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ABSTRACT

The mechanism of how BRCAL mutation exclusively increases susceptibility to breast
and ovarian cancer is unknown, however evidence suggests that Brcal loss upregulates
aromatase, the enzyme that produces estradiol, and that increased estradiol promotes
tumourigenesis. To investigate these processes, Brcal was inactivated in the ovarian
surface epithelium (OSE) of mice that were then exposed to placebo or estradiol for 60
days. Ovaries were examined histologically at time points up to one year. Estradiol did
not induce tumourigenesis of the OSE, but did increase preneoplastic morphological
changes. Inactivation of Brcal in OSE and granulosa cells (GCs) in vitro did not
upregulate aromatase or increase estradiol production. An in vivo model of Brcal
inactivation in GCs and OSE that enables monitoring of aromatase, estradiol levels and
tumourigenesis remains desirable, as elucidation of the relationship between Brcal and
aromatase could impact understanding of the pathways responsible for ovarian tumour

initiation and early progression.
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CHAPTER 1: INTRODUCTION
1.1 Ovarian Cancer: General Overview

One out of seventy women develops ovarian cancer, the sixth leading cause of
cancer death and the most lethal gynaecological malignancy in women (Canadian Cancer
Society's Steering Committee, 2010; Murdoch and McDonnel, 2002). The low survival
rate, about 30% (Canadian Cancer Society's Steering Committee, 2010), is attributed to
two main factors. Firstly, symptoms of ovarian cancer, such as abdominal distension,
postmenopausal bleeding, altered bowel function, and early satiety, are easily mistaken
for normal aspects of aging or gastrointestinal conditions (Bankhead et al., 2008; Bast et
al., 2009). Secondly, there is no effective screening method to detect early stage ovarian
cancer. Cancer antigen 125 (CA-125) monitoring and transvaginal sonography (TVS) are
available, but are only used to diagnose advanced cases or recurrent disease (Auersperg et
al., 1997; Bast et al., 2009; Murdoch and McDonnel, 2002). These factors result in most
cases being diagnosed after metastasis has occurred, when the disease is difficult to treat
successfully. Investigations of ovarian cancer initiation and early progression strive to
improve early detection and successful treatment to increase survival rates.
1.2 Ovarian Cancer: Classification
1.2.1 Staging

Ovarian cancer can be diagnosed at four stages: confined to a single ovary (stage
), spread but confined to the peritoneal cavity (stage Il), metastasized outside of the
pelvic region, mainly in lymph nodes (stage I11), or metastasized to distant sites outside
of the pelvic region, commonly bowel, omentum and liver (stage IV) (Bast et al., 2009;

Murdoch and McDonnel, 2002).



1.2.2 Subtypes
Numerous cell types give rise to cancer of the ovary, each resulting in a different

subtype. A small portion of ovarian cancers originate from primitive germ cells, forming
germ cell tumours, and from stromal, granulosa, or thecal cells, forming sex cord-stromal
tumours. The majority (90%) of ovarian cancers derive from epithelial cells and are
called epithelial ovarian cancer (EOC) (Bast et al., 2009; Ji et al., 2008). Unlike most
cancers, EOC becomes more differentiated as it progresses; this results in four main
subtypes that each resembles a well-differentiated cell type of the female reproductive
tract: serous resembles fallopian tube epithelium, mucinous resembles cervical
epithelium, endometrioid resembles the endometrium, and clear cell resembles cells of
the vagina (Auersperg et al., 2001; Bast et al., 2009; Bell, 2005; Bowtell, 2010; Kobel et
al., 2008). Each subtype of EOC differs in its risk factors, gene expression, and response
to therapy (Bast et al., 2009; Kobel et al., 2008).
1.2.3 Grading of Serous EOC

Serous EOC, the most common subtype, is subdivided into two grades associated
with the pathway taken to malignancy (Shih and Kurman, 2004; Vang et al., 2009). Type
| progresses slowly and step-wise from a benign cystadenoma or adenofibroma to an
atypical proliferative serous tumour to a non-invasive micropapillary serous carcinoma
before transitioning into an invasive low grade serous tumour (Shih and Kurman, 2004).
Type Il progresses rapidly and results in high grade tumours. Characterizing its
preneoplastic lesions has been difficult, although at least a subset are presumed to
originate from the ovarian surface epithelium (OSE). Type I is characterized by mutated

KRAS, BRAF, or ERBB2. These mutations are rare in Type Il, but high DNA copy



number changes, TP53 mutations, and BRCA1 dysfunction are common (Bowtell, 2010;
Shih and Kurman, 2004; Vang et al., 2009). The two grades of serous EOC differ in age
at diagnosis and response to chemotherapy (Vang et al., 2009) and high grade is nine
times more common than low grade (Seidman et al., 2006). The wide range of features
exhibited by subtypes of ovarian cancer, even within serous EOC, argues for considering
ovarian cancer a general term for a wide range of diseases (Bowtell, 2010).
1.3 Treatment of Ovarian Cancer

In nearly all cases of ovarian cancer, initial control is accomplished by surgical
removal of as much tumour as possible. In stage | ovarian cancer, surgery alone cures
90% of patients. In any later stage, chemotherapy consisting of carboplatin usually in
combination with paclitaxel is used after surgery. This treatment regimen confers
response in 65% of patients, increasing overall survival from 32 to 57 months.
Unfortunately it is common for ovarian cancer or its metastases to reoccur as
unresponsive to previously-used therapeutics (Bast et al., 2009; Pignata et al., 2011).
1.4 Ovary: Cell Types, Structures, and Functions
1.4.1 General Overview

In order to understand ovarian cancer, it is important to understand cell types and
structures of the ovary as well as ovarian functions, which include generating and
housing oocytes and producing steroid hormones. During reproductive years, the ovary
contains many follicles, each consisting of an oocyte surrounded by layers of granulosa
cells (GCs) which themselves are bordered by a basement membrane surrounded by
thecal cells. The ovary also contains stromal and corpus luteal (CL) cells, the latter being

short-lived remnants of ovulated follicles. Covering the outside of the ovary is the OSE, a



single layer of epithelial cells which are separated from ovarian stroma by a basement
membrane and a collagen-based layer, the tunica albuginea. At any given time the ovary
contains follicles in different stages: primordial, primary, secondary, and antral (the stage
at which the oocyte is ready to be ovulated) as well as atretic (degenerating) follicles and
post-ovulatory CLs (Nussey and Whitehead, 2001; Oktem and Oktay, 2008) (Figure 1).

Follicular development and ovulation are hormonally regulated. Gonadotropin-
releasing hormone (GnRH) stimulates the pituitary to secrete luteinizing hormone (LH)
and follicle stimulating hormone (FSH). FSH causes the growth of secondary and antral
follicles, with one follicle eventually becoming dominant and the others undergoing
atresia. The GCs of the dominant follicle secrete high levels of estradiol (E2) that cause a
spike in LH secretion which then leads to ovulation. GCs of the follicle remaining in the
ovary differentiate to form the CL, which produces high levels of both progesterone and
estradiol. If fertilization and implantation of the ovulated oocyte do not occur, the CL
degrades and estradiol and progesterone levels decrease; FSH secretion then increases
and the cycle begins again (Nussey and Whitehead, 2001; Oktem and Oktay, 2008).
1.4.2 Ovarian Surface Epithelium

Particular attention must be paid to OSE cells because they are thought to be the

cell of origin of EOC. The OSE is a single layer of flat-to-cuboidal epithelial cells loosely
attached to the surface of the ovary (Auersperg et al., 2001; Murdoch and McDonnel,
2002). OSE cells are also found lining epithelial invaginations and inclusion cysts within
the ovary (Auersperg et al., 2001; Scully, 1995). OSE cells are derived from the
mesoderm, specifically epithelial cells that line the coelom of the embryo (Auersperg et

al., 2001; Murdoch and McDonnel, 2002). In their role of repairing ovulatory wounds,
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Figure 1. Representative mouse ovarian section with cell types and structures

indicated. Ovarian section stained with haematoxylin and eosin shows ovarian cell
types, including oocytes, granulosa cells, thecal cells, stromal cells, and ovarian surface
epithelial cells. Ovarian structures are also indicated, including primary, small secondary,

antral, and atretic follicles as well as a corpus luteum.



OSE cells are mobile and modify extracellular matrix, abilities reminiscent of
mesenchymal cells; however, during tumourigenesis, OSE cells acquire characteristics of
well-differentiated epithelium. Furthermore, OSE cells express markers of both
mesenchymal and epithelial cells (Auersperg et al., 2001), indicating they are poorly
differentiated epithelial cells with phenotypic plasticity.

Evidence supports a function of the OSE in ovulation. Although debated, OSE
cells may secrete enzymes that assist in expulsion of the oocyte from antral follicles
(Bjersing and Cajander, 1975). OSE cells also proliferate to cover the wound created
during ovulation; OSE cells of rhesus macaques proliferated in response to a wound
created by brushing the ovarian surface (Wright et al., 2008) and OSE cells of mice
proliferated in response to superovulation induced by gonadotropins (Burdette et al.,
2006). The OSE also secretes extracellular matrix components and proteases (Kruk et al.,
1994) needed to remodel the ovarian stroma near the ovulation site back to its previous
state (Auersperg et al., 2001). Transporting substances between the ovary and the
peritoneal cavity may be another function of the OSE (Auersperg et al., 2001).

1.5 Aetiology of Ovarian Cancer
1.5.1 Cell of Origin

Progression through preneoplastic to neoplastic states is well established in some
cancers, such as cervical and colon (Fearon and Vogelstein, 1990; Pinto and Crum, 2000)
and evidence suggests a stepwise process also occurs as OSE cells transform
(Schlosshauer et al., 2003). Morphological changes, specifically invaginations of surface
OSE cells into the stroma of the ovary and inclusion cysts, as well as nuclear changes, are

putative preneoplastic lesions of EOC. OSE cells within invaginations and inclusion cysts



tend to be columnar in shape, suggesting a higher degree of differentiation (Auersperg et
al., 2001; Scully, 1995). OSE lining inclusion cysts, as well as OSE cells exhibiting
hyperplasia or forming invaginations in some cases, have also been found expressing
proteins found in epithelial ovarian tumours, but not in OSE cells on the ovarian surface,
including CA-125, c-KIT, E-cadherin, and HOXA7 (Kabawat et al., 1983; Maines-
Badniera and Auersperg, 1997; Naora et al., 2001; Sundfeldt et al., 1997; Tonary et al.,
2000). OSE cells within inclusion cysts may be more likely to undergo transformation
because they are exposed to higher concentrations of growth factors and hormones than
OSE cells on the ovarian surface (Auersperg et al., 2001). Ovaries removed from healthy
women have been found to contain microscopic tumours occurring within OSE cells on
the surface or within invaginations and inclusion cysts, with OSE cells showing cytologic
atypia, features of malignant but not normal cells (Bell and Scully, 1994) and ovarian
tumours arising from the surface have been found to be contiguous with OSE of normal
morphology through an area of histological transition (Cai et al., 2009).

Further substantiating OSE hyperplasia, invaginations, inclusion cysts, and nuclear
abnormalities as precursors to ovarian cancer is the existing correlation between their
occurrence and circumstances in which ovarian tumours are likely to develop. Such
changes were found significantly more often in ovaries from women with stage | ovarian
cancer, endometrial cancer, or polycystic ovarian syndrome (PCOS) compared to ovaries
from control women as well as in tumourigenic ovaries compared to their contralateral
counterparts (Mittal et al., 1993; Plaxe et al., 1990; Resta et al., 1993). Also, application
of a carcinogen to rat ovaries significantly induced hyperplasia, papillae, inclusion cysts,

and epithelial ovarian tumours compared to vehicle treatment (Stewart et al., 2004).



Recent evidence suggests that some EOCs originate from tubal intraepithelial
carcinomas (TICs) of the distal fallopian tube (Mehrad et al., 2010). Since most ovarian
cancers are discovered in late stages, with involvement of the fallopian tube, it has been
suggested that TICs that developed into large tumours involving the ovary have long
been misdiagnosed as ovarian cancer. Alternatively, malignant cells of TICs could spread
to and form large tumours in the ovary, resulting in a diagnosis of ovarian cancer despite
extraovarian origin (Mehrad et al., 2010; Vang et al., 2009). The relatively new finding of
fallopian tube epithelial cells as originators of some ovarian cancer cases proves that the
earliest stages of this disease are in desperate need of further understanding.

1.5.2 Incessant Ovulation

The hypothesis that increased ovulations elevate ovarian cancer risk was
originally based on the fact that humans develop ovarian cancer much more frequently
and also likely undergo a higher number of ovulations than any other mammal (Fathalla,
1971). This idea has gained much support, as events that increase lifetime number of
ovulatory cycles, including early onset of menses and late menopause, increase ovarian
cancer risk (Bast et al., 2009; Tung et al., 2003) while events that decrease ovulatory
cycles, including pregnancy and use of oral contraceptives, decrease ovarian cancer risk
(Anonymous, 1987; Bast et al., 2009; Bosetti et al., 2002; Modugno et al., 2001; Ness et
al., 2000; Purdie et al., 2003; Tung et al., 2003). Experimental evidence also supports the
idea. Women who experienced more ovulations, by undergoing treatments causing
superovulation, exhibited more preneoplastic atypia in OSE cells than controls (Nieto et
al., 2001) and ovaries from young mice induced to undergo a higher than normal number

of ovulations contained more invaginations and inclusion cysts than controls (Clow et al.,



2002). It is hypothesized that invaginations of the OSE form during ovulation and then
pinch off, creating inclusion cysts from which ovarian cancer is more likely to form.
1.5.3 Gonadotropins
Because most ovarian cancers present after menopause and the hormonal milieu

in post-reproductive years is characterized by high gonadotropins and low steroid
hormones, it has been suggested that the gonadotropins FSH and LH promote ovarian
cancer development (Bast et al., 2009). OSE cells express receptors for FSH (Zheng et
al., 1996) and FSH-induced OSE cell proliferation in vivo has been observed (Davies et
al., 1999). Furthermore, women with PCOS, which involves elevated LH levels, have an
increased risk of developing ovarian cancer (Schildkraut et al., 1996) and the decrease in
ovarian cancer risk associated with pregnancy and oral contraceptives may not only be
related to decreased ovulations, but also decreased gonadotropin secretion resulting from
negative feedback by elevated steroid hormones acting on the pituitary (Risch, 1998).
Gonadotropin promotion of OSE transformation has not been proven, but evidence
suggests elevated gonadotropins do play a role in ovarian tumourigenesis.
1.5.4 Genetics

Most ovarian cancers develop sporadically, but about 10% are associated with an
inherited germline mutation (Bast et al., 2009; Miki et al., 1994). To date there appears to
be three distinct modes of hereditary ovarian cancer. In hereditary site-specific ovarian
cancer, although the genetic mutation responsible is not yet known, ovarian cancer risk is
increased by having a family history of the disease (Auersperg et al., 2001). In hereditary
nonpolyposis colon cancer, mutations in mismatch repair genes hMSH1, hMSH2, hPMS1,

and hPMS2 confer a 7% lifetime risk of ovarian cancer. Up to 95% of hereditary ovarian



cancers are classified as hereditary breast and ovarian cancer (HBOC) syndrome, which
IS characterized by mutations in the tumour suppressor genes BRCA1 or BRCA2, which
code for the breast cancer type 1 or 2 susceptibility protein respectively (Auersperg et al.,
2001; Bast et al., 2009; Petrucelli et al., 2010; Weberpals et al., 2008).
1.5.4.1 Hereditary Breast and Ovarian Cancer Syndrome
One in every 300 to 800 people carries either a germline BRCAL or BRCA2

mutation, although the frequency is much higher in certain populations (Chen and
Parmigiani, 2007; Petrucelli et al., 2010). Breast and ovarian cancer risk by age 70 in
BRCAL mutation carriers is 57 % and 40 % respectively and in BRCA2 mutation carriers
IS 49 % and 18 % respectively, which is significantly higher than the general population
(13 % and 1.5 % respectively) (Chen and Parmigiani, 2007; Petrucelli et al., 2010; Pruthi
etal., 2010). BRCA1 and BRCAZ2 do not have similar protein structure; it has been
suggested that their shared association with breast and ovarian cancer may be due to
functional similarity, such as participating in DNA damage repair (Petrucelli et al., 2010).

Genetic testing is used to identify mutation carriers and assess cancer risk. More than
1,600 and 1,800 mutations have been identified in BRCA1 and BRCA2 respectively,
consisting of both changes in a few base pairs and large deletions. Most known mutations
lead to non-functional proteins, however many have unknown consequences.
Furthermore, cancer risk can vary between carriers of the same mutation. Both of these
factors complicate the assessment of cancer risk. The location of the mutation can also
impact the likelihood of cancer development. For example, mutations in a segment of
exon 11 of BRCA2 called the ovarian cancer cluster region are more likely to be

associated with ovarian than breast cancer (Petrucelli et al., 2010). Women found to have
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increased susceptibility for developing ovarian cancer have limited options for managing
their risk. Close surveillance has not been shown to detect early stage ovarian cancer (Oei
et al., 2006; Olivier et al., 2006), oral contraceptives decrease but do not fully eliminate
ovarian cancer risk (Narod et al., 1998; Whittemore et al., 2004), and surgical removal of
the ovaries and fallopian tubes, although very effective, is invasive and can have mental
and physical side effects (Pruthi et al., 2010; Rebbeck et al., 2002).

The focus of the current study is BRCAL inactivation because it is the strongest risk
factor for ovarian cancer development. BRCA1 is mutated in up to 90% of hereditary
ovarian cancer cases (Berchuck et al., 1998; Pal et al., 2005) and 7% to 9% of sporadic
ovarian cancers (Berchuck et al., 1998; Geisler et al., 2002; Merajver et al., 1995).
BRCAL is found inactivated by epigenetic mechanisms such as methylation in 5% to 40%
of sporadic ovarian cancers (Senturk et al., 2010) and BRCAL protein is faint to absent in
65% of stage 111 sporadic ovarian cancers (Thrall et al., 2006). The consequences of
BRCAL and BRCA2 mutations provide an opportunity to study the cellular and molecular
events responsible for initiation and early progression of ovarian cancer.

1.6 BRCAl
1.6.1 Structure

BRCAL is found on human chromosome 17 and contains 24 exons, with exon 11
encoding 60% of the protein (Deng, 2006; Schrock et al., 1996; Weberpals et al., 2008).
BRCAL1 protein is 220 kDa and contains 1,863 amino acids (Deng, 2006; Weberpals et
al., 2008). At the N terminus, BRCA1 has a RING finger domain that binds BARD1,
resulting in a BRCA1-BARD1 complex that has E3 ubiquitin ligase activity, BRCA1’s

only enzymatic capability. BRCAL also contains two nuclear localization signals and two
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transcriptional activation domains that are important for interaction with other proteins
(Deng, 2006; Rosen et al., 2006) (Figure 2). The mouse homolog of the human BRCAL1 is
found on chromosome 11D (Lane et al., 1995; Schrock et al., 1996; Sharan et al., 1995).
Mouse Brcal consists of 1,812 amino acids and is 60% identical to the human version
(Lane et al., 1995; Sharan et al., 1995)
1.6.2 Expression
BRCAL1 is widely expressed in both humans and mice. Up to day 7.5 of mouse

embryonic development, Brcal is ubiquitously expressed (Blackshear et al., 1998). In
adult mice, Brcal protein is low or not found in cells of the liver, lung, and skeletal
muscle, but otherwise is thought to be ubiquitous and is most strongly expressed in the
spleen, thymus, and lymph nodes (Blackshear et al., 1998; Lane et al., 1995). Within the
ovary, Brcal is expressed in GCs, thecal cells, oocytes, CLs, and OSE cells (Blackshear
et al., 1998). Expression in humans appears to be similar (Miki et al., 1994).
1.6.3 Function
1.6.3.1 DNA Damage Response

The most well established role of BRCAL is promoting the repair of double strand
breaks (DSBs). DNA damage, including DSBs, is detected by protein kinases ATM and
ATR, which then phosphorylate targets that cause cell cycle arrest and DNA damage
repair (Figure 3). BRCAL1 is one target and the site that becomes phosphorylated dictates
the response elicited (Gudmundsdottir and Ashworth, 2006; Venkitaraman, 2009).

Repair of DSBs occurs through one of three processes, from least to most error prone:
homologous recombination (HR), single-strand annealing (SSA), or non-homologous end

joining (NHEJ) (Coleman and Greenberg, 2011; Gudmundsdottir and Ashworth, 2006).
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Figure 2. Structure of the BRCA1 protein. Functional domains of BRCAL include a
highly conserved RING finger domain at its N-terminus from amino acid 20 to 64, two
nuclear localization signals in exon 11, and two transcriptional activation domains at its

C-terminus from amino acid 1,293 to 1,863.
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Evidence supports a role of BRCAL in HR and SSA. Therefore, when BRCAL is not
functional, the cell only has error-prone mechanisms of repair available, resulting in
increased mutations (Gudmundsdottir and Ashworth, 2006; Venkitaraman, 2009). A cell
that recognizes increased DNA damage and mutations will stop dividing or apoptose.
However, if mutations occur in genes responsible for inducing cell cycle arrest and
apoptosis, the cell can survive and continue gaining DNA damage; this is thought to be a
major mechanism of BRCALl-associated tumourigenesis (Venkitaraman, 2009).

BRCAL1 fulfills multiple roles during HR. BRCAL is in a complex with CtIP which is
physically associated with the MRN complex containing MRE11, RADS50, and NBSL1.
This complex binds to and trims back the 5’end of both strands of DNA at the break site,
resulting in 3 overhangs that can then invade a sister chromatid to use as a template for
DNA repair (Coleman and Greenberg, 2011; Gudmundsdottir and Ashworth, 2006).
BRCAL loss therefore interferes with end resection and the entire process of HR cannot
proceed. BRCAL1 is also found in a complex with RAP80 that is brought to sites of DSBs
through YH2AX and MDC1-directed recruitment and is thought to help promote HR
being used over NHEJ (Coleman and Greenberg, 2011; Venkitaraman, 2009). BRCAL is
also found in the BRCA1-BRCAZ2-containing complex (BRCC) that also contains
RAD51 and BARD1 (Gudmundsdottir and Ashworth, 2006) and is thought to contribute
to DNA repair through its ubiquitin ligase activity (Dong et al., 2003) (Figure 3).

The inability of HR to occur without functional BRCAL is exemplified by the success
of poly(ADP-ribose) polymerase (PARP) inhibitors in clinical trials for treatment of
BRCAZ1-associated ovarian cancer. PARP is required to repair single strand breaks of

DNA and therefore PARP inhibitors cause single stand breaks to be left unrepaired.
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Figure 3. Complexes involving BRCAL1 that participate in homologous
recombination repair of double strand DNA breaks. DNA damage causing double
strand breaks (DSBs) is detected by protein kinases ATM and ATR. BRCAL is one target
of subsequent ATM/ATR phosphorylation. Phosphorylated BRCAL1 interacts with
numerous protein complexes required for the error-free DNA damage repair process of
homologous recombination. BRCAL is found in the BRCA1-BRCAZ2-containing complex
that also contains RAD51 and BARD1, which is thought to contribute to DNA repair
through its ubiquitin ligase activity. Through interaction with CtIP, which is physically
associated with the MRN complex containing MRE11, RAD50, and NBS1, BRCA1
allows proper end resection required during homologous recombination. The complex of
BRCA1 and RAP80 is thought to help promote use of homologous recombination over

more error-prone DNA repair mechanisms.
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Single strand breaks often become DSBs which are then repaired by HR. However, in
cells lacking functional BRCAL, the DSBs can also not be repaired and the cell dies due
to synthetic lethality. The effectiveness of PARP inhibitors in killing cells with mutated
BRCAL highlights the necessity of BRCA1 function in HR (Calvert and Azzariti, 2011).
1.6.3.2 Cell Cycle Control

As mentioned previously, BRCA1 phosphorylation by ATM and ATR in response
to DNA damage can affect the cell cycle (Gudmundsdottir and Ashworth, 2006;
Venkitaraman, 2009). In the transition from G1 to S phase, BRCAL helps RB protein
remain hyperphosphorylated and upregulates p21, both of which lead to cell cycle arrest.
BRCAL is also required for the S phase checkpoint, which prevents DNA replication
occurring in the presence of DNA damage, although the mechanisms remain unknown
(Deng, 2006), and BRCAL1 helps to control the G2 to M transition by regulating proteins
required for mitosis initiation including Chk1 (Deng, 2006; Gudmundsdottir and
Ashworth, 2006). Aneuploidy commonly observed in BRCA1-deficient cells and BRCA1
transcriptionally increasing expression of Mad2, a protein required for preventing
chromosome missegregation, implicates BRCAL in the spindle checkpoint, which
prevents cell division when chromosomes are not aligned properly during metaphase.
Unrepaired DNA damage and inappropriate cell cycle progression both contribute to the
genetic instability observed in BRCA1-deficient transformed cells (Deng, 2006).
1.6.3.3 Differentiation

Evidence exists to support a role for BRCAL1 in regulating differentiation in
mammary tissue. Because BRCAL-associated breast cancers are almost always of the

basal subtype, characterized by lack of expression of estrogen receptor (ER),

16



progesterone receptor, and human epidermal growth factor receptor 2 (HER2/neu), and
because basal-like breast cancers are thought to originate from mammary stem cells,
investigations into BRCAL control of stem cell populations have been undertaken. Both
in vitro and in vivo evidence from mice and humans show that loss of BRCAL increases
the pool of mammary stem/progenitor cells; BRCA1 must be present for ER negative
mammary progenitor cells to differentiate into ER positive epithelial cells and may also
promote the survival of the cells once they have differentiated (Liu et al., 2008).
1.6.3.4 Transcription

Many of the consequences of BRCA1 loss may be due to its role in transcription.
BRCAL1 is part of the RNA polymerase 1l complex involved with transcription of every
gene. Although BRCA1 cannot recognize specific DNA sequences, it may act as a
coregulator of transcription factors that are sequence-specific in addition to its potential
role in basal transcription. BRCAL1 is a coactivator of p53, specifically inducing genes for
DNA repair and cell cycle arrest rather than apoptosis, and also serves as a coactivator of
STAT], resulting in increased p21 and subsequent cell cycle arrest (Mullan et al., 2006;
Rosen et al., 2006). BRCAL is a negative coregulator of both c-Myc and ERa (Mullan et
al., 2006; Rosen et al., 2006). BRCAL has been observed to specifically inhibit ERa-
induced transcription of genes that cause proliferation, suggesting loss of functional
BRCAL1 allows greater estrogen-induced proliferation (Fan et al., 1999). BRCA1 also
inhibits estrogen action by transcriptionally repressing CYP19A1, the gene that encodes
aromatase which is the enzyme responsible for estradiol synthesis (Ghosh et al., 2007; Hu
et al., 2005; Lu et al., 2006). The relationship between Brcal and aromatase will be

discussed in detail in a subsequent section, as it is the focus of the current study. In
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another role, BRCA1 may increase access of transcription factors to DNA by interacting
with chromatin remodelling proteins, including members of SWI/SNF chromatin-
remodelling complexes and histone deacetylases (Mullan et al., 2006). Some effects of
BRCAL in response to DNA damage occur too quickly to be transcriptionally regulated,
but otherwise it has been difficult to tease out whether consequences of BRCAL loss are
due to transcriptional dysregulation or roles in other cellular processes. BRCAL1 fulfills
functions both within normal cell physiology and in response to DNA damage that
contribute to its role as a tumour suppressor (Mullan et al., 2006; Rosen et al., 2006).
1.6.4 Rolein Ovarian Cancer

Histological examination of ovarian and fallopian tube tissue prophylactically
removed from BRCA1 mutation carriers in comparison to tissues removed from women
without a predisposition to ovarian cancer provides an opportunity to identify the disease
in its earliest stages. Salazar et al. (1996) and Schlosshauer et al. (2003) both found a
panel of morphological changes, such as hyperplasia, papillomatosis, invaginations, and
inclusion cysts, significantly more often in ovaries from women with a BRCA1 or BRCA2
mutation or a family history of ovarian cancer compared to controls. Inactivation of
Brcal in OSE cells of mice also showed these morphological changes occur significantly
earlier and more frequently than in ovaries from age-matched mice containing intact
Brcal (Clark-Knowles et al., 2007). Another study did not substantiate morphological
changes as markers of premalignancy in women with a family history of ovarian cancer,
but did find significant increases in nuclear atypia (Werness et al., 1999).

Other studies have not found evidence for preneoplastic lesions in ovaries from

mutation carriers. In comparing the occurrence of inclusion cysts, invaginations,
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columnar OSE, hyperplasia, and papillae in women with BRCA1 and BRCA2 mutations
to women with a family history of ovarian cancer carrying intact BRCA1 and BRCA2, no
significant differences were found (Casey et al., 2000; Stratton et al., 1999). Similar
comparisons have been performed between women with and without reported family
history (Piek et al., 2003; Sherman et al., 1999), and with and without confirmed BRCA1
mutations (Barakat et al., 2000), all showing no significant difference in any feature.

The most recent study of this kind based a dysplasia score on many characteristics
examined in previous studies and is the only study to separate results of BRCA1 and
BRCA2 mutation carriers from participants with reported family history without a
confirmed mutation. A significant increase in dysplasia was found in mutation carriers
versus controls and also versus those with reported family history, allowing authors to
conclude that the panel of abnormalities represents preneoplastic lesions that are more
frequent in mutation carriers (Chéne et al., 2009). The inconsistent findings of previous
studies may be due to evaluation methods, the subtlety of the characteristics examined,
and small sample sizes. Overall, OSE cell hyperplasia, invaginations, and inclusion cysts
are considered morphological preneoplastic precursors of ovarian cancer.

Germline BRCA1 mutations strongly predispose to ovarian cancer development, but
mouse models have shown that inactivation of Brcal alone is not sufficient to cause
ovarian cancer. In vivo Brcal inactivation in OSE cells, accomplished by exposure of
Brcal'™®® OSE to adenovirus expressing Cre recombinase (AdCre) through either

intrabursal injection or a cross with a Amhr2°™*

mouse, did not result in tumour
formation even after one year. However, inactivation of p53 alone caused tumours in

100% of mice and the concomitant inactivation of Brcal significantly accelerated tumour
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progression (Clark-Knowles et al., 2009; Xing et al., 2009). In vitro data show that
downregulation of BRCA1 causes increased p53 and p21 expression, suggesting
activation of DNA damage responses and cell cycle checkpoints (Reedy et al., 2001).
Furthermore, inactivation of Brcal alone increased apoptosis, while the concomitant
inactivation of p53 allowed Brcal-deficient cells to proliferate significantly faster than
controls (Clark-Knowles et al., 2007). It appears that increased genomic instability
caused by the loss of BRCAL1 alone triggers cell cycle arrest or apoptosis in a cell with
intact checkpoints and only once these pathways are defunct, such as through TP53
mutation, can BRCA1-deficient cells proliferate, acquire more mutations, and eventually
transform (Reedy et al., 2001).
1.6.5 Tissue Specificity of BRCALl-associated Cancers

Although an association between germline BRCA1 mutations and increased risk of
prostate, uterine, cervical, pancreatic, and colon cancer has been found, by far the greatest
cancer risk in women with BRCAL1 mutations is breast and ovarian (Risch et al., 2001,
Thompson et al., 2002). The best characterized functions of BRCAL, error-free DNA
damage repair and cell cycle control, are important in every cell type and therefore do not
explain the tissue-specific nature of BRCAL-associated cancers. It has been proposed that
breast and ovarian tissue are more proliferative or lack proteins that can compensate for
BRCAL1 loss, but high proliferation rates of other tissues and embryonic lethality due to
BRCAL1 loss argue against these suggestions respectively (Elledge and Amon, 2002;
Monteiro, 2003). Speculation has also been made that breast and ovarian tissue
experience greater DNA damage and are more likely to undergo loss of heterozygosity

than other tissues, potentially induced by estrogen metabolites (Monteiro, 2003). Elledge
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and Amon (2002) postulated that unique factors in the breast and ovary promote survival
of BRCAL1 deficient cells, giving them enough time to accumulate mutations necessary to
transform, however no evidence for the identity of such factors was provided.

BRCA1’s regulation of the transcription of particular genes could be tissue-specific
and the occurrence of BRCA1-associated cancers in the two main estrogen producing and
responsive tissues has led to investigations of BRCA1 function and estrogen regulation,
particularly expression and activity of ERa and aromatase (Hu, 2009; Monteiro, 2003).
BRCAL1 regulation of these targets has been tested experimentally more so than most
postulations about the origins of BRCA1-associated cancers and further elucidation of the
relationship between BRCA1 and aromatase is the focus of the current study.

1.7 Aromatase
1.7.1 Structure

Aromatase is encoded by CYP19A1, located on chromosome 15. It is the sole member
of family 19 of the cytochrome P450 superfamily (Hong et al., 2009; Li et al., 2008;
Simpson et al., 2002). Aromatase is 503 amino acids in length, localizes to the
endoplasmic reticulum, and is a heme protein (Hong et al., 2009; Simpson et al., 2002).
Aromatase only functions in a complex with NADPH-cytochrome P450 reductase, which
provides electrons required for aromatase activity (Hong et al., 2009).

The CYP19A1 gene contains nine coding exons, Il to X. Located upstream of exon Il
is a regulatory region containing multiple versions of exon I. Each exon | serves as the
promoter of CYP19A1 in a particular tissue. After activation by specific transcription
factors, the newly formed messenger RNA (mRNA) of the particular exon I is spliced

directly upstream of the mRNA of exon lII; this results in tissue-specific mMRNA
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transcripts. With the translation start site located in exon |1, regardless of which tissue-
specific promoter is used, exon | is not translated and the aromatase protein created in all
tissues is identical. The exon | named PI1 is used specifically in the ovary. P1.3 is also
used in the ovary, as well as in adipose tissue. Although not normally used in the breast,
P1I and P1.3 promoters are activated in malignant and surrounding tissues of breast
tumours. P1.7, P1.4, and P1.1 regulate aromatase expression in endothelium, adipose, and
placenta respectively and at least five other promoters exist (Bulun et al., 2005; Simpson
et al., 2002) (Figure 4). Humans contain the most tissue-specific aromatase promoters;
the gene in the most vertebrates contains only two promoters, specific to the gonads and
brain (Li et al., 2008; Simpson et al., 2002).
1.7.2 Function
Aromatase controls the rate-limiting step of estrogen synthesis, conversion of

androstenedione to estrone and testosterone to estradiol (Li et al., 2008; Simpson et al.,
2002). Within the ovary, GCs of antral follicles contain aromatase and are responsible for
the production of most circulating estradiol, although OSE cells and luteinized GCs of the
CL also express aromatase (Okubo et al., 2000; Richards et al., 1987; Simpson et al.,
2002). During menopause, ovarian production of estradiol ceases and aromatase in other
tissues is sufficient for local effects of estradiol (Simpson et al., 2002).
1.7.3 Regulation

The regulation of aromatase expression is different in each tissue in which the protein
is expressed because transcription initiation of each promoter is controlled by different

regulatory factors; it is best studied in GCs (Simpson et al., 2002). FSH induces
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Figure 4. Structure of the CYP19A1 gene. Exons Il to X are both transcribed and

translated, making up the functional protein. Upstream of exon 1l is a large regulatory

region containing multiple exon Is (five shown here) that serve as tissue-specific

promoters. The promoter names and the tissues in which they regulate aromatase

expression are indicated. After transcription of a particular exon | promoter, the mRNA

formed is spliced upstream of exon Il mMRNA, resulting in tissue-specific MRNA

transcripts. The translation start site is contained within exon Il, therefore regardless of

which tissue-specific promoter is used, the aromatase protein created is identical is all

tissues.
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aromatase expression in GCs by binding its receptor, resulting in stimulation of cyclic
adenosine monophosphate (CAMP) and subsequent activation of protein kinase A (PKA).
These events cause recruitment of various coactivators to the CYP19A1 promoter
(Simpson et al., 2002; Stocco, 2008) (Figure 5 B). FSH receptor is also expressed in
OSE cells and regulation of aromatase likely works in a similar manner (Okubo et al.,
2000; Zheng et al., 1996). Aromatase expression is also increased by prostaglandin E2
(PGEZ2) in various cell types, including adipocytes, via the cCAMP/PKA pathway
(Subbaramaiah et al., 2008).

One transcription factor induced via FSH stimulation of GCs is CAMP response
element-binding (CREB), which is phosphorylated by PKA and then binds to the cCAMP-
responsiveness element-like sequence (CLS) in the aromatase promoter (Figure 5 B)
(Simpson et al., 2002; Stocco, 2008). In addition to the CLS, the PII promoter contains a
GATA binding site recognized by GATA-4 and binding sites for nuclear receptor 5a
transcription (NRE) factors, which are activated by steroidogenic factor-1 (SF-1) (Lu et
al., 2011; Stocco, 2008). Binding of sequence-specific transcription factors to CLS,
GATA, and NRE sites within the PIl promoter upon FSH stimulation of GCs recruits
coactivators that allow transcription of ovary-specific aromatase mRNA (Stocco, 2008).
1.8 BRCAL and Aromatase

A connection between Brcaland aromatase was first suspected because of opposite
timing of expression in developing follicles of mice (Hu et al., 2005; Phillips et al.,
1997). Furthermore, cAMP-induced increases in aromatase expression in a human GC
cell line (KGN) and in primary breast adipose fibroblasts and stromal cells correlated

with decreased BRCAL expression (Ghosh et al., 2007; Hu et al., 2005; Lu et al., 2006)
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Figure 5. Regulation of CYP19A1 transcription in granulosa cells. A) Ghosh et al.

(2008) showed that, under basal conditions, inhibition of protein kinase A (PKA) reduced

cyclic adenosine monophosphate (CAMP) response element-binding (CREB) interaction

with the BRCA1 promoter, which decreased BRCA1 expression and subsequently

increased aromatase expression. B) It is well established that cCAMP activates PKA which

then recruits coactivators, including CREB, to promoters of CYP19AL1 to stimulate its

transcription. Induction of cAMP also decreases BRCA1 expression and decreased

BRCAL expression causes increased aromatase expression.
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(Figure 5 B). This effect is specific to aromatase-expressing cells and is not a general
effect of increased cAMP on BRCAL expression (Hu et al., 2005).

The mechanism of how increased intracellular CAMP increases aromatase and
decreases BRCAL expression nearly simultaneously was investigated in one study.
Ghosh et al. (2008) showed that, in unstimulated GCs, inhibition of PKA reduced CREB
interaction with the BRCA1 promoter, which decreased BRCA1 expression and
subsequently increased aromatase expression. These findings contradict the well
established induction of aromatase by increased PKA and CREB via CAMP. The authors
suggest PKA and CREB have different effects on aromatase expression in basal versus
cAMP-stimulated cells (Ghosh et al., 2008) (Figure 5 A).

Further investigation of a relationship between BRCAL and aromatase expression has
been performed on human cell lines. Hu et al. (2005) proved that knocking down BRCA1
expression with small interfering RNA (siRNA) specifically increased aromatase mRNA,
protein, and activity levels in the KGN human GC line due to super-activation of the
ovarian promoters, PIl and P1.3 (Figure 5 B). BRCAL1 knockdown also induced
aromatase mMRNA expression in primary human breast adipose fibroblast, mature
adipocyte, and human breast cancer cell lines through activation of promoters PIl and
P1.3, while expression of the normal adipose tissue promoter remained stable (Ghosh et
al., 2007; Lu et al., 2006). These findings suggest the ability of BRCAL to regulate
aromatase expression is tissue-specific because of the specific promoters it regulates.

The mechanism by which BRCAL inhibits aromatase expression began to be
elucidated in adipocytes and primary breast adipose fibroblasts in studies showing basal

BRCAL interaction with the PI1/P1.3 region of the aromatase gene decreases once
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intracellular cAMP increases, suggesting BRCAL transcriptionally represses aromatase
expression (Lu et al., 2006; Subbaramaiah et al., 2008). SF-1, previously mentioned as a
transcription factor involved with the PIl promoter of CYP19A1, is required for BRCA1
repression of Pll-induced aromatase transcription in KGN cells. This appears to occur
through direct interaction between SF-1 and BRCA1’s binding partner BARD1, however,
this interaction has only been seen in the HEK 293 T cell line, not GCs, and the
mechanism of repression once BRCAL1 is present at the PIl promoter remains unknown
(Lu etal., 2011). Different mechanisms must mediate BRCAL repression of aromatase in
adipocytes and breast tumours because SF-1 is not expressed in breast tissue. Using
human adipocytes, Subbaramaiah et al. found that a PGE2-mediated CAMP increase
reduced interaction between BRCAL and the PI1/P1.3 promoter and increased interaction
between p300 and the PI1/1.3. As a coactivator, p300 would be expected to promote
aromatase expression (Subbaramaiah et al., 2008).

Evidence linking BRCAL to estrogen regulation in vivo is limited. One mouse model
accomplished Brcal inactivation in GCs by expressing Cre recombinase under the
control of the promoter of the FSH receptor in a mouse homozygous for loxP-flanked
(floxed) Brcal; 68% of the Brcal-deficient mice developed benign tumours of the ovary
and uterine horns within 12 to 20 months of age compared to no abnormalities in Brcal-
intact littermates. Tumours carried wildtype Brcal and therefore did not originate from
the Brcal-deficient GCs. It was suggested that GCs with inactivated Brcal secreted an
effector which promoted tumourigenesis in nearby epithelial tissue (Chodankar et al.,
2005). Although the authors did not speculate what the paracrine-acting factor promoting

tumour formation may be, a logical candidate is estrogen.
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Later work in the same mouse model of Brcal inactivation revealed that mice with
inactivated Brcal had significantly higher circulating estradiol levels and longer
proestrous phases of their estrous cycle, which is the phase with the highest estrogen
levels, compared to littermates with wildtype Brcal. Mutant Brcal mice with the longest
proestrous phases were also more likely to develop benign tumours in their reproductive
tract than mutant Brcal mice with shorter proestrous phases, suggesting the increased
estradiol levels experienced had a functional consequence (Hong et al., 2010). A similar
mouse model of Brcal inactivation generated by a separate group showed different
results: floxed Brcal mice crossed with mice expressing Cre recombinase under the
control of the promoter of anti-Mdullerian hormone receptor Il (Amhr2) resulted in Brcal
inactivation within the female reproductive tract, including GCs, but none of these mice
developed tumours (Xing et al., 2009). The discrepancy between the two similar models
could be due to the different mouse strains used, timing of promoter activation, and the
additional inactivation of Brcal in the pituitary of Hong et al’s mice. The authors did
thoroughly explore the latter possibility and, despite evidence that Brcal loss within the
pituitary has a small impact, it is clear that the loss of Brcal in GCs alone is sufficient to
significantly lengthen proestrous and promote benign tumour development in their model
(Hong et al., 2010).

Chand et al. (2009) investigated the clinical relevance of the BRCAL regulation of
aromatase. Aromatase expression was 25.8-fold higher in breast tissue and 8-fold higher
in ovarian tissue from prophylactic mastectomies and oophorectomies respectively in

BRCAL mutation carriers versus control women due to significant upregulation of PIl and
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PI.3 transcripts. Circulating estradiol was not measured,; it therefore remains unknown if
the upregulation of aromatase MRNA due to BRCAL1 loss causes physiological effects.

The demonstration that BRCAL inactivation increases aromatase expression indicates
that the combination of decreased DNA damage repair and increased estradiol may be
responsible for promoting tumourigenesis specifically in estrogen-responsive tissues.

1.9 Estradiol

For increased aromatase expression to affect cancer initiation in BRCA1 mutation
carriers, estradiol must be capable of promoting transformation of BRCAL1-deficient cells.
Estradiol exerts effects via binding to cytoplasmic ER a or B. The receptor translocates to
the nucleus and dimerizes (Fan et al., 1999; Nussey and Whitehead, 2001). Through their
transcriptional activation domains and a DNA binding domain, ERs cause transcription of
genes containing estrogen-responsive enhancer elements (EREs) (Fan et al., 1999).

It has been suggested that proliferation induced by estradiol binding to its receptors
makes mutations in oncogenes and tumour suppressor genes more likely, including loss
of heterozygosity of the BRCAL gene (Berstein, 2008). Experimental evidence has shown
that ERs are detectable in rat and human OSE (Karlan et al., 1995; Lau et al., 1999;
Stewart et al., 2004) and that estradiol significantly promoted the proliferation of ERa-
positive primary rabbit OSE cells in vitro (Bai et al., 2000).

Correlational evidence also strongly links high circulating estrogen to cancer
development. Hormone replacement therapy, wherein perimenopausal women take
exogenous estrogen and/or progestin to help manage symptoms of menopause, increases
the risk of breast and ovarian cancer, particularly with over ten years of use (Lacey et al.,

2006; Li et al., 2008; Zhou et al., 2008). Prophylactic oophorectomy reduces the risk of
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developing breast cancer by at least 25% (Kauff et al., 2002; Rebbeck et al., 2002) and
this is assumed to be due to decreased circulating estradiol levels preventing the
proliferation of breast cancer cells (Hu, 2009).

The effects of estradiol on promoting tumourigenesis have been observed in vivo. In
rabbits, constant estradiol stimulation for 28 days, accomplished by slow-release pellets,
increased OSE proliferation and formation of papillae on the ovarian surface (Bai et al.,
2000). In mice, significantly increased patches of columnar and hyperplastic OSE cells
were found after as little as eight days of continuous estradiol treatment compared to
placebo-treated controls (Gotfredson and Murdoch, 2007; Laviolette et al., 2010). Twice
weekly treatment of guinea pigs with estradiol for two to nine months resulted in benign
tumours of the ovaries (Silva et al., 1998). While prolonged exposure to estradiol clearly
promotes formation of preneoplastic structures in the ovary, there is no evidence that
estradiol alone is sufficient to cause the development of ovarian malignancy. The
combined insult of Brcal inactivation and estradiol treatment did cause tumour
development in the mammary gland within one year (Li et al., 2007).

Increased estradiol can also promote cancer development independent of ERs through
its metabolic products, particularly in cells that are deficient in DNA damage repair such
as due to BRCAL loss (Hu, 2009). Metabolism of estradiol results in the catechol
metabolites 2-, 4-, and 16-hydroxyestrogen that can form DNA adducts and undergo
redox cycling with semiquinone and quinone forms, generating free radicals. Both of
these processes cause DNA damage (Nussey and Whitehead, 2001; Roy et al., 2007;
Tsuchiya et al., 2005). The effects of estradiol-induced DNA damage have been

investigated experimentally. Treating Syrian hamster embryo cells with estradiol
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increased aneuploidy and colonies formed in soft agar (Tsutsui et al., 1997). Because
these cells do not express ERs, observed results are due to estradiol metabolites. Mouse
OSE cells contain the enzymes responsible for estradiol metabolism and estradiol
treatment of these cells induced DNA damage within 24 hours (Symonds et al., 2008). In
vivo, daily treatment of mice with 2- and 4-hydroxyestradiol for twelve or eighteen
months resulted in significantly more uterine tumours compared to 17p-estradiol-treated
mice (Newbold and Liehr, 2000) and OSE preneoplastic morphological changes in sheep
induced by combination treatment of a carcinogen and estradiol were significantly
reduced by treatment with the anti-oxidant Vitamin E (Murdoch et al., 2008). The
carcinogenic metabolites of estradiol provide a mechanism by which estradiol can
promote cancer development in ER negative cells, such as those found in the vast
majority of BRCALl-associated breast cancers. This idea is supported by the fact that
estrogen stimulation upregulates BRCAL expression, perhaps as a mechanism to protect
against the potential DNA damaging effects of estradiol (Hu, 2009).
1.10 Project Rationale

Accumulating evidence supports the hypothesis that loss of functional BRCAlresults
not only in decreased genome stability, but also increased aromatase expression and
estradiol production that can promote the proliferation and transformation of estrogen-
responsive cell types in the breast and ovary. However, important issues remain
unanswered and should be addressed using physiologically relevant models for studying
a system in which secreted factors from one cell type can impact the transformation of
another. Specific to ovarian cancer, a causal link between BRCAL and aromatase has

only been found in one GC cell line and the ability of estradiol to promote the
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transformation of BRCA1-deficient OSE cells has not been shown. An in vivo model
allowing monitoring of estradiol levels and their effects on Brcal-deficient OSE cell
transformation is required to determine if the loss of Brcal increases estradiol synthesis
to levels that are sufficient to initiate ovarian cancer. The goal of the current study was to
develop a model that could help elucidate the mechanism by which BRCA1-associated
cancers develop exclusively in the breast and ovary, by which estrogen-replacement
therapy increases the risk of ovarian cancer, and to provide evidence for or against
aromatase inhibitors for cancer prevention in women with BRCAL mutations.
1.11 Hypothesis
It was hypothesized that exogenous estradiol would promote preneoplastic
morphological changes and ovarian tumours in mice with Brcal-deficent OSE and that
loss of Brcal function in vitro would increase aromatase expression in and estradiol
production from both primary GCs and OSE cells. Furthermore, inactivation of Brcal in
both GCs and OSE cells in vivo was expected to increase estradiol levels and
subsequently induce preneoplastic changes and tumours in Brcal-deficient OSE.
1.12  Project Objectives
1) To evaluate the effects of exogenous estradiol on the promotion of tumourigenesis
in Brcal-deficient OSE in vivo.
2) To determine if loss of Brcal function in OSE cells and primary granulosa cells
increases aromatase activity and estradiol production in vitro.
3) To create a mouse model exhibiting loss of Brcal function in both GCs and OSE
cells and determine if this combined deficiency increases estradiol levels and

promotes ovarian tumourigenesis.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Experimental Animals

All experiments involving animals were performed in accordance with the
Guidelines for the Care and Use of Animals established by the Canadian Council on
Animal Care. The conditional knockout mouse Brcal' ™" [FVB;129-Brcal"™®™] was
obtained from the Mouse Models of Human Cancers Consortium Mouse Repository
(National Cancer Institute, Rockville, MD, USA). These mice contain loxP sites in
introns 4 and 13 of their Brcal gene. The Amhr2-Cre ‘knock-in” mice, which express Cre
recombinase in the female reproductive organs under the control of the Amhr2 promoter,
were generated by Ken Garson and Kerri Courville in the Vanderhyden lab. Homozygous

floxed Brcal mice (Brcal'®o®

) were crossed with homozygous Amhr2-Cre mice
(Amhr2°™€"®) to attain F1 pups heterozygous for both genes of interest (Brcal'®®"*;
Amhr2°™*)_F1 pups were then mated and after genotyping their F2 pups, breeding pairs

were set up with both mice homozygous for floxed Brcal (Brcal'™®/o®

), one carrying
the Cre transgene (“Cre positive”; Amhr2°°" or Amhr2¢™®*), and one not carrying the
Cre transgene (“Cre negative”; Amhr2**). Each pup from such breeders was genotyped
and found to be homozygous for floxed Brcal. Mice negative for Cre were controls,
since their Brcal gene would remain intact and produce functional protein, and mice
positive for Cre were experimental, since their Brcal gene would be recombined and
inactivated in both OSE and GCs (Figure 6). Five experimental and five control mice

were euthanized at 60, 120, and 180 days of age.

2.2 Genomic DNA Extraction
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Figure 6. Breeding strategy to generate mice exhibiting loss of Brcal function in

1onP/I0xP and

both granulosa cells and ovarian surface epithelial cells from Brca
Amhr2°TC™ mice. Brcal'™™"® mice crossed with Amhr2°™/°" mice generated F1 pups
heterozygous for both genes of interest. PCR of genomic DNA extracted from ear
punches of F1 pups showed wildtype and floxed Brcal alleles in intron 4 (int 4; 391 bp
and 461 bp respectively) and 13 (int 13; 492 bp and 562 bp respectively) and the presence
of the Cre gene (500 bp). F1 pups were mated and genotyping of F2 pups showed mice
with all possible genotypes. Homozygous floxed Brcal Cre-positive mice (carrying the

Cre transgene) were mated with homozygous floxed Brcal Cre-negative mice (not

carrying the Cre transgene) to obtain experimental and control animals.
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Cell pellets of cultured cells or freshly isolated mouse ovarian surface epithelium
(MOSE) cells and GCs, ear punches and tissue fragments from mice, and MOSE cells
isolated by laser capture microdissection (LCM) (all described in subsequent sections)
were incubated overnight at 56°C in 100-250 ul DNA extraction buffer (50 mM KCI, 10
mM Tris-HCI, 2 mM MgCl,, 0.1 mg/ml gelatin, 0.45% Nonidet, and 0.45% Tween-20)
plus 0.48-1.2 mg/ml proteinase K (Roche, Mississauga, ON). The following morning,
samples were incubated at 100°C for 10 min and then stored at 4°C. Extracted DNA was
quantified using the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific,
Waltham, MA, USA). For in vitro experiments, the number of cells from each treatment
condition was counted with a Vi-CELL™XR Cell Viability Analyzer (Vi-CELL;
Beckman Coulter Inc., Brea, CA, USA) and the same number of cells was collected and
pelleted for DNA extraction.

Ethanol precipitation was performed to increase the purity of extracted DNA in
some samples. Sodium acetate (3 M, pH 5.2) and ice cold 100% ethanol, one-tenth and
two and a half times the volume of DNA extraction buffer used respectively, were added
to the sample and, after vortexing, the sample was kept at -80°C for one hour. The sample
was then centrifuged for 20 min at 12,000 rpm at 4°C, the supernatant was aspirated, and
1 ml ice cold 75% ethanol was added. After dislodging the pellet by vortexing, the
sample was centrifuged for 10 min at 12,000 rpm at 4°C, the supernatant was aspirated,
and the sample was allowed to air dry at room temperature for five min. Distilled water
(20 pl) was added to the DNA pellet and the DNA content was re-measured.

2.3 Genotyping
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PCR of genomic DNA extracted from ear punches from mice as well as from
cultured and freshly isolated MOSE cells and GCs were used to determine the genotype
of mice. All PCRs were performed using primers and reagents from Invitrogen
(Burlington, ON), unless stated otherwise, in an Eppendorf Mastercycler (Eppendorf,
Mississauga, ON) and resulting samples were run in 1-1.5% agarose gels made with Tris
acetate-EDTA (TAE) buffer along with a 100 bp ladder. Digital images of each gel were
taken with the EpiChemi 1l Darkroom system (UVP, Upland, CA, USA).

2.3.1 Brcal®®oP

The Brcal gene was genotyped to determine whether introns 4 and 13 were
wildtype or floxed. Genotyping was performed using primers for intron 4 forward (5’
TAT CAC CAC TGA ATC TCT ACC G 3’) and intron 4 reverse (5° GAC CTC AAA
CTC TGA GAT CCA C 3’), which yielded a 391 bp product if wildtype and a 461 bp
product if floxed, as well as intron 13 forward (5 TAT TCT TAC TTC GTG GCA CAT
C 3’) and intron 13 reverse (5 TCC ATA GCA TCT CCT TCT AAA C 3’), which
yielded a 492 bp product if wildtype and a 562 bp product if floxed (Figure 6). The PCR
reaction contained 1 pl genomic DNA, 1X PCR buffer (10X stock), 2.5 mM MgCl; (50
mM stock), 0.1 mM dNTPs (10 mM stock), 0.5 uM of each primer (100 uM stock), and
0.05 U/ul Taq DNA polymerase (5 U/ul stock) up to 20 pl with distilled water. The PCR
conditions were 94°C for 5 min, 30 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C
for 60 sec, and then 72°C for 10 min.

2.3.2 Cre
The presence or absence of the Cre gene was confirmed by genotyping.

Amplification using forward (5’GCC CGG TCT GGC AGT AAA AAC 3’) and reverse

36



(5" CAG ATG GCG CGG CAA CAC 3°) primers (Sigma-Aldrich, St. Louis, MO, USA)
resulted in a 500 bp product or no product if Cre was (referred to as Amhr2°™*,
Amhr2°“" or Amhr2-Cre positive) or was not (referred to as Amhr2** or Amhr2-Cre
negative) present in the genomic DNA respectively (Figure 6 and 7). The PCR reaction
contained a final volume of 1 pl genomic DNA, 1X PCR buffer, 5% dimethylsulfoxide
(DMSO; Fisher Scientific, Ottawa, ON), 1.5 mM MgCl,, 1.2 mM dNTPs, 0.4 uM of each
primer (10 pM stocks), and 0.08 U/ul Taq DNA polymerase up to 12.5 pl with distilled
water. The PCR conditions were 94°C for 5 min, 34 cycles of 94°C, 65°C, and 72°C for
30 sec each, and then 72°C for 10 min.
2.3.3  Amhr2-Cre

Mice were also confirmed to be Cre negative or Cre positive by genotyping the
Amhr2-Cre transgene. Forward (5 GGT CCA GCA CCT TCT A 3’) and reverse (5’
TCA ACT TGC ACC ATG CCG 3’) primers yielded a 536 bp product or no product if
Amhr2-Cre was (referred to as Amhr2°®* or Amhr2-Cre positive) or was not (referred to
as Amhr2** or Amhr2-Cre negative) present in the genomic DNA respectively (Figure
7). The PCR reaction components and conditions were the same as for detection of the
Cre gene described in section 2.3.2.
2.4 Detection of Recombination at loxP Sites

PCR was used to confirm the excision of exons 5-13 of the Brcal gene
(henceforth referred to as recombined Brcal) caused by Cre recombinase in cultured and
freshly isolated MOSE cells and GCs, tissues from mice, and MOSE cells isolated by
LCM. The presence of recombined Brcal resulted in a 600 bp product when genomic

DNA was amplified using primers for Brcal intron 4 forward and Brcal intron 13
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Figure 7. Genotyping of the Amhr2-Cre gene. PCR of genomic DNA extracted from
cultured Brcal'®®"®: Amhr2-Cre granulosa cells, cultured Brcal' ™" granulosa cells,
and ear punches from Brcal'™®"®: Amhr2-Cre mice was performed with two separate
sets of primers designed to amplify the Cre gene. The genotype of mice originally
determined as carrying the Cre transgene or not carrying the Cre transgene (Cre = 500
bp) was confirmed (Amhr2-Cre = 536 bp). Cultured Brcal'®®"*® granulosa cells infected

with mock or AdCre served as a negative control.
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reverse (sequences provided in section 2.3.1). The same primer set produced no product
for intact wildtype Brcal, as the primers bind the genomic DNA too far away from each
other to allow amplification. The proportion of cells containing wildtype Brcal after Cre-
mediated recombination was detected in a separate PCR reaction using either Brcal exon
11 forward (5 ATC AGT AGT AGA AAT CCA AGC CCA CC 3’) and Brcal exon 11
reverse (5 TGC CAC TCC CAG CAT TGT TAG 3’) to yield a 592 bp product or Brcal
intron 4 forward and Brcal intron 4 reverse to yield a 461 bp product (sequences
provided in 2.3.1). The same primer sets produced no product for recombined Brcal. The
PCR reaction contained 1 pl genomic DNA, 1X CoralLoad PCR buffer (10X stock;
contains 15 mM MgCl,; Qiagen, Mississauga, ON), 0.2 mM dNTPs, 0.5 uM of each
primer (10 uM stock), and 0.025 U/ul Taq DNA polymerase (5 U/ul stock; Qiagen) up to
20 pl with distilled water. The PCR conditions were the same as described in section
2.3.1 and samples were run in 0.9-1.0% agarose gels and imaged in the same manner as
described in section 2.3.
2.5 In Vivo Intrabursal Adenovirus Infection

At six to eight weeks of age, virgin female floxed Brcal mice were anaesthetized
by intraperitoneal injection of avertin (2.5% v/v in saline, 0.015-0.017 ml/g body weight;
Sigma-Aldrich). A single dorsal incision was made through the skin followed by an
incision in the peritoneal membrane over the left ovarian fat pad. The ovary within the fat
pad was exposed and, under a dissecting microscope, the bursal membrane was pulled
taut and about 10 pl AdCre [Ad5CMVCre; 4 X 10" plaque forming units (pfu)/ul in
phosphate buffered saline (PBS); Vector Development Laboratory, Houston, TX, USA]

was injected in the bursal space using a 1 ml syringe and a 30-gauge needle (Terumo,
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Somerset, NJ, USA; Figure 8A). The same procedure was performed to deliver AdCre to
the right ovary.
2.6 Delivery of Exogenous Estradiol

During the surgery for in vivo delivery of AdCre to the MOSE, a slow-release
hormone pellet designed to release 0.05 mg or 0.25 mg 17B-estradiol (placebo as control)
over a sixty day time period (Innovative Research of America, Sarasota, FL, USA) was
implanted subcutaneously in the neck region of each mouse (Figure 8B). The low and
high dose estradiol experiments were performed independently. In each case, mice were
randomly assigned to scheduled euthanization time points of 60, 180, and 365 days after
surgery. For the low dose pellet, 15 mice received a placebo pellet and 15 mice received
an estradiol pellet, with five mice per treatment planned for each time point. For the high
dose pellet, 16 mice received a placebo pellet and 15 received a high dose pellet, with
three mice per treatment for the 60 day time point, five mice per treatment for the 180
day time point, and seven mice per treatment for the 365 day time point.
2.7 Tissue Collection

Mice were euthanized by CO, asphyxiation at scheduled time points or ages.
Mice were euthanized before their intended time point if they reached a loss-of-wellness
endpoint, which was defined as anorexia, dehydration that persisted after fluid therapy,
respiratory distress, abdominal distension, and rapid weight loss or gain greater than five
grams. Immediately after euthanization of mice that received a 0.05 mg estradiol pellet or
its placebo control, a blood sample was obtained by inserting a 26%2 gauge needle
attached to a 1 ml syringe in the exposed abdominal aorta at close to 180° and drawing

back until at least 0.5 ml blood was collected. After the necropsy was complete, blood
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Figure 8. Schematic diagram of intrabursal injection of AdCre to inactivate Brcal
in mouse ovarian surface epithelial cells in vivo and time course of the experiment.

1I0xP/onP mice was

(A) Inactivation of Brcal in the ovarian surface epithelial cells of Brca
mediated by the intrabursal delivery of AdCre. (B) To study the effects of estradiol, a 60-
day slow-release pellet containing estradiol (0.05 mg or 0.25 mg/pellet) or placebo was
implanted subcutaneously at the same time as AdCre delivery. Mice were euthanized at

various time points to examine the occurrence of preneoplastic morphologic changes in

the ovarian surface epithelium.
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samples were centrifuged for 10 min at 6,000 rpm and the supernatant, consisting of
serum, was pipetted off and frozen in 120 pl aliquots at -20°C. During necropsy, the
abdominal cavity and organs therein were carefully examined for any abnormalities or
signs of disease, with anything of interest noted. Both ovaries, along with the bursal
membrane, oviduct, and a portion of the fat pad and uterine horn, were extracted, fixed in
formalin for 24-72 hours, transferred to 70% ethanol for 24-72 hours, and then paraffin
embedded. During some necropsies, only one ovary was paraffin embedded for future
histological examination of preneoplastic lesions of the OSE and the other one as well as
the oviduct and part of the uterine horns were individually snap frozen in Cryoware™
Cryovials (Nalge Nunc International Corp., Rochester, NY, USA) in liquid nitrogen and
stored at -80°C for future accessibility to DNA and RNA from these tissues to check
Brcal recombination and Cre recombinase expression respectively.
2.8 Histological Examination

Three to eight non-consecutive 3 um sections of paraffin embedded ovaries were
taken from the middle of each ovary, allowed to dry overnight at room temperature,
stained with Harris Modified Haematoxylin (Fisher Scientific) and eosin (Surgipath,
Richmond, IL, USA) (H&E), scanned with an Aperio Scanscope CS system (Aperio
Technologies Inc., Vista, CA, USA), and examined at high power magnification using
Aperio ImageScope software (Aperio Technologies Inc.).

Each ovarian section was examined for MOSE that had undergone preneoplastic
morphological changes. Lesions quantified included (1) columnar MOSE cells, which are
longer than they are wide, (2) hyperplastic MOSE cells, which have lost apical/basal

polarity and are no longer in a single layer, (3) invaginations, which are defined as the
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MOSE cells invaginating at least 10 um into the stroma of the ovary at close to a right
angle to the normal MOSE with stroma on either side of the structure (Figure 9), and (4)
number of inclusion cysts, which are spherical structures within the ovary and lined by
MOSE cells.

Quantitative measurements were taken for the occurrence of each of these
preneoplastic lesions. For columnar and hyperplastic MOSE, within each individual
ovarian section, a line was traced along MOSE cells with these characteristics and a
measurement in micrometers was provided by the ImageScope program. This value was
then expressed as a percentage of the perimeter of the same ovarian section to give an
indication of the extent of MOSE exhibiting columnar and hyperplastic morphology
within that section. A percentage for both columnar and hyperplastic MOSE was
obtained for each of the three to eight sections for a particular ovary and the mean of
those measurements was calculated to obtain a representative mean for that ovary. Each
ovary was considered as an independent unit and the means of each ovary within a
treatment group were averaged to obtain an overall mean (z standard error of the mean
(SEM)) for each treatment group. For invaginations and inclusion cysts, the number of
each of these structures was counted for each ovarian section and an average per section
for each ovary and then for each treatment group (£ SEM) was determined. The sections
were blinded prior to examination.

To investigate the possibility that particular structures within the ovary or
estradiol-induced changes in those structures promote the formation of preneoplastic
lesions in the MOSE, ovarian structures underlying MOSE cells exhibiting preneoplastic

morphological changes were recorded in a minimum of two sections per ovary in the 60
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Columnar ovarian surface epithelial cells

Normal ovarian surface epithelial cells

Figure 9. Representative images of preneoplastic morphological changes of the

1P mice following

mouse ovarian surface epithelium. Ovarian sections from Brca
intrabursal injection of AdCre and implantation of a 60-day slow-release pellet
containing 0.05 mg or 0.25 mg estradiol or placebo stained with H&E showing

representative preneoplastic morphological changes of the ovarian surface epithelium, the

occurrence of which were quantified with ImageScope software. Scale bar, 100 pum.
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day time point ovaries for the high dose estradiol group and the 60, 180, and 365 day
time point ovaries for the low dose estradiol group. For each section examined, each area
of MOSE that was columnar, hyperplastic, or invaginating into the stroma of the ovary
was marked as overlying stroma, primordial, primary, secondary, antral, or atretic
follicles, corpus luteum, or any combination of these structures. For the 365 day time
point only, ovarian structures underlying patches of normal MOSE were also recorded.
Definitions of follicular stages were as follows: primordial follicles consist of a small
oocyte surrounded by flattened GCs, primary follicles consist of an oocyte surrounded by
a single layer of cuboidal GCs, secondary follicles consist of an oocyte surrounded by
multiple layers of GCs, antral follicles consist of an oocyte in a fluid-filled cavity
surrounded by GCs.
2.9 Immunohistochemistry

Ki-67 and E-cadherin expression in MOSE cells were assessed by
immunohistochemistry of ovarian sections. For both procedures, paraffin embedded
ovaries sectioned at 3 pm and allowed to dry overnight were deparaffinized and
rehydrated in a series of xylenes and graded ethanol respectively according to standard
protocol. Heat initiated epitope retrieval was performed by heating slides for 10 min in
pH 6 sodium citrate buffer (Antigen Unmasking Solution; Vector Laboratories,
Burlingame, CA, USA) in a pressure cooker. Once slides were cool, endogenous
peroxidase activity was blocked by placing slides in a 3% solution of hydrogen peroxide
in distilled water for 10 min.

For Ki-67 staining, slides were then incubated in Protein Block, Serum-Free

(DAKO, Carpinteria, CA, USA; all reagents from DAKO unless specified otherwise) for
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10 min immediately followed by blocking with an avidin/biotin blocking kit. Slides were
incubated overnight at room temperature in Ki-67 primary antibody diluted 1:20 in
Antibody Diluent with Background Reducing Components. Staining for Ki-67 was
performed on three to five sections of three to four ovaries from mice given AdCre along
with a pellet releasing either 0.05 mg and 0.25 mg 17-estradiol or placebo and
euthanized at the 60 day time point. An ovarian tumour from a nude mouse was used a
positive control and sections of the same tumour incubated in diluent with primary
antibody omitted served as a negative control. Furthermore, positively staining GCs
served as an internal positive control in each ovarian section and sections showing no GC
staining were excluded. The next morning, slides were washed three times for three min
in Stockholm PBS (S-PBS), incubated in Biotinylated Rabbit anti-Rat Immunoglobulins
diluted 1:200 in diluent, washed again, incubated in strepavidin/horseradish peroxidase
diluted 1:200 in diluent, and underwent three final washes in PBS. The slides were then
immersed for five min in diaminobenzidine (DAB) chromogen solution (Sigma-Aldrich)
with 50 pl of 30% hydrogen peroxide before rinsing in water, counterstaining with
haematoxylin, dehydrating, and mounting with Permount (Fisher Scientific) and cover
slips.

The E-cadherin primary antibody (BD Transduction Laboratories, Mississauga,
ON) was raised in mouse and therefore the Vector® Mouse on Mouse™
Immunodetection Kit (Vector Laboratories) was used. After blocking endogenous
peroxidase activity, the avidin/biotin kit and the M.O.M Mouse Ig Blocking Reagent
were used for blocking sequentially. Slides were then washed twice for five min with S-

PBS and incubated with E-cadherin primary antibody diluted 1:400 in M.O.M Diluent for
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1 hour and 30 min. E-cadherin staining was performed on one section of an ovary from
mice given AdCre along with a pellet releasing either 0.05 mg and 0.25 mg 17f-estradiol
or placebo and euthanized at the 60, 180, and 365 day time points. Oviduct and uterine
horn included within the sections and ovarian sections incubated in diluent with primary
antibody omitted served as a positive and negative control, respectively. After two
washes for five min each in S-PBS, slides were incubated in M.O.M Biotinylated Anti-
Mouse IgG Reagent for 10 min and then VECTASTAIN®Elite ABC Reagents for five
min with three five min S-PBS washes after each incubation. Immersion in DAB and
subsequent steps were performed in the same manner as for Ki-67 staining.
2.10 Radioimmunoassay to Measure Serum Estradiol

Serum samples from floxed Brcal mice given intrabursal AdCre and a pellet
releasing 0.05 mg estradiol were assayed for their 17p-estradiol content using a Count-A-
Count® Estradiol radioimmunoassay (RIA) kit (Diagnostic Products Corporation, Los
Angeles, CA, USA). 100 pl of nine calibrators (0-3,600 pg/ml) and each sample were

f Zjodine-labelled estradiol was

pipetted into Estradiol Ab-Coated Tubes. One ml o
added to each tube and after vortexing, samples were incubated at room temperature for
three hours. Each tube was decanted thoroughly and struck sharply on absorbent paper to
separate bound from non-bound estradiol before being read for one min in a Wizard 1470
Automatic Gamma Counter (Wallac, now PerkinElmer, Waltham, MA, USA). All
calibrators and three out of nine serum samples were measured in duplicate and all
samples were measured in the same run to avoid inter-assay variability. Estradiol content

in samples was determined by comparison with measured calibrator values.

2.11 LCM of MOSE
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Paraffin embedded ovaries sectioned at 5 um were deparaffinised, rehydrated, and
then dehydrated again in a series of xylenes and graded ethanol in coplin jars. After air
drying for 5 min, slides were placed in 50 ml Falcon conical tubes (BD Biosciences,
Mississauga, ON) containing desiccant to ensure they remained dehydrated. The
ArcturusXT™ LCM instrument and software (Applied Biosystems, Carlshad, CA, USA)
were used to isolate MOSE from ovarian sections. With the slide on the stage of the
microscope, an overview image was taken and a CapSure® Macro LCM Cap (Applied
Biosystems) was placed over an ovarian section. A path was traced along the MOSE and
then an infrared laser pulsed along the path, melting the film on the cap to the MOSE but
allowing the film rather than the cells to absorb the laser radiation. The cap was then
lifted, with MOSE attached, removing the MOSE from the ovarian section. Once this
procedure had been repeated to isolate MOSE from 32-100 ovarian sections, the film
from each cap was peeled off and placed into a single microcentrifuge tube (Figure 10).
Genomic DNA extraction was performed as described in Section 2.2.

MOSE cells were isolated from ovaries from floxed Brcal mice injected under
the bursal membrane with AdCre to confirm that Brcal recombination had occurred.
Ovaries chosen for this analysis included the right ovary of mouse 6564, a low dose
placebo-treated mouse euthanized at 40 days after surgery, the left ovaries of mouse 7435
and mouse 7441, both high dose placebo-treated mice euthanized 180 days after surgery.
The approximate number of sections used for MOSE isolation from these ovaries was 57,
32, and 58, respectively. MOSE cells were also isolated from 100 pooled ovarian sections
from high dose estradiol-treated mice euthanized at 60 days after AdCre injection and

pellet insertion.
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Figure 10. Procedure for isolating mouse ovarian surface epithelial cells from

paraffin embedded ovaries using laser capture microdissection (LCM). Using the
ArcturusXT™ LCM instrument and software, an overview image of each slide was taken
and (A) a CapSure® Macro LCM Cap was placed over one ovarian section. (B) Increased
magnification allowed visualization and tracing of the ovarian surface epithelium. (C) An
infrared laser pulsed along the traced path on the ovarian surface epithelium, melting the
film on the cap to the ovarian surface epithelium. (D) The cap was lifted, removing the
ovarian surface epithelium from the ovarian section and leaving internal ovarian cells and
structures intact. (E) Strips of isolated ovarian surface epithelial cells remain attached to
the cap. (F) Ovarian surface epithelial cells from numerous ovarian sections were isolated
on a single cap. The entire procedure was repeated until the ovarian surface epithelium

was isolated from 32-100 ovarian sections.
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2.12 Tissue Culture
2.12.1 Charcoal-filtering of Serum

Fetal bovine serum (FBS; Hyclone) was treated with 10% dextran (Pharmacia)-
treated charcoal (50 mg/ml; Sigma-Aldrich) and stirred overnight at 4°C. The solution
was then centrifuged for 30 min at 1,800 x g and the supernatant was poured into two
ultracentrifuge tubes for centrifugation for 60 min at 27,000 x g. The serum was then
sterilized by filtration through a filter with 0.2 pm pores, aliquoted, and stored at -20°C.
Thawed aliquots were not re-frozen. This dextran-treated charcoal-treated serum is
henceforth called steroid-free serum.
2.12.2 Isolation of MOSE Cells

Ovaries extracted from euthanized mice were placed in Dulbecco’s Modified
Eagle’s Medium Nutrient Mixture F-12 Ham (DMEM/F12) phenol red-free media
(Sigma-Aldrich) that contained 5 U/ml penicillin/0.005 mg/ml streptomycin solution
(Sigma-Aldrich), 0.1 ug/ml gentamicin (Invitrogen), and 1ug/ml insulin-transferrin-
sodium-selenite solution (ITSS; Roche) (this media will henceforth be referred to as
MOSE media) + 2% serum until all ovaries had been collected. After two washes with
PBS, ovaries were incubated in 0.25% trypsin/PBS (Invitrogen) for 30 min in a 37°C
water bath. The tube containing the ovaries was gently agitated to remove MOSE cells
from the ovary and the MOSE-containing trypsin was decanted into a new 15ml Falcon
tube which was then centrifuged to pellet the MOSE cells. The trypsin was aspirated and
MOSE media + 5% serum was added to inactivate any remaining trypsin. The MOSE
cells were then pelleted, washed with PBS, and pelleted again. These freshly isolated

MOSE cells were used for RNA or genomic DNA extraction.
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2.12.3 lIsolation and Culturing of Primary Granulosa Cells

Prepubertal (19-21 days old) Brcal'™™"® and Brcal'™™*®; Amhr2-Cre negative
and positive mice were injected subcutaneously with 1 mg/day diethylstilbestrol (DES;
Sigma-Aldrich) for three days to stimulate GC proliferation. Ovaries extracted from
euthanized mice were placed in MOSE media + 10% serum on a 37°C heating block until
all ovaries had been collected. Each ovary was then held with tweezers, poked with a 27
gauge needle to allow GCs to be released into the media, and then discarded. The cell-
containing media was centrifuged to pellet the cells, which were then resuspended in
MOSE media + 2% serum and the number of cells was counted with a Vi-CELL counter.
GCs were plated at 300,000 cells per well of a twelve-well plate in 1 mI MOSE media +
2% serum. The remaining GCs were pelleted and immediately frozen at -80°C (freshly
isolated GCs). GCs were kept in culture for 4-6 days during experiments.
2.12.4 Cell Maintenance

Cultured cells were maintained in MOSE media at 37°C in 5% CO,. MOSE cells
originally isolated by enzymatic digestion from floxed Brcal mouse ovaries and
previously cultured for at least nine passages were thawed at 37°C and plated in 25 cm?
flasks (Corning Inc., Corning, NY, USA) with 5 ml of MOSE media + 10% serum until
nearing confluence. MOSE were then transferred to 75 cm” flasks where they were
maintained. Each time the MOSE cells reached confluence they were passaged by
washing with PBS (Hyclone, Logan, UT, USA) and then trypsin (Hyclone), incubating
for 5-10 min at 37°C, resuspending in MOSE media + 10% serum, removing the majority
of the media + MOSE cells, and adding fresh media + 10% serum back to the remaining

MOSE cells in the flask. MOSE cells were periodically frozen by resuspending pelleted
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MOSE cells in freezing media (90% serum + 10% DMSO), aliquoting resuspended cells
into Cryoware™™ Cryovials and storing at -80°C. For in vitro experiments, MOSE cells
from 75 cm? flasks were counted with a Vi-CELL and plated at 300,000 cells per well of
a twelve-well plate in 1 ml MOSE media + 2% serum.
2.12.5 In Vitro Adenovirus Infection

Twenty-four hours after plating MOSE cells or GCs in a twelve-well plate, cells
from a single well were counted using a Vi-CELL counter and the total number of viable
cells was used to calculate the volume of adenovirus required to infect cells with a
multiplicity of infection of 200 pfu/cell. All other wells of cells were washed with PBS,
covered with 0.5 ml serum-free MOSE media containing the appropriate concentration of
virus, either AdCre, adenovirus expressing green fluorescent protein (AdGFP;
AdJ5CMVeGFP; Vector Development Laboratory), or a mock infection (serum-free
MOSE media containing no virus), and incubated at 37°C for 2 hours. Each well of cells
was then washed twice with PBS and replenished with 1 ml fresh MOSE media + 2%
serum. Any further treatment of the cells or extraction of genomic DNA to detect
recombination at Brcal loxP sites was performed 72 hours after adenovirus infection.
Treatments were then applied for 48 hours, resulting in cells being collected five days
after infection. In a single experiment performed by a separate lab member, MOSE cells
infected with mock, AAGFP, or AdCre infection were maintained in culture for two,
three, or four months before cell collection.
2.12.6 Treatment of Cells with FSH and Testosterone

Treatments were performed on Brcal'™®'*® MOSE cells and GCs previously

plated in twelve-well plates and infected with adenoviral vectors or mock infection and
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Brcal' ™% Amhr2¢™* or Brcal'™™*®; Amhr2°*“™ and Brcal'™®"***: Amhr2** GCs
plated in twelve-well plates. In all cases, cells were washed once with PBS and then 1 ml
MOSE media + 2% steroid-free serum containing the appropriate concentration of
treatment was added. Treatments included ethanol control, FSH (50 ng/ml; Sigma-
Aldrich), testosterone (10° M; Sigma-Aldrich), and FSH and testosterone (F+T) in
combination. After 48 hours in treatment media, 1 ml of media was collected from each
well of cells and stored at -20°C. Cells were trypsinized, pelleted, and frozen at -80°C as
described in 2.17.
2.12.7 Cell Collection

At the conclusion of in vitro experiments, cells were washed once with 2 ml PBS,
0.5 ml trypsin was added and quickly removed, and cells were incubated at 37°C for 10-
15 min until cells had begun to detach from the plastic. One ml MOSE media + 2%
steroid-free serum was added and pipetted up and down five times to fully detach cells.
Cells were pelleted, washed with PBS, and pelleted again. Cell pellets were immediately
placed on dry ice and stored at -80°C or processed directly for genomic DNA extraction
as described in section 2.2.
2.13 RNA Analysis
2.13.1 RNA Extraction and Quantification

RNA was extracted from MOSE and GC cell pellets using the RNeasy Micro Kit
(Qiagen) and from frozen tissue fragments using the RNeasy Mini Kit (Qiagen). Frozen
cell pellets were placed on ice and, after each tube was flicked to loosen the pellet, 350 pl
RLT Buffer containing 3.5 ul p-mercaptoethanol (Sigma-Aldrich) was added and each

tube was vortexed. Homogenization was accomplished using QIAshredder spin columns
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(Qiagen). Tissue fragments were immersed in 350 pl RLT Buffer containing 3.5 ul B-
mercaptoethanol and finely chopped before being passed through a 20-gauge needle
fitted to a 1ml syringe at least five times. For both sample types, the RNeasy protocol was
followed precisely, taking samples through multiple wash and spin down cycles. Total
RNA was eluted from the spin column in 12 pl or 30 pul RNase-free water for the RNeasy
Micro and Mini Kit respectively. RNA was quantified with the NanoDrop ND-1000
Spectrophotometer and then stored at -80°C.

2.13.2 Reverse Transcription

RNA (250 ng or 500 ng) was transcribed into complimentary DNA (cDNA) using
reverse transcription (RT). One hundred pmol random decamers (Ambion, Austin, TX,
USA) was added to the volume containing the desired amount of RNA and the final
volume was brought up to 12 pl with RNase-free water. After a five min incubation at
70°C, 1X reaction buffer (5X stock, Fermentas, Burlington, ON), 1 mM dNTPs (10 mM
each, Fermentas), 20 U RNase Inhibitor (Ambion), 0.5 pl RNase-free water, and 200 U
RevertAid™ Reverse Transcriptase (Fermentas) were added to the tube held on ice. Each
tube was gently mixed, briefly centrifuged, and then incubated for five min at 37°C, 60
min at 42°C, and 10 min at 70°C.

For some samples, reverse transcription was performed using QuantiTect®
Reverse Transcription (Qiagen). The volume containing the desired amount of RNA was
added to 1X genomic DNA Wipeout Buffer (7X stock) and the final volume was brought
up to 14 ul with RNase-free water. Each tube was incubated at 42°C for two min and
placed immediately on ice. One pl Quantiscript Reverse Transcriptase (containing RNase

inhibitor), 1X Quantiscript RT Buffer (5X stock; containing Mg®* and dNTPs), and 1 pl
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RT Primer Mix was added to the tube containing the RNA. Each tube was gently mixed,
briefly centrifuged, and then incubated for 30 min at 42°C and 3 min at 95°C.

For both protocols, at least one negative control that did not receive reverse
transcriptase was included in each reverse transcription reaction run. cDNA samples were
stored at -20°C.

2.13.3 Real-time PCR

Real-time PCR reactions were carried out in triplicate in a 96-well plate (Applied
Biosystems; all reagents from Applied Biosystems unless specified otherwise) in the
7500 FAST Real-Time PCR System. A TagMan® Gene Expression Assay for Mus
musculus Cyp19al (74 bp) was used to measure aromatase expression in MOSE and GC
samples in a duplex reaction with TagMan® Ribosomal RNA Control Reagent designed
to detect the 18S ribosomal RNA gene (187 bp) as an endogenous control. For GCs,
reactions occurred in a total volume of 20 pl consisting of 7 pl RNase-free water, 1X
TagMan® Gene Expression Master Mix (2X stock), 1ul TagMan® Gene Expression
Assay for Cypl19al, 1 pul TagMan® Gene Expression Assay for 18S, and 1 pl cDNA. For
OSE cells, reactions occurred in a total volume of 10 pl consisting of 3ul RNase-free
water, 1X TagMan® Gene Expression Master Mix, 0.5 pul TagMan® Gene Expression
Assay for Cyp19al, 0.5 ul TagMan® Gene Expression Assay for 18S, and 1 ul cDNA.
The real-time PCR reaction was carried out using the following conditions: 50°C for 20
sec, 95°C for 10 min, and 40 cycles of 95°C for 15 sec (denaturation) and 60°C for 1 min
(annealing), with fluorescence detected during the annealing stage of each cycle.

The expression of Cre recombinase and ERa were also determined using real-time

PCR, with the endogenous control gene Ppia (primers: 5> AGG GTG GTG ACT TTA
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CAC GC 3’ and 5> GAT GCC AGG ACC TGT ATG CT 3’; 133 bp; Invitrogen)
amplified in a separate reaction for each sample as a reference for relative mMRNA
quantification. Cre amplification was accomplished by the primers 5° CAA TAC CGG
AGA TCA TGC AA 3’ and 5> CAC TAT CCA GGT TAC GGA TAT AGT TCA 3’ (77
bp; Invitrogen) in a 10 pl reaction consisting of 3 pl RNase-free water, 5 pl RT? SYBR®
Green with ROX (SA Biosciences, Frederick, MD, USA), 1 uM forward and reverse
primers (10 uM stock), and 1 pl cDNA. Primers (5 TCT GCA GCA GCA GCA TCG
CC 3’ and 5° GGC ATG AAG GCG GTG GGC AT 3’; 166 bp; Invitrogen) were used to
determine ERa expression in a 20 pl reaction consisting of 6 ul RNase-free water, 10 pl
RT? FAST SYBR® Green with ROX (SA Biosciences), 0.5 uM forward and reverse
primers (5 uM stock), and 2 ul cDNA. For both Cre and ERa, real-time PCR reaction
conditions were: polymerase activation (95°C for 10 min), 40 cycles of denaturation
(95°C for 15 sec for Cre and 10 sec for ERa) and annealing (60°C for 1 min for Cre and
30 sec for ERa; fluorescence detected during this stage of each cycle), and dissociation
(95°C for 15 sec, 60°C for one min, 95°C for 15 sec, 60°C 15 sec). The melt curves
generated during the dissociation step helped to confirm that the C+ values used for
analysis represented amplification of only the specific amplicon of interest.

Representative samples from real-time PCR reactions were run on a 2% agarose
gel to confirm correct product size. No detectable Ct value or band was observed in the
no template or no reverse transcriptase controls, excluding the possibility of
contamination with genomic DNA.

Analysis of data from real-time PCR reactions was performed by 7500 Software

V2.0.1 using the comparative Ct+ (AACry) real-time PCR method for relative quantitation
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of MRNA expression. For each sample, C+ values for the endogenous control were
subtracted from the Cy value of the gene of interest to obtain ACt values. The ACt value
of the control sample was then subtracted from the AC+ value of each experimental
sample to obtain AAC+ values. The relative quantity (RQ) was calculated for each

experimental sample using the formula 24T

, resulting in a RQ value of 1 for the control
sample and the fold difference in expression of each experimental sample compared to
the control (Applied Biosystems, 2008).
2.14 ELISA to Measure Media Estradiol

Estradiol content in the media in which MOSE cells and GCs were grown was
assayed using the Estradiol EIA Kit (96-well solid plate; Cayman Chemical Company,
Ann Arbor, MI, USA). Fifty ul of eight standards (6.6-4,000 pg/ml) and each sample (in
triplicate), undiluted and diluted 1:5 in EIA buffer, were pipetted into wells pre-coated
with mouse monoclonal anti-rabbit IgG. Fifty ul estradiol-acetylcholinesterase conjugate
(AchE Tracer) was added to each well followed by 50 ul Estradiol EIA Antiserum. The
plate was then incubated for one hour at room temperature on an orbital shaker, during
which time estradiol from samples competed with AchE Tracer for binding to estradiol
antiserum and the antiserum-estradiol complex became bound to the mouse monoclonal
anti-rabbit IgG attached to the well. After washing each well five times with Wash Buffer
to remove unbound reagents, 200 pl Ellman’s Reagent was added to each well and the
plate developed in the dark for 60 min. During this time, AchE reacted with its substrate
(provided in the Ellman’s Reagent) to generate a product with a yellow colour that

absorbs at 412 nm. The intensity of the colour of each well was read

spectrophotometrically at 405 nm by a MRX microplate reader (Dynex Technologies,
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Chantilly, VA, USA), with the absorbance measured proportional to bound AchE and
inversely proportional to the amount of estradiol in the sample. Estradiol content in
samples was determined by comparison with measured standard values, with a detection
limit of 20 pg/ml as indicated in the kit manual.

2.15 Statistical Analyses

Data are represented as averages of independent samples = SEM, with the number
of samples per group indicated in each figure or its legend. Statistical significance was
inferred when p < 0.05. T-tests and Fisher’s exact tests were performed using GraphPad
Prism software (version 3.02; GraphPad Software, San Diego, CA, USA). Analysis of
variance (ANOVA) was performed by Rhea Ferguson using SAS software (version 9.2;
SAS Institute Inc., Carry, NC, USA).

For the examination of preneoplastic morphological changes of the MOSE, an
ANOVA with Tukey’s Studentized Range Test identified differences between placebo
and estradiol-treated ovaries at each time point and between time points within the same
treatment group.

In the investigation of ovarian structures underlying areas of preneoplastic
morphological changes, for each ovarian section, the type of ovarian structure
(primordial, primary, secondary, antral, and atretic follicles, stroma, or corpus luteum)
underlying each patch of hyperplastic MOSE cells was recorded. The total number of
times a particular structure was recorded within a single section was then expressed as a
percentage of the total number of ovarian structures recorded for that section. Percentages
of each structure for each section were then averaged to obtain the mean incidence (by

percentage) that each structure was associated with hyperplastic cells in each ovary. Each
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of these averages from ovaries of the same treatment and time point were then averaged
to obtain an overall mean for each group. It is these means (x SEM) that are represented
in Figures 14-17. The same procedure was followed to obtain the incidence of specific
ovarian structures underlying columnar MOSE and invaginations. This data, averaged per
ovary, was not analyzed statistically. For statistical analysis, each ovarian section was
considered independent and the total number of times each ovarian structure was
recorded as underlying an area of hyperplasia was summed. This value was used in a
Fisher’s exact test to compare the occurrence of a particular ovarian structure in ovaries
exposed to placebo versus estradiol. The same test was used for comparisons between
placebo and estradiol for each ovarian structure underlying areas of hyperplasia as well as
columnar MOSE and invaginations.

The in vitro experiment involving infection with adenoviral vectors and treatment
with ethanol, FSH, testosterone, or FSH and testosterone combined was performed four
and five times independently for MOSE cells and GCs respectively. Each treatment was
not included in each independent replicate, but each treatment was performed in at least
three independent experiments and appropriate controls for each treatment condition were
always performed. Independent RNA extractions and RT reactions were performed
following each experiment and each cDNA sample was run in triplicate on real-time PCR
plates to determine relative aromatase expression. Because of the large number of
samples, each independent experiment was run on a separate plate for real-time PCR; the
threshold determining Ct values was set to the same value for all plates and repeat
measurements of a particular sample on each plate showed that inter-plate variability was

negligible. Mock-infected ethanol-treated cells from the first experiment performed were
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chosen to have an RQ value set at 1 and values for aromatase expression in every other
sample were compared to this control. The number of experimental samples, each run in
triplicate, also required multiple plates to be used for ELISAs measuring media estradiol
content and, once again, repeat measurements of a particular sample on each plate
showed that inter-assay variability was negligible. Statistical analysis of real-time PCR
and ELISA measurements for these in vitro experiments consisted of an ANOVA with
Tukey’s Studentized Range Test used to determine significance between infections
within each treatment group and between treatments within each infection type.

GCs isolated from Brcal'™'*: Amhr2-Cre negative and positive mice were put
into culture and treated with ethanol, FSH, testosterone, or FSH and testosterone
combined three independent times, but estradiol secretion measured by ELISA was only
performed on media collected from the first experiment. Each sample was measured in
triplicate. An ANOVA with Tukey’s Studentized Range Test showed differences
between Cre negative and Cre positive samples within each treatment condition as well
as differences induced by treatments.

An unpaired t-test was used to compare RIA measurements of serum estradiol
from placebo and 0.05 mg estradiol-treated mice euthanized 60 days after surgery and to
compare the number of Ki-67 positive MOSE cells per ovarian section in placebo versus
estradiol-treated mice. For Ki-67 analysis, counts from a minimum of three non-
consecutive sections per ovary were averaged to give a representative value for each
ovary. At least three ovaries per treatment group were analyzed and their average number
of Ki-67-positive MOSE cells per section was averaged to give an overall mean (+ SEM)

for each treatment group.
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CHAPTER 3: RESULTS

3.1 Increased estradiol levels contribute to the formation of preneoplastic

morphological changes of putatively Brcal-deficient MOSE cells.

3.1.1 Combined loss of Brcal and treatment with exogenous estradiol promotes
preneoplastic morphological changes in MOSE cells over time.

Evidence from the literature strongly suggests that Brcal inactivation increases
estradiol production; this relationship is only clinically relevant to cancer if increased
estradiol promotes preneoplastic lesions and tumourigenesis in Brcal-deficient cells. The
effect of increased estradiol on MOSE cells with inactivated Brcal was therefore

investigated in vivo. Brcal'>®>®

mice were injected with AdCre under the bursal
membrane with the intention of inactivating Brcal in the MOSE and at the same time
administered a 60-day slow-release pellet delivering either low (0.05 mg) or high (0.25
mg) dose estradiol or placebo. Mice were euthanized at time points of 60, 180, and 365
days after surgery, at which time ovarian tumourigenesis was assessed and ovaries were
examined histologically for the presence of preneoplastic morphological changes of the
MOSE.

During necropsy, careful assessment of the abdominal cavity and organs therein
did not reveal any abnormalities or signs of disease. Ovaries were fixed in formalin,
sectioned, stained in haematoxylin and eosin, and thoroughly examined histologically.

Although not quantified, it was consistently noted that ovaries from estradiol-treated mice

had more atretic follicles and less CLs compared to placebo controls (Figure 11).
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Figure 11. Representative images of ovarian sections from Brcal "> mice following
intrabursal injection of AdCre and implantation of a 60-day slow-release pellet
containing 0.05 mg or 0.25 mg estradiol or placebo. (A) Representative ovarian
sections from low and high dose estradiol-treated mice (placebo as control) euthanized 60
days after surgery stained with H&E. Exposure to exogenous estradiol tended to reduce
the occurrence of corpora lutea (B) and increase the occurrence of atretic follicles

(arrows, C). Scale bar, 100 um.
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Quantitative assessment of the prevalence of preneoplastic morphological changes in
Brcal-deficient MOSE was performed on ovarian sections from estradiol and placebo-
treated mice at each time point. Lesions observed included columnar MOSE, hyperplastic
MOSE, and MOSE invaginating into the stroma of the ovary, representative images of
which are shown in Figure 9.

Although determining the ability of estradiol to promote preneoplastic lesions in
the MOSE was the main goal of the in vivo studies, documentation of preneoplastic
changes in ovaries from placebo-treated mice, presumably due to the loss of Brcal alone,
showed that these lesions accumulate significantly over time. In mice given pellets that
serve as placebo to the low estradiol dose, changes in MOSE morphology from flat-to-
cuboidal to columnar and hyperplastic occurred within 180 days after surgery, with no
further changes occurring between the 180 and 365 day time point. Specifically, 6.7 + 1.4
% and 5.7 + 1.0 % of the ovarian surface was columnar and hyperplastic respectively at
the 180 day time pointand 7.5 + 1.2 % and 6.3 + 1.0 % respectively at the 365 day time
point compared to 2.3 = 0.25 % and 2.4 + 0.40 % respectively at the 60 day time point
(60 versus 180 and 60 versus 365: p < 0.05 for both columnar and hyperplasia; Figure
12A, B). Invaginations accumulated more slowly, with a similar amount found in 60 (1.1
+0.23) and 180 (0.85 + 0.21) day time point mice, but a 2.8-fold increase observed
between 180 and 365 days (p < 0.05; Figure 12C).

For mice given pellets that serve as placebo to the high estradiol dose, there were
similar age-related increases in the morphological changes seen, but the timing of MOSE
undergoing such changes was slightly different. The percent of the ovarian surface

exhibiting columnar morphology was fairly consistent at the 60 (2.6 £ 0.60 %) and 180
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Figure 12. Time and estradiol treatment (0.05 mg) affect the occurrence of

preneoplastic morphological changes in putatively Brcal-deficient mouse ovarian

surface epithelial cells. Maximal change in ovarian surface epithelial cell morphology

from flat-to-cuboidal to columnar and hyperplastic occurs within 180 days after pellet

insertion and intrabursal injection of AdCre into Brcal' ™" mice (A, B) while

invaginations accumulate more slowly, with a significant increase observed between 180

and 365 days after surgery (C,

p < 0.05, ANOVA). Estradiol-treated mice exhibit a higher

percentage of ovarian surface epithelium with columnar morphology at 60 days

compared to placebo-treated mice (A, p < 0.05, ANOVA). Different letters denote

statistically significant differences (p < 0.05).
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(3.6 £ 0.53 %) day time point, but a 3.4-fold increase occurred between 180 and 365 days
(p < 0.05; Figure 13A). Hyperplastic MOSE and invaginations accumulated with
increasing age. At 60 days, only 0.95 + 0.44 % of the ovarian surface was hyperplastic
and that increased 8-fold by 180 days (p < 0.05) and 15-fold by 365 days (p < 0.05;
Figure 13B). At 60 days, only 0.25 £ 0.080 invaginations were found per ovarian
section; this increased to 3.1 £ 0.55 by 180 days and then a significant increased
occurred, resulting in 6.8 £ 1.2 invaginations per ovarian section by 365 days (p < 0.05;
Figure 13C).

The age-related accumulation of preneoplastic lesions also occurred in Brcal-
deficient MOSE cells treated with 0.05 mg estradiol. For hyperplastic MOSE, maximal
occurrence was observed at the 180 day time point, with 9.7 £ 1.7 % of the ovarian
surface exhibiting this morphological change. This was significantly higher than the 4.0 +
0.7 % of hyperplastic ovarian surface observed at 60 days (p < 0.05). A significant
difference in hyperplastic MOSE did not occur between 180 and 365 days, although there
was a trend for a decrease (9.7 + 1.7 % versus 6.2 £ 1.7 % respectively; Figure 12B). For
invaginations, the number per ovarian section remained fairly steady between the 60
(0.90 £ 0.22) and 180 (1.4 + 0.15) day time points, but then increased 4.5-fold between
180 and 365 days (p < 0.05; Figure 12C). The accumulation of columnar MOSE showed
no significant changes over time, but with a trend towards a decrease between 180 (7.8 £
0.85 %) and 365 days (4.2 + 2.2 %; Figure 12A).

In putatively Brcal-deficient MOSE exposed to the high dose of estradiol, the
time course of the age-related changes in accumulation of columnar cells was similar to

placebo-treated mice. The percent of the ovarian surface exhibiting columnar
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Figure 13. Time and estradiol treatment (0.25 mg) affect the occurrence of
preneoplastic morphological changes in putatively Brcal-deficient mouse ovarian
surface epithelial cells. Columnar and hyperplastic ovarian surface epithelial cells and
number of invaginations per ovarian section in placebo-treated ovaries as well as
columnar cells in estradiol-treated ovaries accumulate over time after pellet insertion and
intrabursal injection of AdCre into Brcal' ™™ mice (A-C, p < 0.05, ANOVA). The
incidence of hyperplasia does not change significantly over time in estradiol-treated
ovaries (B) while the maximal number of invaginations occurs by 180 days after surgery
(C, p<0.05, ANOVA). Estradiol treatment increases columnar and hyperplastic
morphology as well as the number of invaginations 60 days after surgery (A-C, p < 0.05)
and decreases the percentage of hyperplastic ovarian surface epithelium at 365 days (B, p

< 0.05, ANOVA). Different letters denote statistically significant differences (p < 0.05).
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morphology did not change significantly between 60 (6.6 + 0.87 %) and 180 days (9.5 £
2.5%), but had increased 3-fold by 365 days (p < 0.05; Figure 13A). Estradiol-treated
mice developed hyperplastic MOSE and invaginations at different rates than their
placebo-treated counterparts. The incidence of hyperplasia did not change significantly
over time, although there was a trend towards a decrease between 180 (13.0 + 3.8 %) and
365 days (5.6 £ 2.3 %; Figure 13B). The maximal number of invaginations observed per
ovarian section occurred by 180 days, which was 2.7-fold more than had been observed
at 60 days (p < 0.05) but was not significantly different than 365 days (Figure 13C).
These results indicate an age-related increase in the accumulation of columnar and
hyperplastic cells and invaginations in Brcal-deficient MOSE in both the presence and

absence of exogenous estradiol.

3.1.2 Exogenous estradiol can promote ovarian preneoplastic morphological
changes in the MOSE in vivo.

The effect of estradiol on putatively Brcal-deficient MOSE was variable
depending on the preneoplastic lesion examined, estradiol dose, and length of time after
surgery. Compared to placebo-treated control mice, mice treated with 0.05 mg estradiol
developed 3-fold more MOSE exhibiting columnar morphology by 60 days after surgery
(p < 0.05; Figure 12A). By 180 and 365 days after surgery, estradiol was no longer
significantly promoting MOSE cells to become columnar in shape. Interestingly,
columnar morphology had the largest estradiol-induced change at 60 days and a trend for
estradiol protecting against this lesion was observed at 365 days (7.5 = 1.2 % placebo

versus 4.2 + 2.2 % E2; Figure 12A). The occurrence of flat-to-cuboidal MOSE cells
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becoming hyperplastic and MOSE cells invaginating into the ovarian stroma was not
significantly affected by low dose estradiol at any time point, although there was a trend
for more hyperplastic MOSE in estradiol-treated mice at 60 (2.4 + 0.40 % placebo versus
4.0 £ 0.67 % E2, Figure 12B) and 180 days (5.7 £ 1.0 % placebo verses 9.7 £ 1.7 % E2,;
Figure 12B) and more invaginations in estradiol-treated mice at 365 days (2.4 £ 0.70
placebo versus 4.4 + 0.94 E2; Figure 12C).

High-dose estradiol significantly increased the occurrence of all three
preneoplastic lesions of MOSE cells quantified 60 days after surgery (Figure 13).
Compared to placebo treatment, 0.25 mg estradiol treatment resulted in a 2.5- and 9.2-
fold increase in the proportion of MOSE exhibiting columnar (p < 0.05; Figure 13A) and
hyperplastic morphology respectively (p < 0.05; Figure 13B)) as well as a 3.9-fold
increase in the number of invaginations (p < 0.05; Figure 13C) 60 days after surgery. As
was observed with columnar MOSE with low dose estradiol, the ability of high-dose
estradiol to significantly promote hyperplasia and invaginations at the 60 time point was
countered by a decrease at the 365 day time point (hyperplasia: 15.2 £ 1.9 % placebo
versus 5.6 + 2.3 % E2, p < 0.05; invaginations: 6.8 + 1.2 placebo versus 2.8 + 0.51 E2,
trend; Figure 13B, C). MOSE cells becoming columnar was affected by high dose
estradiol at later time points, with an increase of 2.6-fold observed at 180 days (p < 0.05)
and of 1.64-fold observed at 365 days (trend; Figure 13A). The effect of high dose
estradiol on columnar MOSE morphology was the only significant increase caused by
estradiol observed past the 60 day time point. Overall, these results indicate that
continuous estradiol treatment for 60 days can have significant effects on promoting

putatively Brcal-deficicient MOSE to undergo preneoplastic morphological changes in a
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dose-dependent manner and that its action on the ovaries can affect MOSE morphology
long after the estradiol treatment has ceased.

3.1.3 Preneoplastic morphological changes occur most frequently near ovarian
stroma.

To investigate if the incidence of preneoplastic morphological changes of MOSE
cells was associated with a particular underlying ovarian structure, the occurrence of
these structures was identified in the same histological sections. Recording ovarian
structures underlying MOSE exhibiting preneoplastic morphological changes showed that
columnar and hyperplastic MOSE cells as well as invaginations occurred more frequently
near ovarian stroma as compared to primordial, primary, secondary, antral, or atretic
follicles or CLs. This association with stroma was evident in both placebo and estradiol-
treated mice (both low and high dose) at all time points examined (Figures 14-17).
Normal MOSE also occurred more commonly near ovarian stroma than any other ovarian
structure (Figure 16), suggesting that no particular structure within the ovary or factors
secreted by them promotes the formation of preneoplastic lesions in putatively Brcal-
deficient MOSE.

The occurrence of each ovarian structure underlying areas of preneoplastic
morphological changes was compared in ovaries exposed to placebo versus estradiol to
determine if treatment with estradiol or potential estradiol-induced changes in ovarian
structures affected the occurrence of preneoplastic morphological changes near ovarian
structures of any type. There were no differences due to estradiol treatment in the

occurrence of stroma or primordial, primary, secondary, or antral follicles underlying any
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Figure 14. Preneoplastic morphological changes occur most frequently near ovarian
stroma in ovaries from Brcal """ mice treated with AdCre and given an estradiol
(0.05 mg) or placebo pellet euthanized 60 days after surgery. (A) Areas of columnar
ovarian surface epithelial cells, (B) areas of hyperplasia, and (C) epithelial invaginations
are most commonly associated with ovarian stroma in ovarian sections from both placebo
(n=8) and 0.05 mg estradiol (n=10) treated Brcal'™®"™® mice 60 days after surgery. A
decreased association of columnar and hyperplastic ovarian surface epithelium and
invaginations with corpora lutea and an increased association of columnar ovarian
surface epithelium with atretic follicles is found in estradiol versus placebo-treated mice

(A-C, p <0.01, Fisher’s exact test).
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Figure 15. Preneoplastic morphological changes occur most frequently near ovarian

stroma in ovaries from Brcal' /P

mice treated with AdCre and given an estradiol
(0.05 mg) or placebo pellet euthanized 180 days after surgery. (A) Areas of columnar
ovarian surface epithelial cells, (B) areas of hyperplasia, and (C) epithelial invaginations
are most commonly associated with ovarian stroma in ovarian sections from both placebo
(n=8) and 0.05 mg estradiol (n=14) treated Brcal'™™'>" mice 180 days after surgery. A
decreased association of columnar and hyperplastic ovarian surface epithelium and
invaginations with corpora lutea and an increased association of columnar ovarian

surface epithelium and invaginations with atretic follicles is found in estradiol versus

placebo-treated mice (A-C, p <0.0016, Fisher’s exact test).
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Figure 16. Preneoplastic morphological changes occur most frequently near ovarian
stroma in ovaries from Brcal """ mice treated with AdCre and given an estradiol
(0.05 mg) or placebo pellet euthanized 365 days after surgery. (A) Areas of columnar
ovarian surface epithelial cells, (B) areas of hyperplasia, (C) epithelial invaginations, and
(D) normal ovarian surface epithelial cells are most commonly associated with ovarian
stroma in ovarian sections from both placebo (n=8) and 0.05 mg estradiol (n=4) treated
Brcal'™® ™ mice 365 days after surgery. An increased association of columnar ovarian
surface epithelium with atretic follicles is found in estradiol versus placebo-treated mice

(A, p=0.028, Fisher’s exact test).
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Figure 17. Preneoplastic morphological changes occur most frequently near ovarian
stroma in ovaries from Brcal """ mice treated with AdCre and given an estradiol
(0.25 mg) or placebo pellet euthanized 60 days after surgery. (A) Areas of columnar
ovarian surface epithelium, (B) areas of hyperplasia, and (C) epithelial invaginations are
most commonly associated with ovarian stroma in ovarian sections from both placebo
(n=6) and 0.25 mg estradiol (n=15) treated Brcal'™®">® mice 60 days after surgery. A
decreased association of columnar and hyperplastic ovarian surface epithelium (p <
0.019) and invaginations (trend) with corpora lutea is found in estradiol versus placebo-

treated mice (A-C, Fisher’s exact test).
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preneoplastic lesion or normal MOSE at any time point investigated (Figure 14-17).
Estradiol-treated mice did exhibit fewer preneoplastic changes of all types near CLs than
their placebo-treated counterparts. Low dose estradiol treatment at 60 days caused an 8.0-
, 3.4-, and 7-fold decrease in the association of columnar MOSE (p < 0.0001),
hyperplastic MOSE (p = 0.001), and invaginations (p = 0.0002) respectively with CLs
(Figure 14). A similar decrease in association with CLs was observed at 180 days for
regions of columnar cells (4-fold, p < 0.0001), hyperplasia (2.8-fold, p < 0.0001) and the
incidence of invaginations (3.1-fold, p < 0.0001; Figure 15). High dose estradiol also
reduced association between MOSE preneoplastic morphological changes and CLs, with
a4.5- (p =0.010), 6.7- (p = 0.019), and 5.7-fold (trend) decrease observed for columnar
cells, hyperplasia, and invaginations respectively at 60 days (Figure 17). A significant
decline in frequency of CLs underlying areas of columnar and hyperplastic MOSE cells
as well as invaginations and MOSE cells with normal morphology in estradiol versus
placebo-treated mice was not observed at the 365 day time point (Figure 16). Estradiol-
treated mice also often exhibited more preneoplastic changes near atretic follicles than
their placebo-treated counterparts, especially columnar MOSE cells. Significant increases
were observed in low dose estradiol-treated mice euthanized at 60 (columnar: 5.9 %
placebo versus 21.5 % E2, p < 0.0001; Figure 14), 180 (columnar: 15.0 % placebo
versus 20.6 % estradiol, p = 0.0012; invaginations: 8.8 % placebo versus 20.9 %
estradiol, p = 0.0016; Figure 15), and 365 days (columnar: 12.7 % placebo versus 18.4 %
estradiol, p = 0.028; Figure 16). The pattern of increased frequency of associations with
atretic follicles and decreased frequency of associations with CLs as underlying

preneoplastic lesions in estradiol-treated mice is likely due to atretic follicles being more
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common and CLs being less common in ovaries from estradiol-treated mice rather than a
consequence of factors secreted from these structures.

3.1.4 Exogenous estradiol does not promote the proliferation of putatively Brcal-
deficient MOSE in vivo.

The proliferation of AdCre-exposed MOSE cells with or without estradiol
treatment was investigated by performing immunohistochemistry for Ki-67 expression on
ovaries from mice treated with either low or high dose estradiol (placebo as control) for
60 days. A mouse ovarian tumour served as a positive control and consistently showed
strong Ki-67 expression. Negative controls (primary antibody omitted) showed no
staining, therefore excluding the possibility of staining in experimental samples being due
to non-specific background (Figure 18A, B). The number of Ki-67-positive MOSE cells
found in each ovarian section ranged from zero to seven and ovaries exposed to
exogenous estradiol did not contain more Ki-67-positive MOSE cells compared to their
placebo-treated counterparts. There was a trend for an increased number of MOSE cells
positive for Ki-67 expression in 0.05 mg estradiol treated ovaries (2.7 + 1.6) compared to
control (1.8 + 0.30), but very similar numbers observed for placebo and 0.25 mg estradiol
treatments (1.7 = 0.62 versus 1.4 + 0.43 respectively; Figure 19). These findings suggest
that estradiol-induced increases in the occurrence of preneoplastic morphological changes
in putativelyBrcal-deficient MOSE are not due to increased proliferation. Additionally,
Ki-67-positive MOSE cells were most commonly flat-to-cuboidal in shape, with very few
positively staining cells found in MOSE exhibiting columnar or hyperplastic morphology

(Figure 18C, D). Ki-67-positive OSE cells were most commonly associated with stroma

75



Figure 18. Representative images of immunohistochemical detection of Ki-67

expression within ovaries from Brcal'®/ox®

mice treated with AdCre and given an
estradiol or placebo pellet. A mouse ovarian tumour section shows (A) no staining as a
negative control (no primary antibody) and (B) strong staining as a positive control. An

ovarian section from a placebo-treated (C) and an estradiol-treated (D) Brcal'®'o®
mouse euthanized at 60 days after AdCre injection and pellet insertion shows Ki-67-
positive ovarian surface epithelial cells (indicated by arrow) are scarce and most

commonly flat-to-cuboidal in shape. Scale bar, 100 um.
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Figure 19. Exogenous estradiol does not promote the proliferation of putatively
Brcal-deficient mouse ovarian surface epithelial cells in vivo. The proliferation of
Brcal-deficient ovarian surface epithelial cells was assessed by immunohistochemical
staining for Ki-67 in ovaries from 0.05 mg and 0.25 mg placebo (n = 3) and estradiol (n =
3 and 4 respectively)-treated mice euthanized 60 days after surgery. Ki-67-positive
ovarian surface epithelial cells per ovarian section in three to five sections of each ovary
were counted. Ovaries exposed to exogenous estradiol did not contain significantly more
Ki-67-positive ovarian surface epithelial cells compared to those exposed to placebo (p >

0.05, t-test).
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and large secondary follicles in both placebo and estradiol-treated mice as well as with
corpus luteum in placebo but not estradiol-treated mice.

3.1.5 Exogenous estradiol does not affect the expression of E-cadherin in
putatively Brcal-deficient MOSE in vivo.

E-cadherin expression in MOSE was examined as evidence for preneoplasia in
AdCre-infected and therefore presumably Brcal-deficient OSE of mice treated with low
and high dose estradiol (placebo as control). Although morphologically normal MOSE
cells express E-cadherin, it was suspected that abnormal areas of MOSE may exhibit
altered expression based on the published finding that E-cadherin is not expressed in
morphologically normal human OSE, but is found in areas of preneoplastic changes and
ovarian tumours (Maines-Bandiera and Auersperg, 1997; Sundfeldt et al., 1997). In other
normal epithelia, loss of E-cadherin expression is a common occurrence during the early
stages of transformation (Birchmeier and Behrens, 1994; Wijnhoven et al., 2000).
Ovarian sections examined also contained oviduct or uterine horn, which served as
internal positive controls. E-cadherin expression was consistently strong in the epithelial
cells of these tissues, forming dark brown borders between cells (Figure 20D). Omitting
the primary antibody served as negative controls; non-specific background staining was
observed in CLs and fluid within the ovary, but epithelia cells including MOSE showed
no staining (Figure 20A, C, E). Although not quantified, it was clear that E-cadherin was
generally strongly expressed in flat-to-cuboidal and columnar MOSE (Figure 20F). E-
cadherin expression in MOSE cells exhibiting hyperplastic morphology or invaginating

into the stroma of the ovary was similar to or less than expression in MOSE with normal
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Figure 20. Representative images of immunohistochemical detection of E-cadherin
expression within ovaries from Brcal ™" mice treated with AdCre and given an
estradiol or placebo pellet. Mouse ovarian sections incubated without (A) and with (B)
primary antibody specific to E-cadherin show non-specific staining within the stroma in
open spaces and slight brown haze within corpus luteal cells. Oviductal epithelial cells
(positive control) exhibit no staining without (C) and strong staining with (D) primary
antibody. Mouse ovarian surface epithelial cells exhibit no staining without primary
antibody (E). Mouse ovarian surface epithelial cells express variable levels of E-cadherin.
Flat-to-cuboidal and columnar ovarian surface epithelial cells are strongly positive (F).
Hyperplastic ovarian surface epithelial cells can maintain (arrow) or lose (arrowhead)

their E-cadherin expression (G). Scale bar, 100 pum.
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morphology (Figure 20G). No differences in E-cadherin expression were observed
between different time points or between estradiol and placebo-treated mice. Although E-
cadherin expression was sometimes lost in areas of hyperplasia, it was not a consistent

marker of preneoplastic morphological changes in MOSE.

3.1.6 Exogenous estradiol does not cause ovarian tumourigenesis in mice with
putatively Brcal-deficient MOSE.

Numerous studies have shown that loss of BRCA1 function increases aromatase
expression and therefore presumably estradiol synthesis (Ghosh et al., 2007; Hu et al.,
2005; Lu et al., 2006), however whether or not elevated estradiol causes tumourigenesis
in BRCA1-deficient cells is unknown. The effect of increased estradiol on MOSE cells
with inactivated Brcal was therefore investigated in vivo. It was found that the doses of
estradiol administered in this study did not cause tumourigenesis in AdCre-exposed OSE

of B rca1|0XP/|OXP

mice, as none of the mice developed tumours over the course of one year.
Several discoveries made after the conclusion of these in vivo experiments provide
information pertinent to this lack of transformation.

Circulating estradiol levels were measured in serum samples collected from mice
that received a 0.05 mg estradiol pellet or its placebo control using RIA. No significant
difference was found between serum estradiol levels of placebo (12.0 + 3.2 pg/ml) versus
estradiol (14.8 + 1.3 pg/ml)-treated mice euthanized 60 days after surgery (p = 0.41,

Figure 21). Since the pellets are designed to release estradiol for 60 days, measurements

for 180 and 365 day time points were assumed to be equivalent or lower. The serum
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Figure 21. Basal serum levels of estradiol were not increased by a slow-release 0.05
mg estradiol pellet in Brcal' ™" mice 60 days after pellet insertion. Estradiol

treatment (0.05mg) (n=5) does not significantly increase estradiol levels in the serum of
Brcal'™®® mice 60 days after pellet insertion compared to placebo-treated mice (n=4),

as measured with radioimmunoassay (p = 0.41, t-test).
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estradiol measurements proved the insufficiency of the 0.05 mg estradiol pellet to
significantly increase serum estradiol above basal levels, which may explain the lack of
estradiol-induced tumourigenesis in the ovaries of the mice. However, with a significant
increase in MOSE with columnar morphology observed at the 60 day time point (Figure
12A) and differences in the occurrence of atretic follicles and CLs (Figure 11), it is clear
that low-dose estradiol treatment did have some physiological effects. Serum estradiol
measurements were not taken for mice given the 0.25 mg dose of estradiol because this
dose of estradiol has been used by other lab members, with RIA measurements showing
25-fold increases in serum estradiol detected 60 days after estradiol pellet insertion
(Laviolette et al., 2010). Furthermore, although the 0.25 mg dose has been tolerated by
other strains of mice, in this study many mice treated with this dose experienced
abdominal distension caused by enlarged bladders by 60 days. Similar complications
have been reported in estradiol-treated animals in previous studies (Elson et al., 2000;
Shai et al., 2008). The required euthanization of many high dose estradiol mice in this
study was unfortunate, but does indicate an increase in serum estradiol. Based on
previous serum estradiol measurements for the 0.25 mg pellet and the bladder
complications experienced by the mice, the high dose estradiol mice appear to have
experienced increased circulating estradiol but the level did not cause tumourigenesis.
Although the bladder complications observed in mice that received high dose
estradiol indicate increased levels of estradiol, they also resulted in unforeseen required
mouse euthanizations and therefore reduced the number of mice in later time points
dramatically, limiting the ability to interpret results and generate solid conclusions. Out

of fifteen 0.25 mg estradiol-treated mice, seven experienced severe bladder complications
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that resulted in a loss-of-wellness requiring euthanization long before intended time
points (six required euthanization near 60 days post-surgery and one near 180 days post-
surgery and were therefore included in the appropriate time point group). Additionally,
three mice died overnight or were euthanized by animal care staff and therefore their
ovaries could not be collected for further examination, leaving only five mice euthanized
at their planned time point. Although none of the 0.25 mg estradiol-treated mice
developed ovarian tumours, with only three surviving past 180 days, the possibility of
cancer progression occurring in estrogen-treated Brcal-deficient mice as they continue to
age cannot be excluded.

Another factor contributing to the lack of tumourigenesis observed in these in vivo
studies is that the vast majority of MOSE cells contained fully functional Brcal despite
exposure to AdCre. MOSE cells from paraffin embedded ovarian sections were isolated
using LCM and their genomic DNA was extracted to enable detection of recombination
at Brcal loxP sites by PCR. A band for unrecombined but not recombined Brcal was
found in three independent MOSE isolations, suggesting inactivation of Brcal did not
occur or occurred at a very low level. The intensity of the band for intact Brcal increased
with the number of ovarian section used for MOSE isolation, with the brightest band seen
from MOSE cells collected from 100 sections from pooled ovaries of the same time point
and treatment, less bright bands seen from about 60 sections, and no band detected when
only 32 sections were used (Figure 22). Although not every ovary analyzed for
preneoplastic morphological changes was subsequently tested for Brcal recombination

within the MOSE, the ovaries examined are considered representative. Undetectable
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Figure 22. Assessment of recombination at Brcal loxP sites in ovarian surface

1191 mice following intrabursal adenoviral Cre

epithelial cells from Brca
recombinase infection. Laser capture microdissection was used to isolate ovarian
surface epithelial cells from paraffin embedded ovaries from mice that underwent surgery
for AdCre infection under the bursal membrane and placebo or estradiol pellet insertion.
Samples include genomic DNA isolated from the mouse ovarian surface epithelial cells
from 100 ovarian sections from pooled ovaries, from 57 ovarian sections from the right
ovary of mouse 6564, from 32 ovarian sections from the left ovary of mouse 7435, and
from 58 ovarian sections from the left ovary of mouse 7441. Negative and positive

1'9P1oXP mice infected in

control samples are ovarian surface epithelial cells from Brca
vitro with mock and AdCre respectively and previously confirmed to show unrecombined
and recombined Brcal as expected. PCR to detect recombination at Brcal loxP sites
shows no recombined Brcal is detectable in any sample despite exposure to AdCre in

vivo (R = recombined Brcal, intron 4 forward and intron 13 reverse, 600 bp; U =

unrecombined Brcal, intron 4 forward and intron 4 reverse, 461 bp).
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levels of recombined Brcal after in vivo infection of MOSE with AdCre may help to

explain a lack of progression to neoplasia.

3.2 The loss of functional Brcal does not significantly increase aromatase expression

in or estradiol production from MOSE and primary GCs in vitro.

3.2.1 Invitro infection of MOSE and primary GCs with AdCre results in Brcal
recombination.

BRCAL repression of aromatase transcription has been reported in a human
granulosa cell line (Hu et al., 2005), primary human breast adipose fibroblast, mature
adipocyte, and human breast cancer cell lines (Ghosh et al., 2007; Lu et al., 2006), but not
in primary GCs or MOSE cells. In the current study, Brcal inactivation in these cell

types was accomplished by isolating the cells from Brcal'>®">®

mice and infecting them
with adenovirus expressing Cre recombinase (mock infection and AAdGFP as control) in
vitro. Both MOSE cells and primary GCs were successfully infected with adenoviral
vectors, as confirmed by PCR for recombination at Brcal loxP sites. Genomic DNA
extracted 72 hours after mock, AAGFP, and AdCre infection was subject to the same PCR
conditions, with recombined Brcal only observed in cells exposed to Cre recombinase.

Intact Brcal was always detected in all infection types, but consistently in less than 50%

of AdCre-infected cells (Figure 23).

3.2.2 Aromatase expression is not affected by the inactivation of Brcal in MOSE

cells and primary GCs.
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Figure 23. Assessment of recombination at Brcal loxP sites following adenoviral Cre
recombinase infection in vitro. Representative PCR of genomic DNA extracted from
cultured Brcal®""® mouse ovarian surface epithelial cells 72 hours after in vitro mock
infection or infection with AAGFP or AdCre shows Brcal recombination is only
detectable with exposure to AdCre (R = recombined Brcal, intron 4 forward and intron
13 reverse, 600 bp; U = unrecombined Brcal, intron 11 forward and intron 11 reverse,

592 bp).
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With a consistent method for inactivating Brcal confirmed, effects of Brcal loss
on aromatase expression were evaluated. It was discovered that cultured MOSE do not
express a detectable level of aromatase as measured with real-time PCR, regardless of
treatment or Brcal status. In contrast, both freshly isolated and cultured GCs reliably
express aromatase. Aromatase levels are strongly affected by time in culture, with levels
about 40 times lower after six days in culture. Aromatase expression is not significantly
induced in cultured GCs by FSH or testosterone treatment alone, although a trend toward
increased expression is observed with exposure to testosterone. Expression does increase
with FSH and testosterone treatment in combination in mock, AdGFP, and AdCre-
infected cells compared to either ethanol (15.6-, 20.7-, and 6-fold respectively, p < 0.05),
FSH (46.8-, 22-, and 10.6-fold respectively, p < 0.05), or testosterone treatment alone
(3.7-, 3.4-, and 1.8-fold respectively, p < 0.05; Figure 24A). No significant difference in
aromatase expression exists between mock, AdGFP, and AdCre-infected GCs within the
same treatment condition, suggesting that the loss of functional Brcal does not affect

aromatase mMRNA levels in primary GCs (Figure 24A).

3.2.3 Estradiol production is not affected by the inactivation of Brcal in MOSE
cells and primary GCs.

Despite undetectable aromatase levels measured with real-time PCR, cultured
MOSE cells do synthesize and secrete estradiol, although measured levels are 3.4-fold
and 10-fold lower than unstimulated and FSH + testosterone-treated mock-infected GCs
respectively. In both cell types and regardless of Brcal status, FSH treatment alone did

not increase basal estradiol levels in the media (Figure 24B, C).
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Figure 24. Cre-mediated inactivation of Brcal in vitro does not increase aromatase
expression in or estradiol production by primary granulosa cells or ovarian
epithelial cells. Combined follicle stimulating hormone (FSH) and testosterone (F+T)
treatment increases aromatase expression (A) and estradiol secretion (B, C) above basal,
and FSH-stimulated levels in mock, AAGFP, and AdCre-infected primary granulosa cells
(A, B) and ovarian epithelial cells (C) from Brcal'™®"®® mice as well as aromatase
expression above testosterone-stimulated levels in primary granulosa cells (A, p < 0.05,
ANOVA). Granulosa cells (A, B) and ovarian surface epithelial cells (C) from

Brcal' ™™ mice infected with AdCre to inactivate Brcal do not show Brcal-associated
changes in aromatase expression, as measured with real-time PCR (A), or estradiol
production as measured with ELISA (B,C), compared with mock or AAGFP infected cells

(ANOVA, n = 3-5). Different letters denote statistically significant differences (p < 0.05).
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Although combined treatment with FSH and testosterone did not significantly
increase estradiol production from MOSE cells or GCs compared to testosterone
treatment alone, both of these treatments did significantly increase estradiol secretion
above basal and FSH-stimulated levels in all infection types (Figure 24B, C). In MOSE
cells, testosterone alone increased media estradiol levels by at least 2.8-fold compared to
ethanol or FSH treatment (p < 0.05; Figure 24C). The effect of F+T treatment was
similar, eliciting a 2.9- to 4.7-fold increase compared to ethanol or FSH treatment (p <
0.05; Figure 24C). In GCs, testosterone treatment alone increased media estradiol levels
8.5-fold (p < 0.05) in mock-infected cells, 8-fold (p < 0.05) in AdGFP-infected cells, and
11.5-fold (p < 0.01) in AdCre-infected cells compared to control levels. Testosterone
treatment also increased estradiol production by GCs above FSH-stimulated levels in all
infection types (mock: 12.3-fold, AAGFP: 6.9-fold, AdCre: 10.6-fold, p < 0.05; Figure
24B). The addition of FSH to testosterone treatment also significantly increase estradiol
secretion above basal (mock: 13.8-fold, AJGFP; 11.6-fold, AdCre: 18.1-fold, p < 0.05)
and FSH-stimulated levels (mock: 20-fold, AJGFP: 9.9-fold, AdCre: 16.7-fold, p < 0.05)
regardless of Brcal status (Figure 24B).

The inactivation of Brcal by AdCre infection did not significantly increase
estradiol production under any treatment condition in either cell type studied, although
there is a trend for increased estradiol secretion in AdCre -infected GCs (986.4 +150.8
pg/ml) compared to mock (810.9 + 136.1 pg/ml) or AdGFP (685.6 £+ 165.5 pg/ml)-

infected cells after combined treatment with FSH and testosterone (Figure 24B, C).
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3.2.4 ERa expression is not affected by the inactivation of Brcal in MOSE cells
and primary GCs.

Since Brcal has been shown to be associated with ERa expression in breast
tumours (Foulkes et al., 2004; Roldan et al., 2006) and cell lines (Hosey et al., 2007), the
ability of Brcal to influence ERa expression in mouse GCs and OSE cells was
investigated, using mouse ovary as a positive control. Basal mRNA transcript levels of
ERoa, with mock infection and EtOH treatment, were almost two-fold higher in MOSE
than GCs (0.20 = 0.066 RQ versus 0.11 + 0.060 RQ respectively) and were not affected
by exposure to AAGFP or AdCre in either cell type (Figure 25A, B).

Cells in culture for a longer of period of time without functional Brcal also
exhibited no change in ERa expression. Although a trend for a decrease in AdCre-
infected MOSE versus mock or AdGFP-infected MOSE was observed in cells analyzed
two months after infection (0.083 RQ versus 0.18 RQ or 0.13 RQ respectively), this
pattern was not sustained at later time points (Figure 25C). Only one independent
replicate was completed for these extended time point experiments. Constant ERa.
expression despite mock, AdGFP, and AdCre-infection suggests the loss of functional

Brcal has no effect on ERa expression in either MOSE or primary GCs.

3.3 The consequence of Brcal loss in both GC and MOSE cells in vivo

simultaneously could not be evaluated because the mouse model was not successfully

generated.
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Figure 25. Cre-mediated inactivation of Brcal in vitro does not affect estrogen
receptor a expression in primary granulosa cells or mouse ovarian surface epithelial
cells. Estrogen receptor o mMRNA expression remained the same in (A) primary granulosa

1'0PNoXP mice infected with

cells and (B, C) ovarian surface epithelial cells from Brca
AdCre to inactivate Brcal or ADGFP and mock infection as controls. Cells were
collected either five days (A, B, n = 2 and 3 respectively) or 2, 3, or 4 months after

infection (C, n =1 for each time point).
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3.3.1 Cre-mediated inactivation of Brcal in vivo does not increase estradiol
production from primary GCs in vitro.

In parallel with the in vitro experiments described in section 3.2, the effect of
simultaneous inactivation of Brcal in GC and MOSE in vivo was investigated.
Brcal' ™™ and Amhr2°™/“" mice were mated through several generations to generate
Brcal'™®"®®, Amhr2-Cre animals that were “Cre negative” (Amhr2**, not carrying the
Cre transgene) or “Cre positive” (Amhr2°"* or Amhr2™°"®, heterozygous or
homozygous for the Cre transgene respectively) (Figure 6). Mice were examined for the
effects of simultaneous loss of Brcal in MOSE and GCs on ovarian tumourigenesis. With
the observation that the loss of Brcal from Brcal'®®'® GCs in vitro by exposure to
AdCre had no effect on aromatase expression or activity, it was suspected that the six
days in culture for these experiments was too long, perhaps allowing GCs to
spontaneously luteinize and therefore the full effects of treatments and Brcal status were
not being captured. To address this potential problem, similar in vitro experiments were
undertaken with GCs isolated from Brcal'™®'*®; Amhr2-Cre positive and negative mice.
Since the exposure of GCs to Cre recombinase in vivo eliminated the need to infect GCs
in vitro with adenoviral vectors, primary GCs only needed to be in culture for three days.

The first isolation of GCs from Brcal'™™*®; Amhr2-Cre negative and positive
mice revealed a very low level of recombined Brcal in Cre positive cells as detected by
PCR (Figure 26A). Assaying estradiol in the media in which these cells were grown
showed little induction of estradiol secretion with ethanol, FSH, and testosterone
treatment. However, combined treatment with FSH and testosterone increased estradiol

production by over 20-fold (p < 0.05) compared to ethanol or FSH treatment alone and by
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Figure 26. Cre-mediated inactivation of Brcal in vivo does not increase estradiol
production from primary granulosa cells in vitro. (A) PCR of genomic DNA extracted
from the first isolation of granulosa cells from Brcal'™™®®; Amhr2-Cre positive and
negative mice shows only unrecombined Brcal in cells from Cre negative mice and
slight Brcal recombination in cells from Cre positive mice (R = recombined Brcal,
intron 4 forward and intron 13 reverse, 600 bp; U = unrecombined Brcal, two separate
sets of primers: intron 11 forward and intron 11 reverse, 592 bp and intron 4 forward and
intron 4 reverse, 461 bp). (B) Estradiol levels from the media of primary Amhr2-Cre
positive and negative granulosa cells, as measured with ELISA, shows combined
treatment with follicle stimulating hormone and testosterone (F+T) increases estradiol
secretion above basal and individual treatment levels (p < 0.05, ANOVA) and the slight
inactivation of Brcal in Cre-positive granulosa cells lowers media estradiol compared to
granulosa cells with intact Brcal after treatment with F+T (p < 0.05, ANOVA, n=1).

Different letters denote statistically significant differences (p < 0.05).
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over 6-fold (p < 0.05) compared to testosterone treatment alone in GCs that either did or
did not express the Cre transgene. The slight inactivation of Brcal was sufficient to
significantly lower the media estradiol level compared to GCs with fully intact Brcal
after treatment with FSH and testosterone (p < 0.05, Figure 26B), however these results
are based on triplicate measurements from a single experiment and therefore must be

interpreted cautiously.

3.3.2 The presence of Cre in the genomic DNA does not cause inactivation of Brcal
in GCs or MOSE cells or tissues of the female reproductive tract.

GCs were isolated from Brcal'™®'*®: Amhr2-Cre negative and positive mice four
independent times and put into primary culture three of those times, but estradiol
production was only measured from the first isolation because in subsequent isolations
neither freshly isolated nor cultured GCs showed any amount of recombined Brcal
detectable by PCR, despite consistently finding Cre in the genomic DNA of mice
previously genotyped as Cre-positive (Figure 27A). Expected bands for positive and
negative controls were identified and unrecombined Brcal in all GC samples validated
the PCR method, but recombined Brcal remained undetectable (Figure 26A, Figure
27A). Recombined Brcal was also never observed in three independent isolations of
MOSE from Brcal' """, Amhr2-Cre negative and positive mice (Figure 27B). The
presence of only intact Brcal suggested that there would be no differences between
experimental and control cells.

Tissues from the female reproductive tract had previously been collected and

frozen from Brcal'™®"®®; Amhr2-Cre negative and positive mice euthanized at 60, 120,
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Figure 27. The presence of the Cre transgene in the genomic DNA does not cause
inactivation of Brcal in granulosa cells or ovarian surface epithelial cells in vivo.
PCR of genomic DNA extracted from freshly isolated mouse ovarian surface epithelial
cells and granulosa cells (A, B) and cultured granulosa cells (A) from Brcal' ™™
Amhr2-Cre mice shows a strong band for unrecombined Brcal and no band for
recombined Brcal in cells from both Cre negative and positive mice (R = recombined
Brcal, intron 4 forward and intron 13 reverse, 600 bp; U = unrecombined Brcal, intron 4
forward and 4 reverse, 461 bp). Genotyping for Amhr2-Cre was performed concomitantly
with the PCR for Brcal recombination and confirmed previously performed genotyping,

with a band for Cre observed only in samples from Amhr2-Cre positive mice.
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and 180 days of age. These samples presented the opportunity to check if Brcal
recombination had ever occurred in Amhr2-Cre positive mice. Genomic DNA from
ovaries, oviducts, and uterine horns of Brcal'™®'®®; Amhr2-Cre negative and positive
mice at each age revealed Brcalrecombination did not occur to an extent detectable by
PCR in any tissue sample from any age. These results further indicate Brcal remained
unrecombined and therefore presumably functional despite the presence of the Cre gene

(Figure 28).

3.3.3 Repeated genotyping of a subset of Brcal P, Amhr2-Cre mice confirmed
previously determined Brcal and Cre status.

With the finding of intact Brcal in Amhr2-Cre positive mice indicating no
difference between control and experimental mice and therefore potentially rendering the
newly generated mouse model useless, the genotype of a subset of mice was reassessed.
To confirm mice as Cre negative or positive, Cre genotyping of selected mice was
repeated. In addition to re-analyzing genomic DNA extracted from ear punches in the
PCR for genotyping Cre, genomic DNA from freshly isolated MOSE and GCs and
cultured GCs was also analyzed. In all cases, the previously determined Cre status of
each mouse or sample was confirmed as negative or positive (Figure 7, Figure 27).
Additionally, a second set of primers for determining the presence of the Amhr2-Cre gene
were used on a few DNA samples from Brcal'™®'®®; Amhr2-Cre mice, with cultured
Brcal ™" GCs included as a negative control. PCR results with the new primers
further re-confirmed whether mice were or were not carrying the Cre transgene (Figure

7) and ensured that the Cre primers used throughout the generation of the mouse model
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Figure 28. The presence of the Cre transgene in the genomic DNA does not cause
inactivation of Brcal in tissues of the female reproductive tract in vivo. PCR of
genomic DNA from tissues from Brcal'®"'®; Amhr2-Cre negative and positive mice at
60, 120, and 180 days of age shows no Brcal recombination (R = recombined Brcal,
intron 4 forward and intron 13 reverse, 600 bp; U = unrecombined Brcal, intron 4
forward and 4 reverse, 461 bp). The last two lanes are the results from PCR of genomic

++,

DNA from uterine horn tissue from a Brcal™"; Amhr2-Cre positive mouse, showing no

Brcal recombination and unrecombined wild-type Brcal (391 bp).
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were showing correct results.

Brcal genotyping of a subset of Brcal'®”"®®; Amhr2-Cre mice was repeated to
ensure all mice were indeed homozygous for floxed Brcal, as wildtype Brcal alleles
would explain why the presence of the Cre gene was not causing Brcal to be
recombined. Rather than re-testing genomic DNA extracted from ear punches of
Brcal'™®®®, Amhr2-Cre mice that had previously been determined, Brcal genotyping
was performed on freshly isolated MOSE and GCs and cultured GCs from recent
isolations. All samples analyzed were found to be homozygous for floxed Brcal (Figure
29). These results indicate that Brcal recombination was not occurring despite the

presence of the Cre gene and loxP sites in the Brcal gene.

3.3.4 Brcal P, Amhr2-Cre positive mice do not express detectable levels of Cre
recombinase.

One possible explanation for the presence of the Cre gene in the genomic DNA
without any effect on floxed Brcal is a lack of Cre recombinase expression. Using real-
time PCR, strong Cre expression was found in Brcal' ™" GCs that had been infected
with AdCre in vitro. However, no Cre expression was detected in cells or tissues from
Brcal'™®%®: Amhr2-Cre negative or positive mice, including freshly isolated and
cultured GCs and ovary, oviductal, and uterine horn tissue from mice euthanized at 60,
120, and 180 days of age. Additionally, Amhr2°™" mice from which generation of the
Brcal'™®%®: Amhr2-Cre mice originated were not found to express Cre. Tissues
examined included freshly isolated GCs, oviductal, and uterine horn tissue from three

week old mice and ovary, oviductal, uterine horn, and lung tissue from three month old
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Figure 29. Repeated Brcal genotyping of a subset of Brcal'™™'®: Amhr2-Cre mice

confirmed all mice were indeed homozygous for floxed Brcal. PCR of genomic DNA

1onP/I0xP 1onP/onP;

from cultured Brca granulosa cells, cultured and freshly isolated Brca
Amhr2-Cre granulosa cells, and freshly isolated Brcal'™™'®®: Amhr2-Cre mouse ovarian

surface epithelial cells shows floxed Brcal alleles in both intron 4 (461 bp) and 13 (562

bp).
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mice.

The Amhr2™“" mouse has been used in our lab previously in a cross with
SNF2L"PP mice to cause recombination and inactivation of the SNF2L gene in tissues
which express Amhr2. Recombination of the gene of interest was observed in the ovary
as well as in non-target tissue, such as brain, kidney, spleen, and lung (Figure 30). With
the same line of Amhr2°™<™ mice used in the current study for crosses with Brcal'®*o®
mice, it is not known why Cre expression was not detectable is any tested tissues from
Brcal'™®%® Cre-positive mice or the Amhr2°™™ parental strain. However, the lack of
Cre recombinase expression in mice containing the Amhr2-Cre gene does explain Brcal

remaining unrecombined in Cre positive mice.
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Figure 30. Cre-mediated SNF2L recombination in SNF2L'>1: Amhr2©reCre mjce,
Homozygous floxed SNF2L Cre-positive mice expressing Cre recombinase driven by the
Amhr2 promoter in tissues outside of the female reproductive tract show recombination

of SNF2L at the RNA level (Figure provided by David Pépin).
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CHAPTER 5: DISCUSSION

Evidence from the literature strongly supports the hypothesis that loss of BRCA1
leads to increased aromatase expression and activity (Ghosh et al., 2007; Hu et al., 2005;
Lu et al., 2006) as well as the ability of estradiol to promote preneoplastic changes and
benign tumours of the ovary (Gotfredson and Murdoch, 2007; Laviolette et al., 2010;
Silva et al., 1998). The possibility that increased estradiol synthesis induced by BRCA1
loss is sufficient to induce such changes in OSE has not been investigated, nor has the
possibility that estradiol stimulation of BRCA1-deficient OSE would not only promote
benign abnormalities, but also neoplastic changes through the combination of
accumulating DNA damage and promotion of proliferation. The goal of the current study
was to address these gaps in our knowledge using physiologically relevant models.

The purpose of the first objective of the study was to determine if high level
estradiol acting on Brcal-deficient MOSE in vivo was capable of promoting
preneoplastic changes and tumourigenesis. The interpretation of results from these in vivo
studies, wherein Brcal'™®"®® mice were injected with AdCre under the bursal membrane
and concurrently administered a pellet delivering estradiol or placebo, is greatly limited
by the inability to detect recombined Brcal in genomic DNA from LCM-isolated MOSE
from ovaries of mice in this study. This finding suggests that any results observed were
due to estradiol or placebo treatment of Brcal-intact rather than Brcal-deficient MOSE.

An explanation for the detection of only intact, fully functional Brcal in MOSE
exposed to AdCre via intrabursal injection is not evident. Injection of adenovirus under
the bursal membrane to infect MOSE is a technique routinely used in our lab and

surgeries for the current study were performed by two lab members, one of which was
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highly experienced in intrabursal injection of adenoviruses, reducing the possibility of
technical errors that may have prevented exposure of Brcal'®""*®" MOSE to AdCre. The
virus is also known to be active, as the same stocks used during surgeries of the
Brcal' ™™ mice were and continue to be used to infect cells from Brcal'™™'*® mice in
vitro, with successful recombination observed. Intrabursal injection of AdCre yielding
expected recombination was previously documented in two published models from our
lab. AdCre injection under the bursa successfully induced ovarian tumours by activating
the expression of simian virus 40 large and small T antigens (SV70 TAQ) (Laviolette et
al., 2010) and resulted in Brcal recombination within the same strain of Brcal'®/'o®
mice used in the current study (Clark-Knowles et al., 2007). It is possible that cells in
which Brcalwas inactivated by Cre recombinase stopped dividing or underwent
apoptosis, as the loss of Brcal has previously been reported to decrease OSE cell
proliferation due to increased apoptosis in cells with intact checkpoints (Clark-Knowles
et al., 2007; Reedy et al., 2001), although this does not explain why successful
recombination was observed by Clark-Knowles et al. (2007) and not in the current study,
Although it is possible that recombined, non-functional Brcal is present in an
undetectable minority of MOSE cells, observed results are most likely due to effects of
time and exogenous estradiol on Brcal-competent cells. The accumulation of putative
preneoplastic morphological changes, observed as a greater amount of the ovarian surface
containing columnar and hyperplastic MOSE rather than flat-to-cuboidal MOSE as well
as an increased number of invaginations, did occur over time in both placebo and
estradiol-treated mice. This is consistent with previous findings showing that such

preneoplastic morphological changes of OSE cells occur more frequently with age and
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greater number of ovulations (Clark-Knowles et al., 2007; Clow et al., 2002; Nieto et al.,
2001). The timing over which significant accumulation of preneoplastic morphological
changes occurs is variable, as different patterns were observed in each treatment group,
including between the two groups of placebo-treated mice from separate experiments.
Patterns observed included gradual significant accumulation of morphological changes
with age, significant accumulation within 60 or 180 days after surgery with no further
increase occurring at later time points, and no significant accumulation until between 180
and 365 days after surgery. This variability demonstrates the uniqueness of each mouse
during in vivo experiments and also potentially variable amounts MOSE with inactivated
Brcal. Preneoplastic morphological changes would be expected to occur more frequently
if Brcal had indeed been inactivated to any great extent, as such changes were previously
observed to occur significantly earlier and more commonly in Brcal-deficient MOSE
compared to Brcal-intact controls (Clark-Knowles et al., 2007).

Despite variable patterns, preneoplastic morphological increases always increased
over time in placebo treated mice, however a trend for a decreased percentage of
columnar and hyperplastic MOSE cells was found at the 365 day time point in the low
and high dose estradiol group respectively. This finding suggests that waning estradiol
levels were not able to sustain the promotion of morphological changes in the OSE and/or
that estradiol-induced changes within the ovary at earlier time points prevented the
formation of preneoplastic lesions at later time points. Additionally, it suggests that the
lesions are either reversible or that the affected OSE can be replaced by cells with normal
morphology. This property of the preneoplastic morphological changes in OSE cells has

not been previously reported.
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Estradiol significantly increased the occurrence of preneoplastic morphological
changes of MOSE at certain doses and time points compared to placebo-treated mice.
Although the pellet releasing 0.05 mg estradiol resulted in circulating estradiol levels
equivalent to basal levels in serum collected 60 days after pellet insertion, it was
sufficient to promote columnar morphology significantly more commonly compared to
placebo controls at the 60 day time point. Circulating estradiol levels of mice implanted
with the 0.25 mg estradiol pellet were not measured, but presumed to be significantly
above basal levels based on the estrogen-related bladder problems experienced by mice
(Elson et al., 2000; Shai et al., 2008) and previous measurements for the same pellets
implanted in mice in our lab (Laviolette et al., 2010). This high dose of estradiol
significantly promoted all three preneoplastic lesions of MOSE quantified at the 60 day
time point and columnar morphology quantified at the 180 day time point, which was the
only estradiol-induced increased observed past the 60 day time point. A study looking at
the impact of a 0.25 mg estradiol-releasing pellet on MOSE morphology in normal mice
at early time points up to 60 days found a very similar percentage of the ovarian surface
covered with columnar and hyperplastic MOSE in both placebo and estradiol-treated
mice as findings in the current study at the 60 day time point (Laviolette et al., 2010),
This serves as further evidence that observed changes were due to the actions of estradiol
on Brcal-intact rather than Brcal-deficient MOSE cells.

Although both low and high dose estradiol treatment were able to increase the
occurrence of preneoplastic changes by 60 days after pellet insertion, low dose estradiol
resulted in only significantly increased columnar MOSE and not also hyperplasia or

invaginations as was accomplished by high dose estradiol. Although columnar MOSE are
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considered a putative preneoplastic morphological change of OSE based on their
occurrence in invaginations and inclusion cysts (Auersperg et al., 2001; Scully, 1995),
evidence for hyperplastic OSE and invaginations as preneoplastic lesions of ovarian
cancer is more strongly substantiated. Hyperplastic MOSE have been found to express
CA-125 (Kabawat et al., 1983) and MOSE in invaginations have been found to express
E-cadherin (Maines-Badniera and Auersperg, 1997; Sundfeldt et al., 1997) and c-KIT
(Tonary et al., 2000), proteins found in epithelial ovarian tumours but not in OSE cells of
normal morphology. Additionally, many studies have found MOSE hyperplasia and
invaginations more often in ovaries at high risk of developing ovarian cancer compared
to controls (Mittal et al., 1993; Plaxe et al., 1990; Resta et al., 1993; Salazar et al., 1996;
Schlosshauer et al., 2003; Stewart et al., 2004). It appears that the higher dose of estradiol
induced more aggressive morphological changes in MOSE cells than the lower dose.
Interestingly, the same preneoplastic changes highly induced by estradiol at the 60
day time point were commonly significantly decreased in estradiol-treated mice at the
365 day time point, suggesting some early effect of estradiol made the development of
preneoplastic lesions at later time points less likely to occur. Although not quantified, it
was noted that ovaries from estradiol-treated mice contained more atretic follicles and
less CLs compared to their placebo-treated counterparts; perhaps greater atresia induced
by high estradiol reduced the number of fully-grown follicles and/or ovulations and
therefore protected against preneoplastic lesion formation at later time points. This idea is
supported by literature showing that increased number of ovulations is associated with
greater preneoplastic morphological changes (Clow et al., 2002; Nieto et al., 2001) and

that, in addition to inducing follicular growth and development, estradiol can also cause
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follicular atresia, particularly of the dominant follicle, in rats and rhesus monkeys
(Dierschke et al., 1994).

It is currently not known how estradiol promotes both columnar and hyperplastic
morphology of MOSE cells, but distinct mechanisms are likely responsible because these
two phenotypes represent opposite ends of the epithelial-mesenchymal spectrum.
Estradiol can promote epithelial and mesenchymal phenotypes in various cell types. The
ability of estradiol to promote columnar MOSE cells is supported by oviductal epithelial
cells of beagles, baboons, and rhesus macaques transitioning from cuboidal to columnar
due to in vivo exposure to estradiol (Sawyer et al., 1984; Brenner et al., 1983; Verhage et
al., 1997). The induction of hyperplastic MOSE due to estradiol is supported by evidence
from in vitro studies of human ovarian cancer cell lines, human endometrial epithelial
cells, and mouse mammary epithelial cells showing exposure to estradiol induced
mesenchymal morphology, migration, multi-layered growth, and loss of tight junctions
(Park et al., 2008; Fialka et al., 1996; Chen et al., 2010). These effects corresponded to
upregulation of Snail and Slug, transcription factors known to promote epithelial to
mesenchymal transition (Park et al., 2008; Chen et al., 2010). The acquired mesenchymal
phenotype of MOSE cells may be due to decreased expression of Disabled-2 (Dab2), as
Dab2 is required for epithelial cells to maintain polarity (Yang et al., 2007) and mice
heterozygous for Dab2 develop preneoplastic lesions and benign cysts in their ovaries
(YYang et al.. 2006), although there is currently no evidence for estradiol causing Dab2
downregulation. It is possible that certain stimuli and subsequent signalling cause flat or
cuboidal OSE cells to transition into either a more or less epithelial-differentiated state, as

OSE are known to be an uncommitted cell type, capable of becoming more mesenchymal
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during ovulatory wound repair but more epithelial during malignant transformation
(Auersperg et al., 2001). Alternatively, evidence of a putative progenitor cell population
in the OSE (Szotek et al., 2008) allows for the possibility that the morphologic changes
induced by estradiol exposure depends on the population of OSE cells on which estradiol
acts. The mechanisms driving the formation of columnar and hyperplastic MOSE cells
must be further investigated to gain a better understanding of the role of estradiol in
promoting ovarian tumourigenesis.

With the overall hypothesis that estradiol promotes preneoplastic morphological
changes of MOSE, it was suspected that the formation of these lesions may be influenced
by structures within the ovary that produce estradiol, including large secondary and antral
follicles (Nussey and Whitehead, 2001; Oktem and Oktay, 2008). All preneoplastic
changes examined as well as normal MOSE were found to occur most frequently near
ovarian stromal cells and this is attributed to stroma being more common than any other
ovarian structure. Therefore, no particular structure within the ovary appears to secrete
factors that promote the formation of preneoplastic lesions on the surface. The
distribution of stroma and primordial, primary, secondary, and antral follicles underlying
MOSE with preneoplastic morphological changes was similar in both placebo and
estradiol-treated ovaries, suggesting no effect of estradiol or potential estradiol-induced
changes in these ovarian structures. There was a pattern for estradiol-treated ovaries to
contain more preneoplastic changes near atretic follicles and less near CLs than placebo-
treated mice. This is thought to be another representation of the greater frequency of

follicular atresia over CL formation and therefore decreased ovulation due to estradiol
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treatment rather than effects of atretic follicles and CLs promoting the formation of
preneoplastic lesions of OSE cells.

In the current study, quantification of Ki-67 staining was performed on ovaries
from the 60 day time point only because the implanted pellets release hormone for 60
days and therefore direct effects of estradiol would be expected to be equivalent or lower
at later time points. Ki-67 is expressed in the nucleus of all cells undergoing cell division
and its overexpression in OSE cells is indicative of an abnormality (Schlosshauer et al.,
2003). The very few proliferative MOSE cells found in ovaries from either treatment
group in the current study is consistent with reports in the literature. A study by Davies et
al. (1999) measuring the number of bromodeoxyuridine (BrdUrd) positive cells as a
percent of the total number of epithelial cells per ovarian section found less than 1% of
OSE are proliferative in sexually mature mice. In ovaries prophylactically removed from
women with and without a family history of ovarian cancer and then sectioned and
stained for Ki-67, one study found less than 1% of positive OSE cells (Piek et al., 2003)
and another study showed very few ovaries with any OSE cells staining positively
(Werness et al., 1999). No increase in MOSE proliferation due to exogenous estradiol has
also been reported previously (Laviolette et al., 2010).

The stimulus for proliferation in the few MOSE cells found to express Ki-67 per
section in the current study is unknown, but appears related to mechanical stress caused
by the development of large structures, such as late-stage secondary follicles and CLs,
within the ovary requiring greater ovarian surface area (Davies et al., 1999). Although
Wright et al. (2008) did not find an association between such structures and OSE cell

proliferation and in the current study stroma was found to underlie the majority of
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proliferative MOSE cells, large secondary follicles were also commonly found as well as
CLs specifically in placebo-treated mice.

MOSE found to express Ki-67 were most commonly flat-to-cuboidal in shape
rather than columnar or in patches of hyperplasia, suggesting these premalignant
phenotypes are not the result of increased proliferation. Ki-67-negative hyperplastic OSE
cells were noted in a histological study of prophylactically removed ovaries of women,
prompting the authors to challenge OSE hyperplasia as a valid preneoplastic lesion for
ovarian cancer (Piek et al., 2003). With evidence from numerous studies implicating OSE
hyperplasia as a preneoplastic change (Chéne et al., 2009; Nnene et al., 2004; Resta et al.,
1993; Salazar et al., 1996; Stewart et al., 2004), including involvement of p53 mutations
(Cai et al., 2009; Nnene et al., 2004), the finding that these cells lack Ki-67 expression
does not seem sufficient to exclude them as putative premalignant lesions. Proliferation-
independent mechanisms driving preneoplastic morphological changes of MOSE cells
over time and with estradiol treatment remain unknown. However, evidence that estradiol
prevents apoptosis (Choi et al., 2001; Murdoch and Van Kirk, 2002) suggests patches of
hyperplastic OSE cells could form without proliferating. Furthermore, estradiol has been
linked to the loss of polarity through epithelial to mesenchymal transition (Chen et al.,
2010; Park et al., 2008).

Because of E-cadherin’s function of maintaining cell-cell adhesions and epithelial
cell polarity, its down-regulation is often observed in tumour progression and metastasis
(Birchmeier and Behrens, 1994; Wijnhoven et al., 2000). However, in EOCs, which
become more differentiated as they progress, E-cadherin is upregulated from non-

detectable in human OSE cells to uniform expression in benign, borderline, and
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metastatic tumours (Maines-Bandiera and Auersperg, 1997; Sundfeldt et al., 1997). In
addition to being a marker of preneoplastic morphological changes in human OSE cells,
E-cadherin expression in MOSE cells was investigated in the current study because
numerous studies have found estradiol-induced epithelial to mesenchymal transition is
associated with downregulation of E-cadherin (Chen et al., 2010; Park et al., 2008),
although one study found in vivo estradiol treatment upregulated E-cadherin mRNA
expression in the mouse ovary (MacCalman et al., 1994). No differences in E-cadherin
expression were found in mouse OSE due to aging, estradiol treatment, columnar
morphology, or invaginations in the current study. Because, unlike humans,
morphologically normal mouse OSE do express E-cadherin (Auersperg et al., 2001;
Clark-Knowles et al., 2007), increased expression in preneoplastic lesions is likely to be
more subtle or the increased expression of E-cadherin associated with EOC progression
may be unique to humans. E-cadherin expression was decreased in some patches of
hyperplastic MOSE cells and this is consistent with its established role in maintaining
epithelial polarity (Birchmeier and Behrens, 1994; Wijnhoven et al., 2000).

The first objective of the study, to determine the impact of exogenous estradiol on
the occurrence of preneoplastic lesions and tumourigenesis in Brcal-deficient MOSE,
was not fulfilled due to technical difficulties in inactivating Brcal in a significant
proportion of OSE in vivo. However, estradiol did induce three distinct preneoplastic
lesions in Brcal-intact MOSE cells. It is predicted that greater effects of estradiol would
be observed with successful Brcal inactivation. In future experiments, this could
potentially be demonstrated with greater numbers of mice living to later time points, the

use of a dose of estradiol that raises serum estradiol but does not cause severe bladder
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complications, and replacement of the estradiol-releasing pellet every 60 days to ensure
circulating levels remain high. The possibility still remains that the combination of
increased DNA damage due to concomitant Brcal loss and elevated estradiol is a
significant factor in promoting ovarian tumourigenesis in BRCAL1 mutation carriers.

The function of BRCAL1 in regulating aromatase expression and therefore
estradiol secretion was investigated in the second objective of the current study and was
not substantiated in mouse OSE cells or primary GCs. This is the first reported in vitro
study measuring estradiol secretion, which is important in assessing potential
physiological effects of aromatase MRNA levels.

The contradiction between findings in the current study and published literature
could be due to a number of factors. Although every effort was made to employ culture
conditions that minimize spontaneous luteinisation of the primary cultures of GCs, the
possibility exists that the experimental conditions used in the current study prevented the
full effects of inactivated Brcal on aromatase expression and activity from being
observed because of some degree of luteinisation taking place. The likelihood that
enough functional Brcal remained in GCs and MOSE cells to mask the effect of Brcal
loss is considered low because at least fifty percent Brcal recombination was confirmed
in every experiment and a published study observed increased aromatase mMRNA
expression with BRCA1 knockdown of about fifty percent accomplished by siRNA (Lu
et al., 2006).

Unfavourable treatment conditions may have impacted observed results. It is well
documented that 48 hours of FSH treatment induces aromatase mMRNA expression and

estradiol production in cultured GCs, but serum prevents this effect (Fitzpatrick and
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Richards, 1991; Orly et al., 1980). This may explain the similarity of aromatase
expression and estradiol secretion in vehicle and FSH-treated primary GCs in the current
study, as 2% serum was included in media during treatment. Consistent with the current
study, it has been shown that concurrent testosterone treatment rescues FSH-stimulated
aromatase expression when serum is present; this effect of testosterone is mediated
through androgen receptor (Fitzpatrick and Richards, 1991). The effects of FSH and
testosterone appear similar in OSE cultured with serum. With aromatase mRNA levels
generally representative of corresponding estradiol production in GCs (Fitzpatrick and
Richards, 1991) and the highly specific and sensitive TagMan® Gene Expression Assay
used to determine aromatase mRNA expression, it was surprising to find undetectable
expression but detectable estradiol production from MOSE cells. Despite inhibition of
FSH-induced aromatase expression and estradiol production by components of the serum,
any significant effect of Brcal inactivation should have been observed, particularly
because previous studies documented the relationship in GCs without any cCAMP-
stimulation used to increase aromatase expression (Hu et al., 2005; Lu et al., 2011).

The published Brcal repression of aromatase in GCs could be an artefact of in
vitro systems that are not physiologically relevant. Knockdown of BRCAL causing
aromatase upregulation has been previously reported in only one cell line of GCs (Hu et
al., 2005) and, in terms of mechanistic investigation, the interaction between BRCAL and
transcription factor SF-1 was shown in the HEK 293 T cell line but could not be
substantiated in the human GC cell line (Lu et al., 2011).

BRCAL1 regulation of aromatase may also be more pronounced in breast tissue

than in ovaries. Increased aromatase transcription caused by BRCAL knockdown has
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been observed in primary breast adipose cells (Ghosh et al., 2007; Hu et al., 2005; Lu et
al., 2006) and the mechanism by which BRCAL represses aromatase transcription has
begun to be elucidated in similar systems (Lu et al., 2006; Lu et al., 2011; Subbaramaiah
et al., 2008). Furthermore, a significant increase in aromatase mRNA transcript levels in
women with germline BRCA1 mutations versus controls has been found, but was only
statistically significant for breast and not ovarian tissue (Chand et al., 2009; Lu et al.,
2006; Lu et al., 2011).

Finally, it is possible that transcriptional repression of aromatase by BRCA1 does
not occur in mice, as all studies directly investigating this relationship have been
performed on human cells (Ghosh et al., 2007; Ghosh et al., 2008; Hu et al., 2005;
Subbaramaiah et al., 2008). Hong et al.’s paper (2010) is the only evidence for Brcal
regulation of estrogen in mice. Their study convincingly shows that loss of functional
Brcalin GCs increases circulating estradiol and lengthens the proestrous phase of the
estrous cycle, but perhaps this occurs independent of Brcal regulation of aromatase. The
authors suggest investigating the effect of Brcal loss on gonadotropin surge attenuating
factor, inhibin, and activin (Hong et al., 2010). In vitro measurements of aromatase
expression in and estradiol secretion from GCs with and without functional Brcal
isolated from the mice used Hong et al.’s study would help to clarify Brcal’s ability to
regulate aromatase in mice. Overall, the hypothesis of a causal link between BRCAL1 and
aromatase is strongly supported in the literature, but remains invalidated in relation to
ovarian cancer until it is observed in primary GCs and in an in vivo model.

The effect of Brcal loss on ERa expression was investigated because of literature

showing cross regulation between these two proteins. About 90% of BRCA1-associated
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breast cancers are negative for ERa expression (Foulkes et al., 2004), ERa and BRCA1
expression are correlated in sporadic breast tumours (Roldan et al., 2006), and BRCA1
knockdown in human breast cancer cell lines is associated with decreased ERo mRNA
and protein expression (Hosey et al., 2007). A correlation between Brcal and ERa
expression was not observed in the current study. It is possible that the propensity for
BRCA1-associated breast cancers to be ERa negative is not due to BRCA1 regulation of
ERa expression but rather the inability of BRCA1-null mammary stem/progenitor cells,
which are ERa negative, to differentiate into ERa positive mammary epithelial cells. The
accumulation of DNA damage in these stem/progenitor cells make them likely to later
transform and from a breast tumour (Liu et al., 2008). Alternatively, it is possible BRCA1
regulation of ERa occurs in breast but not ovarian cell types. Further elucidating the
regulation of ERa. by BRCAL in the context of ovarian cancer may increase
understanding of tissue-specific cancer induction in BRCAL mutation carriers.

The aim of the third objective of the current study was to address the lack of in
vivo evidence of the relationship between BRCAL1 and aromatase by concurrently
inactivating Brcal in mouse GCs and OSE cells to determine if estradiol levels were
elevated and, if so, to evaluate their impact on the occurrence of preneoplastic
morphological changes and tumour initiation in OSE cells. Firm rationale supported the
design of creating a mouse model in which to study Brcal loss in both GCs and OSE
cells. Amhr2 is a serine/threonine kinase receptor for anti-Mdullerian hormone. It is
expressed in somatic cells of the adult female reproductive tract, including GCs and OSE
cells (Broekmans et al., 2008; Jamin et al., 2002). The Amhr2°“™ mouse has been used

previously in crosses with homozygous floxed mice to cause recombination and
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inactivation of a gene of interest, including the SNF2L gene by a previous lab member
and Brcal by a different group (Xing et al., 2009). It is currently not known why the

same Amhr2¢re/cre

mice used previously in the lab are no longer expressing Cre
recombinase. Although a small proportion of recombined Brcal was observed in a single
isolation of GCs from Brcal'™®"®® Cre-positive mice, intact Brcal alone found in every
other isolation of cells and tissues necessitated the conclusion of no functional difference
between mice with or without the Cre transgene and subsequent abandonment of this
mouse model for the study of the effects of inactivated Brcal on estradiol production.

The importance of investigating cellular processes in physiologically relevant
settings is highlighted in the study of the relationship between BRCAL and aromatase, as
in vivo evidence is sorely lacking. Unfortunately, technical challenges impeded the
current study in furthering our understanding of Brcal regulation of aromatase in such
relevant systems. Exogenous estradiol did not induce tumourigenesis of mouse OSE, but
there was evidence of increased preneoplastic morphological changes and the possibility
remains that estradiol may cause more severe effects on OSE lacking functional Brcal.
Unfortunately conclusions about the consequences of Brcal loss in both GCs and OSE
cells in vivo simultaneously on aromatase expression and ovarian tumour initiation were
not possible, as a mouse model exhibiting Brcal inactivation in both cell types was not
successfully generated. One strong finding of the current study was that Brcal loss did
not upregulate aromatase expression or estradiol synthesis in MOSE cells or primary
GCs, contrasting published studies performed in different cell systems. Despite this
finding, evidence from the published reports remains strong enough to make the

investigation of an in vivo model of this relationship a worthwhile endeavour. It is
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important to confirm or invalidate the promotion of malignant transformation of BRCA1
deficient epithelial cells in breast and ovarian tissue by elevated estradiol from cells
lacking BRCAL in physiologically relevant systems; the findings have the potential to
uncover pathways responsible for tumour initiation and early progression and provide
evidence for aromatase inhibitors as a cancer prevention measure in women with a
germline Brcal mutation. Many functions of BRCAL likely contribute to its role as a
tumour suppressor and their further investigation will improve understanding of the
molecular events responsible for the enigma of tissue-specificity of BRCAZ1-associated

cancers with the goal of improving the quality of life and survival of mutation carriers.
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