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Abstract

Epithelial ovarian cancer (EOC) is thought to arise from the ovarian surface
epithelium (OSE); however the molecular events underlying this transformation are
poorly understood. Germline mutations in the BRCAI tumor suppressor gene result in a
significantly increased risk of developing EOC and a large proportion of sporadic EOCs
display some sort of BRCAI dysfunction.

Using mice with conditional expression of Brcal, we inactivated Breal in the
murine OSE and demonstrate that this inactivation results in the development of
preneoplastic changes, such as hyperplasia, epithelial invaginations, and inclusion cysts,
which arise earlier and are more numerous than in control ovaries. These changes
resemble the premalignant lesions that have been reported in human prophylactic
oophorectomy specimens from women with BRCA1 germline mutation.

While tumourigenesis was not observed when Brcal was inactivated on its own,
it was found that inactivation of Brcal accelerated tumour progression in animals in
which the p53 tumour suppressor had also been inactivated in the OSE, an effect that was
not observed with concomitant inactivation of the Rb tumour suppressor gene.

Inactivation of Brcal in primary cultures of murine OSE cells led to a
suppression of proliferation due to increased apoptosis that could be rescued by
concomitant inactivation of p53 and/or Rb, however only concomitant inactivation of p53
led to the ability of Brcal-deficient MOSE cells to grow in an anchorage-independent
manner. Brecal-deficient MOSE cells displayed an increased sensitivity to the DNA
damaging agent cisplatin and were modestly less sensitive to the mitotic spindle poison

paclitaxel, effects which could both be modulated via inactivation of p53 and/or Rb



These observations indicate that loss of function of Brcal in OSE cells impacts
both cellular growth control and DNA-damage repair which results in altered cell
behavior manifested as morphological changes in vivo that arise earlier and are more
numerous than what can be attributed to ageing. It is postulated that loss of Brcal in the
OSE renders these cells susceptible to further genetic aberrations such as loss of other
tumour suppressors or activation of oncogenes that could lead to transformation and

tumourigenesis.
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Chapter 1: Introduction

11 Ovarian Cancer: General overview

Ovarian cancer is the fifth leading cause of cancer death of women in the Western
world and is the most fatal of all the gynecologic malignancies. This year in Canada
approximately 2300 women will be diagnosed with ovarian cancer and 1600 will die
from this disease. One in seventy Canadian women will be diagnosed with ovarian cancer
in her lifetime (Canadian Cancer Society 2006). If the disease is diagnosed when it is
still confined to the ovaries, the five-year survival rate is greater than ninety percent,
however less than twenty-five percent of patients are diagnosed this early in disease
progression (Moloughney, et. al., 2000). Once the disease has spread to the rest of the
reproductive tract and the other organs and tissues within the peritoneal cavity, the five-
year survival rate is only 30-40%. This statistic has not changed in over thirty years. The
dismal prognosis for ovarian cancer can be attributed to a lack of effective screening

methods as well as the frequent development of drug resistance.

1.2 Ovarian Cancer: Classification

Ninety percent of ovarian carcinomas are epithelial in origin and are thought to
arise from the ovarian surface epithelium (OSE), a single-cell layer that comprises the
outer surface of the ovary. These epithelial neoplasms can be further subtyped based on
their resemblance to other tissues of the reproductive tract. The most common subtype is
the serous adenocarcinoma, so-named because of its resemblance to the cells of the inner

lining of the fallopian tube. The other subtypes include: mucinous, which resemble the



endocervical epithelium; endometrioid, which as the name suggests, are similar to the
cells of the endometrium; clear cell tumours, with cells with a large, clear cytoplasm; and
transitional cell tumours, whose cells can be likened to those of the bladder epithelium
(Chen, et. al., 2003). The other ten percent of malignant ovarian tumours originate from
the other tissues of the ovary, such as the granulosa cells, the theca cells, the stromal
cells, and the oocytes. Such tumours include sex cord-stromal tumours, granulosa
tumours, theca tumours, fibromas, and germ cell tumours .

The International Federation of Gynecology and Obstetrics (FIGO) has developed
guidelines for the staging of ovarian carcinomas (Benedet, et. al,, 2000). This
encompasses four stages and 3 grades, with grade only being applicable to tumours of
epithelial pathology. Stage I disease indicates that one or both ovaries are involved, but
there is no dissemination beyond this point. Stage II disease presents with pelvic implants
on the uterus or fallopian tubes or other pelvic structures. Stage III disease is indicated by
the presence of micro or macroscopic peritoneal disease outside of the pelvic area. Stage
IV disease is classified by the presence of metastases to distant sites.

Grading of epithelial tumours is done based on features such as architectural
patter, cytologic atypia, and/or mitotic index (Malpica, et. al., 2004), however there
currently does not exist a universally accepted grading system. The widely used FIGO
grading system utilizes level of differentiation as well as the ratio of glandular or
papillary structures versus solid tumour growth for the further classification of epithelial
ovarian tumours. Grade 0 tumours are those of low malignant potential and are the most
well differentiated. A grade I tumour is well differentiated with less than 5% solid

tumour, grade II indicates moderate differentiation with 5-50% solid component, and



grade III tumours are poorly differentiated withh greater than 50% solid tumour growth
(Benedet, et. al., 2000). The system developed by the World Health Organization (WHO)
is based on the qualitative observations of the architectural and cytologic features, but is
not quantitative (Brugghe, et. al., 1995). Finally, the Silverberg grading system classifies
epithelial ovarian tumours based on a combination of tissue architecture, cytology, and
the number of mitotic figures in ten high power fields. With this system, Grade 1 tumours
are glandular with slight cytologic atypia and less than 10 mitotic figures, Grade 2
tumours are papillary with moderate atypia and 10-24 mitotic figures, and Grade 3
tumours are solid with significant cytologic atypia and >25 mitotic figures (Silverberg,

2000).

1.3  Ovarian Cancer: Etiology

The events that lead to the malignant transformation of the OSE and the
development of ovarian cancer are not well understood. There are, however, several
factors that have been implicated, including ovulation, reproductive hormones,
environmental agents, and genetics, all of which will be addressed here.

1.3.1 The Incessant Ovulation Theory

One of the more popular theories regarding the development and progression of
ovarian cancer is the “incessant ovulation hypothesis”, first proposed by Fathalla in 1971.
This hypothesis proposed that the continuous rupture and repair of the OSE with each
ovulation render this tissue more sensitive to transformation due to the constant cell
turnover; thus the more ovulatory cycles the OSE is subjected to, the more likely it is for

a neoplasm to develop (Fathalla, 1971). Several lines of evidence from animal models



and epidemiological data support this hypothesis. Domestic hens, that when forced to lay
eggs and hence ovulate continuously, were found to be more prone to the development of
spontaneous ovarian tumours (Fredrickson, 1987). Conversely, animals that ovulate only
when they mate (reflex ovulators, which comprises most domestic animals) display a
decreased tendency towards the development of spontaneous ovarian tumours
(MacLachlan, 1987). Epidemiologic data also supports this theory in the human female.
When the number of ovulatory cycles over time was compared in a sample of women, it
was found that an increase in ovulation number correlated with an increased risk for the
development of ovarian cancer, and this increased risk was strongest in women who had
increased ovulations between the ages of 20-29 (Purdie, et. al., 2003). This effect is also
seen in women who underwent induced ovulations with the aid of fertility drugs
(Rossing, et. al., 2004) and in a mouse model it has been shown that superovulation
increases the proliferation of OSE cells (Burdette, et. al., 2006). There is also
considerable evidence that indicates that factors which prevent ovulation, such as
pregnancy, lactation, and the use of oral contraceptives, decrease a woman’s risk of
developing ovarian cancer (Cramer, et. al., 1983; Gwinn, et. al., 1990; Siskind, et. al.,
1997).

1.3.2 The Gonadotropin Theory

One of the other main theories proposed to explain the development of epithelial
ovarian cancer (EOC) is the “gonadotropin theory”. This theory postulates that elevated
levels of the pituitary gonadotropins luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) are responsible for excessive stimulation of ovarian tissue that ultimately

leads to transformation. This hypothesis stems from the fact that the majority of EOCs



are diagnosed in peri- or postmenopausal women, when endogenous levels of LH and
FSH are their highest (Yancik, 1993). It was originally derived based on experiments
involving the transplantation of ovaries into the splenic pulp of rats, which lead to
ovarian tumour formation. The tumourigenesis was thought to be due to the fact that
estrogen was inactivated in the liver and thus gonadotropin levels would rise due to lack
of pituitary feedback (Vanderhyden 2005). Epidemiologic evidence also demonstrates
that situations which suppress gonadotropin secretion, such as pregnancy and oral
contraceptive use, decrease ovarian cancer risk (Risch, 1998) and women with polycystic
ovarian syndrome, who have high levels of circulating LH, are at increased risk
(Schildkraut, et. al., 1996). Experimental evidence also supports the gonadotropin theory
to a certain extent. Transgenic mouse models with elevated gonadotropin levels do
display ovarian tumourigenesis, though they tend not to be of epithelial origin (Risma, et.
al., 1995; Keri, et. al., 2000). It has also been demonstrated that exogenous gonadotropin-
induced ovulations lead to an increase in OSE stratification in rats (Celik, et. al., 2004)

and to increased OSE cell proliferation in mice .

1.3.3 Environmental Factors

Few environmental factors directly related to an increase in risk for EOC have
been identified. Results from epidemiologic studies indicate possible correlations
between the use of talc, exposure to tobacco smoke or radiation, use of psychotropic
medications, infection with the virus that causes mumps, high levels of physical activity,
high body mass index, high caffeine consumption and increased risk for EOC, though the

correlations were often modest at best (Holschneider and Berek, 2000).



The link between heavy use of talc in the genital area and ovarian cancer risk has
been one of the well-studied environmental risk factors with supporting experimental
evidence. The link initially stemmed from the discovery of talc in normal and malignant
ovarian tissue (Henderson, et. al., 1979). Epidemiologic studies also supported a
connection with perineal talc use and an increased risk of ovarian cancer (Harlow, et. al.,
1992; Cramer, et. al., 1999; Gertig, et. al., 2000). Experimental evidence in a rat model
then showed that talc could in fact travel from the vagina to the ovaries, and that
exposure of the ovarian surface to talc led to an increase in focal areas of papillary

change (Hamilton, et. al., 1984; Henderson, et. al., 1986).

1.3.4 Genetics

Ovarian cancer most often develops sporadically, in that a series of somatic
genetic alterations take place in the normal OSE that eventually leads to transformation
and tumourigenesis. While there is currently no clear picture of what this series of genetic
events comprises, research to date has revealed multiple possibilities. A much smaller
number of EOCs appears to be due to inherited germline mutations in tumour suppressor
genes, in that a disease-causing genetic alteration is already present at birth, predisposing
the individual to disease with a potentially earlier onset. Both of these situations will be
discussed in greater detail here.

1.3.4.1 Germline Mutations

Five to fifteen percent of EOCs are thought to have a hereditary component,

caused by germline mutations in the tumour suppressor genes BRCAI and BRCA2,



though predominantly BRCAI (Pal, et. al., 2005). As BRCAI is the main focus of this
work, it will be discussed in greater detail further on.

EOC has also been seen occasionally as part of the tumour spectrum associated
with Li-Fraumeni syndrome, a rare condition that is due to germline mutations in the p53
tumour suppressor gene and confers up to a 90% lifetime risk of developing cancer
(Birch, et. al., 2001).

EOCs with endometrioid pathology have been associated with germline mutations
in the hereditary non-polyposis colorectal cancer (HNPCC) DNA mismatch repair genes
MSH?2 and MLHI (Watson and Riley, 2005). Approximately 10-12% of women with
HNPCC will develop ovarian cancer in their lifetime (Aarnio, et. al., 1995; Prat, et. al.,
2005), though they are at greatest risk for developing colorectal cancer. Between 2 to 4%
of colorectal cancer cases are thought to be due to HNPCC (Ponz de, et. al., 1999).

Other less common genetic syndromes that carry an increased risk for ovarian
cancer (though not necessarily epithelial) include; Peutz-Jeghers syndrome, which is due
to germline mutations in the STK11 tumour suppressor gene and confers a 20% lifetime
risk of ovarian cancer (Papageorgiou and Stratakis, 2002); Carney complex, caused by
mutations in a protein-kinase A regulatory subunit gene, where more than half of female
patients develop ovarian tumours (Stratakis, et. al., 2000); ataxia telangiectasia, a
neurodegenerative disease caused by mutations in the A7M gene (Smith and Ponder,
1993), as well as Cowden disease, caused by germline mutations in the PTEN tumour
suppressor gene, a rare disease characterized by multiple hamartomas (Lynch, et. al.,

1997).



1.3.4.2 Somatic Mutations

Somatic mutations in other tumour suppressor genes and oncogenes have been
found to be associated with sporadic ovarian cancer. These alterations appear to influence
pathology, prognosis, as well as chemosensitivity.

Somatic mutations and/or overexpression of p53 have been found in 40-80% of
EOCs (Feki and Irminger-Finger, 2004), making it perhaps the most common alteration
seen in these tumours, as well as most other cancers. p53 mutations and/or
overexpression have been shown to be correlated with poor prognosis (Hartmann, et. al.,
1994, Klemi, et. al., 1995; Buttitta, et. al., 1997), metastasis (Sood, et. al., 1999), as well
as resistance to chemotherapy (; Kigawa, et. al., 2001).

Another tumour suppressor gene that has been associated with sporadic ovarian
cancer is PTEN. Though predominantly associated with the tumours spectrum seen in
Cowden’s syndrome, PTEN mutations are often detected in EOCs, but most specifically
those with endometrioid histology (Li and Karlan, 2001; Kolasa, et. al., 2006).
Approximately 30% of endometrioid ovarian tumours display somatic mutations in PTEN
(Obata and Hoshiai, 2000), while only 5% of serous adenocarcinomas display mutations
(Kolasa, et. al., 2006). Epigenetic silencing has been shown to play a significant role in
loss of PTEN expressin in EOC (Kurose, et. al., 2001).

While the retinoblastoma (RB) tumour suppressor gene does not appear to have a
strong association with the development of EOC, there is some evidence for its
involvement. Loss of heterozygosity (LOH) of RB appears to be a common event in
EOC, found in up to 60% of tumours, however whether or not there is a corresponding

increase in loss of protein expression continues to be debated (Liu, et. al., 1994; Taylor,



et. al., 1995; Niemann, et. al., 1998; Gras, et. al., 2001). EOC patients with an altered RB
signaling pathway have been shown to have poorer survival outcomes than those with
normal Rb signaling (Hashiguchi, et. al., 2004).

Mutations in the oncogene K-ras are seen frequently in EOC (Enomoto, et. al.,
1991). K-ras is a member of the ras family of GTPases and mutations generally result in
constitutive activation (Ellis and Clark, 2000). These mutations are predominantly
associated with tumours with mucinous histology and are thought to be an early event in
ovarian tumourigenesis. Up to 75% of mucinous EOCs demonstrate K-ras mutations
(Aunoble, et. al., 2000). The hypothesis that K-ras mutations may represent an early
event in this disease progression is due to the fact that the mutations are more often seen
in borderline tumours, which may represent the precursors to malignant mucinous
tumours (Caduff, et. al., 1999). To date, no real correlation has been reported between K-
ras status and prognosis in EOC.

Another oncogene that has been shown to have a possible role in ovarian
tumourigenesis is HER-2/neu. A member of the family of growth factors that includes
EGF-R, HER-2/neu is amplified or overexpressed in up to 60% of EOCs . Higher
expression of HER-2/neu message has been shown to be associated with poorer prognosis
and chemotherapy resistance (Hengstler, et. al., 1999).

Finally, the c-myc oncogene has also been implicated in ovarian tumourigenesis.
The gene produces a DNA-binding protein that is involved in the regulation of cellular
proliferation (Garte, 1993). Amplification and/or overexpression of the c-myc gene has
been found in close to 40% of malignant epithelial ovarian tumours , though most

predominantly in adenocarcinomas of the serous subtype (Tashiro, et. al., 1992). There is



some association with alterations in c-myc and poor survival outcomes, but generally
only when overexpressed in conjunction with HER-2/neu (Katsaros, et. al., 1995). C-myc
amplification is most frequently seen in later stage tumours, thus it is thought that it may

have more of a role in disease progression as opposed to initiation (Baker, et. al., 1990).

1.4  Ovarian Cancer Symptoms and Screening

Ovarian cancer is often referred to as “the disease that whispers” due to the rather
vague nature of the symptoms of this disease, which often results in late-stage diagnosis.
According to the National Ovarian Cancer Association (www.ovariancanada.org),
ovarian cancer symptoms include any or all of the following that persist for longer than
three weeks: abdominal bloating and discomfort, changes in bowel function, unexplained
weight gain, nausea, and changes in menstrual patterns. Because these symptoms can
casily be overlooked or attributed to other causes, diagnosis is often not made until the
disease is in an advanced state and the symptoms are severe.

The physical inaccessibility of the ovaries renders screening for malignancy in the
general population difficult. To date, routine screening is generally only considered cost-
effective in those at high risk because of a strong family history of the disease or because
of a known BRCAI or BRCA2 germline mutation. In this cohort, screening may generally
include a blood test for the tumour-associated antigen CA-125 along with a transvaginal
ultrasound (Laframboise, et. al., 2002). The CA-125 tumour marker is an antigenic
determinant of a high molecular weight glycoprotein that is recognized by an antibody
raised using an ovarian cancer cell line as an immunogen (Jacobs, et. al., 1990). It has

been found that CA-125 levels correlate with disease progression and regression in
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ovarian cancer (Shimizu, et. al., 1985; Shimizu, et. al., 1986). The measurement of serum
CA-125 levels is not, unfortunately, a sufficiently effective screening procedure. Quite a
wide range of benign conditions, such as menstruation, pregnancy, benign pelvic masses,
pelvic inflammatory disease, ovarian hyperstimulation syndrome, and peritonitis can also
cause an increase in serum CA-125 levels (Daoud and Bodor, 1991). As well, it has been
found that up to 20% of all malignant ovarian tumours do not secrete CA-125 (Bast, Jr.,
et. al., 2005) and a significant proportion of women with early stage EOC do not
demonstrate elevated CA-125 levels (Woolas, et. al., 1993). Even the combined use of
the CA-125 blood test along with transvaginal ultrasound has not proven entirely
effective for screening even in high risk groups, however the use of colour Doppler flow
ultrasonography is improving the effectiveness of this mode of screening (Cohen and
Jennings, 1994). Another step forward has been the use of screening for other tumour-
associated antigens in conjunction with CA-125, which include macrophage colony
stimulating factor (M-CSF) and OVX1, an endometrial cancer marker (Bast and Woolas,
1993; Woolas, et. al., 1995). Magnetic resonance imaging has not proven accurate or
cost-effective in screening even high risk groups to date (Bohm-Velez, et. al., 2000).

The field of bioinformatics is proving useful in the development of new screening
tools for the detection of ovarian cancer. Recently proteomic patterns in serum samples
were used to distinguish ovarian cancer patients from unaffected controls with a resulting
positive predictive value of 94% (Petricoin, et. al., 2002), indicating that the disease may
carry a distinct molecular signature that may be exploited for early detection screening
purposes. The identification of proteomic signatures by mass spectroscopy have shown

differences in expression of certain biomarkers between ovarian tumours of different
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histological subtypes (An, et. al., 2006), and may be able to aid in predicting whether
tumours are likely to be chemoresistant (Stewart, et. al., 2006). Proteomic analysis has
even revealed unique patterns between OSE cells from oophorectomy specimens of
women with and without a significant family history of ovarian cancer, which may aid in

the further definition of the preneoplastic phenotype of EOC (He, et. al., 2005).

1.5  Treatment of Ovarian Cancer

The current standard treatment plan for advanced ovarian carcinoma generally
includes cytoreductive surgery, followed by intravenous (i.v.) chemotherapeutic
treatment with a combination of taxane and platinum-based agents. The initial response
rate is generally quite high, 60-80%, however the majority of patients go on to develop
multi-drug resistance (Qazi and McGuire, 1995). If there is a response-failure to the
taxane/platinum combination, patients may also be treated with other common
chemotherapeutic agents such as doxorubicin, topotecan, gemcitabine, or etoposide
(Berkenblit and Cannistra, 2005).

More recent advances in the treatment of EOC that, while they are not yet
necessarily considered the standard of care, have proven quite effective include
neoadjuvant chemotherapy as well as intraperitoneal (i.p.) chemotherapy. Improvement
in patient outcomes has been seen in those who were treated with chemotherapy prior to
debulking surgery and it is quickly becoming a first-line approach in many centres (Park
and Kuhn, 2004). This approach appears to be warranted when the tumour(s) is (are) not
thought to be initially resectable. Another new strategy in EOC treatment is the delivery

of chemotherapeutic agents intraperitoneally rather than intravenously. Significant
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improvements in progression-free survival of 6 months and overall survival of a year or
more have been demonstrated with this method (Markman, et. al., 2001; Armstrong, et.
al., 2006), and it has also been shown in some studies to result in lower toxicity-related
side effects, however it has not yet been accepted as a standard of care as other studies
have demonstrated an increase in such side effects (Fujiwara, et. al., 2005; Singhal and

Lele, 2006).

1.6  The Normal Ovarian Surface Epithelium

The ovarian surface epithelium is a single layer of squamous to cuboidal epithelial
cells that covers the outer surface of the ovary (Figure 1). It is separated from the ovarian
stroma by a basement membrane. Held together laterally by gap junctions and
desmosomes, the OSE is continuous, at the ovarian hilum, with the mesothelium of the
ovarian ligaments and the lining of the peritoneum (Murdoch, 1996). These cells also
share a common embryonic origin, the mesoderm, with the epithelial cells of the
urogenital system. They ultimately differentiate from the coelomic epithelium after it
invaginates to cover the gonadal ridges during gonadogenesis (Auersperg, et. al., 1997).

The OSE appears to play an active role in the ovulatory cycle, and it has in fact
been demonstrated that removal of the OSE can block ovulation in species such as the
sheep, pig, and frog (Schuetz and Lessman, 1982; Hall, et. al., 1993; Colgin and
Murdoch, 1997). Prior to ovulation, mature or dominant follicles can be found close to
the ovarian surface, adjacent to the OSE. In response to stimulation by LH, for which
OSE cells have receptors, the epithelial cells secrete proteolytic enzymes such as

plasminogen activator, which will break down the underlying basement membrane and
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Figure 1: Schematic diagram of the ovarian surface epithelium in relation to other
ovarian structures such as the ovarian stroma and follicles composed of granulosa

cells and the oocyte.
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weaken the follicular wall with a signal transduction cascade involving matrix
metalloproteinases (MMPs) and tumour necrosis factor alpha (Murdoch and McDonnel,
2002). In culture, it has been shown that OSE cells from sheep secrete urokinase
plasminogen activator in a basal direction in response to LH (Murdoch, et. al., 1999).
This is followed by localized apoptosis and necrosis of the OSE cells immediately
overlying the ovulatory follicle. Following ovulation, it is thought that proliferation and
migration of OSE cells adjacent to the wound is the mechanism by which the ovulatory
wound is repaired and cultured OSE cells have been shown to be capable of producing
extracellular matrix (ECM) components such as collagen types I and III necessary for the
formation of a basement membrane (Auersperg, et. al., 1991; Kruk and Auersperg, 1992;
Kruk and Auersperg, 1994). The OSE appears to have its own cycle, at least in rats,
which parallels the estrous cycle, including a proliferative phase just prior to and
immediately following ovulation, and a quiescent phase the remainder of the time
(Gaytan, et. al., 2005). In general though, the OSE has a very low proliferative index
(Heller, et. al., 2003).

Though not without difficulty, OSE cells from various species can be cultured.
Human OSE cultures can generally undergo 7-8 passages prior to undergoing senescence,
though spontaneous immortalization is sometimes observed (Auersperg, et. al., 2001). In
culture these cells retain the homogeneous cobblestone morphology typical of epithelial
cells, but display a phenotypic plasticity in that they are capable of undergoing epithelial-
to-mesenchymal transition, a process characterized by a switch from apical-basal to
anterior-posterior polarity, loss of intercellular contacts, loss of epithelial markers, and

acquisition of mesenchymal markers .
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1.7  Transformation of the Ovarian Surface Epithelium

As mentioned previously, the vast majority of malignant ovarian tumours are
epithelial in nature and thought to arise from the OSE. The main rationale behind the
theory that the OSE is the tissue of origin of EOCs originates from observations of
epithelial inclusion cysts found within the ovarian stroma. These epithelium-lined cysts
are thought to form when invaginations of the OSE into the ovarian stroma, which may
result following ovulatory wound repair, pinch off and become surrounded by stroma
(Ghahremani, et. al., 1999). Mullerian metaplasia of serous subtype can been seen in
some of these cysts, and intraepithelial neoplasia has also been observed, raising the
possibility that these structures are the putative precursor lesions for EOC (Okamura and
Katabuchi, 2001). To add to this evidence, it has been shown that ovaries removed
prophylactically from women with BRCAI germline mutations or those with a significant
family history of EOC demonstrate more epithelial changes in their ovaries, particularly
more inclusion cysts, and occasionally occult neoplasia (Salazar, et. al., 1996; Werness,
et. al., 1999; Colgan, et. al., 2001; Finch, et. al., 2005). As well, more of these structures
have been found in the contralaferal “normal” ovary of women with unilateral EOC
(Mittal, et. al., 1993).

In vitro studies with cultured OSE cells have helped to shed some light on the
possible molecular chain of events that may need to take place in order to achieve
transformation in these cells. Several studies have shown that the co-expression of the
SV40 Large T antigen (SV40-TAg) along with the cell adhesion molecule E-cadherin,

which is not expressed in the normal OSE but is expressed in EOCs, has the ability to
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result in transformation of human OSE cells (Maines-Bandiera, et. al., 1992; Auersperg,
et. al., 1999; Ong, et. al., 1999). Introduction of SV40-TAg, which impedes both the Rb
and p53 tumour suppressor pathways, into murine OSE (MOSE) cells also resulted in
transformation, whereas p53-deficiency alone did not (Kido and Shibuya, 1998). Studies
of OSE cells collected from oophorectomy specimens from women with or without a
significant family history of ovarian cancer (though not necessarily a confirmed BRCA!
mutation) have also yielded interesting results. OSE cells collected from “high risk”
ovaries show greater telomeric instability (Kruk, et. al., 1999), cytogenetic instability
(Pejovic, et. al., 2006), retention of expression of both CA-125 and keratins (Auersperg,
et. al., 1995; Dyck, et. al., 1996), as well as altered expression of E-cadherin (Wong, et.

al., 1999).

1.8  The BRCAI Tumour Suppressor Gene

1.8.1 Structure

The BRCAI tumour suppressor gene is composed of 24 exons and yields a large
220 kD protein. It contains 1863 amino acids in humans (Miki, et. al., 1994), and 1812 in
mice. In humans this gene maps to chromosome 17q21 (Chamberlain, et. al., 1993) and
in mice it is found on chromosome 11D (Schrock, et. al., 1996). The mouse and human
proteins display 60% identity and 72% similarity, with the greatest homology seen in the
amino and carboxy termini (Sharan, et. al., 1995). The N-terminus of BRCA1 contains a
zinc RING finger domain with E3 ubiquitin ligase activity similar to that seen in other

DNA-interacting proteins (Wu, et. al., 1996). The C-terminus contains two BRCA1 C-
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terminal (BRCT) domains, which bind proteins such as p53, RNA Polymerase II,
BRCAZ2, and RB, either directly or indirectly. Two nuclear localization signals can be
found within exon 11, which encodes over 60% of the protein. BRCAl-interacting
proteins which bind in this region include, RAD50, RADS51, RB, and c-Myc (Deng and

Brodie, 2000) (Figure 2).

1.8.2 Function

BRCALI has been identified as a transcription factor with many diverse functions
within the cell. It is perhaps best known for its tumour suppressor activity; however
BRCAI has also been shown to be involved in DNA damage recognition and repair, cell
cycle control, regulation of apoptosis, as well as development. While the list of functional
roles for BRCA1 continues to grow, only these five main roles will be discussed here.

1.8.2.1 Tumour Suppressor

BRCAI has been qualified as a tumour suppressor gene as it fits the criteria for
Knudson’s two-hit hypothesis (Knudson, Jr., 1984), which states that, in the case of
tumour suppressor genes, two genetic “hits” are needed for cancer formation, affecting
each of the two copies of the gene. In the case of sporadic disease, both hits are acquired
in the adult over their lifetime, in the case of hereditary disease, an individual is born with
one “hit”, and then acquires the second. Germline BRCAI mutations are inherited in an
autosomal dominant fashion (Gallion and Smith, 1994) and LOH is seen in the resulting
breast and ovarian tumours (Neuhausen and Marshall, 1994). In vitro studies have shown

that overexpression of BRCA! in cancer cell lines leads to growth suppression (Holt, et.
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Figure 2: Schematic diagram of the structure of the human BRCA1 protein. Functional
domains and interacting sites with various proteins are demonstrated. Adapted from

(Deng, et. al., 2006) and (Lee, et. al., 2001).
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al., 1996) and that loss of BRCA! expression in cultured tumour cells results in a loss of

growth control characterized by an increase in proliferation (Thompson, et. al., 1995).

1.8.2.2 DNA Damage Repair

BRCAI has been shown to be an integral component of the cell’s DNA damage
recognition and repair mechanism. BRCA1 associates with a variety of other molecules
also involved in DNA damage recognition and repair, such as BRCA2, BARDI, Rad50,
Rad51, Mrell, and Nbsl (Lee and Chung, 2001). It has also been shown to form a
complex, known as the BRCAI-associated genome surveillance complex, or BASC, with
other tumour suppressors and repair genes among them MSH2 & 6, MLHI, ATM, BLM,
and the hRad50-hMRE11-p95 complex, which functions as a sensor of damaged DNA
(Wang, et. al., 2000b). It is thought, in this model, that BRCAI serves a central role as
both a scaffold for the other members and a coordinator of the repair process.

Hyperphosphorylation of BRCA1 is seen following exposure to a variety of
DNA-damaging agents and it appears that it can be phosphorylated by the ataxia
telangiectasia related proteins ATM and ATR, as well as by the checkpoint kinase 2
protein Chk2 (Cortez, et. al., 1999; Tibbetts, et. al., 2000; Lee, et. al., 2000). It is thought
that following this phosphorylation signal, the complex moves to the damage site and the
cell cycle is arrested while repair is initiated (Figure 3). If repair is not possible, the
result is often commitment to cell death.

Functional BRCAI has been implicated in several different types of DNA-damage
repair, such as homologous recombination, non-homologous end-joining repair,

transcription-coupled repair, as well as nucleotide excision repair (Ting and Lee, 2004).
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Figure 3: A simplified schematic diagram of the role of BRCA1l in DNA damage
detection and repair. For simplicity only a few of the binding partners involved in this

process are  depicted. = Adapated from  (Welsch, et. al,  2000).
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Cells with mutated or deficient BRCA! display defects in these various types of repair,
depending on how the damage is incurred. A hallmark of BRCAI-deficient tissues is an
increase in genomic instability, resulting from the inability to effectively detect and repair
damage, leading to an accumulation of defects rendering the cells more susceptible to
transformation (Shen, et. al., 1998; Deng, 2001; Weaver, et. al., 2002). Also, in its role as
a transcription factor, BRCAI has the ability to transcriptionally regulate various genes
involved in DNA-damage repair. It can induce damage recognition factors involved in
the global genomic repair pathway, such as GADD45, DDB2, and XPC (Hartman and
Ford, 2002).
1.8.2.3 Cell Cycle

One of the ways in which BRCA! is involved in dealing with damaged DNA is
via its role in cell cycle control. Tumour suppressor genes are labeled “caretakers” or
“gatekeepers” based on whether they can activate cell cycle checkpoints in order to
maintain genomic integrity or mainly to control proliferation, and BRCAI has been
identified as a caretaker (Kinzler and Vogelstein, 1997). BRCAI has been shown to exert
control on the G1/S, S, G2/M, and the mitotic spindle checkpoints. Its ability to regulate
expression of p21 plays a large role in control of the G1/S checkpoint. In vitro
experiments have demonstrated that, without functional BRCAI, there is no
transactivation of p21, and a failure to arrest in G1/S (Somasundaram, et. al., 1997).

Intra-S-phase arrest, which prevents cells from undergoing replication after DNA
damage, also appears to require functional BRCAI. HCC1937 cells, which have a
defective BRCAI, display a defective S-phase checkpoint, as well as a defective G2/M

checkpoint when challenged with ionizing radiation (Xu, et. al., 2001a). Reconstitution of
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BRCAI in these cells rescues this defect. Phosphorylation of BRCA1 by ATM also
appears to be required for proper S-phase arrest in the face of DNA damage (Lou, et. al.,
2003).

The G2/M checkpoint allows for the repair of DNA prior to mitosis so that
damage will not be passed on to the resulting daughter cells, and BRCAI also plays a
critical role here. BRCAI null mouse embryonic fibroblasts display a defective G2/M
arrest (Xu, et. al., 1999b). Again, without phosphorylation of BRCA1 by ATM, there is
failure to arrest in G2/M following ionizing radiation (Aprelikova, et. al., 2001). It is
thought that BRCA1 may activate this checkpoint via transcriptional control of GADD45
(Mullan, et. al., 2001; Yoshida and Miki, 2004) and by its ability to repress Cyclin B
(MacLachlan, et. al., 2000).

The final point at which BRCAI can exert control in the cell cycle is the mitotic
spindle checkpoint. This checkpoint serves to ensure the proper attachment of the
chromosomes to the mitotic spindle as well as microtubule tension in order to prevent
premature separation of the sister-chromatids. BRCA1 has been shown to associate with
and activate MEKK3, which is an upstream regulator of the c-Jun/stress-activated protein
kinase and p38/MAPK pathways, following microtubule damage (Gilmore, et. al., 2004).
Another study demonstrated that downregulation of BRCAI in the MCF-7 breast
carcinoma cell line led to a premature degradation of cyclin Bl which precipitated an
carly inactivation of the spindle checkpoint and that this rendered the cells resistant to the

mitotic spindle poison paclitaxel (Chabalier, et. al., 2006).
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1.8.2.4 Apoptosis

When the repair of damaged DNA fails, the normal result is that the cell is
committed to programmed cell death, or apoptosis. While the main role of BRCA! is in
the recognition and coordination of this repair, it has also been shown to be involved in
the apoptotic death pathway, though perhaps more indirectly than directly. Exogenous
expression of BRCAI can induce apoptosis, and requires JNK activation (Harkin, et. al.,
1999). In contrast, antisense inhibition of BRCAI has been shown to increase levels of
apoptosis (Husain, et. al., 1998). BRCAI has been shown to modulate stress-induced
apoptosis in breast and ovarian cancer cell lines and did so through a p53-independent
pathway involving H-Ras, MEKK4, JNK, Fas ligand/Fas interactions, and caspase-9
activation (Thangaraju, et. al., 2000). This study employed several different types of
apoptotic stimuli, indicating that BRCAI could influence apoptosis in response to a
variety of stress signals. This list was expanded when it was shown that BRCAI could
also sensitize cells to interferon-gamma-mediated apoptosis (Andrews, et. al., 2002).

1.8.2.5 Development and Differentiation

The major implications of the role of BRCAI in the above processes are never
more evident than when you examine the involvement of BRCAI in development.
BRCAI is expressed in all developing tissues in the mouse, particularly those that are
rapidly proliferating and differentiating (Lane, et. al., 1995; Marquis, et. al., 1995).
BRCA1 null mouse embryos die in utero prior to embryonic day eight, mainly due to a
massive proliferation defect and substantial increase in cellular apoptosis, a phenotype
that can be partially rescued by the concomitant inactivation of either p53 or p21

(Hakem, et. al., 1997). This molecular defect ultimately results physiologically in neural
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tube closure defects such as anencephaly and spina bifida (Gowen, et. al., 1996; Hakem,
et. al., 1996). Transgenic embryos in which only splice variants of exon 11 of the BRCA]
gene are left intact, while still embryonic lethal, survive approximately ten days longer
than the completely null animals, indicating that this large exon can partially compensate
for the full length transcript .

The embryonic lethality of the BRCAI null phenotype has made it difficult to
study the role of this gene in the development of various tissues; however the advent of
mammary tissue-specific promoters has made this possible in the mammary gland.
BRCAI has been shown to be quite critical for normal development of the mammary
gland. The first hint for a possible role for BRCAI in mammary gland development and
differentiation was that Brcal mRNA is upregulated during puberty and pregnancy in the
mouse . It has since been shown that downregulation of BRCAI in mammary epithelial
cells in vitro attenuates their differentiation and overexpression accelerates it, whereas the
same conditions had no effect on muscle or neuronal cell differentiation (Kubista, et. al.,
2002). In transgenic mouse models, tissue-specific deletion of Brcal in the mammary

epithelium results in blunted ductal morphogenesis (Xu, et. al., 1999a).

1.8.3 Role of BRCAI In Ovarian Cancer

As mentioned previously, as many as 15% of EOCs are thought to be the result of
hereditary germline mutations in BRCAI or BRCA2 . While somatic mutations in
sporadic EOCs appear to be relatively rare, BRCAI dysfunction as the result of epigenetic

factors is quite common in sporadic EOCs.
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1.8.3.1 Hereditary Ovarian Cancer

A significant family history of breast/ovarian cancer, which can be defined as an
individual with breast cancer diagnosed before the age of 45, ‘bilateral breast cancer at
any age, diagnosis of breast and ovarian cancer in the same individual, two or more first
degree relatives with breast and/or ovarian cancer, particularly if diagnosed before the
age of 50, may be indicative of a hereditary germline mutation in BRCAI or BRCA2
(Nelson, et. al., 2005)(Figure 4). The lifetime risk for developing EOC for a BRCAI
germline mutation carrier is estimated to be between 40 and 65% (Ford, et. al., 1994,
Easton, et. al., 1995; Antoniou, et. al., 2003).

While the rate of BRCAI mutations is between 5-15% in the general ovarian
cancer population, i.e. not selected for significant family history, the rates are much
higher when family history is considered, and varies based on population genetics. For
example, 79% of Russian families with a history of breast/ovarian cancer have been
found to have a specific BRCAI mutation, 5832insC. This mutation is seen at a rate of
47% in Israeli breast/ovarian cancer families, in 29% of Italian breast/ovarian cancer
families, and in 20-25% of these families of British, French, Scandinavian, or Hungarian
descent (Szabo and King, 1997).

Certain countries and ethnic groups also display BRCA mutations unique to them,
known as founder mutations, and this is best exemplified in the Ashkenazi Jewish
population. There are two founder mutations for BRCAI seen in this group, 185delAG
and 5832insC. The first is seen in the general Ashkenazi Jewish population at a rate of
1%, the latter about 0.11% (Tonin, et. al., 1996). The 185delAG mutation is estimated to

have originated over 2000 years ago . The founder mutation rate for Ashkenazi Jewish
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Figure 4: Pedigree of a family with a BRCA1 germline mutation. Circles indicate
females and squares indicate males. Darkened circles are affected individuals. Breast
indicates a breast cancer diagnosis followed by the age at diagnosis, while ovarian
indicates an ovarian cancer diagnosis. A diagonal line through the circle or square

indicates the individual is deceased.
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women with ovarian cancer is about 40% (Moslehi, et. al., 2000). Founder mutations
have also been identified in families of Dutch, Lithuanian, Russian, Germanic, French,
Italian, British, French-Canadian, African-American, Norwegian, Swedish, Icelandic,
Belgian, and Finnish descent (Neuhausen, 2000). There is little evidence for clustering of
mutations into “hotspots” on the BRCAI gene, however mutations located in the N-
terminal region appear more likely to be associated with ovarian cancer and C-terminal
mutations with breast cancer (Gayther, et. al., 1995).

The types of germline BRCAI mutations seen include frameshift and nonsense
mutations, which result in a truncated protein product, splice site alterations which result
in a smaller or less stable message, missense mutations, as well as alterations in the
promoter region, which give rise to decreased or absent protein expression (Szabo, et. al.,
2004). Nonsense mutations or frameshift mutations consisting of insertions or deletions
comprise the majority of BRCAI mutations that have been documented and are generally
accepted as disease causing (Szabo, et. al., 2004). Splice site and missense mutations that
include insertions and in-frame deletions are the most difficult to detect by current
screening strategies, and are thus less likely to have been clearly designated as deleterious
(Liu, et. al., 2001; Mirkovic, et. al., 2004).

Screening for BRCAI mutations can be done several ways, all of which require
only a blood sample. The single-stranded conformation analysis (SSCA) looks for
differences in single-stranded DNA structure, mainly folding, between a control and a
mutated sample. It is sensitive enough to detect single base pair changes (Lessa and
Applebaum, 1993). The protein truncation test (PTT) is more sensitive than SSCA and

quite widely used (Geisler, et. al., 2001). This test detects mutations based on mutations
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producing truncated proteins that will migrate at different rates than controls on a
polyacrylamide gel (Hogervorst, et. al., 1995). LOH analysis prior to the PTT has been
shown to improve sensitivity (Sorlie, et. al., 1998). These tests are unable to detect
missense mutations. Complete gene sequencing is also possible, though the results are
difficult to interpret, as this will also detect non-deleterious or unclassified
polymorphisms (Abkevich, et. al., 2004).

BRCAI mutation-associated EOCs also have a distinct pathological phenotype.
These tumours are more likely to be invasive serous adenocarcinomas that are poorly
differentiated (Narod and Boyd, 2002). They are more likely to be high grade, have
increased solid component, as well as increased p53 immunoreactivity (Lakhani, et. al.,
2004). BRCAI mutations have been associated with other pathologies, but serous is by far
the most common, with clear cell being the least likely tumour type to be associated with
a mutation (Lakhani, et. al., 2004). BRCAI mutations carriers are at increased risk for
pancreatic, colorectal, and prostate cancer (Rosen, et. al., 2001; Kirchhoff, et. al., 2004,
Lynch, et. al., 2005).

1.8.3.2 Sporadic Ovarian Cancer

While somatic mutations in sporadic EOCs appear relatively rare, BRCAI
dysfunction of some sort is still a relatively common occurrence in sporadic tumours.
Reduced mRNA levels and decreased BRCA1 protein levels are seen in a large
proportion of sporadic ovarian cancers (Russell, et. al., 2000). Epigenetic alterations,
such as hypermethylation, are almost always associated with LOH, and are thought to
provide an epigenetic “second hit” that will lead to disease formation (Esteller, et. al.,

2001). Another study demonstrated that LOH or hypermethylation were never seen in
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benign ovarian tumours, hypermethylation was not seen in borderline tumours and LOH
was only seen in 15% of these, while 66% of ovarian carcinomas displayed LOH and
31% hypermethylation (Wang, et. al., 2004). As with ovarian tumours associated with
germline BRCAI mutations, BRCAI-dysfunction in sporadic tumours is also associated
with a serous pathology as well as high grade and poor differentiation (Boyd, et. al.,

2000).

1.84 BRCAI in Association with p53

Up to 60% of BRCA I mutation-associated ovarian tumours also display mutations
in the p53 tumour suppressor gene (Ramus, et. al., 1999; Zweemer, et. al., 1999). This
data, coupled with evidence from both in vivo and in vitro studies demonstrate a strong
association between these two genes and their pathways as related to ovarian
carcinogenesis as well as tumourigenesis in general and there is considerable
experimental evidence that indicates that loss of p53 expression may also be at least a
partial requirement for BRCAI-associated tumourigenesis.

Firstly, BRCA1 and p53 are capable of physical association and regulation of
each other’s activity. BRCA1 is capable of binding p53 and activating its transcriptional
activity (Ouchi, et. al., 1998). Conversely, addition of exogenous BRCAI results in the
downregulation of p53 in response to DNA damage (Arizti, et. al., 2000). As mentioned
previously, concomitant loss of p53 expression partially rescues the embryonic lethality
of the Brcal knockout mouse phenotype . It is thought that this is accomplished by the
fact that the loss of BRCAI alone triggers p53-dependent checkpoint controls, and

without this measure, the cells are able to continue to proliferate. Antisense inhibition of
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BRCAI results in a rise in p53 and p21 expression levels, and the same study found that
somatic mutations in the p53 gene were present in half of the BRCAI-associated ovarian
tumours they examined, from which they concluded that loss of BRCAI activates the
p53-dependent DNA-damage repair pathway and thus deleterious p53 mutations would
be a major contributing factor to BRCAI-related carcinogenesis (Reedy, et. al., 2001).
Lastly, as will be discussed in detail later, inactivation of p53 appears to accelerate

Brcal-associated mammary tumourigenesis (; Brodie, et. al., 2001).

1.8.4 BRCAI in Association with RB

As with p53, it has been demonstrated that BRCAI and RB are capable of physical
interaction. The hypophosphorylated form of RB has been shown to preferentially bind to
the exon 11 region of BRCAI, and this same study found that the ability of BRCAI to
suppress cellular proliferation depended on the presence of wildtype RB (Aprelikova, et.
al., 1999). RB has been shown to modify BRCAI expression via its ability to modulate
E2F transcriptional activity, with BRCAI being an in vivo target of E2F] (Wang, et. al.,
2000a). It has also been shown that overexpression of BRCA! inhibits the expression of
RB and the RB family members p/07 and p130 (Fan, et. al., 2001). No association has

been made to date between RB and BRCAI dysfunction in ovarian cancer specifically.

1.9  Mouse Models of Cancer
The ability to accurately recapitulate cancer in a mouse model system provides an
extremely powerful tool to researchers. Xenograft models, in which human tumour cells

are injected into immune-compromised mice, have allowed for the preliminary testing of
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many potential therapeutic options, as well as the study of the effect of genetic alterations
on tumourigenesis. However, this method has several drawbacks. There is the species
difference between the host and the graft, the fact that the mice lack an immune system
that would normally be present in the human condition, the limited injection sites that do
not necessarily properly mimic the natural tumour environment, and the fact that one
must use cells that are already transformed. Thus, the ability to develop a mouse model in
which tumourigenesis “spontaneously” occurs in its natural environment as the result of
specific molecular alterations 1s of utmost importance when studying disease initiation
and progression. A defined model also provides the opportunity to test not only potential

therapeutics, but also early detection and prevention strategies.

1.9.1 General

The first generation of mouse models of cancer sought to generally either
constitutively express oncogenes or to inactivate expression of tumour suppressor genes,
either in the whole organism or in specific tissues. The overexpression of c-Myc in
mouse mammary epithelium, which led to mammary tumourigenesis (Stewart, et. al.,
1984), and the expression of TAg in the brain, which led to the development of
glioblastomas, were some of the first experiments to show that specific genetic alterations
could induce tumour formation in mice (Adams and Cory, 1991). Conversely, knocking
out expression of the tumour suppressor Rb led to the formation of pituitary adenomas,
and knocking out p53 expression resulted in the formation of sarcomas and lymphomas
in the mice (Kumar, et. al., 1995; Macleod, et. al., 1996). Creating a transgenic mouse in

which a gene is constitutively expressed in the germline involves incorporating the DNA
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of interest into the germline of the mice. In order to accomplish this, the DNA must be
microinjected into the nucleus of fertilized eggs of a donor mouse. These eggs are then
transferred to the oviduct of a pseudopregnant surrogate mother mouse. The resulting
pups are then screened for the presence and expression of the transgene. Creating a
mouse in which a gene is knocked out follows a similar though slightly more complicated
protocol. The “new” DNA that will replace the DNA of interest is transfected into
embryonic stem (ES) cells, in which homologous recombination will take place,
incorporating the new DNA. The cells carrying the transgene are selected and then
injected into mouse blastocysts, which are then transferred to a pseudopregnant surrogate.
The resulting pups will be chimeras of cells carrying DNA from the ES cells and cells
from the donor blastocyst. When these animals are bred to animals of the same strain as
the donor blastocyst, resulting pups with the coat colour of the ES cell donor are the
knockout mice (Nagy, et. al., 2003).

While traditional transgenic mouse models have proven extremely useful in
modeling carcinogenesis, these models have some distinct limitations. The genetic
alterations are made in the germline, and it often results, in the case of knockouts, that the
gene is indispensable for proper development and hence the result is embryonic lethality.
Even without lethality, developmental defects and other non-specific effects can interfere
with the analysis of any tumourigenic phenotype. As a result, several methods have been
developed to allow for spatial and temporal regulation of transgene expression. One
manner in which spatial regulation can be accomplished is via the use of a tissue specific
promoter to drive transgene expression specifically to the tissue of interest. A primary

example is the use of the mouse mammary tumour virus (MMTYV) promoter to drive gene
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expression in the mammary epithelium specifically, which has proven highly efficient in
the development of mouse models of breast carcinogenesis (Callahan and Smith, 2000).
Temporal or inducible regulation of transgene expression can be critical if
expression in the germline during embryonic development proves deleterious. Temporal
regulation can be accomplished by using an inducible promoter, an example of which is
the tetracycline (Tet)-dependent system. This system can be either Tet-Off or Tet-On. In
the Tet-Off system, expression of the transgene, which is under transcriptional control of
a Tet-responsive element (TRE), is regulated by the Tet-controlled transactivator protein
(rTA) (Baron and Bujard, 2000). The transgene cannot be activated in the presence of
doxycycline (Dox), which can be delivered to transgenic mice via their drinking water. In
the Tet-On system, the reverse rTA (rtTA) protein is used. In this case, the transgene can
only be activated in the presence of Dox, although some degree of leakiness of the system
is not uncommon. Another manner in which transgene expression can be induced in a
temporally regulated manner is via the Cre-loxP system. Cre is the 38 kD product of the
cre (cyclization recombination) gene of bacteriophage P1 and is a site-specific
recombinase. It recognizes a 34 bp site on the P1 genome called loxP (locus of X-over
P1). LoxP sites are composed of two 13 bp inverted repeats that flank an 8 bp non-
palindromic core. Cre catalyzes recombination between loxP sites and the intervening
DNA is excised as a covalent closed circle (Sauer, 1998) (Figure 5). This system can be
used in the transgenic mouse setting by creating a mouse in which the gene of interest is
flanked by loxP sites (a conditional knockout) or the gene of interest is preceded by loxP
sites flanking a stop-sequence (a conditional knockin). This mouse is then bred to a

transgenic mouse that expresses Cre under the control of a tissue-specific promoter and a
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Figure 5: Schematic diagram of Cre recombinase-mediated recombination at loxP
sites. LoxP sites are inserted into the gene of interest flanking the region to be excised.
Upon exposure to Cre recombinase, the DNA is cut at these sites and recombination

occurs between the sticky ends. The circular fragment is degraded.
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percentage of the resulting offspring will have the gene of interest removed or expressed.
In order to make this system temporally regulated, or in the absence of a tissue specific

promoter, the Cre-loxP system can be joined with the Tet-dependent system (St-Onge, et.
al., 1996) or Cre recombinase can be delivered via a viral vector, such as an adeno- or

retrovirus (Wang, et. al., 1996).

1.9.2 Brcal-deficient Mouse Models of Cancer

Because of the early embryonic lethality of traditional Brcal knockout mice,
studies of Brcal-related tumourigenesis in mice have generally employed the Cre-loxP
system in order to circumvent this issue, though a small number of studies have used
Brcal heterozygotes or viable truncation mutants. As BRCAI mutations in humans are
associated predominantly with cancers of the breast, the majority of conditional models
developed have focused on tumourigenesis in the mammary epithelium. Despite the very
strong association of BRCAI mutations with ovarian cancer, little work has been done
with respect to mouse models in this area.

One of the first transgenic models of Brcal-associated tumourigenesis examined
mice which were heterozygous for Brcal and p53-null (Cressman, et. al., 1999). The
mice predominantly developed lymphomas, though a small number did form mammary
carcinomas. Another study using mice with a truncation mutation that eliminated the C-
terminal portion of the protein product found that these mice were also predisposed to
tumour development, however the majority of the tumours were lymphomas or sarcomas,

with less than 15% developing mammary tumours (Ludwig, et. al., 2001).
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The first model to examine Brcal-associated tumourigenesis specifically in the
mammary epithelium utilized either the MMTV or the whey acidic protein (WAP)
promoters to drive expression of Cre recombinase specifically to this tissue and crossed
these mice with transgenic mice with loxP sites flanking exon 11 of Brcal . The offspring
of these mice displayed defects in mammary gland development in the form of blunted
ductal morphogenesis and developed epithelial mammary tumours after a long latency.
They found that these tumours displayed various hallmarks of genetic instability, such as
chromosomal abnormalities and aneuploidy. They also found that creating these same
mice on a p53-null background accelerated tumour development. A later study used the
same model, but the mice were created on a p53-wildtype or p53-heterozygous
background . They found that even p53-heterozygosity was sufficient to accelerate
mammary tumour development.

Work by Berton, et al, utilized the keratin 5 promoter to drive expression of Cre
to a wider range of epithelial tissues besides (but including) the mammary epithelium,
such as the epithelium of the epidermis, the oral/sinus cavity, esophagus, bladder, and
vagina (Berton, et. al., 2003). In this case, the mice were more prone to the development
of tumours of the skin, inner ear, and oral epithelium, but did not develop mammary or

ovarian tumours.

1.9.3 Models of Ovarian Cancer
One of the major stumbling blocks in ovarian cancer research has been the lack of
a mouse model that accurately mimics the human disease. Until quite recently,

researchers relied on xenograft models using human cancer cell lines which, while
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generating plenty of critical data, have several major limitations. The recent development
of several transgenic models, utilizing either Cre-loxP technology or specific promoters
has proven quite successful and has opened many research avenues which could not be
explored until now.

The first transgenic mouse model of EOC was published in 2003 and was based
on expression of SV40 TAg driven by the Mullerian Inhibiting Substance Type 11
Receptor (MISIIR) promoter (Connolly, et. al., 2003). MISIIR is expressed in the OSE,
as well as other ovarian tissues such as the granulosa cells, and in the remainder of the
reproductive tract. Approximately fifty percent of the transgenic females developed
bilateral epithelial ovarian tumours by six to thirteen weeks of age. The disease
progression in these mice mimicked that of humans, in that metastatic spread and ascites
production within the peritoneal cavity was a common occurrence.

Because there still lacks an adequate OSE-specific promoter (as mentioned,
MISIIR is expressed in multiple ovarian tissues), researchers have turned to using the
Cre-loxP recombination system to control gene expression. Several studies have
employed this system in conjunction with a technique known as intrabursal injection.
This involves performing microsurgeries to inject substances, in this case adenoviral Cre
recombinase, under the bursal membrane, which surrounds the ovary of rodents. In this
manner, the OSE is bathed in adenovirus expressing Cre recombinase, targeting
recombination to this tissue. This methodology was employed by Flesken-Nikitin, et al to
conditionally inactivate the tumour suppressor genes p53 and Rb in transgenic mice
bearing loxP sites flanking segments of one or both genes (Flesken-Nikitin, et. al., 2003).

The result was that while inactivation of either tumour suppressor alone was not
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sufficient to drive tumourigenesis in the OSE, or only in a very small number of animals,
inactivation of both genes resulted in the development of poorly differentiated
adenocarcinomas by a median time of 227 days following intrabursal injection.
Dinulescu, et al also utilized this technique to inactivate the tumour suppressor Pten and
activate the oncogene K-ras in the OSE of mice (Dinulescu, et. al., 2005). Activation of
K-ras or inactivation of Pten alone led to the development of lesions with endometrial
glandular morphology, whereas manipulation of both of the genes in tandem resulted in
the development of endometrioid ovarian adenocarcinomas within seven weeks of
intrabursal injection.

To date, only one study has sought to examine inactivation of the Brcal tumour
suppressor gene in the mouse ovary, and in this case they targeted inactivation to the
granulosa cells using the Cre-loxP system and the FSH receptor promoter to drive Cre
expression (Chodankar, et. al., 2005). More than half of the mice developed benign
uterine and ovarian cystadenomas, but no carcinomas were observed. At this time, no

studies have examined targeted inactivation of Brcal in the murine OSE.

1.10  Project Rationale

The molecular events that take place in the normal OSE that ultimately result in
transformation and epithelial ovarian tumourigenesis are not currently well understood.
Germline mutations in the BRCAI tumour suppressor gene are linked to a significantly
increased risk for the development of ovarian cancer; however the impact of loss of
function of this gene in normal OSE cells and its relation to ovarian carcinogenesis has

not been studied in any great depth to date.
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As well, a study recently demonstrated that tandem inactivation of both the p53
and Rb tumour suppressor genes in the mouse OSE led to the development of malignant
epithelial ovarian tumours . As BRCA-related ovarian cancers have an earlier onset and
a specific pathology, but also frequently demonstrate aberrant expression of p53, it is of
interest to examine the influence of loss of Brcal in conjunction with that of p53 and/or

Rb on latency of tumour development as well as tumour pathology.

1.11 Project Objectives

The first objective of this project was to inactivate Brcal in the murine OSE, both
in vivo and in vitro using the Cre-loxP system, and to examine the cellular consequences
of Brcal deficiency in these cells in terms of effects on proliferation, apoptosis,
sensitivity to chemotherapeutic agents, capability for anchorage-independent growth, as
well as physiological effects on OSE morphology and tumour development.

The second objective of this work was to inactivate Brcal in conjunction with the
tumour suppressors p53 and/or Rb in the murine OSE both in vitro and in vivo in order to
assess the effect of combined inactivation of these three genes in these cells, in terms of
effects on proliferation, sensitivity to chemotherapeutic agents, capability for anchorage-
independent growth, as well as physiological effects on OSE morphology and tumour
development, given that combined inactivation of p53 and Rb in the mouse OSE has been

shown to result in the development of epithelial ovarian tumours.
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1.12 Hypotheses

It is hypothesized that inactivation of the Brcal gene in the mouse ovarian surface
epithelium, either in vitro or in vivo, will cause these cells to assume a preneoplastic
phenotype that sensitizes the cells to transformation, manifested as loss of growth control
in vitro and the development of putative premalignant lesions such as epithelial inclusion
cysts and possibly epithelial ovarian tumours in vivo. Further, Brcal inactivation in OSE
cells with a combined deficiency for p53 and Rb will decrease the latency and increase the

growth rate of tumour development, as well as influencing the pathology of these tumours.
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Chapter 2 — Materials and Methods

2.1 Experimental Animals

Brea I [FVB;129-Brcal™*™] conditional knockout mice, bearing loxP sites
in introns 4 and 13 of the Brecal gene, and p53 °**F [FVB;129-Trp53™5™ | (Jonkers,
et. al., 2001) mice bearing loxP in introns 1 and 10 of the p53 gene, were obtained from
the Mouse Models of Human Cancers Consortium Mouse Repository (National Cancer
Institute, Rockville, MD, USA). Rb ™™ mice [129sv-RbI™™] (Vooijs, et. al., 1998),
bearing loxP sites flanking exon 19 of the Rb gene, were obtained from Dr. Ruth Slack at
the University of Ottawa (Ottawa, Ontario, Canada). The mice were intercrossed through
multiple generations to create colonies of homozygous Breal ¥/ p53 loxPloxF
RB'OFNXP 5 3IoxPIoxP —and RBP1F/Brea PP double conditional knockout mice.
These mice were then intercrossed through successive generations in order to obtain
Brca I Fo® RplOxPAP py 5 3loxPlloxP yinle conditional knockout mice (Figure 6). It took
approximately two years to achieve the triple conditional knockout mice. All animal

experiments described in this study were performed according to the Guidelines for the

Care and Use of Animals established by the Canadian Council on Animal Care.

2.2 Genomic DNA extraction
DNA extraction buffer (5S0mM KCl, 10mM Tris-HCI, 2mM MgCl,, 0.1mg/ml
gelatin, 0.45% Nonidet, and 0.45% Tween-20) containing 40pug/ml proteinase K (Roche,

Mississauga, ON, Canada) was added to cell pellets from cultured cells, tumour
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Figure 6: Breeding scheme used to create double and triple conditional knockout
mice. LoxP/loxP indicates the presence of loxP sites on both alleles of the gene. LoxP/wt
indicates that one allele contains a loxP site, while the other has the wildtype sequence.

Only the desired resulting genotypes are listed.
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fragments, OSE cells stripped from the ovary, or ear punches or tail snips from mice and
incubated at 58°C overnight. The volume of extraction buffer (250-500ul) varied
depending on the size of the sample. Following incubation, 70-140 ul of NaCl was added
and the samples were briefly vortexed. Samples were then centrifuged at 5000 rpm for 10
min and the supernatant was transferred to a new tube and the pellet was discarded.
Isopropanol (320-640ul) was added to the supernatant and the sample was mixed by
inverting the tube several times. Samples were then centrifuged for 5 min at 14,000 rpm.
The supernatant was discarded and 250-500u] of 70% ethanol was added to the remaining
pellet. The sample was vortexed briefly and then centrifuged at 14,000 rpm for 5 min.
The supernatant was discarded and the pellet was allowed to air dry at room temperature.
The DNA pellet then resuspended in Tris-EDTA (TE, 50mM, pH 6.8) buffer. DNA
content was measured using an Eppendorf Biophotometer (Eppendorf, Mississauga, ON,

Canada) with TE buffer as the blank.

23 Genotyping

Genomic DNA extracted from ear punches or tails snips collected at weaning
were subjected to PCR in order to identify the mice as wildtype or floxed (bearing loxP
sites). Primers were obtained from Sigma Genosys (Oakville, ON, Canada) and are
desalted. All PCR amplification was carried out in an Eppendorf Mastercycler

(Eppendorf) and PCR samples were separated on agarose gels (1-1.2% in Tris acetate-

EDTA (TAE) buffer).
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2.3.1 Breal™°*® mice

Breal loxP/loxP

mice were genotyped using primers Brcalint4fwd (5° TAT CAC
CAC TGA ATC TCT ACC G 3’) and Brealint4rev (5° GAC CTC AAA CTC TGA GAT
CCA C 3’) or Brealint13fwd (5° TAT TCT TAC TTC GTG GCA CAT C 3’) and
Brecalint13rev (5 TCC ATA GCA TCT CCT TCT AAA C 3°). Amplification of
genomic DNA with primers Brcalint4fwd and Brcalint4rev yields a 461bp and 391bp
fragment for floxed and wildtype sequences respectively (Figure 7A), while primers
Brcalint13fwd and Brcalintl3rev yield a 562bp fragment for the floxed sequence and a
492bp fragment for the wildtype sequence. PCR reactions were prepared in 20 pl
volumes with ddH;O to contain a final volume of 1/20 genomic DNA, 1X PCR buffer
(10X stock containing 200 mM Tris HCl (pH 8.4) and 500 mM KCIl, Invitrogen,
Burlington, ON, Canada), 2.5 mM MgCl, (50 mM stock, Invitrogen), 0.1 mM
deoxynucleoside triphosphates (ANTPs, 10mM stock, Invitrogen), 0.5 uM of each primer
(100 uM stock), and 0.05 U/ul thermophilic DNA polymerase (Taq, 5 U/ul stock,
Invitrogen). PCR conditions were as follows: 94°C for 5 min; 30 cycles of 94°C for 30
sec, 60°C for 30 sec, and 72°C for 60 sec, followed by 72°C for 10 min. Samples were
then stored at 4°C.

232 p53'oFP pice

p53°F1® mice were genotyped using primers p53int1fwd (5> CAC AAA AAC
AGG TTA AAC CCA G 3’) and pS3intlrev (5° AGC ACA TAG GAG GCA GAG AC
3’) to yield a 288 bp band for wildtype or a 370 bp band for floxed sequences (Figure

7B) or primers p53int10fwd (5 CAC AAA AAC AGG TTA AACCCA G 3’)and
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Figure 7: Genoptyping of the conditional knockout mice. A) LoxP sites flank exons 5-
13 of the Brcal gene (left). Primers Brcalint4fwd (a) and Brcalintdrev (b) or primers
Brcalint13fwd (c) and Brcalintl3rev (d) are used to detect the presence of loxP sites.
Wildtype (wt) animals do not have any loxP sites and yield a 461bp band on an agarose
gel when using primers a & b (right), while animals with 1oxP sites on both alleles yield a
562bp band. Heterozygous animals yield both bands. B) LoxP sites flank exon 19 of the
Rb gene (left). Primers Rb18 (a) and Rb19 (b) are used to detect the presence of loxP
sites, yielding a 650bp band in wildtype animals and a 750bp band in those with loxP
sites on both alleles of the Rb gene, while heterozygous animals produce both bands
(right). C) LoxP sites flank exons 2-10 of the p53 gene (left). Primers p53int1fwd (a) and
pS3intlrev (b) or primers p53int10fwd (c) and p53int10rev (d) can be utilized to detect
the presence of loxP sites in genomic DNA. Wildtype (wt) animals do not have any loxP
sites and yield a 288bp band when using primers a & b (right), while animals with loxP

sites on both alleles yield a 370bp band. Heterozygous animals yield both bands.
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p53int10rev (5 GAA GAC AGA AAA GGG GAG GG 3’), which yield a 431 bp or a
584 bp fragment for wildtype and floxed sequences respectively. PCR reactions were
prepared in 20 pl volumes with ddH,O to contain a final volume of 1/20 genomic DNA,
1X PCR buffer, 2.5 mM MgCl,, 0.1 mM dNTPs, 0.5 uM of each primer (100 uM stock),
and 0.05 U/ul Taq. PCR conditions were as follows: 94°C for 5 min; 30 cycles of 94°C
for 30 sec, 60°C for 30 sec, and 72°C for 60 sec, followed by 72°C for 10 min. Samples
were then stored at 4°C.

2.33  RH mice

R mice were genotyped using primers Rb18 (5° GGC GTG TGC CAT
CAA TG 3’) and Rb19 (5> AAC TCA AGG GAG ACC TG 3°). DNA from wildtype
mice yielded a 750bp band, while floxed mice were identified by the presence of a 650bp
band (Figure 7C). PCR reactions were prepared in 25 pl volumes with ddH,O
containing a final volume of 1/20 genomic DNA, 1X PCR buffer, 2.5 mM MgCl,, 0.08
mM dNTPs, 1 uM of each primer (100 pM stock), and 0.05 U/ul Taq. PCR conditions
were as follows: 94°C for 5 min; 30 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C

for 50 sec, followed by 72°C for 10 min. Samples were then stored at 4°C.

24 Detection of recombination at loxP sites

Genomic DNA was extracted from cultured cells, tumour fragments, OSE cells
stripped from the ovary, or ear punches or tail snips from mice as described above.

2.4.1 Excision of exons 5-13 of Brcal

For detection of Cre-mediated excision of exons 5-13 of Brcal (hereafter

designated Brcal®>'?), PCR amplification was performed using primers Brcalint4fwd
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and Brcalintl3rev to yield a 600bp product. When no recombination has occurred in a
sample the primers are too far apart and thus no product can be detected. Detection of any
remaining wildtype sequence following Cre exposure was performed in a separate
amplification utilizing primers for exon 11 of Brcal, Brcalexonllfwd (5’) and
Brcalexonllrev (5°) yielding a 592bp product (Sgagias, et. al., 2004). PCR conditions
were the same as described in section 2.3.1.

2.4.2 Excision of exons 2-10 of p53

For detection of Cre-mediated excision of exons 2-10 of p53 (hereafter designated
Trp53°+1%), primers p53int1fwd and p53int10rev were used, yielding a 612 bp product.
When no recombination has occurred in a sample the primers are too far apart and thus
no product can be detected. Remaining wildtype sequence following Cre exposure was
detected using primers p53intlfwd and pS53intlrev or primers p53int10fwd and
p53intl0rev in a separate amplification. PCR conditions were the same as described in
section 2.3.2.

2.4.3 Excision of exon 19 of Rb

For detection of Cre-mediated excision of exon 19 of the Rb gene (hereafter
designated Rb*'"®), primers Rb18 and Rb212 (5> GAA AGG AAA GTC AGG GAC ATT
GGG 3”) were used, yielding a 260bp product when recombination has occurred and a
750 bp product for the wildtype fraction. Twenty pl PCR reactions were set up containing
1/20 genomic DNA, 1X PCR buffer, 1.8 mM MgCl,, 0.1 mM dNTPs, 0.5 uM of each
primer (100 uM stock), and 0.125 U/ul Taq. The PCR conditions used for amplification

were as follows: 94°C for 5 min prior to the addition of Taq, followed by 30 cycles of
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94°C for 30 sec, 58°C for 30 sec, and 72°C for 50 sec, followed by 72°C for 10 min.

Samples were then stored at 4°C.

2.5 Primary Culture of Mouse OSE (MOSE) Cells

Prior to MOSE cell collection, 6- to 8-week old mice from the genotypes
described above were superovulated by intraperitoneal (IP) administration of 5 L.U.
pregnant mares’ serum gonadotropin (PMSG; Intervet, Whitby, ON, Canada), followed
46-48 hrs later by IP injection of 5 L.U. human chorionic gonadotropin (hCG; Sigma-
Aldrich, Oakville, ON, Canada). Ovaries were individually dissected 72 hrs following
hCG administration. Five to ten mice were used for each collection and both ovaries were
collected from each mouse. The ovaries were washed twice with phosphate-buffered
saline (PBS, Hyclone, Logan, UT, USA), incubated in 0.25% Trypsin/PBS (1 ml/ovary;
Invitrogen) in a 15 ml Falcon tube at 37°C for 1 hr. Alpha minimum essential medium (a-
MEM; Gibco BRL, Burlington, ON, Canada) containing 4% heat-inactivated fetal bovine
serum (HI-FBS, Cansera, Etobicoke, ON, Canada), 5 U/ml penicillin/ 0.005mg/ml
streptomycin solution (Sigma-Aldrich), 0.1pug/ml gentamicin (Gibco-BRL), and 1ug/ml
insulin-transferrin-sodium-selenite solution (ITSS; Roche) was added to inactivate the
trypsin and the tube was agitated gently by hand to remove the OSE cells from the ovary.
The supernatant containing the OSE cells was centrifuged at 1000 rpm for 10 min. The
cells were resuspended in the above medium and plated in 24-well tissue culture plates
(Becton-Dickinson, Oakville, ON, Canada) and passaged upon reaching confluence.
Following the first passage the cells were grown in the same medium with the exception

that the concentration of HI-FBS was increased to 10% (hereafter referred to as MOSE
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medium). It took approximately two months for each culture to reach a sufficient number

and stability of cells to be able to survive adenoviral infection.

2.6  In Vivo Intrabursal Adenovirus Administration

Recombinant adenoviruses AdSCMVeGFP (AdGFP), AdSCMVLacZ (AdLacZ),
or AdSCMVCre (AdCre) (Vector Development Laboratory, Houston, TX, USA) were
delivered to the OSE in vivo via intrabursal injection. Six to eight week-old virgin
animals from the various genotypes described above were anesthetized via IP injection of
Avertin (2.5% v/v in 0.85% NaCl, 0.015-0.017 ml/g body weight; Sigma-Aldrich) and
the ovaries were individually accessed via dorsal incision. While viewed under a
microscope, approximately 10 pl of adenovirus (4 X 107 pfu/pl in PBS) was delivered
into the bursal space using a lcc syringe and a 30-gauge beveled needle at the oviductal-
bursal junction. The ovary was then placed back into the peritoneal cavity and a single
suture was used to close the incision in the body wall. Both the left and right ovaries were

injected in each animal. The animals were not bred over the course of the experiment.

2.7  In Vitro Adenovirus Infection

For in vitro infections, MOSE cells were infected with an MOI of 200 pfu/cell.
Cells were allowed to plate overnight and were then washed twice with PBS. A thin layer
of serum-free a-MEM containing the appropriate concentration of adenovirus was added
and cells were incubated at 37°C for 2 hours. The adenovirus-containing media was then
removed and the cells were washed twice with PBS and normal growth medium was

added. All experiments were initiated following replating of the cells 72 hrs after
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adenoviral infection. In order to examine LacZ expression in whole ovaries or plated
cells, the ovaries or cells were washed twice with PBS, fixed in 0.2% gluteraldehyde in
0.1M PBS for at least 20 min at 4°C, washed twice with PBS and stained overnight with
X-Gal (Bio-WORLD, Dublin, OH, USA) at 37°C in the dark. eGFP expression was
visualized with a Leica MZFLIII fluorescence stereomicroscope (Leica Microsystems,

Wetzlar, Germany).

2.8 Tissue Collection

Animals were sacrificed via CO, asphyxiation at 60, 120, 180, or 240 days post-
injection of adenovirus for time point experiments or when they had reached a survival
endpoint due to tumour burden for survival experiments. The criteria used to determine
survival endpoint were defined as any or all of the following; complete anorexia lasting
longer than 24 hours, dehydration lasting longer than 24 hours despite fluid therapy,
presence of respiratory distress, abnormal neurologic activity (seizures or the inability to
walk), diarrhea, rapid weight loss greater than 5 g from the average body weight of
control mice of the same age, rapid weight gain exceeding 5 g from the average body
weight, presence of abdominal distention that impairs mobility, presence of a palpable
mass that impairs mobility .

When animals were sacrificed at a predetermined time point, the ovaries (with the
ovarian fat pad and bursal membrane intact) were removed individually along with the
attached oviduct and a portion of the uterus, fixed in formalin and paraffin-embedded.
Serial sections with a thickness of 5 um were cut either for hematoxylin and eosin (H&E)

staining or immunohistochemistry (IHC).
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When animals were sacrificed because they had reached loss-of-wellness
endpoint, tumour(s), if present, were removed along with any attached anatomical
structures (e.g. uterus) and fixed in formalin and paraffin embedded. Prior to fixation, a
small piece of tumour tissue was removed and processed for genomic DNA isolation. The
ovaries were removed and processed as described above, if they were not associated with
tumour. Serial sections of tumour tissue with a thickness of 5 um were cut either for
H&E staining or IHC.

When present, peritoneal ascites fluid was collected and processed as follows:
collected fluid was centrifuged at 5000 rpm for 10 min at room temperature to allow the
cellular fraction to pellet. The plasma-containing supernatant was removed via vacuum
aspiration along with as much of the red blood cells, if present, as possible. The
remaining cell pellet was resuspended in MOSE medium and the cells were plated in a
tissue-culture vessel. The following day the cells were washed with PBS to remove any

remaining contaminating red blood cells and fresh MOSE medium was added.

2.9  Histological Analysis

Morphological changes to the OSE were assessed by examining five non-
consecutive, and spaced at 20-25 um intervals, H&E sections from the middle of each
ovary at 200X magnification using an Olympus BX50 microscope (Olympus, Melville,
NY, USA). This number and spacing of sections was deemed to be a sufficiently
representative sampling of the whole ovary based on previous analysis of a subset of
serial sections of whole ovaries. Samples were blinded prior to the histological analysis.

Sections were evaluated for the number of areas of columnar cells, areas of hyperplasia,
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and invaginations of the OSE, as well as epithelial inclusion cysts. Hyperplasia was
defined as cells that had lost apical/basal polarity and exhibited layering with the
formation of papillations of the OSE. Areas of columnar cells or hyperplasia were
defined as a segment of epithelium that constituted these morphological changes flanked
on either side by morphologically normal epithelium. Epithelial invaginations were
defined as structures where the OSE distinctly invaginated into the ovarian stroma at or
close to a right angle to the normal OSE such that the structure was flanked by ovarian
stroma on both sides. Inclusion cysts were defined as a spherical structure (as assessed by
examining serial sections, to ensure that these structures were not merely invaginations
sectioned tangentially) within the ovarian stroma with a discernible epithelium-lined
lumen. The epithelial nature of the lining of inclusion cysts was confirmed via
immunohistochemistry for CK19. Proliferation of the OSE in vivo was assessed by
counting the number of Ki67-positive cells in the OSE in five non-consecutive sections

per ovary.

2.10 Immunohistochemistry

Paraffin sections were deparaffinized in xylene and rehydrated in ethanol
according to standard protocol. High temperature antigen retrieval was performed using
sodium citrate buffer (pH 6.0) and endogenous peroxidase activity was blocked using 3%
hydrogen peroxide in Stockholm PBS (S-PBS). All samples were blocked using an
avidin/biotin blocking kit (DAKO, Cytomation, Carpentaria, CA, USA). Primary
antibodies were diluted in S-PBS at the following concentrations: rat anti-CK19, 1:100

(TROMA-1, Developmental Studies Hybridoma Bank, University of Iowa, USA); rat
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anti-Ki67, 1:25 (DAKO); rabbit anti-p53, 1:50 (Santa Cruz Biotechnology; Santa Cruz,
CA, USA); E-cadherin, 1:100 (Santa Cruz); and Collagen IV, 1:100 (Novus Biologicals,
Littleton, CO, USA); mouse-anti smooth muscle actin (SMA), 1:100 (DAKO); mouse
anti-Desmin, 1:100 (DAKO); and rat anti-CD34, 1:50 (Novus Biologicals). For
antibodies raised in rat or rabbit, sections were incubated with primary antibody at room
temperature for 2 hours or overnight. Following three 5-min washes in S-PBS, sections
were stained with an anti-rabbit or rat secondary antibody (1:200, DAKO) for 20 min
followed by three 5-min washes and incubation with a streptavidin/horseradish
peroxidase solution (1:200, DAKO) for 20 min. For antibodies raised in mice, the
Vector® Mouse on Mouse™ immunodetection kit (Vector Laboratories, Burlingame, CA,
USA) was used according to manufacturer specifications. Developing was performed
with diaminobenzidine (DAB) as a substrate (0.2% DAB, 0.001% H,0,; Sigma-Aldrich).
Slides were counterstained with hematoxylin, dehydrated, and coverslipped with

Permount mounting medium (Fisher Scientific, Ottawa, ON, Canada).

2.11 Invitro proliferation assay

MOSE cells that had been infected 72 hours earlier with either AdCre
recombinase or AAGFP were plated in 24-well tissue culture plates at a density of 2.0 X
10* cells/well. Cells were trypsinized with 0.05% trypsin (Hyclone) and counted using a
Coulter Counter (Beckman Coulter, Mississauga, ON, Canada) at 24, 48, 72, or 96-hour
time points. Growth medium was replaced every 48 hours. Experiments were performed
three times in triplicate, with a separate infection for each replicate. The same

experiments were also performed on MOSE cells several passages (greater than three
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passages, but less than ten) following infection with AdCre or AdGFP. These

experiments were performed three times in triplicate.

2.12 Cisplatin sensitivity assay

| MOSE cells that had been infected 72 hours earlier with either AdCre or AAGFP
were plated in 12-well plates at a density of 8.0 X 10* cells/well. The following day the
normal growth medium was replaced with either fresh media or media containing 1uM or
5uM cisplatin (Img/ml stock, Faulding Pharmaceutical Co, Paramus, NJ, USA).
Remaining adherent cells were trypsinized and counted using a Coulter Counter at 24 and
48 hours following the addition of cisplatin. Experiments were performed three times in

triplicate, with a separate infection for each replicate.

2.13 Paclitaxel sensitivity assay

MOSE cells that had been infected 72 hours earlier with either AdCre or AdGFP
were plated in 12-well plates at a density of 4.0 X 10* cells/well. The following day the
normal growth medium was replaced with medium containing either 25nM paclitaxel
(Taxol®, 6 mg/ml stock, diluted 1 in 1000 in dimethylsulfoxide (Fisher Scientific),
Bristol-Myers Squibb, Houston, TX, USA) or an equivalent volume of DMSO alone.
Remaining adherent cells were trypsinized and counted using a Coulter Counter at 96
hours following the addition of paclitaxel. Experiments were performed three times in

triplicate, with a separate infection for each replicate.
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2.14 Flow cytometry

Cultured MOSE cells were trypsinized and washed twice with PBS, followed by
fixation in 70% ethanol at -20°C for a minimum of 1 hour. Both floating and adherent
cells were collected for analysis. Cells were then washed twice with PBS containing 1%
serum and resuspended in propidium iodide (Sigma, 20mg/ml in PBS) containing RNAse
A (40mg/ml, MBI Fermentas, Burlington, ON, Canada). Samples were analyzed for the
percentage of cells in the sub-G1 fraction using a BD LSR flow cytometer with CellQuest

software (BD Biosciences, Mississauga, ON, Canada).

2.15 Waestern Blotting

Protein samples were collected in RIPA buffer containing 1X protease and
phosphatase inhibitors (Halt™ protease inhibitor cocktail kit and Halt™ phosphatase
inhibitor cocktail kit, Pierce, Rockford, IL, USA) and protein content was measured using
a commercially available protein assay (Bio-Rad Protein Assay Kit, Bio-Rad
Laboratories, Mississauga, ON, Canada) and a Beckman DU® 640 Spectrophotometer
(Beckman Instruments Inc., Mississauga, ON, Canada). Samples were separated on a 4-
12% Bis-Tris pre-cast polyacrylamide gel (Invitrogen) and transferred to a nitrocellulose
membrane (Hybond C Extra, Amersham, Oakville, ON, Canada). Blocking was carried
out with 5% milk in Tris-buffered saline with Tween-20 (TBS-T). For all subsequent
immunoblotting, antibodies were diluted to the appropriate concentration in 5% milk in
TBS-T. Blots were incubated for 2 hours at room temperature or overnight at 4°C with

the following primary antibodies: rabbit anti-p53, 1:500 (Santa Cruz) and mouse anti-
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GAPDH, 1:2000 (AbCam, Cambridge, MA, USA). Visualization of protein bands was
performed using the ECL Plus western blotting detection system (Amersham) and

GeneSnap image acquisition system (Syngene, Frederick, MD, USA).

2.16 Colony formation in soft agar

For the base agarose, equal parts 2X a-MEM (containing 20% HI-FBS, 10 U/ml
penicillin/ 0.010mg/ml streptomycin solution 0.2pug/ml gentamicin and 2pg/ml ITSS) and
1.5% molten low-melting point agarose were mixed and 400ul was added to each well of
a 24-well plate. The base layer was allowed to solidify at room temperature. The top
layer consisted of equal parts 2X a-MEM as described above and 1% molten low-melting
point agarose. Cells were resuspended well, to ensure a single-cell suspension, in the
agarose/media mix while it was still liquid to a final dilution of 2.0 X 10° cells/700p1. The
700ul suspension was layered on top of the base agarose layer. Solidification was
allowed to occur over a few minutes at room temperature, after which the plates were
incubated at 37°C and 5% CO,. Wells were assessed for the presence or absence of

colony formation for up to 6 weeks.

2.17 Growth on poly-HEMA-coated plates

Poly-HEMA (poly(2 hydroxyethyl methaxrylate), Sigma-Aldrich) was
resuspended to a stock concentration of 120 mg/ml in 95% ethanol and allowed to
dissolve O/N at 65°C. The stock solution was diluted 1 in 10 in 95% ethanol to create a
working solution of 12mg/ml. The wells of 12-well tissue culture plates were coated with

250ul of this working solution and allowed to dry in a 37°C drying oven O/N. Coating of
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the plates with poly-HEMA prevents the attachment of cells to the bottom of the dish.
Single cell suspensions were plated at a density of 2.0 X 10* cells/well in MOSE medium
and maintained at 37°C and 5% CO,. Plates were examined daily for anchorage-

independent cell growth as assessed by the presence of floating cell aggregates.

2.18 Ascites cell culture

When present in sufficient volume at survival endpoint, peritoneal ascites was
aspirated using a 25-gauge needle and a 1-3cc syringe. Cells were pelleted via
centrifugation at 1000 rpm for 10 minutes, resuspended in the MOSE medium and then
plated in standard tissue culture vessels. The following day, the media was aspirated, the
cells were washed 2-3 times with PBS to remove contaminating red blood cells and fresh
culture medium was added. Cells were passaged upon confluence and were subsequently

used for confirmation of recombination at loxP sites in this cell population.

2.19 Statistical Analyses

Counts of morphological features in the OSE are expressed as the mean + SEM
(standard error of the mean) of the mean number of morphological features per section in
five non-consecutive ovarian sections for n ovaries, where n is the number of ovaries
examined. In vitro cell counts are expressed as the mean + SEM of three independent
experiments performed in triplicate. The probability of significant differences upon
comparison of only two groups was determined by Student’s ¢ test. When multiple groups
were analyzed, statistical comparisons where made by analysis of variance (ANOVA).

Bonferroni’s posttest was used to determine significance between specific groups when
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whole group differences where detected by ANOVA. Survival curves were compared
using a Log-Rank test. For all analyses, significance was inferred at P<0.05 and P values
were two-sided. Analyses were performed using Graphpad Prism statistical software

(Graphpad Software, San Diego, CA, USA).
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Chapter 3 — Results:
Conditional inactivation of Brcal in the mouse ovarian surface epithelium in vitro

and in vivo

31 The OSE can be efficiently infected with adenoviral vectors both in vive and
in vitro.

To ensure that intrabursal administration of adenoviral vectors resulted in
infection confined to the OSE cells, without significant leakage from the bursal space,
animals were injected with either AAGFP or AdLacZ and the ovaries and surrounding
tissues, including the bursal membrane, ovarian fat pad, oviduct, and uterus, were
removed and examined one week post-surgery. Intrabursal administration of adenoviral
vectors results in a high rate of infectivity that is confined to the OSE, without
penetrating into the ovarian stroma below (Figure 8B). Surrounding tissues, such as the
ovarian fat pad, oviduct, and uterus, do not demonstrate signs of infection (Figure 8A).
Administration of adenoviral vectors to MOSE cells in vitro also results in the infection

of the majority of cells (Figure 8C).

32 Detection of recombination at loxP sites following adenoviral Cre
recombinase infection.
Recombination at loxP sites following infection with AdCre was confirmed by

collecting Cre-infected (Brcal®*'®) and AdGFP-infected (Breal ™**) ovaries at 180
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Figure 8: Infection of OSE cells with adenoviral vectors both in vivo and in vitro. A)
One week following intrabursal injection of AdGFP, eGFP expression (seen in the right
panel using a GFP microscope) is confined to the ovary beneath the bursa (arrow), and
expression cannot be detected in surrounding tissues such as the ovarian fat pad (fp),
oviduct (ov), or uterus (u) (labeled in the left panel). These structures can be seen clearly
in the left panel, which is the same tissue shown under white light. The arrowhead in the
left panel indicates a photographic lighting artifact. B) One week following intrabursal
injection of AdLacZ, ovaries were removed, stained with X-Gal, and forceps were used
to remove a portion of the OSE (strip between arrows) to demonstrate that infection is
confined to the OSE and does not penetrate into the underlying ovarian stroma. C)
Cultured Breal ™™ MOSE cells were infected with AdLacZ with an MOI of 200 and

stained with X-Gal after 24 hours. Scale bars represent 1.6mm (B) or S0um (C).
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days post intrabursal injection and removing the OSE cells as described in Materials and
Methods. Recombination at 10xP sites is evident only in the AdCre infected cells and not
in the AdGFP infected cells (Figure 9A). Genomic DNA was also extracted from MOSE
cells infected in vitro 72 hours after adenoviral infection. Recombination at loxP sites
could be detected in all of the samples we analyzed with little if any wildtype fraction

remaining (Figure 9B).

33 Conditional inactivation of Brcal in mouse OSE results in an increase in
morphological changes.
To assess the consequences of inactivation of the Brcal tumour suppressor gene
in the OSE, mice bearing loxP sites flanking a segment of their Brcal gene were injected

under the ovarian bursal membrane with either adenoviral Cre recombinase to inactivate

A5-13 ]loxP/loxP

Breal (Brcal ) or AJGFP as a control adenovirus (Brca ). Five non-

consecutive Sum sections at 20-25um intervals from each ovary were assessed for
morphological changes to the OSE defined as areas of columnar cells, areas of
hyperplasia, epithelial invaginations, and epithelial inclusion cysts. Examples of these

morphologies are shown in Figure 10. There were no significant differences between
Breal ™ and Breal™ ™" ovaries in terms of the dimensions of age-matched ovaries in
the sections evaluated.

The number of morphological changes in the OSE increased overall in both the
Breal®™ and Breal®™ % ovaries over time (Table 1). Significant increases in the
number of changes were evident after 180 days in the Breal® ' group (P<0.001),

whereas a significant difference was not evident until the 240-day time point in the
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Figure 9: Detection of recombination at loxP sites following adenoviral Cre
recombinase infection in vive and in vitro. A) PCR of genomic DNA from OSE cells

collected from BrcalloxP/loxP

mice 180 days following intrabursal injection of AdCre
(Brcal®*"*) or AAGFP (Brcal™**P). B) PCR of genomic DNA collected from cultured
Breal ™" OSE cells 72 hours following in vitro infection with AdCre (Brcal®") or

AdGFP (Brcal ¥y
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Figure 10: Morphological changes observed in the mouse OSE. A) Representative

ovary from a Breal™"®

mouse 180 days following intrabursal injection of AdGFP
(H&E, 25X) B) Representative ovary from a Brcal®® mouse 180 days following
intrabursal injection of AdCre (H&E, 25X, arrows indicate areas of hyperplasia) C)
Normal cuboidal OSE cells (H&E, 200X) D) Columnar OSE cells (H&E, 200X) E)
Hyperplasia (H&E, 200X) F) Epithelial invagination (arrowhead, H&E, 100X) G)

Epithelial inclusion cyst (arrow, H&E, 100X) The arrowhead indicates what is in fact an

invagination in tangential section.
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Table 1: Distribution of morphological features in the OSE over time following conditional
inactivation of Breal.

Time (Days)
Epithelial Morphology 60 120 180 240
Areas of Columnar Cells
Brcal®™B  0.99+021*"  2.50+0.52% 4.23+0.62° 5.2240.38°
(n=9) (=7) (n=9) (n=10)
Brecal'®Po? 2261028  2.7340.26 3.50+0.21% 3.61+0.71°
(n=10) (n=8) (n=8) (n=10)
Areas of Hyperplasia
Breal®™?® 116047  2.96+1.58° 4.54+0.88° 4.9440.89°
Breal'™?ox* 1 8040.44° 1.65£0.50*°  2.68+£0.42*°  5.46+0.67°
Epithelial Invaginations
Brcal®B 0? 0.26+0.26% 0.60+0.33% 1.44+0.70""
Brecal' ' (,08+0.06* 0.05+0.05" 0.08+0.05% 0.34+0.14°
Inclusion Cysts
Breal®s 13 0 0 0.19+0.19 0.80+0.00
BrcalloxP/lOXP O O O 0
Total Changes )
Brcal®™®  2.1440.54*  5.71£1.67*°  9.56+1.69°  12.96+1.21°
Breal®™®  41440.63*  4.43+0.73*  6.25+0.58*°  9.42+0.76°

Numbers represent the mean £SEM number of morphological changes per section over
five non-consecutive sections in n ovaries. Time is the number of days after intrabursal
injection of AdCre (Brcal®*'?) or AAGFP (Brcal'™®), Superscript letters are used to
denote a significant difference between time points for that treatment group. * Indicates a
significant difference between the Brcal*>'? group and the Breal ***F group at that

time point (P<0.05).
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Brca group (P<0.01). This pattern was also seen in terms of increases in the

number of areas of columnar epithelium over time. There was a significant increase in the
number of invaginations of the OSE in the Breal™™" group between the 60 and 240-day

time points (P<0.05), whereas there was no significant change in the number of
invaginations in the Brea I group during the course of the study.
Not only the time course of morphological changes was affected by Brcal

inactivation, but there was also a more significant increase in the number of epithelial

] loxP/loxP

changes in the OSE of the Brcal 413 mice versus Brea mice over time. The total

number of morphologic changes in the surface epithelium increased 6-fold between 60

days and 240 days post-intrabursal injection in the Breal®™P mice, whereas only a 2-

fold increase was observed in the Breal'™"*

mice over the same time period.

Overall, there were significantly more surface epithelial changes observed in
ovaries in which Brcal had been inactivated in the OSE than in control ovaries after 240
days (12.96+1.21 versus 9.42+0.76, P<0.05). Significantly more areas of columnar
epithelium were observed in the Breal' ™' ovaries at the 60-day time point (0.99+0.21
versus 2.26+0.28, P<0.05); however, this was not sustained at later time points. There
were no differences in the number of areas of hyperplasia between the Brcal®**F and
Breal™ ™ ovaries at any time point examined. There were 4-fold more epithelial

3

invaginations in the Breal®™" ovaries as compared to Breal ™Y at 240 days post-

intrabursal injection (1.44%0.70 versus 0.34+0.14, P<0.05). Epithelial inclusion cysts

3

were only observed in the Breal®™® ovaries and only at the 180 and 240-day time

points.
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To ensure that changes in ovarian surface epithelial morphology were not due to
non-specific effects of Cre recombinase, non-transgenic FVBn mice were also subjected
to intrabursal injection of either AdCre or a mock injection and their ovaries were
collected at 60, 120, 180, and 240 days post-injection. Two mice were injected per group
per time point. The number of surface epithelial changes increased with time in both
groups, however there was no difference between the AdCre-injected ovaries and the
mock-injected ovaries at any of the time points examined (Table 2).

A5-13

3.4  An increase in morphological changes in the Brcal OSE is not due to an

increase in proliferation.
Very few (< 5, on average) Ki67-positive cells were found in the OSE in any of
the sections examined (Figure 11A). There was no significant difference in the number

of Ki67-positive cells in the OSE between the Brcal ™ and Breal as-13 group at the

240 day time point (Figure 11B). No association was seen between morphological
features of the OSE such as hyperplasia, invaginations, or inclusion cysts and the
presence of Ki67-positive cells. There was also no association between the location of

Ki67-positive cells in the OSE and underlying follicular structures.

3.5  Expression of proteins involved in ovarian cancer initiation and progression.
Immunohistochemical analysis was performed to determine the expression of

p53, E-cadherin, and Collagen IV, proteins which have all been shown to be involved in

ovarian cancer initiation and progression in humans, often with alterations in expression

patterns seen in prophylactic oophorectomy specimens (Hutson, et. al., 1995; Maines-
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Table 2: Distribution of morphological features in the OSE of non-transgenic FVBn
mice over time following intrabursal injection of adenoviral Cre or mock
iniection.

Time (Days)

Treatment 60 120 180 240

AdCre 2.05+0.35° 520+1.51*°  6.95+0.86*  10.40+0.70°

mock 1.75+0.54° 7.00£1.81*  5.60£1.40*°  10.05+0.50°

Numbers represent the mean +SEM of the mean number of morphological changes per
section over five non-consecutive sections in n=4 ovaries. Letters are used to denote a
significant difference between time points for that treatment group.
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Figure 11: Ki67 expression following inactivation of Brcal in the OSE in vivo. A)
Section of an ovary stained for the presence of Ki67. There are very few positive cells in
the OSE (arrow, 100X), whereas the growing follicles contain many granulosa cells
positive for Ki67. B) There is no difference in the number of Ki67 positive cells in the
OSE in which Brcal has been inactivated versus wildtype at the 240 day time point.
Numbers represent the mean number of Ki67-positive cells in the OSE per section, where
five non-consecutive sections/ovary were analyzed for 10 ovaries in each group. Error

bars represent SEM.
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Bandiera and Auersperg, 1997; Capo-chichi, et. al., 2002). p53 expression was not
detected in the OSE of any of the ovaries examined in our study, nor was it found in the
epithelial invaginations or inclusion cysts, although it was expressed strongly in mouse
SV40 TAg-induced ovarian tumours (Figure 12G-I). E-cadherin expression was detected
uniformly in the OSE of all the mouse ovaries we examined, with no observable
difference in expression levels in normal versus morphologically altered OSE (Figure
12A-C). Consistent Collagen IV expression was observed in the basement membrane
beneath the OSE in all of the mouse ovaries irrespective of morphological changes in the

OSE (Figure 12D-F).

3.6  Inactivation of Brcal in MOSE cells in vitro results in a suppression of
proliferation with increased apoptosis
Proliferation assays were performed on the adherent cells of primary cultures of
Brcal™™* MOSE cells infected with either AdCre (Brcal®*'*) or AdJGFP
(Breal™®F) The doubling time of these cells is quite long (approximately 48 hours,
before adenoviral infection) and there were no differences in the proliferation rates of the

Breal™ ™ or Breal™®® cells at 24, 48, or 72-hours after plating, however by 96 hours

A5-13

the Brcal™"*® cells outgrew the Breal cells (Figure 13A). A later set of

experiments in which the proliferation curve was extended to 120 hours demonstrated

that this inhibition of proliferation in the Brcal A5-13 cells was also significant at this later

I
1 oxP/loxP

time point, with a decrease in cell number of 40% as compared to Brca cells

(Figure 13B). Flow cytometric analysis of both adherent and floating cells demonstrated
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Figure 12: Immunohistochemical analysis of expression of proteins known to be
involved in ovarian tumourigenesis. Expression of E-cadherin (A-C; brown stain),
Collagen IV (D-F; reddish-brown stain), and p53 (G-I; nuclear stain) in the OSE of
control (AdGFP-injected) Brcal™**F mice (B, E, H) and OSE of (AdCre-injected)

Brcal®*1?

mice (C, F, I). Mouse uterine epithelium (A), mouse liver (D), and a mouse
ovarian tumour (G) were used as positive controls. Scale bars are equal to 25um (A, D,

G) or 50um (B, C, E, F, H, I).
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Figure 13: Proliferation of MOSE cells following inactivation of Brcal in vitro A)
Proliferation of Brcal™*** MOSE following infection with AdCre (Breal®™) to
inactivate Brcal or with AdGFP (Breal' ™% followed up to 96 hours after replating B)
A subsequent experiment examining the proliferation of Breal'”1® MOSE following
infection with AdCre (Brcal®'®) to inactivate Brcal or with AAGFP (Breal™*o%F)
followed up to 120 hours after replating. * Indicates a significant difference between
groups at that time point where P<0.05, and ** indicates a significant difference where
P<0.01. Error bars indicate the SEM. All proliferation experiments were performed three

times in triplicate.
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a sub-G1 fraction in the Breal™>" cells that was nearly double that of the Breal™""*
cells after 96 hours (31.00%+5.63% versus 17.44%+ 3.87%, P<0.05, Figure 14).

In order to ensure that changes in proliferation were not due to nonspecific effects
of Cre recombinase infection, primary cultures of MOSE cells collected from non-
transgenic FVBn mice were infected in vitro with either AdCre or AAGFP in the same
manner as the transgenic MOSE cultures. The cells were replated 72 hours after infection
and the cells were counted 96 hours later. There was no significant difference seen in the
number of cells in either group at the 96 hour time point (Figure 15).

A5-13

3.7 Brcal OSE cells have an increased sensitivity to cisplatin.

Breal™ ™ OSE cells were treated with 0, 1, 5, 10, 20, 50, or 100 puM of
cisplatin for 48 hours in order to determine the optimal dosage at which to treat the cells
in subsequent experiments (Figure 16). Based on these results, Brcal loxPloxP and Breal®*
13 OSE cells were treated with either 1uM or 5uM cisplatin for 24 or 48 hours. At the 24-
hour time point at either concentration, there was no difference between the cell types in
cisplatin sensitivity, as measured by the number of adherent cells in treated groups

compared to cells not exposed to cisplatin (Figure 17A). By 48-hours, however, the
number of adherent Brcal™ " cells remaining following treatment with SuM of cisplatin

was significantly reduced compared to Brcal™F cells (47.35+3.04% versus

66.18+6.10%, P<0.05, results expressed as a percentage of untreated cells, Figure 17B).
Both the Breal ™™ cells and the Breal® ™ cells displayed a significant increase in the
sub-G1 fraction following treatment with cisplatin, as assessed by flow cytometry,

however there was a larger fraction seen in the Breal A13 cells (Figure 18).
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Figure 14: Apoptosis in MOSE cells following inactivation of Brcal in vitro.
Percentage of cells in the sub-G1 fraction as measured by flow cytometry at the 96 hour
time point following infection with AdCre (Brcal*>"®) or AAGFP (Brcal™'F), *
Indicates a significant difference between groups where P<0.05. Error bars indicated the

SEM. Results represent three independent experiments.
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Figure 15: Proliferation of non-transgenic MOSE cells treated with AdCre.
Proliferation of FVBn MOSE cells following infection with AdCre or a mock infection,
96 hours after replating. Error bars indicate the SEM. No significant differences were

observed. All proliferation experiments were performed three times in triplicate.
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Figure 16: Dose-response curve of MOSE cells treated with cisplatin. MOSE cells
were plated at a density of 1.75 X 10° cells per well in 6-well plates and were treated with
various doses of cisplatin for 48 hours in order to determine the optimal dose at which to

carry out subsequent cisplatin-treatment experiments. Error bars represent the SEM.
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Figure 17: Brcal®>" MOSE cells treated with the DNA-damaging agent cisplatin in
vitro A) Brcal™"™ MOSE cells infected with either AdCre (Brcal®>"®) or AdGFP
(Breal™®"°Fy and treated with 1 or 5uM of cisplatin for 24 hours B) Brea '™ MOSE
cells infected with either AdCre (Brcal*'®) or AdGFP (Brcal ™) and treated with
5uM cisplatin for 48 hours. Values are the number adherent cells presented as a
proportion of similar cells exposed to the vehicle control (untreated cells). * indicates a
significant difference where P<0.05. Error bars represent the SEM. Experiments were

performed three times in triplicate.
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Figure 18: Brcal®>™"® MOSE cells display an increased level of apoptosis in response
to treatment with cisplatin as measured by flow cytometry. Percentage of cells in the
sub-G1 fraction following 48 hours of treatment with SuM of cisplatin or vehicle control.
* indicates a significant difference where P<0.05 and ** indicates a significant difference
where P<0.01. Error bars represent the SEM. Results are from three independent

experiments.
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Further cell cycle analysis revealed a trend towards a greater proportion of Breal®
cells in the G2/M phase of the cell cycle than Brcal ™ cells following 48 hours of

cisplatin treatment; however these results did not reach significance (26.89%%5.58% vs.
12.19%+2.91%, P=0.08) (Figure 19). As assessed by western blotting, Brcal™>" cells

displayed a greater increase in p53 protein expression after both 24 and 48 hours of

treatment with 5uM cisplatin than was observed in the Brcal™**F cells (Figure 20).

3.8  Brcal® OSE cells demonstrate a decreased sensitivity to paclitaxel.

loxP/loxP

Primary cultures of Brcal MOSE cells were treated with doses of 0, 25, 50, 75,

100, and 250nM of paclitaxel for 96 hours in order to determine the ideal dose at which

to treat the cells in subsequent experiments (Figure 21). Based on these results,

loxP/loxP

Brcal and Brcal®>'® MOSE cells were treated with 25nM of paclitaxel or an

equal volume of vehicle control (DMSO) for 96 hours. At this time point, the Brcal*>"

cells were found to be significantly less sensitive to treatment with paclitaxel than the
Breal™P cells (60.61% + 1.89% versus 54.90% =+ 2.35%, P<0.05, numbers expressed
as a percentage of the adherent vehicle control-treated cells, Figure 22A). Because this
difference, while significant, was relatively modest, we also treated the cells for 72 hours
with 25 nM paclitaxel and for 96 hours with 12.5 nM of drug. When treated with 12.5 nM

1A5-13

paclitaxel for 96 hours the Brca cells were also slightly less sensitive to the

treatment than the Brcal ™ cells, however the results were not significant (52.83% %

2.41% versus 48.23% + 2.00%, P=0.13, Figure 22B). The same effect was seen when the

1A5-13

cells were treated with 25 nM paclitaxel for 72 hours, with the Brca cells being
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Figure 19: Cell cycle distribution following cisplatin treatment. A) Percentage of
Breal™™*® and Brcal®>™ cells in the G1, S, and G2/M phases of the cell cycle as
determined by flow cytometry. Cells were analysed after 48 hours of treatment with SuM
of cisplatin. Error bars represent the SEM. No significant differences were observed
between the two groups. Results are compiled from three independent experiments. No
significant differences were observed. B) A representative flow cytometry profile of

] loxP/loxP

Brca cells at the 48 hour time point with no cisplatin treatment. C) A

representative flow cytometry profile of Brcal as-13

cells at the 48 hour time point with no
cisplatin treatment. D) A representative flow cytometry profile of Brcal ™™ cells
following 48 hours of treatment with SuM of cisplatin. E) A representative flow

]A5-13

cytometry profile of Brca cells following 48 hours of treatment with 5uM of

cisplatin.
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Figure 20: p53 protein expression in Breal®™ ™ cells following treatment with
cisplatin. Protein was collected from Brcal®*'® and Breal' ™™ cells after 0, 24, and 48
hours of treatment with SuM cisplatin and subjected to Western blotting with an anti-p53

antibody. GAPDH expression was used as a loading control.
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Figure 21: Dose-response curve of MOSE cells treated with paclitaxel. MOSE cells
were plated at a density of 2.0 X 10* cells per well in 6-well tissue culture plates and
were treated with various doses of paclitaxel for 96 hours in order to determine the
optimal dose at which to carry out subsequent paclitaxel-treatment experiments. The cell
number is the number of adherent cells remaining following treatment. Error bars

represent the SEM.
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Figure 22: Brcal MOSE treated with paclitaxel. Breal ™™ MOSE cells infected
with either AdCre (Brcal®™) or AAGFP (Brcal™F) and treated with 25nM of
paclitaxel for 96 hours. Values are the number adherent cells presented as a proportion of
similar cells exposed to the vehicle control (untreated cells). * indicates a significant
difference where P<0.05. Error bars represent the SEM. Experiments were performed

three times in triplicate.
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IIOXP/IOXP Cells

slightly, but not significantly, less sensitive to treatment than the Brca
(57.98% + 4.51% versus 52.92% =+ 5.53%, P=0.13, Figure 22C).
3.9  Several passages following AdCre exposure, Brecal® ™ cells are overtaken in
culture by any remaining wildtype Breal'™?"*** cells.
Following adenoviral infection, Brcal®"® cells and their AdGFP-infected

counterparts were cultured for several passages and then their proliferation was compared

again. It was found that there was no longer any difference in the proliferation rate

AS5-1 it
] 5-13 IloxP/ oxP

between the Brca cells and the Brca cells at any of the time points examined
(Figure 23B). When the recombination status of the Brcal®™!? cells was analyzed at this
stage, it was found that while recombination at the loxP sites could still be detected; non-
recombined DNA was now also predominant in these cells (Figure 23A). When these

1A5-l3

cells were treated with SuM of cisplatin for 48 hours, the Brca cells no longer

displayed the increased sensitivity to this treatment (Figure 23C).
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Figure 23: Proliferation and cisplatin sensitivity of Brcal MOSE cells several
passages following inactivation of Brcal. A) PCR of genomic DNA collected from
cultured Breal™®"* OSE cells 1 or 6 passages following in vitro infection with AdCre
(Breal®™"®) or AAGFP (Brcal ) B) Proliferation of Brcal™*** MOSE 6 passages
following infection with AdCre (Brcal®™") to inactivate Brcal or with AJdGFP
(Breal™™"®). C) Brcal™™"™® MOSE cells 6 passages following infection with either
AdCre (Breal®™") or AAGFP (Brcal ") and treated with 5uM cisplatin for 48 hours.
Values are the number adherent cells presented as a proportion of similar cells exposed to
the vehicle control (untreated cells). No significant differences were observed.

Experiments were performed three times in triplicate. Error bars represent the SEM.
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Chapter 4 — Results:
Conditional inactivation of Brcal in conjunction with the tumour suppressors

P53 and/or Rb in the mouse OSE both in vitro and in vivo

4.1  Effect of p53 or Rb inactivation on MOSE cell proliferation immediately
following inactivation.

Cultures of Breal™™F p53' o1 and RE1F MOSE cells were infected
with AdCre or AdGFP to inactivate each of these genes individually and the effect on
proliferation was assessed 72 hours following infection. As was demonstrated in Chapter
3, section 3.6, inactivation of Brcal in MOSE cells negatively impacted their
proliferation after 96 hours (Figure 13A). Inactivation of p53 in p53' " MOSE cells
however, had no effect on proliferation at any of the time points examined (Figure 24A).
Likewise, conditional inactivation of Rb in RB°**F MOSE cells had no effect on

proliferation at any of the time points examined (Figure 24B).

4.2  Effect of concomitant inactivation of multiple tumour suppressor genes on
proliferation of MOSE cells in vitro immediately following inactivation.
4.2.1 Brcallp53
When both Brcal and p53 were inactivated in Breal ™% /p53'x¥1o® NJOSE

cells the proliferation rate of these cells was dramatically increased, with approximately

1.5-fold more cells counted at both the 72 hour and 96 hour time points (P<0.01 and

P<0.001, respectively; Figure 25A). The Brcal® B rpS 3%219 cells showed a 2-fold
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Figure 24: Proliferation of MOSE cells immediately following inactivation of either
P53 or Rb in vitro. A) Proliferation of p53°**°** MOSE immediately following infection
with AdCre (Trp53221%) to inactivate p353 or with AdGFP (p53°***). B) Proliferation of
RB P MOSE cells immediately following infection with AdCre (Rb™'® to inactivate
Rb or with AAGFP (Rb®"P)  Error bars represent the SEM. Experiments were

performed three times in triplicate.
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Figure 25: MOSE cell proliferation following inactivation of multiple tumour
suppressors. A) Proliferation of Brcal ™ *F/p531*1o*P NMOSE immediately following
infection with AdCre (Brcal®*/Trp53°%1% to inactivate Brcal and p53 or with AAGFP
(Breal™®oP p53loxPloxPy - By proliferation of RE*/Brcal™”F MOSE cells
immediately following infection with AdCre (Rb2'*/Brcal®*'®) to inactivate Rb and
Brcal or with AAGFP (RB'**/Brcal*"**P). C) Proliferation of Rb'**F10%F/p 5 3loxP/loxP
MOSE immediately following infection with AdCre (Rb*'/Trp53°*1% to inactivate Rb
and p353 or AdGFP  (RONxPjp53loxPloy - py proliferation  of
RB/OFN0XE 5 3loxPlloxP) B J1OXPXP NIOSE immediately following infection with AdCre
(RV*P/p53° 1% Breal™ 13y or AAGFP (RB'F10%P/p 5 310xP0XP B,y JoXPIOXPy s indicates a
significant difference where P<0.01 and *** indicates a difference where P<0.001. Error

bars represent the SEM of data obtained from three experiments performed in triplicate.
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greater increase in cell number between 48 and 72 hours and a 1.3-fold greater increase between

72 and 96 hours than that seen in the Brcal ™% /p5310xP1xP (o,

4.2.2 Rb/Brcal

When both Brcal and Rb were inactivated in RB™F/Brca ™" MOSE cells
the proliferation defect seen when Brcal was inactivated alone was eliminated, however
there was no significant increase in the proliferation rate of the Rb/Brcal-deficient cells
at any of the time points examined (Figure 25B).

4.2.3 Rb/p53

When p53 was inactivated in conjunction with Rb in RB'**F1F/p531xFoxP N1OSE
cells, the resulting Rb/p53-deficient cells showed a dramatic increase in proliferation as
compared to their control-infected counterparts, with significantly more cells counted at
both the 72 and 96 hour time points (P<0.001 for both time points; Figure 25C). There
was a greater than 2-fold increase in the number of R6*"/Trp53°*° cells between 48 and
72 hours than that of the RB'™F/p531%F1xF cells, and this was also observed between
72 and 96 hours, though the difference in increase in cell number was just above 1.5-fold.

4.2.4 Rb/p53/Brcal

When all three tumour suppressor genes were conditionally inactivated in the
RB"ENxP 5 310 M0xP gy 1P NMOSE cells there was a significant increase in their
proliferation at both the 72 and 96 hour time points as compared to the control-infected
cells (P<0.001 for both time points; Figure 25D). The increase in cell number was 2.4
times greater between 48 and 72 hours for the R*"/Trp53°21%/Brcal®" cells than the

RB'XF0xP ;5 3loxPlloxP g, o [OXPAOP sells and 2.7 times greater between 72 and 96 hours.
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4.3  Within several passages after inactivation, loss of either p53 or Rb is
sufficient to cause an increase in MOSE cell proliferation.

When the proliferation rate of Irp53°*'® MOSE cells was examined several
passages following AdCre infection, it was found that the p53-deficient MOSE now had a
significantly increased rate of proliferation detectable at both the 72 and 96 hour time
points as compared to the AJGFP-infected cells, which had also been passaged for the
same length of time following the initial infection (P<0.001 for both time points, Figure
26A). The increase in cell number of the p53-deficient cells between 48 and 72 hours was
nearly four times that of the p53 wildtype cells, and was three times as great between 72
and 96 hours.

The Rb*"® MOSE cells also had a significantly increased rate of proliferation as
compared to their AdGFP-infected counterparts when examined several passages
following initial infection. In the case of the Rb™°® MOSE cells, this difference was
evident as early as the 48-hour time point (P<0.05), and was more pronounced at the 72
and 96-hour time points (P<0.001 for both time points, Figure 26B). The Rb-deficient
cells demonstrated an increase in cell number between 48 and 96 hours that was 1.6 times

greater than that observed in the Rb wildtype cells.

4.3 Effect of inactivation of single tumour suppressor genes on sensitivity to
cisplatin in MOSE cells in vitro.
As was demonstrated in Chapter 3, section 3.7, inactivation of Brcal in

] loxP/loxP

Brca MOSE cells in vitro rendered them significantly more sensitive to treatment

with the chemotherapeutic agent cisplatin (Figure 17B). When p53 was inactivated in
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Figure 26: Proliferation of MOSE cells several passages following inactivation of
p53 or Rb. A) Proliferation of p53' ¥ MOSE several passages following infection
with AdCre (Trp53°*'%) to inactivate p53 or with AAGFP (p53'**P) B) Proliferation of
RB**F MOSE cells several passages following infection with AdCre (Rb*" to
inactivate Rb or with AdGFP (Rb'™*"*P). Error bars represent the SEM. Experiments

were performed three times in triplicate.
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cells and the cells were exposed to cisplatin, it was found that the Trp53
cells were also significantly more sensitive to cisplatin treatment after 48 hours of
exposure (31.18%+2.13% versus 39.68%+2.81%, P<0.05, results expressed as a
percentage of untreated cells, Figure 27A). The Rb*”® MOSE cells were also
significantly more sensitive to cisplatin treatment than the R cells (33.28%+0.95%
versus 46.85%+2.42%, P<0.01, results expressed as a percentage of untreated cells,

Figure 27B).

4.4 Effect of inactivation of multiple tumour suppressor genes on sensitivity to

cisplatin in MOSE cells in vitro.

4.4.1 Brcal/p53

When MOSE cells in which both Brcal and p53 had been conditionally
inactivated were treated with cisplatin, it was found that there was no significant
difference between the sensitivities of the Breal®/Trp53°%'% cells and the
Breal®®10%P 5 5310xPM0xP (o115 after 48 hours (59.96+3.52% versus 70.46+5.90%, P=0.14,
results expressed as a percentage of untreated cells; Figure 28A).

4.4.2 Rb/Brcal

When both Rb and Brcal where inactivated via exposure to Cre recombinase in
RBOPO® Brog [P MOSE  cells, it was found that, as was seen with their
proliferation, there was no difference in terms of sensitivity to cisplatin treatment as
compared to their control-infected counterparts (45.42%+4.51% versus 46.73%+5.76%,

P=0.80, results expressed as a percentage of untreated cells, Figure 28B).
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Figure 27: Treatment of MOSE cells with cisplatin following inactivation of p53 or
Rb. A) p53°F1P MOSE cells infected with either AdCre (Trp53°2'%) or AJGFP
(p53' Py and treated with 5pM cisplatin for 48 hours. B) RH*"*F MOSE cells
infected with either AdCre (R™'®) or AAGFP (RH**"°*F) and treated with 5uM cisplatin
for 48 hours. Values are the number of adherent cells presented as a proportion of similar
cells exposed to the vehicle control (untreated cells). * indicates a significant difference
where P<0.05 and ** indicates a difference where P<0.01. Error bars represent the SEM.

Experiments were performed three times in triplicate.
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Figure 28: Treatment of MOSE cells with cisplatin following inactivation of multiple
tumour suppressors. MOSE cells with specific inactivation of Brcal, p53, and/or Rb in
various combinations were tested for their sensitivity to cisplatin by treatment with SuM
cisplatin for 48 hours. A) Breal™*"**/p53'¥1¥ MOSE cells infected with either AdCre
(Breal ™ /Trp53°21% or AdGFP (Breal ™o p531oxPioxky By pploxPlloxP)p, ., jloxP/loxP
MOSE cells infected with either AdCre (Rb*'°/Brcal®*'®) or AdGFP
(RBP1P Brg [1XP0xPy €y RploxPAoxP 5 31oxPloxP \TOQE cells infected with either AdCre
(RO Trp5382710 or AJGFP (RBIXPIox 1 5 SIoxPlloxPy D)
RB'OFN0xE ;5 3loxPloxP gy [OXPAXP NIOSE cells infected with either AdCre (RV™'/Trp53°%
Breal®™") or AAGFP (RHFP/p5310xPoxP gy g [loxPloxPy = yralues are the number
adherent cells presented as a proportion of similar cells exposed to the vehicle control
(untreated cells). Error bars represent the SEM. No significant differences were observed.

Experiments were performed three times in triplicate.

94



>

1001

Cell Number
(% of untreated cells)
(2]
o

loxP/loxP oxP/loxP
[ Brcat /p53'

Bl Brca12"3 Trp53221°

100+

50+

Cell Number
(% of untreated cells)

Cisplatin (5uM)

R bloxPlonP IBrca 1onPIonP
B R52"%Brcatts'3

(@

100+

S04

Cell Number
(% of untreated cells)

Cisplatin (5uM)

Bl RoA%/ Trp5322°10
R bloxPIonPI p53loxPIonP

O

100+

50+

Cell Number
(% of untreated cells)

Cisplatin (5uM)

E R bIOXPI loxP / p5 3|OXP,|0XP / B reca 1|OXPI|0XP
I Ro*"%/ Trp53°% % Breat™"?

Cisplatin (5uM)



4.4.3 Rb/p53

The MOSE cells in which both Rb and p53 were inactivated also did not display
any significant difference in sensitivity to cisplatin as compared to the control-infected
RploPIoxP 5 3loxPlloxP— pa1g (39.22%+1.39% versus 39.33%+1.43%, P=0.96, results

expressed as a percentage of untreated cells, Figure 28C).

4.4.4 Rb/p53/Brcal

The concomitant conditional inactivation of all three tumour suppressor genes in
the RB'OF10XF /5 310XP0F) By ['OXFOXP el had no impact on the sensitivity of these cells
to treatment with SuM of cisplatin for 48 hours as compared to the corresponding

control-infected cells (60.32%+4.80% versus 65.72%+4.27%, P=0.41, results expressed

as a percentage of untreated cells, Figure 28D).

4.6  Effect of inactivation of single tumour suppressor genes on sensitivity to

paclitaxel in MOSE cells in vitro.

As was shown in Chapter 3, section 3.8, Brecal®™' cells, where Brcal has been
inactivated, display a modest decrease in sensitivity to treatment with paclitaxel (Figure
22). When p53 alone was inactivated, however, it was found that there was no significant
difference seen in terms of sensitivity to paclitaxel treatment between the p53 wildtype
p53F19F cells and their p53-deficient counterparts the Irp53°*'° MOSE cells
(24.57%%2.44% versus 28.73%+4.32%, P=0.41, results expressed as a percentage of
ploxP/loxP - 4

untreated cells, Figure 29A). A similar result was also observed with the R

the Rb™" cells when they were subjected to treatment with paclitaxel. While both sets of

95



Figure 29: Treatment of MOSE cells with paclitaxel following inactivation of p53 or
Rb. A) p53°*"** MOSE cells infected with either AdCre (Irp53**'%) or AJGFP
(p53°**1Fy and treated with 25nM paclitaxel for 96 hours. B) RB™* MOSE cells
infected with either AdCre (Rb®"®) or AAGFP (RB™*) and treated with 25nM
paclitaxel for 96 hours. Values are the number adherent cells presented as a proportion of
similar cells exposed to the vehicle control (untreated cells). Error bars represent the
SEM. No significant differences were observed. Experiments were performed three times

in triplicate.
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cells were sensitive to the treatment, there was no significant difference in sensitivity as
related to the Rb status of the cells (29.13%+0.99% for Rb*'® versus 31.42%+1.49% for

R P p=0 21, results expressed as a percentage of untreated cells, Figure 29B).

4.7  Effect of concomitant inactivation of multiple tumour suppressor genes on

sensitivity to paclitaxel in vitro.

4.7.1 Brcallp53

When MOSE cells in which both Brcal and p53 were inactivated via Cre-loxP
mediated recombination were treated with paclitaxel, it was found that their Brcal and
pS53 status had no effect on their sensitivity to the drug, when treated with 25 nM for 96
hours (57.11%+6.22% for the Breal®>®/Trp53°%'0 cells versus 55.40%+7.21% for the

1
]loxP/loxP /p 5 3loxP/ oxP

Brca cells, P=0.86, results expressed as a percentage of untreated cells,

Figure 30A).

4.7.2 Rb/Brcal

When both Rb and Brcal were inactivated in the RE'™"**/Brcal*" ™ MOSE
cells and subsequently exposed to 25 nM of paclitaxel for 96 hours, it was found that
while paclitaxel elicited a 50% killing of both the Rb/Brcal-deficient and the Rb/Brcal

wildtype cells, there was no significant difference in sensitivity dependent on genotype
(49.91%+2.30% versus 46.38%+2.72%, P=0.33, results expressed as a percentage of

untreated cells, Figure 30B).
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Figure 30: Treatment of MOSE cells with paclitaxel following inactivation of
multiple tumour suppressors. MOSE cells with specific inactivation of Brcal, p53,
and/or Rb in various combinations were tested for their sensitivity to paclitaxel by
treatment with 25nM paclitaxel for 96 hours. A) Brcal®F10%F/p531xPIxE N fOQE cells
infected with either AdCre (Brcal®"/Trp53°*'%) or AAGFP (Breal /¥ /p531oxE/loxky
B) RBF/Brcq 1P MOSE cells infected with either AdCre (RB*°/Breal® ) or
AdGFP (RYF1%F/Bpcq [1XP10xPy €y pploxP/loxPp, 5 3loxPloxP \OSE cells infected with
either  AdCre  (RB*/Trp53°*'%)  or  AdGFP  (RYX*Pjp53loxkiody )
RBIFN0XE jy, 5 3loxPloxE) B JOXPAOXP NTOSE cells infected with either AdCre (RB*'%/Trp53°%
%/Breal®™"®) or AAGFP (Rb"*°*F/p531FxF e [oXP0XPy * yalues are the number
adherent cells presented as a proportion of similar cells exposed to the vehicle control
(untreated cells). No significant differences were observed. Error bars represent the SEM.

Experiments were performed three times in triplicate.
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4.7.3 Rb/p53

When both Rb and p53 were conditionally inactivated in the RB“/Trp532+10
MOSE cells and exposed to 25 nM of paclitaxel for 96 hours. Both the Rb/p53-deficient
cells and their wildtype counterparts were sensitive to the paclitaxel treatment; however
there was no significant difference in sensitivity between the two (35.24%+1.47% versus

39.38%=+2.14%, P=0.12, results expressed as a percentage of untreated cells, Figure

30C).

4.7.4 Rb/p53/Brcal

When all three tumour suppressors were concurrently inactivated and then treated
with paclitaxel, it was found that the Rb™°/Trp53°%'%/Brcal®"® cells were not
P e : loxP/loxP loxP/loxP
significantly more or less sensitive to the treatment than their Rb /p53

/Breal™™F  counterparts (57.32%+4.70% versus 58.07%+1.98%, P=0.89, results

expressed as a percentage of untreated cells, Figure 30D).

4.8 Anchorage-independent growth assay

In order to assess whether or not inactivation of various tumour suppressor
genes in MOSE cells in vitro resulted in the ability of the cells to proliferate in an
anchorage-independent environment, the cells of the various genotypes were plated on
either poly-HEMA-coated tissue culture plates as well as in soft agar. Some, but not all
of the cells in which one or more tumour suppressors had been inactivated were capable

of anchorage-independent growth (Table 3). The AdGFP-infected counterparts of each
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Table 3: MOSE cell anchorage-independent growth assay results

MOSE Genotype Poly-HEMA Soft Agar
Brecal®™" No No
Rb*” Yes Yes
Trps3**" Yes Yes
Rb*"/ Brca1*>" No No
Brcal®>"/ Trp53**" Yes No
Rb*"/ Trp53*+1° Yes Yes
Rb*”/ Trp53**'% Brea1*™" Yes Yes

100



genotype were also assessed and none were capable of anchorage-independent growth

under either condition.

When Brcal was inactivated alone, it was found that the resulting Brcal® " cells
were not capable of proliferation on poly-HEMA-coated plates or colony formation in
soft agar. Both the Trp53°*'° and the Rb*'®* MOSE cells were capable of proliferation

both on poly-HEMA -coated plates as well as colony formation in soft agar (Figure 31).

When both Rb and Brcal were inactivated in tandem, the RY*'°/Brcal®"? cells
that resulted did not proliferate in either anchorage-independent setting. The
R/ Trp53°%10 cells demonstrated proliferation on poly-HEMA-coated plates as well as

14 p poly p

colony formation in soft agar (Figure 31).

The Brcal®® '13/Trp53A2'1° cells, in which both Brcal and p53 were conditionally
inactivated, were capable of proliferation on poly-HEMA-coated plates; however the
phenotype they produced in this milieu differed from that of the other genotypes
examined. While they did form the small floating spheroids that were observed in other
genotypes (see Figure 31), they also formed for the most part flat sheets of floating cells
in the soft agar (Figure 32A). These sheets continued to expand over several days in
culture and were capable of re-plating as a monolayer on regular tissue culture plastic
(Figure 32B). Interestingly, the Brcal A5'13/Trp53A2'10 cells were not capable of colony
formation in soft agar with no colonies ever observed in any wells in three separate

assays.
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Figure 31: Anchorage-independent growth of MOSE cells in which Brecal, p53,
and/or Rb have been inactivated. Cells were plated on poly-HEMA coated plates to
prevent attachment or in soft agar and anchorage-independent growth was assessed by the

formation of floating cell spheres in the coated plates and colony formation in soft agar.
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Figure 32: Anchorage-independent growth on poly-HEMA-coated plates of Brcal®>

B/Trp53**1" MOSE cells. A) Representative image of the floating flat sheets of cells
observed after four days of anchorage-independent growth (200X, right panel and 400X,
left panel). B) These floating sheets were replated on standard attachment culture plates
to ensure the cells composing the sheets were in fact viable. Image was taken four days

following replating.
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The RbA19/Brca1A5'13/Trp53A2'10 cells, on the other hand, were capable of both
proliferation as spheroids on poly-HEMA-coated plates as well as colony formation in
soft agar (Figure 31). None of the AdGFP-infected cells from any of the genotypes were

able to proliferate in soft agar or on poly-HEMA-coated plates.

4.9  Conditional inactivation of Brcal in conjunction with p53 and/or Rb in the

OSE in vivo.

The OSE in which Brcal was inactivated via intrabursal injection of AdCre
displayed more morphologic changes than the AdGFP-injected controls, but no tumour
formation was seen. Thus it was of interest to examine the effect of concomitant
inactivation of other tumour suppressors, such as Rb and p53, in conjunction with Brcal
on OSE morphology and ovarian tumour formation, particularly as dual inactivation of
Rb and p53 in the OSE via intrabursal AdCre injection had previously been shown to

result in the formation of epithelial ovarian tumours .

No tumour formation was seen in mice in which Rb was conditionally inactivated
in the OSE, even when they were followed past one year following intrabursal injection.
There were no significant differences in the number of morphological changes in the
OSE between the Rb""” mice and the R"*"*F mice at any of the time points examined
(Table 4). Rather surprisingly, there was no age-related increase in the total number of

AS5-
]513

changes, as was seen in the Brca mice. However, the number of changes in the OSE

doubled between 120 and 180 days in the Rb*° mice (4.32+0.78 versus 8.52+0.80,

P<0.05, numbers represent the mean +SEM number of morphological changes per
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Table 4: Distribution of morphological features in the OSE over time following inactivation

of Rb.
Time (Days)
Epithelial Morphology 60 120 180 240
Areas of Columnar Cells
RbA? 3.34+0.33% 2.38+0.49*  4.00+0.53* 4.33+0.67*
(n=10) (n=10) (n=10) (n=8)
Rp'OF/loxP 2.484+0.28° 2.99+0.53%  4.76+0.53° 4.02+0.36
(n=10) (n=8) (n=10) (n=10)
Areas of Hyperplasia
Rb2? 2.60+0.77" 1.90+£0.54*  4.52+0.67*° 2.08+0.38°
Rp!oxP/loxF 2.43+0.69° 2.96£0.93*  3.04+0.70° 2.32+0.50°
Epithelial Invaginations
Rb*? 0.13+0.07° 0.04+0.04° 0? 0.06+0.06*
Rp'o*P/loxk 0? 0.03+0.03? 0 0
Inclusion Cysts
Rb2Y 0 0 0 0
RbloxP/loxP 0 0 0 0
Total Changes
Rb*? 6.05+0.86" 4.32+0.78°  8.52+0.80° 6.40+0.80°
Rb©P/lexP 4.90+0.79* 5.98+1.16*  7.80+1.10* 6.40+0.63°

Numbers represent the mean =SEM number of morphological changes per section over
five non-consecutive sections in n ovaries. Letters are used to denote a significant
difference between time points for that treatment group.
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section over five non-consecutive sections per ovary), whereas this difference was not
seen in the RE'™** mice.

Tumour formation was also not seen in mice in which both Rb and Brcal were
concomitantly inactivated in the OSE via intrabursal injection of adenoviral Cre
recombinase. The number of morphological changes in the OSE increased over time in
both groups, however there were no significant differences between the R6*Y/Brea1®

ovaries and the RbloxP/loxP /Brea ]loxP/loxP

ovaries at any time point examined (Table 5).
There was a significant increase in the number of areas of columnar cells between 60 and
240 days in the RB*®/Brcal®™"® mice (1.96+0.45 versus 5.18+0.70, P<0.01) that was not
seen in the RO/ Breg PP mijce.

Tumour formation was observed in the Trp53°%'° mice, the Rb*'*/Trp53**'® mice, the
Brca1A5'13/Trp53A2'10 mice, and the RbAlg/Trp53A2'10/BrcalAS'13 mice (Table 6). No
tumours were ever observed in any of the mice injected with adenoviral GFP when
followed to one year post-intrabursal injection. The presentation of the mice when they
reached their loss-of-wellness endpoint was similar in all of the groups examined.
Endpoint was reached because the mice had a large, palpable mass(es) on their backs or
because they had severe abdominal distention (Figure 33A-B), and the time between
when these symptoms appeared and when they were deemed to have reached their

survival endpoint was quite short, generally one week or less. Figure 34 illustrates the

general appearance of the tumours wupon necropsy for each genotype.
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Table S: Distribution of morphological features in the OSE over time following
inactivation of Rb and Brcal.

Time (Days)
Epithelial Morphology 60 120 180 240
Areas of Columnar Cells
Rb2Y/Brca1®™ 1 1.96+0.45" 4.00£0.59*  4.27+0.49* 5.18+0.70°
(n=10) (n=10) (n=12) (n=10)
Rb'OF10xP /g0 47 10xP/loxP 3.24+0.43° 3.38+0.31*  3.30+0.32%  5.02+0.85"
(n=10) (n=10) (n=12) (n=10)
Areas of Hyperplasia
Rb2®/Brca1®™®  2.64+0.68" 2.70+0.84°  4.23£0.75°  4.14+0.84°
Rb'>¥10%F /B y.cq1'0xP/loxP 1.76+0.40° 2.80+0.62"  3.08+0.68"  2.42+0.87"
Epithelial Invaginations
Rb*?/Brea1**" 0 0 0.35£0.25  0.20+0.11
RbloxP/loxP /Bre alloxP/loxP 0 0 0 0
Inclusion Cysts
Rb*”’/Brea1*>" 0 0 0 0
Rb©*PoxP . .o 1 loxP/loxP 0 0 0 0
Total Changes
Rb’/Brea1®™  4.62+1.08°  8.85+1.06° 8.52+0.80" 9.52+1.51°
Rb' 1P/ Brcqloxtlox? 5.00+0.72° 6.38+0.90°  7.80+1.10* 7.44+1.62°

Numbers represent the mean +SEM of the mean number of morphological changes per
section over five non-consecutive sections in n ovaries. Letters are used to denote a
significant difference between time points for that treatment group.
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Table 6: Tumour formation following intrabursal injection of adenoviral Cre

recombinase
# of mice Median
# of with Survival in o/ i .
Genotype mice®  tumours Days %0 with ascites
(range)
Brcal®™1? 5 0
Rb4° 5 0
Rb*%/ Brea14> 13 5 0
A2-10 179.5
Trp53 8 8 (101-200) 50
Al9 A2-10 170
Rb™"/ Trp53 10 10 (99-207) 30
A5-13 A2-10 147.5
Brcal™ "/ Trp53 12 12 (105-166) 42
Rb*"/ Trp532571Y 118.5
Brcal®S! 14 14 (89-183) 0

*Number of mice indicates the number of animals who received intrabursal adenoviral
Cre recombinase and were sacrificed when they had reached a loss-of-wellness endpoint
due to tumour burden or had reached the 240 day time point.
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Figure 33: General presentation of mice at loss-of-wellness endpoint following
intrabursal administration of AdCre. A) Severe abdominal distention caused by
peritoneal ascites fluid accumulation. B) Large palpable unilateral or bilateral (shown)

dorsal mass(es).
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Figure 34: Gross tumour presentation of mice at survival endpoint following
intrabursal administration of AdCre. A) Representative image of a tumour from a
Trp53°*'° mouse. B) Representative image of a tumour from a Brcal®P/Trp53°%10
mouse. C) Representative image of a tumour from an Rb*°/Trp53**'° mouse. D)

Representative image of a tumour from an R6*'°/Trp53°2'% Breal®™" mouse.

110






The tumours were generally located at the end of the uterine horn involving the
ovary and sometimes engulfing surrounding organs such as the pancreas and the spleen.
It should be noted that while both ovaries were subjected to intrabursal injection in all
animals, bilateral tumours were only ever observed in the RbAI9/Trp53A2’1O/Brca]AS'13
mice, and only in two animals. It was originally anticipated, based on the previous work
of Flesken-Nikitin, et al that the R6***/Trp53°'% mice would likely succumb to tumours
around 200 days post-injection and that there would be minimal tumour formation seen in
the Trp53**'° mice (Flesken-Nikitin, et. al., 2003). As such, the experimental design
originally involved allowing five mice to go to loss-of-wellness endpoint and to collect
ovaries from earlier time points (60, 120, 180, and 240 days, if possible) from another
five animals per time point. When it became apparent that different results were being
obtained, the experimental plan was altered such that it essentially became a survival
experiment with tissues collected when the mice reached a loss-of-wellness endpoint.
When possible, ovaries were obtained from the earlier time points of 60 and 120 days
post-injection. Thus the Trp53°%'%, RVAY/ Trp53*™°, Breal® ™"/ Trp53°*'°, and the
RB™/ Trp53*'%/ Brcal® ' animals included in Table 6 are those that were euthanized at
a loss-of-wellness endpoint, and not a predetermined time point.

The median time to loss-of-wellness endpoint of the Trp353“2'% mice was 179.5
days post intrabursal injection with a range of 101 to 200 days. Fifty percent of these
mice were found to have bloody peritoneal ascites upon autopsy. All of the primary
tumours were associated with one ovary, despite both ovaries having been subjected to

intrabursal injection. Fifty percent of these mice were found to have tumours elsewhere
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in the peritoneal cavity, generally smaller nodules associated with the body wall,
intestines, or spleen, with half of these mice also presenting with ascites.

The RV*°/ Trp53°*'° mice had a mean time to endpoint of 170 days with a
similar range of 99 to 207 days. Only 30% of these mice were found to have peritoneal
ascites, two with bloody ascites and one with clear fluid. Three of the mice were found to
have smaller tumours throughout their peritoneal cavity in addition to the primary
tumour, and two of these mice also had ascites. The Brcal®> " /Trp53°%'° mice had a
median survival time of 147.5 days with a range of 105 to 166 days. Forty-two percent of
these mice were found to have peritoneal ascites upon autopsy, and these mice were also
more likely to have multiple smaller tumours within the abdominal cavity. Twenty-one
percent of the RB*'*/Breal® "3 /Trp53**'° mice had bilateral tumours associated with the
ovaries, which was not seen in any of the other genotypes. The RbM9/Trp53A2'1°/Brca1 as-
¥ mice had median survival time of 118.5 days with a range of 89-183 days and none of
the mice presented with ascites on autopsy.

Combined inactivation of both Brcal and p53 decreased the median survival of
the mice as compared to the inactivation of p53 alone (P<0.05, Table 6 and Figure 35A),
and was also significantly shorter than that of mice in which both Rb and p53 had been
inactivated in tandem (P<0.01, Figure 35C). The inactivation of all three tumour
suppressors significantly decreased the survival as compared to mice in which only both
Rb and p53 were inactivated (P<0.05, Figure 35D). Mice with tumours resulting from
concomitant inactivation of both Rb and p53 did not have a significantly different

survival time as compared to those in which only p53 was inactivated (P=0.78, Figure
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Figure 35: Survival of mice following inactivation of multiple tumour suppressors in
the OSE in vivo. Kaplan-Meier plots showing the time to loss-of-wellness endpoint of
the mice in which Brcal, p53, and/or Rb had been inactivated in the OSE. A) The median
survival time of the Brcal®"*/Trp53°*1° mice (147.5 days) is significantly shorter than
that of the Trp53°%'% mice (179.5 days), P<0.05. B) There is no significant difference in
the median survival time of the Trp53°*'° mice (179.5 days) and the Rb*'°/Trp53°210
mice (170 days). C) The median survival time of the Brcal®>*/Trp53**'° mice (147.5
days) is significantly less than that of the R6*"*/Trp53**'% mice (170 days), P<0.001. D)
The median survival time of the RbB*®/Trp53°2'%Breal®"® mice (118.5 days) is

significantly less than that of the R6™"’/Trp53°*'" mice (170 days), P<0.05.
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35B). When compiled, these data indicate that loss of p53 is necessary for tumour
formation and that Brcal deficiency accelerates tumour initiation and/or progression.

Recombination at the relevant 1oxP sites was detectable in genomic DNA from all
the tumour samples (Figure 36A). Wildtype DNA was also detectable in all of the
tumour samples, which is not unexpected given that the tumours are likely composed of
both tumour cells and the cells of the normal tissue they have invaded. Recombination at
the relevant loxP sites was also detectable in samples of genomic DNA from cultured
ascites cells from tumour-bearing mice (Figure 36B).

There was no obvious difference in the pathology of the tumours as related to
their genotype. H&E stained sections revealed densely-packed and highly malignant cells
with spindle-shape morphology, as well as the presence of anaplastic giant cells in all of
the samples examined (Figure 37A-D). Further immunohistochemical analysis revealed
that the tumours were predominantly negative for the epithelial marker CK19, with the
exception of some glandular structures present in a small number of the tumours (Figure
38A-D). These tumours were also stained for the presence of other epithelial markers
such as CK8 and pancytokeratin and found to be negative with the exception of the areas
noted above. All of the tumours examined were positive for Smooth Muscle Actin (SMA)
(Figure 39A,C.,E,G) as well as Desmin (Figure 39B,D,F,H), another muscle marker,
and were negative for CD34, a hematological marker (Figure 40A-D). Taken together,
along with consultation with Dr. Mary Senterman, a pathologist at the Ottawa Hospital,
these results strongly indicate that these tumours are malignant leiomyosarcomas, which

are of smooth muscle origin.
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Figure 36: Recombination at loxP sites in the relevant tumour suppressor genes in
tumour and ascites samples. A) PCR of genomic DNA collected from the tumour and
the corresponding tail (control for lack of recombination) to detect recombination at loxP
sites of the tumour suppressor genes relevant the genotype of the mouse. B) PCR of
genomic DNA collected from cultured ascites cells from tumour-bearing mice and the
corresponding tail sample to detect recombination at loxP sites of the tumour suppressor

genes relevant the genotype of the mouse.
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Figure 37: Representative images of tumour histology. Paraffin sections (Sum) of the
tumours from each genotype were stained with H&E in order to examine histology A)
Trp53°%"° (H&E, 200X) B) Brcal® B/Trp53**'% (H&E, 200X) C) RV*"/Trps53°%1°

(H&E, 200X) D) Rb*'®/ Brca1*>'*/Trp53°21% (H&E, 200X).
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Figure 38: Staining of tumours for CK19. Paraffin sections (Sum) of tumours from all
of the genotypes were stained for CK19 expression. A) Trp53°2'° (400X) B) Brcal®>
B/Trp53°210 (400X) C) RV*/Trp53°210 (25X) D) RB*'®/ Breal™ B /Trp53%+'0 (100X).

Positive areas (generally glandular structures, arrows) are stained reddish-brown.
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Figure 39: Staining of tumours for SMA and Desmin. Sections of tumours from all of
the genotypes were stained for the presence of the muscle markers SMA and Desmin.
Immunohistochemical staining to detect SMA (A, C, E, and G, brownish-red stain) and
Desmin (B, D, F, and H, brownish-red stain) for tumours of the following genotypes:
Trp53°*1° (A-B), Brcal®B/Trp53°2"° (C-D), Rb*°/Trp53°*° (B-F), and R/
Breal® /T rp53A2'10 (G-H). (Magnification is 200X for A, C, and G, 100X for B, D, and

H, 25X for E, and 400X for F).
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Figure 40: Staining of tumours for CD34. Sections of tumours from all of the
genotypes were stained for expression of CD34. A) Trp53“'° (200X) B) Breal®”
B1Trp53221° (200X) €) REY/Trp53°71° (200X) D) RDY®/ Breal™ " 1Trp53°21° (400X).

Positive areas (blood vessels) are stained reddish-brown.

119






The gross pathology along with the H&E sections provided some clues as to the origin of
the tumours. In some instances, normal ovary was visible at the edge of a tumour, such
that the bursal membrane that surrounds the ovary was flush with the tumour (Figure
41A). In some cases, even when normal ovary was not grossly visible on autopsy, the
ovary was found within the H&E section of the tumour (Figure 41B). In these sections,
the tumour also appears to be connected to the bursal membrane (Figure 41C). Staining
of sections of normal ovaries revealed that the bursa, which is an extension of the
oviduct, is highly positive for SMA (Figure 42A). Staining also revealed that the inner
lining of the bursal membrane is positive for CK19 (Figure 42B).

While both ovaries in each mouse were subjected to intrabursal injection, in the
vast majority of the AdCre injected mice tumour formation was seen unilaterally. While
the contralateral ovary appeared grossly normal on autopsy, H&E sections often revealed
a thickened bursal membrane (Figure 43A-D).

Ovaries from the 60-day post-intrabursal injection time point were examined from
mice from all genotypes. This time point was used as no loss-of-wellness endpoints were
reached prior to this point. The Trp53°*'° mice displayed significantly less overall
surface epithelial morphology changes than their AdGFP-injected counterparts at the 60-
day time point (1.18+0.33 versus 3.73+0.67, P<0.01, numbers represent the mean +SEM
number of morphological changes per section over five non-consecutive sections, Table
7). There was no significant difference in the number of areas of columnar cells between
these two groups, however there were significantly fewer areas of hyperplasia in the
Trp53A2'10 ovaries as compared to their controls (0.40+0.14 versus 2.48+0.54, P<0.01,

Table 7). There were no statistically significant differences in the number of ovarian
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Figure 41: Tumours appear to be associated with the ovarian bursal membrane. A)
Gross anatomical image of involvement of ovarian bursal membrane with tumour. B) and
C) H&E section illustrating involvement of ovarian bursal membrane with tumour. T=

tumour, b= bursal membrane, Ov= oviduct, O= ovary, and u=uterus. (25X)
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Figure 42: Staining of the bursal membrane for SMA and CK19. Sections of normal
ovary with an intact bursal membrane were stained for expression of SMA and CK19. A)
SMA staining (reddish-brown stain) of a normal ovary with an intact bursal membrane
(25X) B) CK19 staining (reddish-brown stain) of a normal ovary with an intact bursal

membrane (400X).
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Figure 43: Contralateral ovaries display a thickened bursal membrane. A) The
normal bursal membrane is quite thin (arrow) B-D) representative sections of ovaries
from animals in which the other ovary was associated with tumour. Arrows indicated the

thickened bursal membrane. (H&E, 25X)
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Table 7: Distribution of morphological features in the OSE 60 days following
conditional inactivation of p53.

Epithelial Morphology Genotype Number of Events
n= number of ovaries
Areas of Columnar Cells Trp53°%1 0.78+0.23
(0=9)
p53loxP/loxp 1.25+1.17
(n=8)
Areas of Hyperplasia Trp53A2'10 0.40+0.14 **
p53'oxPlloxk 2.48+0.54
Epithelial Invaginations Trp532+1 0
p53loxP/loxP 0
Inclusion Cysts Trp53°21 0
p53loxP/loxP 0
Total Changes Trp53421° 1.18+0.33 **
p53loxP/loxk 3.73£0.67

Numbers represent the mean +SEM of the mean number of morphological changes per
section over five non-consecutive sections in n ovaries. **indicates a significant
difference between the Trp53“*'% group and the p53' ™ group at that time point
(P<0.01).
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surface epithelial morphology alterations between the Breal*"*/Trp53**'" mice and
their controls (Table 8) or the Rb*"®/ Trp53°*'° mice and their controls (Table 9) at the
60 day time point. While the ovaries of the R6""*/Brcal™ "/ Trp53°*' mice displayed
over 1.5 times as many areas of hyperplasia than those of their controls, the difference
was not significant (3.06+0.40 versus 1.84+0.43, P=0.05, Table 10) and there was no
difference in the total number of surface epithelial changes between these two groups at

the 60-day time point (Table 10).
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Table 8: Distribution of morphological features in the OSE 60 days following
conditional inactivation of Brcal and p33.

Epithelial Morphology Genotype Number of Events
n= number of ovaries
Areas of Columnar Cells BrcalAs'l"’/TrpSSAz'10 1.62+0.30
(n=10)
Brcal!o¥oxF /p53loxPloxk 1.22+0.36
(0=9)
Areas of Hyperplasia Breal®>/T rp53A2'10 0.96+0.27
Breal'®?o® fps3loxPiox? 1.36+0.46
Epithelial Invaginations Bl‘ca1A5'13/T1'p53A2'10 0
Brea] xPIoxP jp53loxPllox 0
Inclusion Cysts Brcal®* 1/ Trp534% 1 0
Brcal'xPloxP /p53loxPloxP 0
Total Changes Brcal®>%/Trp534%10 2.58+0.42
Breal oo jp53loxPiloxP 2.58+0.49

Numbers represent the mean £SEM of the mean number of morphological changes per
section over five non-consecutive sections in n ovaries.
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Table 9: Distribution of morphological features in the OSE 60 days following
conditional inactivation of Rb and p53.

Epithelial Morphology Genotype Number of Events
n= number of ovaries

Areas of Columnar Cells

RbA/Trp534%10 1.65+0.34
(n=12)
RbloxP/loxP /p53loxP/loxP 2.224+0.30
Areas of Hyperplasia =)
Rb2¥/Trp534%1 2.02+0.40
RbloxP/loxP /p53loxP/loxP 1.22+0.25
Epithelial Invaginations
Rb2¥/Trps53421 0
RbloxP/loxP /p53l°XP/l°XP 0
Inclusion Cysts
RbA?/Trp532210 0
RbloxP/loxP /p53loxP/loxP 0
Total Changes
Rb*?/Trp532+1 3.67+0.61
Rb'oPoxP /5 3loxPloxP 3.44+0.47

Numbers represent the mean +SEM of the mean number of morphological changes per
section over five non-consecutive sections in n ovaries.
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Table 10: Distribution of morphological features in the OSE 60 days following
conditional inactivation of Rb, p53 and Brcal.

Epithelial Morphology Genotype Number of Events
n= number of ovaries

Areas of Columnar Cells

Rb2"/Trp53°*1%/Brca1*> 2.50+0.34
(n=10)
RbloxP/loxP /p53loxP/loxP /Bre alloxP/loxP 2.83+0.54
Areas of Hyperplasia =)
RbA”/Trp53221%/Brea1 1 3.06+0.40
RbloxP/loxP /p53loxP/loxP /Bl‘ c alloxP/loxP 1.84 +0.43

Epithelial Invaginations
Rb2”/Trp53221%/Brcal1t> 1 0

RbloxP/loxP /p 53loxP/loxP /Bre alloxl’/loxP 0

Inclusion Cysts

Rb2®/Trp53*21%Brca1*>" 0
RbloxP/loxP /p53loxP/loxP /Bre alloxP/loxP 0
Total Changes
Rb2¥/Trp53221/Brca1?> 5.56+0.69
RbloxP/loxP /p53loxP/loxP /Bre alloxP/loxP 4.67+0.80

Numbers represent the mean +SEM of the mean number of morphological changes per
section over five non-consecutive sections in n ovaries.

128



Chapter 5: Discussion

This study is the first to demonstrate that inactivation of the Brcal tumour
suppressor gene in the mouse OSE leads to an increase in morphological changes in that
tissue that may constitute premalignant lesions similar to those that have been reported in
human prophylactic oophorectomy specimens from BRCAI germline mutation carriers.
The number and scope of morphological changes in the OSE increased in both the
ovaries in which Brcal had been conditionally inactivated and in control ovaries, which
was not unexpected, as an increase in alterations in surface epithelial morphology with
age has been previously reported in mice (Tan, et. al., 2005) and humans . Significant

A5-13

increases in these changes arose earlier in the Brcal OSE, however, and there were

significantly more epithelial changes overall observed in the ovaries of these animals than
in controls at 240 days following intrabursal injection. These data indicate that loss of
function of the Brcal tumour suppressor gene in this tissue may accelerate the
development of morphologic alterations, resulting in the earlier appearance of some of
the more complex epithelial changes, such as invaginations and inclusion cysts.

Epithelial invaginations and inclusions cysts have long been proposed to be the
precursor lesions of ovarian carcinoma , representing the most advanced morphologic
changes in the OSE. Age at diagnosis of ovarian cancer is typically much earlier in
BRCAI mutation carriers (54 years versus 63 years in non-carriers) (Boyd, et. al., 2000),
and as our data and human prophylactic oophorectomy specimens would suggest,
preneoplastic changes in the ovarian epithelium also appear earlier. There were

significantly more areas of columnar epithelial cells noted in the ovaries of control mice
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at the earliest time point; however this difference was not sustained through the later time
points. It is possible that this observation was due the expression of, or immune reaction
to, eGFP that was not seen in adenoviral Cre recombinase infected cells.

We found no difference in expression levels or patterns of several proteins,

specifically p53, E-cadherin, and Collagen IV, known to be markers of human ovarian
tumourigenesis between the Brcal 4513 and control groups, which may point to a species-

related difference or may suggest that alteration in the expression of these proteins is not
a direct consequence of inactivation of Brcal and is related to genetic events that occur
later in transformation. We immunostained all of our ovarian sections for p53 expression
and found none in any of the samples examined. It could be that such an event occurs
later than the time points we examined or was simply not detectable by this method. The
same may be said for the lack of differences in expression with the other proteins
examined, E-cadherin and collagen IV. E-cadherin expression is absent in the normal
human OSE, with overexpression seen in inclusion cysts and tumours . Rodents normally
do express E-cadherin in the OSE, thus it was hypothesized that perhaps in mice
expression would be reduced or lost with morphologic changes consistent with
preneoplasia, however we did not observe any difference in level of expression between
the Brcal-deficient and the Brcal wildtype OSE. Collagen IV expression has been
shown to be decreased or lost in the OSE and epithelial inclusion cysts and with
tumourigenesis in EOCs (Capo-chichi, et. al., 2002). We did not observe any difference
in collagen IV staining between the Brcal-deficient and the Brcal wildtype ovaries
examined. Again, these may be alterations that are simply not detectable until a later time

point or may not be related to the Brcal status of the cells. As adhesion molecules as well
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as components of the ECM may be related to the increased structural changes observed in
the Brcal-deficient OSE, it would be valuable to expand the immunohistochemical panel
to include more ECM components such as laminin and other members of the collagen
family, as well as other adhesion molecules such as other cadherin family members and
integrins.

We evaluated the proliferative capacity of the OSE in which Brcal had been
inactivated in vivo by staining ovarian sections for the proliferation marker Ki67. Studies
of prophylactic oophorectomy specimens have found conflicting results in this area, with
some studies demonstrating an increase in proliferation in the OSE of BRCAI mutation
carriers (Schlosshauer, et. al., 2003), while others found no difference (Barakat, et. al.,
2000). Our results indicate that the increase in the number of areas of altered epithelial
morphology in the OSE due to inactivation of Brcal is not accompanied by a notable
change in proliferation, thus the morphological changes observed are not necessarily the
result of the loss of the growth suppressor activity of Brcal. Our analysis of the effect of
inactivation of Brcal in MOSE cells in vitro also found that the Brcal-deficient cells did
not proliferate faster than controls and in fact loss of Brcal function appeared to suppress
their proliferation, which was in fact due to a nearly two-fold increase in basal levels of
apoptosis. These results may seem counterintuitive, given the tumour suppressor status of
Brcal, however Brcal null mice die embryonically due to major proliferation defects and
increased apoptosis (Hakem, et. al., 1996) and cultures of mouse embryonic fibroblasts
with a deletion of exon 11 of Brecal display a senescence-like growth defect (Cao, et. al.,
2003). With prolonged culture of the Brcal 4513 MOSE, there was a decrease in the

proportion of the population with recombination at the loxP sites, with a corresponding
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resurgence of the wildtype population that remained after the initial infection. This also
indicates that these cells are not tolerant of the inactivation of Brcal, and hence the
culture is overtaken by the remaining Brcal wildtype cells. This phenomenon has not
been investigated extensively in the ovary; though one study found that human OSE cells
from women with a known or suspected germline mutation in BRCAI proliferated at a
slower rate than the OSE of their normal counterparts (Kruk, et. al., 1999). Our study is
the first to demonstrate this effect in a conditional model of Brcal inactivation in the
mouse OSE, which thereby suggests that this model may be suitable for more thorough
investigations of the role of BRCAI in the behavior of the ovarian surface epithelium.

It has been postulated that loss of function of Brcal results in a destabilized
genome that is more sensitive to DNA-damaging assaults. Thus, in the absence of the
caretaker function of Brcal, other DNA-damage repair and cell cycle regulatory
pathways, such as those inducing p53 and Rb, are activated resulting in slowed
proliferation as damage is repaired. It may be that complete loss of function of Brcal in
normal adult tissues simply creates a genetically unstable environment, the impact of
which is not wholly evident until further genetic alterations take place. We propose that
an unstable genome in OSE cells, resulting from loss of function of Brcal, results in
altered cell behavior manifested as morphological changes that arise earlier and are more
numerous than what can simply be attributed to ageing. Our in vitro data would suggest
that OSE cells in which Brcal has been inactivated are more sensitive to DNA damaging
agents, indicating a possible repair defect. Cell death in the OSE due to an inability to
recognize and repair DNA damage could possibly result in tissue remodeling that would

produce the morphologic alterations reported here, however the exact mechanism by
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which these cellular events translate to these more global tissue changes remains
unknown.

Alterations in tissue homeostasis due to the imbalance of increased apoptosis with
decreased proliferation that accompanies inactivation of Brcal in MOSE cells may
provide insight into how this genetic change translates into alterations in tissue
morphology. Apoptosis has been shown to be a key mediator of tissue remodeling in
several developmental scenarios. Coordinated cell death is an integral part of the
invagination that occurs during gastrulation (Sanders, et. al., 1997) as well as mammary
gland involution following cessation of lactation (Strange, et. al., 1992). It is also a
critical component of the lumen formation seen during blastocyst cavitation, terminal end
bud development in the mammary gland, as well as development of the neural crest
(Zahir and Weaver, 2004). Various Brcal mutants display defects in all of these
processes (Liu, et. al., 1996; Hakem, et. al., 1998), indicating a role for this gene in the
tissue remodeling events necessary for proper development. Increased cell loss via
apoptosis without corresponding proliferation to compensate can also be likened to a
failure in wound repair. Viable Brcal-deficient mice have been shown to have a reduced
capacity for wound healing and display features of premature ageing (Cao, et. al., 2003).
As well, cultured OSE cells from women with a significant family history of EOC, and
hence likely a BRCAI mutation, are less likely to undergo epithelial-mesenchymal
transition, a process likened to the processes of wound repair (Dyck, et. al., 1996). Thus it
may be that the Brcal-deficient OSE is displaying the physiologic result of this

imbalance in apoptosis and proliferation (Figure 44). In order to examine this in greater
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Figure 44: Proposed model of inactivation of Brcal in the OSE in vivo. Inactivation
of Brcal in OSE cells leads to decreased proliferation and increased apoptosis that results
in tissue remodeling and aberrant wound healing in this tissue resulting in an increase in
preneoplastic changes. This tissue would then be increasingly susceptible to further
genetic changes such as the loss of p53 as well as other tumour suppressor genes or

inactivation of oncogenes potentially contributing to transformation and tumourigenesis.
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detail, it would be of interest to assess the expression of proteins involved in this type of
tissue remodeling, such as matrix metalloproteinases, tissue inhibitors of
metalloproteinases, and plasminogen activator in the Brcal-deficient and wildtype OSE
cells both in vitro and in vivo. It would also be of interest to examine the wound repair
capability of these cells via scratch assays.

There is considerable evidence, from both knockout models and mammary
tumour models, that the p53 tumour suppressor gene plays a significant role in both
Brcal-associated growth control and tumourigenesis (Cressman, et. al., 1999; Xu, et. al.,
2001b). p53 dysfunction is commonly associated with ovarian carcinoma, particularly in
tumours associated with a germline BRCAI mutation (Lakhani, et. al., 2004), and
prophylactic oophorectomy specimens from BRCAI heterozygotes have demonstrated
increased p53 immunostaining in the OSE . As mentioned, we immunostained all of our
ovarian sections for p53 expression and found none in any of the samples examined. It
could be that such an event occurs later than the time points we examined or was simply
not detectable by this method.

While upregulation of p53 expression was not observed in MOSE cells in which
Brcal had simply been inactivated, increased protein levels were seen in these cells when
they were challenged with the DNA-damaging agent cisplatin, a chemotherapeutic agent
commonly used to treat ovarian cancer. These cells were also more sensitive to treatment
with cisplatin, as measured by cell survival, providing further evidence for the hypothesis
that loss of Brcal in the OSE leads to a DNA-damage repair defect and hence
destabilized genome that, in the presence of intact p53 function, results in a commitment

to cell death. Cisplatin treatment did result in an increase in apoptosis, as determined by
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the sub G1 fraction, which was more pronounced in the Brcal®"? cells. This observation
is in keeping with the finding that ovarian cancer patients bearing germline BRCAI
mutations display an improved initial response to cisplatin treatment and slightly
improved survival as a result (Cass, et. al., 2003). The p53 status of these cells also

35210 cells were also more

modulated their sensitivity to cisplatin treatment. While Trp5
sensitive to cisplatin than p53¥** MOSE cells, there was no difference in cisplatin
sensitivity seen between the Brcal*>'*/ Trp53**'° MOSE and Breal™o®/ p53loxP/lox?
MOSE. Loss or aberrant expression of p53 has been previously associated with an
increase in sensitivity to cisplatin in normal human foreskin fibroblasts (Hawkins, et. al.,
1996) as well as in ovarian cancer cells lines (Gibb, et. al., 1997). Our result disagrees
with a study of Brcal inactivation in p53-null mouse cells that found that cells deficient
in both Brcal and p53 were increasingly sensitive to carboplatin, a platinum-based
chemotherapeutic agent highly similar to cisplatin (Fedier, et. al., 2003). A very recent
study by Xing and Orsulic concluded that loss of Brcal increased the sensitivity of the
mouse OSE to cisplatin treatment; however these cells were also p53-deficient as well as
overexpressing c-myc (Xing and Orsulic, 2006). As it appears that p53-deficiency at least
partially rescues embryonic lethality phenotype of Brcal null mice (Hakem, et. al.,
1997), it may be that the phenotype of increased cisplatin sensitivity that was observed in
the Brcal-deficient MOSE cells is also being “rescued” by concomitant p53 deficiency.
This is not a phenomenon that has been extensively studied in normal cells, and thus
these results warrant further investigation.

Whether inactivation of the tumour suppressor Rb in conjunction with Brcal was

able to modify sensitivity to cisplatin was examined and found that it was. The Rb"'°
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MOSE cells were significantly more sensitive to the cisplatin treatment than the Rb
wildtype MOSE, as was seen with the Brcal 8513 MOSE cells; however the combined
inactivation of both Rb and Brcal in these cells had no effect on cisplatin sensitivity. The
same result was seen when we concomitantly inactivated all three tumour suppressors,
Brcal, p53, and Rb, in the MOSE cells, i.e. there was no significant difference in
sensitivity to the cisplatin treatment. Loss of Rb in Schwann cells was recently shown to
result in an increased sensitivity to cisplatin (Seeley, et. al,, 2007) and the same
phenomenon has been seen in cultured breast cancer cells (Bosco, et. al., 2007),
indicating a possible role for this gene as a modifier of chemotherapeutic response, and
our results indicate it could potentially have a similar role in ovarian cells. As with loss of
Brcal, loss of Rb has been shown to cause an increase in p53 expression (Mayhew, et.
al.,, 2004) in response to DNA-damaging agents, indicating that its loss may be
compensated for by the activation of cell cycle checkpoints that would induce
programmed cell death. It would be of interest to examine whether this is the case in Rb-
deficient MOSE cells. As to why the increased sensitivity to cisplatin treatment observed
when only one tumour suppressor gene is inactivated in the MOSE cells is lost when two
or more are inactivated simultaneously, it may be that these cells are now beginning to
more closely resemble the molecular environment of tumour cells, with multiple
abnormalities in several pathways. Ovarian carcinomas notoriously become
chemoresistant with disease progression, when the tumour has likely acquired multiple
genetic lesions. Cisplatin-resistant ovarian tumour cells, as well as cervical carcinoma
cells have been shown to harbour multiple genetic changes, particularly affecting

pathways leading to apoptosis that render the cells aberrantly tolerant of accumulated
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DNA damage (Perego, et. al., 1998; Lanzi, et. al., 1998). If loss of Brcal results in
compensation in the cell by the p53 or Rb pathways resulting in increased apoptotic
response, which ultimately produces the observed phenotype of increased cisplatin
sensitivity, then it stands to reason that loss of either p53 or Rb expression would prevent
or at least lessen this phenotype.

Paclitaxel is another chemotherapeutic agent that is commonly used in the
treatment of EOC. Unlike platinum-based treatments, which inflict DNA damage,
taxanes are microtubule poisons that cause microtubule stabilization to the point where
mitosis is impossible. We treated cultured MOSE cells of the various genotypes with and
without AdCre exposure to treatment with paclitaxel in order to examine the effect of
inactivation of the various tumour suppressors on the sensitivity of these cells to this
agent. The Brcal™™"® MOSE cells were modestly but statistically significantly less
sensitive to treatment with 25 nM of paclitaxel than the Brcal wildtype MOSE. Brcal-
deficient cells have been shown in the past to display decreased sensitivity to treatment
with paclitaxel. MCF-7 breast cancer cells treated with a small interfering RNA (siRNA)
for BRCA1 were more less sensitive to paclitaxel treatment (Chabalier, et. al., 2006), and
this was also demonstrated in a an ovarian cancer cell line harbouring a BRCA 1 nonsense
mutation (Zhou, et. al., 2003). Conversely, overexpression of BRCA1l in a breast
carcinoma cell line increased paclitaxel sensitivity (Quinn, et. al., 2003). Chabalier, et al,
demonstrated that downregulation of BRCA1 resulted in premature inactivation of the
mitotic spindle checkpoint, resulting in the paclitaxel resistance (Chabalier, et. al., 2006) ,
thus it would be interesting to examine the status of the spindle checkpoint of the

Brcal®™* MOSE cells in greater detail, with and without taxane treatment. Of particular
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interest would be the examination of cyclin B1 and cdkl protein levels in these cells,
whose degradation is inhibited when the spindle checkpoint is correctly activated (Yu,
2002).

Inactivation of either p53 or Rb alone in the MOSE had no impact on paclitaxel
sensitivity. It has in fact been shown in ovarian cancer cell lines that p53 status may not
be related to paclitaxel sensitivity (Takahashi, et. al., 2000). Conditional inactivation of
p53 and/or Rb in conjunction with Brcal in the MOSE cells also had no impact on
sensitivity to paclitaxel. Thus it could be argued that p53 or Rb status does have an effect
on paclitaxel sensitivity in Brcal-deficient MOSE cells. As with the cisplatin treatment, it
could be that the MOSE cells with more than one tumour suppressor pathway
compromised are beginning to more closely resemble the molecular state of tumour cells,
which often develop resistance to paclitaxel. While these cells are not resistant to
paclitaxel treatment, they do not demonstrate increased sensitivity.

This study also found, when OSE cell proliferation was examined in vitro, that
concomitant inactivation of p53 in MOSE cells rescued the growth suppression that was
seen with inactivation of Brcal alone and leads to a substantially increased growth rate as
compared to control cells. Inactivation of p53 alone in MOSE cells had no immediate
effect on proliferation. Loss of p53 function has been demonstrated to partially rescue the
embryonic lethality of complete deletion of Brcal and appears to play a critical role in
mammary tumourigenesis in mice (Hakem, et. al., 1997). Inactivation of the Rb tumour
suppressor in conjunction with Brcal in MOSE cells also rescued the proliferation defect
observed with inactivation of Brcal alone, however unlike with the Breal® /T rpS 3410

MOSE cells, there was not a significant increase in the proliferation of the Breal®”

139



3/Rb*" cells. Examination of expression levels of the Rb family members p107 and p130
in these cells may be warranted to determine if there is compensation for the loss of Rb,
this compensation being the primary reason Rb-null mice do not develop retinoblastoma
(Robanus-Maandag, et. al., 1998). This could also explain why inactivation of Rb alone
in the MOSE cells had no immediate effect on their proliferation. Concomitant
inactivation of both p53 and Rb did, however, result in a significant increase in
proliferation in these MOSE cells. This was also observed by Flesken-Nikitin, et al in
their MOSE cultures. Conditional inactivation of all three tumour suppressor genes,
Brcal, p53, and Rb simultaneously in MOSE cells also resulted in a dramatic increase in
proliferation with greater fold-increases in cell number between 48 and 72 hours and 72
and 96 hours than was seen in any of the other genotype combinations.

The study by Flesken-Nikitin, et a/ (2003) had found that inactivation of either
p353 or Rb in MOSE cells in vitro resulted in increased proliferation when measured three
to six passages following adenoviral infection. Our study found similar results, indicating
that with prolonged culture, these cells may be acquiring further genetic abnormalities
that result in uncontrolled proliferation. Evaluation of other tumour suppressor pathways
as well as oncogenic pathways in these cells via microarray would be warranted in order
to begin to determine the exact nature of the other genetic changes required for
transformation in these particular cells.

As these dramatic increases in proliferation in vitro pointed to possible
transformation events, the cells of the various genotypes were assayed for their ability to
proliferate in an anchorage-independent setting. The ability to proliferate independently

of attachment to a substrate is a defining characteristic of cellular transformation. None of

140



the AdGFP-infected cells were capable of forming colonies in soft agar or proliferating
on polyhema-coated plates, indicating that none of the parental MOSE lines had
undergone spontaneous transformation. The Brcal®™ cells were not capable of
anchorage independent growth, and neither were the RV Breal®™® cells, indicating
that inactivation of Brcal in MOSE cells in vitro is not sufficient to cause transformation,
as assessed in this manner. The Rb*° MOSE cells were capable of anchorage-
independent growth under both conditions. As inactivation of Rb in the Brcal-deficient
MOSE did not result in the capability for this type of growth, it could mean that these
cells have not incurred the additional genetic alterations that may have occurred in the
Rb*” MOSE cells with time in culture. Alternatively, it could be that Brcal mediates
some aspect of the Rb-deficient phenotype and that without Brcal this effect is lost,
resulting in a different phenotype. Wildtype BRCAI has been shown to require RB in
order to exert its growth suppressor capabilities (Aprelikova, et. al., 1999) and may also
modulate the apoptotic response in RB-deficient cells (Wang, et. al., 2000), indicating
that both of these genes depend, to a certain extent, on the status of the other. It is likely
that had this assay been performed on the Rb*'® MOSE cells within one passage of
inactivation, no anchorage-independent growth would have been observed, as it is
generally accepted that perturbations in more than one genetic pathway are needed to
cause transformation in mouse cells (Rangarajan, et. al., 2004; Dimri, et. al., 2005).

The Trp53**"* MOSE cells as well as the R6*'*/Trp53°21° cells were also capable
of anchorage-independent growth under both sets of conditions. As with the Rb*'®, it is
likely that the Trp53°2'° cells would not have exhibited this trait had they been assayed

immediately following inactivation, as there was no difference in proliferation noted at
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that point. It is not surprising that the MOSE cells in which both Rb and p53 were
inactivated display signs of transformation, as it is inactivation of these two pathways via
SV40 TAg or human papilloma virus E6/E7 infection that is commonly used to transform
cells.

When inactivated in conjunction with p53, the Brcal-deficient MOSE were
capable of growth on polyhema-coated plates, however did not form colonies in soft agar.
This discrepancy is intriguing, especially given the interesting morphology of these cells
on the polyhema-coated plates. Exploring this phenotype further would warrant
examining cell-cell adhesion molecules, as well as alternate matrices such as
methylcellulose. Cells in which all three tumour suppressors were inactivated were
capable of proliferation under both circumstances. Closer analysis of colony formation, in
terms of the number of colonies and time to the appearance of the colonies is merited to
accurately assess whether Brcal-deficiency precipitated colony formation, or whether
alterations to the p53 and Rb pathways are more dominant in terms of transformation in
these cells. Ultimately, all of the cells capable of any type of anchorage-independent
growth should be injected subcutaneously into immunodeficient mice in order to assess
their tumourigenicity, a true hallmark of transformation. It would be of great value to
learn whether inactivation of Brcal decreased the latency of tumour development or
influenced tumour pathology, as BRCAI-related EOCs are almost always
adenocarcinomas of the serous subtype and present with early onset .

When Brcal was inactivated in vivo via intrabursal injection there was no
tumourigenesis observed even when the animals were followed past one year post-

injection, despite the development of significantly more premalignant changes in the OSE
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of these ovaries. Given that not all women with BRCA! germline mutations go on to
develop ovarian cancer, this result is not overly surprising. However, it was hypothesized
that in the mouse OSE, Brcal-related tumourigenesis would require further genetic
changes, such as inactivation of other tumour suppressor pathways, changes which
perhaps never occur in the cohort of BRCA I mutation carriers that do not develop ovarian
cancer. Thus identical experiments were undertaken in which Brcal was conditionally
inactivated in the OSE in vivo in conjunction with inactivation of the tumour suppressors
p53 and/or Rb.

We repeated work done by Flesken-Nikitin, et al (2003) by conditionally
inactivating p53 and Rb alone or in tandem in the OSE in vivo via intrabursal AdCre
administration, and then added the Brcal-deficient combinations. Based on their previous
work, it was anticipated that the R6*®/Trp53*2° mice would develop tumours with a
median survival of just over 200 days, and that little to no tumour formation would be
seen when either p53 or Rb was inactivated alone. Thus it was surprising when in our
study the Rb*®/Trp53°%1" mice died of disease by a median time of 170 days and that the
Trp53°2"% mice also developed tumours. It was also unforeseen that these tumours were
not the adenocarcinomas observed in the Flesken-Nikitin study, but were classified as
malignant leiomyosarcomas, tumours of smooth muscle origin. This discrepancy in the
results cannot be accounted for in terms of intrabursal injection technique as our
laboratory has also used this technique to drive conditional TAg expression (which
targets the p53 and Rb pathways) to the OSE in vivo that resulted in the development of
malignant epithelial ovarian tumours (L. Laviolette, unpublished data). The only notable

difference between ours and the Flesken-Nikitin study is that they backcrossed their

143



animals so that they would be on a pure FVB/n strain background, whereas ours were
FVB/n;129sv mixed background, the background on which the mice are maintained in
the Mouse Models of Human Cancers Consortium Repository. As we were breeding the
single conditional knockout transgenics together in order to achieve the various genotype
combinations, it would have taken an unsuitably long period of time to also backcross
them to the FVB/n background. We did not anticipate that this minor strain variation,
especially as they are not two completely different strains, could have such a significant
impact on the phenotype in these mice, however studies have recently begun to show that
genetic modifiers based on strain can influence phenotype in mouse models of disease
(LeCouter, et. al., 1998; Simpson, et. al., 2004; Woodworth, et. al., 2004).

Despite the unanticipated phenotype, it was found that Brcal-deficiency in these
tumours influenced the survival time of the mice. Concomitant inactivation of Brcal in
conjunction with p53 in these tumours resulted in significantly decreased survival times
as compared to the singular inactivation of p53, whereas inactivation of Rb in conjunction
with p53 did not. As the Trp53**'® mice developed tumours it is not possible to
determine if p53-deficiency is necessary for Brcal-related tumourigenesis of the OSE,
however it does appear that Brcal-deficiency influences progression in the pS3-deficient
tumours. This is also the first time that Brcal-deficiency has been linked in any way to
the tumourigenesis of leiomyosarcomas. Aberrations in both the p53 and Rb pathways
have been implicated in the development and progression of leiomyosarcomas (de, et. al.,
1994; Dei Tos, et. al., 1996; Leiser, et. al., 2006). It may be that the tumour pathology
observed is due to strain-dependent tissue susceptibility to transformation, in that the

smooth muscle cells of the bursal membrane, which would also be in contact with the
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adenoviral Cre recombinase, are more sensitive to these consequences of these
recombination events than the OSE.

As we have shown, the bursal membrane is largely composed of smooth muscle
cells, much like the uterine and oviductal myometrium with which it is contiguous. The
tumours that developed in these mice were generally found to be continuous with the
bursal membrane, indicating that this was perhaps the tissue of origin. Despite the fact
that both ovaries were subjected to intrabursal injection, the majority of animals
developed unilateral tumours. The contralateral ovaries, however, frequently displayed
thickened bursal membranes, possibly indicating a premalignant stage in this tissue. In
order to accurately test this theory of the bursal membrane as the tissue of origin, one
could perform the intrabursal adenoviral injections as was done, and then at a suitable
time point following the initial surgery, perform a second surgery in a subset of mice in
which the bursal membrane was removed as completely as possible in order to observe
whether or not tumours still developed.

Ovaries from early time points of the genotypes which developed tumours were
not especially informative in terms of premalignant activity in the OSE, as few
differences were observed between the tumour suppressor-deficient groups and their
appropriate controls, though the 60-day time point may have been too early to detect any
major differences. As the time between the detection of tumours by palpation and loss-of-
wellness endpoint was quite short in all of the animals, it would perhaps be beneficial to
examine time points in closer proximity to tumour development and at shorter intervals.
Inactivation of Rb alone in the OSE in vivo did not result in tumour formation, nor did it

result in the presence of more epithelial morphologic changes than the wildtype ovaries.
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This likely indicates that alterations Rb alone do not play a significant role in initiating
events in ovarian tumourigenesis. Combined inactivation of Brcal and Rb in the OSE did
result in more epithelial changes at the later time points, however the results were not
significant. Epithelial invaginations were, however, found only in the Rb/Brcal-deficient
ovaries and not in their wildtype counterparts. As was seen in vitro, it could be that the
loss of Rb in conjunction with Brcal at least partially rescues the proliferation defect
caused by Brcal-deficiency, which could account for the lack of overt differences in the
number of epithelial changes in vivo, as this would work to maintain
proliferation/apoptosis levels in these cells. The impact of these alterations, whether
singular or in combination, on OSE cell proliferation in vivo requires further in depth
analysis, which could be examined initially via injection and labeling with
bromodeoxyuridine (BrdU).

With the results of this work, we propose that Brcal-deficiency in the OSE results
in decreased proliferation and increased apoptosis, which could potentially result in
aberrant tissue remodeling manifesting as premalignant morphologic changes such as
epithelial invaginations and inclusion cysts. The sensitivity of these cells to the DNA-
damaging agent cisplatin indicates a repair defect that could lead to the accumulation of
genetic defects, resulting in the genomic instability so frequently observed in Brcal-
deficient cells (Deng, 2006). An increase in genomic instability would render these cells
and hence this tissue more susceptible to further genetic alterations, particularly loss of

p53, which would ultimately lead to transformation and tumourigenesis (Figure 45).
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Figure 45: A simplified hypothetical model of the impact of loss of Brcal in OSE
cells on the molecular level. Following DNA damage in Brcal-deficient cells, loss of
Brcal will either be compensated for by increased expression of gatekeeper tumour
suppressors such as p53 and/or Rb, resulting in cell cycle arrest while DNA is repaired
followed by a return to the cell cycle or a commitment to apoptosis if the repair fails
(left). The genomic instability resulting from Brcal deficiency also renders the cells more
susceptible to mutations in these gatekeeper genes resulting in a failure to arrest the cell
cycle and repair damage, leading to uncontrolled proliferation and eventually

transformation (right). Adapted from (Welsch, et. al., 2000)
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Chodankar, et al, (2005) found that Brcal inactivation in the granulosa cells of
mouse ovarian follicles led to the development of benign cystadenomas, however no
carcinomas were seen. They proposed that, since these tumours possessed normal Brcal
alleles, Brcal might influence tumour development indirectly via an effector secreted by
granulosa cells. Our study found that inactivation of Brcal in the OSE led to the
development of preneoplastic epithelial changes similar to those observed in the ovaries
of human BRCAI mutation carriers, however was not sufficient for the formation of
carcinomas. It may be that inactivation of Brcal in both epithelial and non-epithelial
tissues of the ovary are necessary for a cooperative effect that would lead to
carcinogenesis. Placing conditional inactivation of Brcal under the control of a
ubiquitous ovarian promoter, such as that of MISIIR, would enable the investigation of
this possibility. Utilizing this type of promoter to drive Cre expression specifically to the
ovary in conjunction with the double and triple conditional knockout mice we have
generated would also allow a more in-depth and specific analysis of the impact of loss of
function of these genes, particularly the combined loss of Brcal and p53, in the ovary
than what was able to be accomplished via the intrabursal injection method, given the
unanticipated sensitivity of the bursal membrane to transformation.

As germline mutations in BRCAI result in an increased risk for cancers of the
breast and ovaries, two tissues under the profound influence of hormonal regulation, it
would also be of great interest to examine the impact of inactivation of Brcal in the OSE
in a defined hormonal milieu. Using the model described here, it would be possible to
subject the mice to intrabursal AdCre administration and then breed them continually

over the course of the experiment order to examine the effect of the hormonal
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environment of pregnancy on Brcal-deficient OSE cells. It would also be possible to pair
the conditional inactivation of Brcal in the OSE with a newly developed mouse model of
menopause (Hoyer and Sipes, 1996) in order to examine the impact of chronically
elevated gonadotropins on Brcal-deficient cells. Of particular interest would be the effect
of estrogen exposure, as Brcal-deficiency in granulosa cells has been shown to lead to
increased aromatase activity which would result in increased circulating estrogen (Hu, et.
al., 2005) and tamoxifen, a selective estrogen receptor modulator, has been shown to
promote mammary tumourigenesis in the Brcal-deficient mammary gland (Jones, et. al.,
2005).

Given the recent finding that as many as 15% of ovarian carcinomas are related to
germline mutations in BRCA1 (Pal, et. al., 2005a), coupled with the high rates of BRCA!
dysfunction seen in sporadic ovarian tumours, it is imperative that we further our
understanding of the role of this gene in transformation in the ovary. This mouse model
of conditional inactivation of Brcal in the OSE will provide a useful tool for studying not
only the impact of loss of function of Brcal in these cells, but also for examining the

formation of early preneoplastic lesions in the ovary.
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