa tumorigenesis is unknown. Progesterone has also been shown to
inhibit estrogen-mediated OSE cell proliferation, as well as induce OSE cell apoptosis
through differential regulation of TGFB isoform expression (Murdoch and Van Kirk,
2002; Rodriguez et al., 2002). High circulating levels of androgens have been associated
with an increased risk of developing OvCa (Helzlsouer et al., 1995), and enhanced cell
proliferation in response to dihydrotestosterone has been reported for normal and
malignant OSE (Edmondson et al., 2002). The mechanism behind how androgens may
increase OvCa risk are unknown; one possibility could be through an indirect mechanism
where androgens decrease TGFB receptor expression, and as a consequence suppress the
growth-inhibitory effects of TGFf (Evangelou et al., 2000).
1.3.2 Cytokines

Cytokines play an important role during the ovulatory process, and it has been
shown that cytokines such as IL-1, IL-6, IL-18, M-CSF, and tumor necrosis factor alpha
(TNFa) are expressed and secreted as bioactive forms in cultures of normal OSE and are
present in the ascitic fluid of OvCa patients (Auersperg et al., 2001; Punnonen et al.,
1998). IL-1la stimulates the growth of OSE cells, can regulate the production of ovarian
steroids and also stimulates OvCa cell proliferation (Rae et al., 2004). TNFa and IL1-8
can regulate the release of uPA and MMP-9, which is crucial in the process of OSE

basement membrane degradation and remodeling during ovulation (Yang et al., 2004).
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These results suggest that activation of these cytokines or their loss of function may play
an important role in the neoplastic progression of OvCa (Bandera et al., 2003).
1.3.3 Growth Factors

EGF is expressed by OSE cells, and plays a significant role in OSE biology.
During follicle rupture, EGF that is released from follicular fluid, blood and stromal cells,
comes into contact with adjacent OSE cells and induces cellular proliferation (Maruo et
al., 1993). EGF also induces potent EMT responses in OSE and OvCa cells in culture
(Ahmed et al., 2006; Dunfield and Nachtigal, 2003), characterized by morphologic
alterations from an cobblestone epithelial morphology to a spindle-shaped fibroblast-like
morphology with the formation of F-actin stress fibres, and enhanced motility and
secretion of MMP-2 and MMP-9 (Ahmed et al., 2006). These EGF-induced processes
are most likely involved in inducing an EMT response in OSE cells during post-ovulatory
repair. The EGF receptor, which is a member of the erbB2/new/HER?2 receptor tyrosine
kinase family, is expressed in 33-75% of OvCas, and is frequently amplified and/or
overexpressed as compared to normal OSE (Berns et al., 1992). Furthermore, EGF has
been shown to reduce the growth-inhibitory effect of TGFR in primary human OVCa cells
(Dunfield and Nachtigal, 2003), and modulate the growth-stimulatory effect of
gonadotropins (Choi et al., 2002). TGFa, a structural analogue of EGF, binds to the same
EGF receptor and also stimulates the proliferation of OvCa cells (Auersperg et al., 2001).
The heregulin/neu differentiation factor binds to receptors within the same
erbB2/neu/HER2 receptor tyrosine kinase family as the EGF receptor. Although normal
OSE cells express EGF receptors, they do not express HER-2/rneu in very large amounts;

however this receptor is overexpressed in 25-30% of OvCas, and its expression is
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associated with a poor prognosis (Auersperg et al., 2001). Therefore elevated expression
of either EGF family ligands and/or receptors in OvCa cells may stimulate autocrine or
paracrine loops that play an important role in tumor formation and progression. Two
drugs are currently under clinical testing for the treatment of advanced-stage OvCa:
Herceptin, which is a monoclonal antibody that blocks HER-2/reu receptor activation,
and Lapatinib, which is a potent tyrosine kinase small molecule inhibitor of EGF receptor
and HER-2/neu receptor activation. Thus blocking the effects of elevated EGF family
ligands or receptors through the use of inhibitors may show promise in slowing OvCa
progression.

HGF is primarily produced in mesenchymal and stromal cells in the ovary, and
acts through a paracrine loop via the Met receptor expressed on OSE cells (Wong and
Leung, 2007). This receptor is encoded by the c-met protooncogene (Auersperg et al.,
2001). Although normal OSE cells do not express HGF and rely on the paracrine action
of HGF-Met production by the stroma to maintain normal ovarian physiology, evidence
points to HGF forming an autocrine signalling loop in OvCa cells. Consistent with this,
OvCa cells have been shown to express the mRNA for HGF along with Met (Wong et al.,
2001b). Additionally, high levels of HGF were found in malignant cystic and ascites
fluid as compared to benign ovarian cysts (Baykal et al., 2004; Sowter et al., 1999), and
an autocrine HGF-Met signalling loop has been found in OSE cells from women at risk
of developing OvCa (Wong et al., 2001a; Wong et al., 2001b), suggesting that the
. production of HGF by OSE cells may be an éarly sign of neoplastic progression.
Interestingly, the paracrine influence of HGF on the OSE depends on the presence of the

basement membrane component fibronectin, as OSE cells in culture will only respond to
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HGF in a mitogenic fashion when they are plated onto fibronectin, but not on tissue
culture plastic, where they undergo apoptosis in response to HGF (Gulati and Peluso,
1997; Hess et al., 1999). These effects on OSE cells appear to also be regulated by
estrogen and gonadotropins (Liu et al., 1994; Negami et al., 1995), highlighting the
important influence of hormones and ECM in regulating normal ovarian physiology.
HGF has been shown to stimulate the proliferation and motility of OvCa cells, possibly
through the activation of extracellular signal-regulated kinase (ERK)/MAPK signalling
pathway and a rapamycin-sensitive p70 S6 kinase pathway (Wong and Leung, 2007).
Blocking the activity of HGF or Met has been shown to decrease the growth, invasion
and metastasis of OvCa cells (Corps et al., 1997, Saga et al., 2001; Ueoka et al., 2000;
Zhou and Wong, 2006), suggesting that this autocrine pathway may have an important
role in OvCa cell dissemination. Other growth factors that stimulate normal OSE cell
growth and may play a role in OvCa cell growth include basic fibroblast growth factor
(bFGF), KGF, IGF-I and platelet-derived growth factor (PDGF) (Dabrow et al., 1998;
Gubbay et al., 2004; Parrott et al., 2000; Pierro et al., 1996; Trolice et al., 1997), but the
most studied family of growth factors that have been shown to greatly affect normal OSE
and OvCa cell biology are the TGFB superfamily of ligands, which include, but are not
restricted to, TGFB, BMPs and Activins. These three classes of molecﬁles, their
signalling mechanisms and their effects on the biology of the OSE and disease processes
including OvCa will be the subject of further discussion below.

1.4  Bone Morphogenetic Proteins

BMPs have long been known as multifunctional regulators of tissue

morphogenesis, and also play important roles in the maintenance of adult tissues (Chen et
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al., 2004). Their activity was first identified in the 1960s as autoinducers of bone
formation (Urist, 1965). Since then, over 20 ligands of the BMP signalling family have
been identified and characterized, and shown to participate in many functions including
tissue patterning of the heart, cartilage and neural tissues during embryogenesis, and bone
tissue remodeling and maintenance in adults. BMPs have been involved in the regulation
of cell proliferation, survival, proliferation and apoptosis (Chen et al., 2004), but
emerging roles for BMPs in other adult tissues such as the ovary are also becoming
apparent. Being such crucial regulators in developing and adult tissues, BMPs have also
been shown to play significant roles in regulating cellular behaviours in pathogenic
situations, including cancer.
1.4.1 BMP Signalling Pathways

BMPs form the largest family of ligands within the TGFf superfamily of ligands.
A unique feature of TGFB ligands is that they possess seven conserved cysteine residues,
6 of which are involved in folding the molecule into a cysteine knot (Vitt et al., 2001).
The seventh cysteine residue is responsible for forming a disulfide bridge and linking two
subunits to form a covalently linked, biologically active dimer (Jones et al., 1994). All
TGFB superfamily molecules are translated as large precursor molecules composed of a
signal peptide, a prodomain, and a mature domain. After the BMP signal peptide has
been removed, dimerization of the proproteins proceeds. Proteolytic enzymes then
cleave the BMP dimerized proprotein, resulting in the generation and secretion of
biologically active m;)lecules (Shimasaki et al., 2004) (Figure 1-2).

Canonical BMP signal transduction is carried out by ligand binding to a

heterotetrameric complex of distinct type I and type II serine/threonine kinase receptor
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dimers. The kinase domains of the type II receptors are constitutively active, and
phosphorylate the type I receptors upon ligand binding at a conserved Gly-Ser (GS)
domain, leading to their activation. The activated type I receptors will then
phosphorylate and activate receptor-activated Smads (R-Smads), which will partner with
a common Smad 4 and translocate to the nucleus to affect target gene expréssion (Figure
1-3). The type I BMP receptors include (Activin-like kinase) ALK2 (also called ActR-
[A), ALK3 (BMPR-IA), and ALK6 (BMPR-IB), and the type I BMP receptor, called
BMPRIL. BMPRII has a structure analogous to other type II receptors, except for a long
C-terminal tail following the serine/threonine kinase domain (Rosenzweig et al., 1995),
which can associate with other signalling molecules such as LIM kinase (LIMK) and
Tribbles-like protein 3 (Trb3) (Chan et al., 2007; Foletta et al., 2003; Nohe et al., 2004),
showing e;/idenpe for BMPs effecting Smad-independent signalling. Binding studies
have shown that BMPRII appears to exclusively bind to BMP ligands, including BMP2,
4, 6,7 and 15, while BMPs 2 and 4 preferentially bind to ALK3 and/or ALK6, and that
BMP6 and 7 most readily bind to ALK2 and/or ALK6 (Shimasaki et al., 2004). This
apparent cross-reactivity between ligands and receptors highlights the complexity of
BMP signalling within cells; this complexity is compounded by the fact that BMP ligands
can bind to specific type I receptor subtypes in different cell types and it has therefore
been difficult to assign a partiéular BMP ligand to a particular type I receptor (Shimasaki
et al., 2004).

The mechanism of how BMP ligands and the type I and type II receptors associate
at the cell membrane to form active signalling complexes is still being clarified, but it has

been determined that BMP ligands bind more effectively to type I receptors than type 11
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receptors, and that the binding of ligands to type II receptors is enhanced with the
coexpression of type I receptors (Liu et al., 1995); conversely, type I receptors have been
shown to bind ligand without the presence of type II receptors (Wrana et al., 1992).
These results indicate that unlike the TGFf ligand, BMPs first bind to type I receptors
and this association would then recruit the type II receptor into a signalling complex.
Another study probing for the expression of type I and type II BMP receptors at the cell’s
surface revealed the presence of both heteromeric and homomeric complex formation
between the type I receptors ALK3 and ALK6 and the BMPRII on the surface of live
cells without the presence of ligand (Gilboa et al., 2000). Additionally, both homo- and
heterocomplex formation was increased in the presence of BMP2. These findings
suggest the possibility that BMP receptors can signal independently of ligand, effectively
maintaining a basal level of signalling in the cell. The fact that type I receptor
complexes of homooligmers are present on the cell surface and could associate with BMP
ligands implies that type I receptor complexes could independently control BMP signals
by either signalling through type II receptor-independent effectors, or decreasing the pool
of available type I receptors to associate with type II receptors upon ligand presentation.
Taken together, these studies point to the theory that BMP ligands can either associate
with pre-formed receptor complexes (PFCs) of type I and type II receptors, or with BMP-
induced signalling complexes (BISCs) where the ligand first associates with the high-
affinity type I receptor, then recruiting the type II receptor. These two modes of
signalling will then transduce the activated BMP receptor signals through different
effector pathways. Support for this theory stems from a study by Nohe et al, where they

show that binding of BMP2 to PFCs leads to the activation of the canonical Smad
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pathway, whereas binding of BMP2 to BISCs activates a Smad-independent, p38-
dependent signalling cascade (Nohe et al., 2002). Hartung and colleagues extended this
theory of BMP signalling to determine that two distinct populations of type I and type II
BMP receptors exist within the cell membrane; receptors located in cholesterol-enriched
detergent-resistant membrane fractions (DRMs), also termed caveola-like membrane
fractions, and receptors located in clathrin-coated pits (CCPs) (Hartung et al., 2006).
These membrane regions are actively involved in receptor-mediated endocytic pathways,
which are crucial to regulating many growth factor signalling cascades. They determined
that both types of BMP receptors underwent constitutive endocytosis through CCPs, but
that only type II receptors underwent caveola-like internalization. Additionally, they
showed that binding of BMP2 to PFCs induced Smad phosphorylation at the plasma
membrane, and that continuation of Smad signalling to affect target gene expression
required CCP-mediated endocytosis. Conversely, BMP2 associated with high-affinity
BMP type I receptors, which recruited type II receptors to form BISCs that underwent
Smad-independent signal transduction through caveola-like internalization (Hartung et
al., 2006). These results highlight the intricate role of receptor dynamics at the cell
membrane in regulating modes of BMP signal transduction (Figure 1-4).

Once the type I receptors become activated, they can transduce their signals
intracellularly through the canonical Smad transduction pathway, or through Smad-
independent mechanisms. In the Smad-dependent signalling pathway, the activated type
I BMP receptors will associate transiently and phosphorylate the receptor-activated
Smads (R-Smads) at the last 2 serine residues in their C-terminal SSXS motif, releasing

the auto-inhibitory intramolecular interactions between the highly conserved Mad-
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homology 1 (MH1) and MH2 domains and allowing for the subsequent formation hetero-
oligomeric complexes with the common-partner Smad (co-Smads), Smad 4 (Heldin et al.,
1997). The MH1 domain, which is located at the N-terminal portion of R- and co-Smads
is involved in the binding of specific DNA sequences, and the MH2 domain located at the
C-terminal portion of these proteins is involved in homo- and heteromeric protein
complex formation (Nohe et al., 2004). These domains are separated by a linker region
of variable amino acid sequence that contains a PY motif (PPXY sequence) which can
associate with a number of WW domain-containing proteins, to regulate Smad activity
(Miyazono et al., 2005) (Figure 1-5). Smads 1, 5 and 8 are the R-Smads specifically
activated through BMP type I receptors, while Smads 2 and 3 are activated by TGFf} and
Activin type I receptors (Miyazono et al., 2005). The specificity of R-Smad/type I
receptor interactions is determined within a region of the kinase domain of the type I
receptor called the L45 loop (Shi and Massague, 2003). The R-Smad/Smad 4 complexes
will then translocate into the nucleus where they will regulate the transcription of target
genes by interacting directly with DNA at BMP response elements (BRE) and/or with
various transcription co-activators and/or co-repressors at target gene promoter regions.
Among the various target genes that are affected by BMP signalling, the Id proteins
(inhibitor of differentiation or inhibitor of DNA binding) are among the most widely
studiéd (Ogata et al., 1993). Ids are basic helix-loop-helix (bHLH) binding proteins that
lack a DNA binding domain, and will interact with a number of ubiquitously-expressed
non-bHLH and bHLH transcription factors such as E2A gene products, and sequester
them from binding to DNA, effectively inhibiting their actions. BMP-stimulated Id

expression has been shown to inhibit MyoD/myogenin and NuroD/neurogenin
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transcription, resulting in the inhibition of myogenesis and neurogenesis, respectively
(Miyazono et al., 2005). Other BMP target genes also include the inhibitory Smads (I-
Smads), Smad 6 and 7 which will negatively regulate BMP signalling (Miyazono et al.,
2005).

A number of recent reports have highlighted the contribution of Smad-
independent signalling to BMP-induced biologic effects. BMP2 can induce signalling
complexes at the cell surface through the association with caveola-like structures,
activating Smad-independent effectors such as p38 MAPK with the net result of inducing
cellular apoptosis (Kimura et al., 2000). Furthermore, the cytoplasmic tail of BMPRII
has been shown to directly interact with the cytoskeletal regulator LIMK, and mediate
BMP-dependent, Smad-independent changes in the actin cytoskeleton. These LIMK-
induced changes through BMPRII association have been shown to play roles in BMP-
induced physiologic behaviours such as dendritogenesis (Lee-Hoeflich et al., 2004), as
well as play roles in pathologic situations such as primary pulmonary hypertension
(PPH), where the BMPRII cytoplasmic tail is truncated (Foletta et al., 2003).

1.4.2 Modulation Of BMP Signalling

Extracellular control of BMP signalling was first studied during embryogenesis,
where the process of morphogenesis (specification of various cell types within the body)
was dependent on the local concentration of ligands, which was in part controlled by the
presence of secreted extracellular antagonists. Noggin, a cysteine-knot BMP-specific
antagonist, will antagonize BMP2, 4 and 7 signals, with a higher affinity for BMP2 and 4
(Balemans and Van Hul, 2002). Structure analysis of Nbggin bound to BMP7 showed

that Noggin dimers bind to regions within the BMP7 molecule that normally interact with
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the type I and type II BMP receptors, effectively blocking the physical contact of BMPs
with their receptors (Groppe et al., 2002). Noggin thus competes with the BMP receptors
for binding of the BMP ligands. Like Noggin, Chordin is also a secreted BMP-specific
antagonist with affinities to BMP2, 4, 6, and 7 and plays an important role in the
formation of the dorsal-ventral axis in vertebrates. Its mechanism of action is similar to
that of Noggin, where it binds BMP ligands and prevents their interaction with BMP
receptors (Groppe et al., 2002). Follistatin was originally isolated from ovaria