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ABSTRACT

Epithelial ovarian cancer (EOC) is divided into several histological subtypes
characterized by Miillerian-like differentiation and the expression of genes not expressed
in normal ovarian surface epithelium. Many of these genes are implicated in female
reproductive tract development, including Hoxa7 and Pax8, and it has been proposed that
these genes are involved in the differentiation and progression of EOC. The effects of
Hoxa?7 overexpression (cellular proliferation, morphology, expression of E-cadherin and
vimentin) were investigated in cell lines derived from our transgenic mouse models of
ovarian cancer. However, Hoxa7 overexpression did not significantly affect any of these
parameters. Immunohistochemical analysis revealed that Pax8 often appears to be
localized to regions of papillary differentiation in tumours from transgenic tgMISIIR-
TAg mice. These results suggest that while Hoxa?7 alone does not drive EOC
differentiation in vitro, expression of Pax8 may contribute to the differentiated epithelial

features of ovarian cancer.
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CHAPTER 1: INTRODUCTION

1.1  Ovarian Surface Epithelium and Epithelial Ovarian Cancer

1.1.1 Ovarian Cancer Incidence Rates, Symptoms and Treatment

Ovarian cancer is an aggressive malignancy that has the highest mortality rate of
all gynecological cancers. Approximately 90% of all ovarian cancers are epithelial
cancers and are thought to develop from the ovarian surface epithelium (OSE), a simple
squamous, cuboidal, or pseudostratified columnar mesothelium that lines the surface of
the ovary (Auersperg et al., 2001). Several risk factors (family history, menopause,
nulliparity, the use of hormone replacement therapy) and protective factors (increasing
parity and the use of oral contraceptives) have been identified for ovarian cancer from
epidemiological studies, though the precise etiology of epithelial ovarian cancer (EOC)
remains unclear (Sueblinvong and Carney, 2009). Although germline mutations in the
BRCAI or BRCA2 tumour suppressor genes are well established as strong predictors of
developing ovarian cancer, only 10% of all ovarian cancers can be attributed to inherited
mutations, and the remainder of cases arise spontaneously (Palma et al., 2006).

A Canadian woman’s lifetime risk of developing ovarian cancer is about 1 in 71
women, and the five-year survival rate for women diagnosed with this disease is 40%
(Canadian Cancer Society Statistics 2009). This poor long term survival rate is primarily
because the majority of patients present with advanced-stage disease (Stage III/IV), when
the cancer has already metastasized to other sites in the peritoneal cavity and beyond.

Late-stage presentation is so common because there are no screening methods for early



detection of ovarian cancer. The most widely used detector of ovarian cancer is the serum
level of cancer antigen 125 (CA 125), however these levels are only elevated in around
half of cases of early-stage disease and in 80% of women with advanced disease (Nossov
et al., 2008). In addition, symptoms of ovarian cancer are vague or completely absent.
When symptoms do present, they usually mimic those of gastrointestinal and bladder
disorders, including persistent bloating, constipation, urinary urgency and pelvic pain.
Such symptoms can easily be dismissed by women and their doctors, further contributing
to late-stage ovarian cancer detection.

Treatment regimens vary according to the age of the patient, and the stage and
grade of the cancer, but standard options include surgical resection of as much tumour
tissue as possible, followed by intravenous or intraperitoneal (IP) administration of
taxane and platinum-based chemotherapeutic drugs such as paclitaxel, cisplatin and
carboplatin. Primary surgery often also includes removal of the uterus, fallopian tubes,
contralateral ovary, and omentum. When this initial cytoreductive surgery is optimally
performed in women with Stage I or Stage II ovarian cancer with postoperative adjuvant
chemotherapy, the response rate is very good and overall survival ranges from 80-95%
(Cannistra, 2004). However, approximately 70% of patients with late-stage ovarian
cancer will relapse, and often the recurrent disease is chemo-resistant (Hogberg et al.,
2001). This makes successful, long-term treatment of EOC very challenging and
increases the need for better therapies. Unfortunately, the initiating and early molecular
events in ovarian carcinogenesis are poorly understood, which creates a barrier to

developing early detection strategies and appropriate, ovarian tumour-targeted treatments.



1.1.2 Description of the Normal Ovarian Surface Epithelium

The OSE is a simple squamous, cuboidal, or pseudostratified columnar
mesothelium that lines the surface of the ovary (Auersperg et al,, 2001). It is
embryonically derived from the coelomic epithelium, which is also the source of the
embryonic Miillerian ducts from which the structures of the female reproductive tract (the
fallopian tubes in humans and oviducts in mice, uterus, cervix, and vagina) arise
(Hashimoto, 2003; Guioli et al., 2007). OSE in the adult has an uncommitted phenotype
both irn vivo and in vitro. Cultured OSE are capable of acquiring a cobblestone-like
appearance that is characteristic of epithelial cells, and an elongated phenotype with
projections, similar to fibroblasts (Auersperg et al., 1994). In vivo, OSE can normally be
either squamous or cuboidal, and this phenotypic plasticity is mirrored by a functional
plasticity. In response to ovulation and the rupturing of the follicle and ovarian surface,
the OSE must be able to rapidly proliferate to close the ovulatory wound. Indeed, OSE
directly adjacent to the site of ovulation have been shown to be cuboidal in shape and
more highly proliferative than squamous OSE that were not associated with these sites
(Tan and Fleming, 2004). However, the factors stimulating OSE proliferation are not
completely understood; while murine OSE respond to follicle stimulating hormone (FSH)
and luteinizing hormone (LH) stimulation in vivo (Davies et al., 1999), their proliferation
does not increase in the presence of estrogen, a known mitogen (Laviolette et al., 2010).

The OSE can be histologically distinguished from other mesothelia by the
presence of cilia (Blaustein and Lee, 1979), but there are no known OSE-specific cell

surface markers that enable sorting for OSE from a mixed population of mesothelial cells



by fluorescence-activated cell sorting (FACS), for example. However, since the OSE is so
delicately attached to its basement membrane, it is possible to remove it from the ovary
by gentle surgical scraping or through enzymatic means (Kruk et al., 1990). Both mouse
and human OSE express cytokeratins, which are typical epithelial cell markers
(Auersperg et al., 1984; Quirk et al., 1997), so OSE can be identified in culture at the
exclusion of all other ovarian cell types. Along with cytokeratins, human OSE
constitutively express N-cadherin, which is an adhesion molecule that forms cell-cell
junctions in mesodermally-derived epithelia (Wong et al., 1999). E-cadherin, which is the
cadherin family member usually expressed in epithelia, is only conditionally expressed in
human OSE (Maines-Bandiera and Auersperg, 1997; Wong et al., 1999) and is expressed
at low levels in murine OSE (Fleming et al., 2007). Although the OSE are epithelial cells,
both mouse and human OSE also express vimentin, further evidence of an uncommitted
state of differentiation (Jiang et al., 2003; Davies et al., 2003). The OSE also expresses
an array of receptors, including those for LH and FSH (Davies et al., 1999; Lu et al.,
2000; Syed et al., 2001), estrogen and progesterone (Brandenberger ef al., 1998; Lau et
al., 1999), and epidermal growth factor (EGF) (Doraiswamy et al., 2000). KIT, a receptor
tyrosine kinase, is not expressed in normal human OSE, but the expression of KIT Ligand

is detectable in normal human and rat OSE (Tonary et al., 2000; Ismail et al., 1999).

1.1.3 Epithelial Invaginations and Inclusion Cysts
Though the OSE generally lies on the surface of the ovary, it has the capacity to

invade the ovarian cortex and form clefts referred to as invaginations. If the OSE cells of



these invaginations pinch off from the surface entirely, they can form OSE-lined
inclusion cysts (Figure 1). It has also been proposed that inclusion cysts can be formed
when the OSE close to an ovulating follicle becomes trapped within the stroma after the
follicle and ovarian surface rupture (Murdoch, 1994). The OSE of invaginations and
inclusion cysts differs from surface OSE regarding its morphology and expression
profiles. OSE cells within inclusion cysts are more often columnar than squamous
(Maines-Bandiera and Auersperg, 1997). They also begin to express proteins not
commonly seen in normal OSE, including E-cadherin (Maines-Bandiera and Auersperg,
1997; Sundfeldt et al., 1997), KIT (Tonary et al., 2000), HOXA7 (Naora et al., 2001a)
and several fallopian tube/oviduct markers, including PAX8 (Bowen et al., 2007),
oviduct-specific glycoprotein (OGP) (Woo et al., 2004), epithelial membrane antigen
(EMA), epithelial cell adhesion molecule (EpCAM), and mesothelin (Drapkin, 2004).
These altered cell morphologies and protein expression profiles are more characteristic of
a committed, differentiated epithelium than of normal surface OSE, indicating Miillerian-
like differentiation in particular.

While invaginations and inclusion cysts are benign and can be found in grossly
normal ovaries, they are considered to be putative pre-neoplastic lesions (Auersperg et
al., 2001). There are epidemiological links between invaginations or inclusion cysts and
the risk factors for EOC, as these lesions are more commonly seen in the ovaries of post-
menopausal women (Tok ef al., 2006) and in women with a family history of ovarian
cancer, including BRCA 1 mutation carriers (Werness et al., 1999; Salazar et al., 1996).

Furthermore, not only are inclusion cysts more prevalent in the contralateral ovaries of



Figure 1: Invaginations and inclusion cysts in the ovary. (A) An invagination of OSE
cells into the stroma of the ovary. (B) An inclusion cyst within the stroma, made up of
OSE cells which have the propensity to undergo metaplasia, dysplasia, and potentially

transformation.



women with serous ovarian tumours than in the ovaries of women without ovarian cancer
(Mittal et al., 1993), they can also sometimes be found next to the serous tumour itself
(Bell and Scully, 1994). Molecular similarities between inclusion cysts and established
EOC have also been demonstrated; all the proteins listed above that are aberrantly
expressed in cortical inclusion cysts are also expressed in ovarian carcinomas. The
Miillerian-like differentiation seen in inclusion cysts is also commonly seen in EOC,
which will be discussed further in section 1.1.4. There is also some evidence that the OSE
within inclusion cysts is abnormal and is capable of initiating tumourigenesis. Namely,
assessments of ovarian inclusion cysts have revealed genomic instability not found as
commonly in nearby normal OSE that is similar to serous ovarian carcinomas (Korner et
al., 2005), and there have been some reports of microscopic cancerous lesions that

occupy the site of ovarian inclusion cysts (Scully, 1995).

1.1.4 Histological Subtypes of Epithelial Ovarian Cancer

1.14.1 Histological and Molecular Features

The progression of EOC is quite unique; ovarian tumours display a much more
differentiated phenotype than that of the OSE, their presumed tissue of origin. While OSE
have characteristics of both epithelial and stromal cells and often exhibit a rather
unremarkable phenotype, epithelial ovarian tumours can be incredibly structured and
organized. Specifically, epithelial ovarian tumours often fit at least one of several defined
histological subtypes, the most common of which are the serous, endometrioid, and

mucinous subtypes (Auersperg ef al., 2001). The vast majority (80-85%) of all ovarian



carcinomas are classified as serous, 10% of tumours are endometrioid, and the rest are
either mucinous or one of the other more rare subtypes (Seidman et al., 2004). These
classifications are given based on the morphological resemblance of the tumours to
structures of the normal, Miillerian duct-derived female reproductive tract; serous
tumours have a papillary phenotype much like the fallopian tube, endometrioid
carcinomas have glandular structures reminiscent of uterine endometrial glands, and
mucinous carcinomas resemble cervical epithelium. The definitive cause of this
histotype-specific tumour differentiation remains unknown.

While the majority of ovarian carcinomas can be classified as serous, there is
quite a bit of morphological and genetic heterogeneity within this group. This makes
grading of serous tumours somewhat difficult, as there are multiple classification systems
that all have slightly different criteria for this tumour characteristic. In general, tumours
are graded based on architecture, histology, and mitotic index; low-grade tumours are
defined as well differentiated lesions with low proliferative activity, whereas high-grade
tumours are poorly differentiated, aggressive tumours with a high mitotic index. The
distinction between low-grade and high-grade serous tumours is critical not only because
they are morphologically dissimilar, but also because there is increasing evidence that
these tumours develop from distinct molecular pathways. It has been proposed that low-
grade serous carcinomas have more in common with the non-serous ovarian cancer
subtypes than with high-grade serous tumours, as the former group develop in a stepwise
fashion from borderline precursors, but the latter may arise de novo from the OSE or

inclusion cysts (Shih and Kurman, 2004). The molecular profiles of these different



tumour subtypes are quite discrete, which supports this hypothesis. Mutations in the
proto-oncogenes BRAF or KRAS have been reported in almost 70% of low-grade serous
carcinomas, but not in any high-grade serous carcinomas (Singer et al., 2003). In
contrast, P53 mutations are rare in low-grade serous tumours but are detected in more
than half of poorly differentiated, high-grade serous tumours (Milner et al., 1993; Singer
et al., 2005). The expression of Wilms tumor 1 protein (WT1) has also been widely used
as an immunohistochemical marker of high-grade serous ovarian carcinomas, as it can be
detected in up to 90% of these tumours (Kobel er al., 2009).

The serous subtype of ovarian cancer is not the only histotype that is associated
with a specific set of molecular mutations and alterations. Somatic mutations in the [3-
catenin gene CTNNBI and the tumour suppressor gene PTEN are predominant within the
endometrioid histotype (Palacios and Gamallo, 1998; Obata et al., 1998). The CTNNBI
mutations, which are present in approximately 30% of endometrioid tumours, are
localized to the sequence associated with ubiquitin-mediated degradation by the
proteasome, leading to the accumulation of B-catenin in the nucleus (Gatcliffe et al.,
2008). This nuclear as opposed to membranous localization of accumulated B-catenin is
also specific to the endometrioid ovarian subtype (Gilks, 2010). Furthermore, it has
recently been investigated whether the dual pathway hypothesis that has been suggested
for low and high-grade serous tumours is also applicable for low and high-grade
endometrioid tumours; in a study of 29 tumour samples, it was reported that CTNNBI
and PTEN mutations were preferentially found in low-grade carcinomas (Geyer et al.,

2009).



Mucinous carcinomas only make up 3-4% of all ovarian carcinomas, and when
they occur they are usually limited to the ovary (Gilks, 2010). Mutations in codons 12
and 13 of the KRAS gene can be found in this subtype, which is also true of the low-grade
serous subtype. However, unlike low-grade serous tumours, KR4S mutations are the most
commonly detected mutation; KRAS mutations at these loci were present in 85% of
mucinous carcinoma samples (Cuatrecasas ef al., 1997), compared to 35% of low-grade
serous carcinomas (Singer et al., 2003). Furthermore, mucinous ovarian carcinomas can
be molecularly distinguished from low-grade serous carcinomas by the presence of HER2
amplification in approximately 20% of cases, an event that is rare in the other ovarian

cancer subtypes (McAlpine et al., 2009).

1.1.4.2 Clinical Implications of Ovarian Tumour Subtype

Ovarian tumour histotype, stage and grade are critical determinants of patient
response to treatment and overall survival. The Gynecologic Oncology Group published a
study indicating that histotype is an independent predictor of prognosis, specifically that
the mucinous subtype is associated with poor progression-free survival (Winter et al.,
2007). This is perhaps not surprising, given that mucinous tumours are well known to be
resistant to standard chemotherapies (Hess et al., 2004). The recent discovery of HER?2
amplification in mucinous ovarian carcinomas lead to the promising preliminary study of
trastuzamab, a monoclonal antibody to HER2, in patients with this tumour type; this
showed that one patient (of three) with recurrent disease had a dramatic response to

trastuzamab (McAlpine et al., 2009).
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However, it has also been suggested that the recognition of so many distinct
histotypes is not as clinically relevant as categorizing carcinomas as either Type I or Type
II tumours (Shih and Kurman, 2004). This classification primarily differentiates tumours
based on grade; Type I tumours are generally low-grade, including low-grade serous and
endometrioid carcinomas, as well as most mucinous tumours. In addition, there are
morphologically recognizable benign or borderline precursor lesions associated with
these tumours. Type II tumours are generally high-grade serous and endometrioid
tumours, with unknown precursor lesions. Given that Type | tumours arise from
borderline or benign tumours which generally remain slow growing and confined to the
ovary, they are easier to detect at an earlier stage and sometimes easier to treat than Type
II tumours (Cho and Shih, 2009). This means that women with Type I tumours generally
exhibit better clinical outcomes than those with Type II tumours. Comparisons in survival
rate between women with different histotypes of ovarian cancer often show that survival
relies more on the grade of the tumour than on the histotype itself. For example, patients
with low-grade serous carcinomas (about 10% of all serous tumours) tend to present at a
younger age and have a better overall survival rate than those with high-grade tumours of
any subtype (Gershenson et al., 2006), and endometrioid ovarian adenocarcinomas are
usually low-stage and low-grade, so patients with this subtype of ovarian tumour

generally live longer than those with serous tumours (Gilks, 2010).
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1.1.5 Genetic and Molecular Profiles of Epithelial Ovarian Cancers Compared to

Normal OSE

Along with the acquisition of a differentiated tumour phenotype that resembles
structures in the female reproductive tract, EOC is also characterized by the expression of
genes and proteins not normally expressed in the OSE. For example, EOCs of all
subtypes express E-cadherin (Fujimoto et al., 1997) and HOXA7 (Cheng et al., 2005),
and certain subtypes express HOXA9, HOXA10, HOXA11 (Cheng et al., 2005), and
PAXS8 (Bowen et al., 2007). In fact, the gene expression profiles of each ovarian cancer
subtype are more similar to epithelium from the normal structures that they
morphologically resemble than to normal OSE; gene expression in serous carcinomas
correlates with fallopian tube gene expression but not with other EOC subtypes or normal
OSE, for example (Marquez et al., 2005). As was mentioned previously, E-cadherin,
HOXA7, and PAXS8 can also be found in inclusion cysts. Therefore, since aberrant
positioning of OSE cells within the ovary as inclusion cysts as opposed to on the surface
is associated with the activation of genes that are expressed in cancer but not in normal
OSE, inclusion cysts have been identified as likely intermediate structures in the
initiation of EOC. However, it is unclear whether this aberrant gene expression in
inclusion cysts drives cellular transformation and the differentiation of EOC or whether it

is a consequence of this transformation and differentiation.
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1.2  HOX Genes

1.2.1 Structure, Function and the Principle of Colinearity

HOX genes are members of a highly conserved gene family that confer positional
identity in the developing embryo. HOX genes and their function were first identified in
Drosophila melanogaster, as mutations in these genes caused homeotic transformations,
or the transformation of one body segment to another. For example, a mutation in the
Antp gene resulted in the development of a leg at the position where there should
normally be an antenna (Lewis, 1956). HOX genes are relatively small genes, containing
only one intron of varying length and two exons. They are defined by a 183 base pair (bp)
DNA sequence residing in the second exon called the homeobox. The homeobox encodes
the highly conserved, 61 amino acid homeodomain, which is a helix-turn-helix DNA
binding domain (Lappin et al., 2006).

The HOX genes in Drosophila exist as clusters within two gene complexes. The
bithorax complex contains three HOX genes (Ubx, Abd-A, Abd-B) and the Antennapedia
complex contains five HOX genes (Lab, Pb, Dfd, Scr, Antp). The first mammalian genes
showing homology to the Drosophila homeobox were characterized in the mouse by
using Drosophila homeobox probes against murine DNA (McGinnis ef al., 1984). Since
these initial studies, HOX genes have been identified in all animals, plants, and fungi,
evidencing their early evolutionary origins (Lappin et al., 2006). However, different
organisms have different numbers of HOX genes and complexes; this indicates that
several duplication events of single genes or whole clusters have occurred in various

species over the course of evolution, and all HOX genes have been proposed to arise from
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a single, hypothetical ProtoHox gene (Garcia-Fernandez, 2005). There are 39 HOX genes
in mammals which are organized into four clusters, named A to D. Each cluster is
positioned on a different chromosome (7, 17, 12 and 2, respectively for human and 6, 11,
15 and 2 respectively for mouse), and within each cluster are a number of adjacently
positioned HOX genes that belong to one of 13 paralog groups based on sequence identity
and relative position on the chromosome (Scott, 1992) (Figure 2).

A fascinating feature of HOX genes in vertebrates is that they exhibit both spatial
and temporal colinearity. Spatial colinearity was established first in Drosophila when it
was shown that the HOX genes were clustered on the chromosome in a colinear fashion
to their position of expression along the thorax and abdomen; the 3° genes in the cluster
were expressed at the most anterior body position and the 5° genes are expressed in the
most posterior body compartments (Lewis, 1978). Years later, temporal colinearity was
also demonstrated in mice and has since been shown to occur in all vertebrates, meaning
that 3° HOX genes are also expressed earlier in the embryo than the 5° genes of the cluster
(Doll¢ and Duboule, 1989). Therefore, expression of the 3° HOX genes is responsible for
patterning anterior body segments and expression of 5° HOX genes patterns posterior
body segments. This also means that there is an overlap of transcript expression and an
increasing amount of HOX products towards the posterior end of the body, and it is not
possible to detect any given HOX transcript until the HOX genes 3’ to that position have
been expressed. Therefore, positional identity is necessarily defined by the most posterior
HOX gene expressed at a given body segment, an idea that has been termed “posterior

prevalence” (Duboule, 1991). It follows, then, that if expression of the most posterior
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Figure 2: Organization of HOX genes. There are 39 mammalian HOX genes in four
clusters, each on a separate chromosome. Each HOX gene belongs to one of 13 paralog
groups which are highly homologous to the Drosophila HOM-C genes. HOX genes
display spatial and temporal colinearity; the 3’ genes are expressed in anterior body
segments of the embryo and earlier, while the 5° genes are expressed in posterior body

segments and later. Adapted from Lappin et al., 2006.
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HOX gene at a given position is suppressed, the default identity assumed at that location
will be that of the one defined by the next 3° HOX gene. Indeed, this has been observed in
numerous HOX gene mutants. For example, null mutations in Hoxc8, a gene involved in
vertebral differentiation, result in the homeotic transformation of the first lumbar vertebra
for a more anterior thoracic vertebra in the mouse (Le Mouellic et al., 1992). Conversely,
overexpression of the posterior homeobox gene XIHbox 6 in the anterior compartment of
Xenopus embryos is sufficient to drive the formation of tail structures where the head
would normally develop (Cho et al., 1991). There have been a few regulatory
mechanisms suggested which would allow for such spatial and temporal colinearity. The
first possibility is that the transcription of early genes leads to chromatin remodeling and
increasing transcriptional accessibility to successive HOX genes. Another possibility is
that there are global enhancer sequences which exist outside the HOX cluster that
differentially regulate gene expression as a result of varying distance from each gene,
promoter competition or affinity (Kmita and Duboule, 2003).

As all HOX gene products contain the DNA binding homeodomain, their main
function is to act as transcription factors that regulate gene expression during embryonic
development and often in adult tissues. The target gene binding specificity is provided
not by the HOX gene sequence, since the homeobox is highly conserved, but rather
through interactions with several cofactors in large protein complexes. The main outcome
of these actions is embryonic axial patterning and cell fate determination. HOX genes are
first expressed in the embryo at the time of gastrulation, when the three germ layers are

formed and the body axis is established (Gruss and Kessel, 1991). Demonstrating the
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principal of spatial and temporal colinearity, the HOXI paralogs are expressed initially at
the anterior end of the primitive streak, and the more 5’ paralogs are expressed as the axis
is elongated posteriorly. The role of HOX genes in body patterning and cell fate
determination throughout embryogenesis has been well established in many different
organ systems and processes, including limb development (Zakany and Duboule, 2007),
hematopoeisis (Sauvageau ef al., 1994), and development of the female reproductive tract

(Kobayashi and Behringer, 2003).

1.2.2 HOX Gene Expression and Regulation in the Female Reproductive
Tract

The development of the female reproductive tract begins shortly after gastrulation
with the regression of the Wolffian ducts (the presumptive male reproductive tract) and
differentiation of the Miillerian ducts, which contain epithelial cells surrounded by
mesenchyme. Several homeodomain-containing genes are involved in the proper
development of the fallopian tubes, uterus, cervix and vagina, including the Abd-B-like
HOXA genes, HOXAY9, HOXA10, HOXA1l, and HOXA13. Expression of these genes has
been shown in the Miillerian ducts and reproductive tracts of female mouse embryos,
neonates and adults, and a conserved HOX/Hox axis has been established in the adult
female reproductive tract of both human and mouse (“HOX " in humans, “Hox " in mice;
Taylor et al., 1997). In the mouse, the Hoxa genes are uniformly expressed in the
undifferentiated Miillerian ducts, but their expression was maximal and spatially

restricted between birth and two weeks of age, when the differentiation of the Miilletian
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ducts was at its peak. At this time, Hoxa9 was predominantly expressed in the oviducts,
Hoxal0 was expressed in the uterine stroma and epithelium, Hoxall was expressed in the
uterus and cervix, and Hoxal3 was strongly expressed in the vagina. Furthermore, this
expression pattern was maintained in the adult mouse and was paralleled in the adult
human. It is also required for proper reproductive tract development and positional
identity; Hoxal0 and Hoxall mutant mice are infertile as a result of the inability of the
uterus to develop properly and allow for zygote implantation (Satokata et al., 1995;
Hsieh-Li et al., 1995). This uterine-factor infertility in Hoxal 0 knockout mice is perhaps
not surprising since the anterior uterine segment of these mice undergoes homeotic
transformation to oviduct-like structures (Benson et al., 1996).

The factors regulating HOX gene expression and their influence on differentiation
and patterning are complex and poorly understood. In addition to spatial and temporal
regulation of HOX gene expression, the binding of various cofactors like Meis and Pbx
proteins are integral to proper HOX functioning (Moens and Selleri, 2006), and recently,
endocrine regulation of HOX genes has also been demonstrated. The epithelium in the
adult female reproductive tract undergoes extensive turnover throughout the menstrual
cycle, so expression of the HOX genes into adulthood is thought to be necessary for these
cells that have to repeatedly differentiate, and this may be facilitated by estrogen and
progesterone. Endocrine regulation of HOX genes has been studied the most in the uterus.
HOXA10 and HOXA 11 transcript levels are the highest during the mid-secretory stage, at
which point the endometrium has differentiated in preparation for implantation, and

estrogen and progesterone levels are also high (Taylor et al., 1998; Taylor et al., 1999).
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Furthermore, estrogen and progesterone treatment of endometrial cells in vitro is
sufficient to increase HOXA10 and HOXA11 expression (Taylor et al., 1998; Taylor et al.,
1999). However, in vivo, 17B-estradiol suppresses Hoxal(0 expression in the adult mouse
uterus, and the synthetic estrogen diethylstilbestrol (DES) suppresses Hoxal0 in the
Miillerian ducts (Ma et al., 1998). One piece of evidence that may explain this
suppression comes from a study in which pregnant mice received IP treatment of DES.
The reproductive tracts of 2 week old female pups from these mothers displayed
posteriorly shifted expression of Hoxa9, Hoxal(, and Hoxall (Block et al., 2000). This
suggests that rather than universally repressing Hoxa gene expression, estrogen may
regulate the normal positional expression of the Abd-B-like Hoxa genes in vivo.

HOX genes also appear to contribute to epithelial differentiation in non-
reproductive tract sites in the adult. Mutations in two of three Hox paralogs, Hoxa9,
Hoxb9, or Hoxd9 do not affect the ability of female mice to become pregnant and deliver
healthy offspring, but their mammary glands do not develop properly to lactate
sufficiently to feed the pups (Chen and Capecchi, 1999). The post-parturition mammary
glands in the mothers exhibit hypoplasia and aberrant morphology in the lobuloalveolar
structures, indicating a role for the Hox9 paralogs in cell proliferation and differentiation
in mammary epithelium. Interestingly, Hox genes can influence mammary epithelial
proliferation and differentiation even when they are expressed by non-epithelial tissue;
Hoxa transcript was detected in the stromal, but not in the epithelial compartments of
normal mouse mammary glands, yet Hoxa5 null mice also exhibited lactation defects

(Garin ef al., 2006). Proliferation in the epithelium of the mammary glands in Hoxa5"
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mice was greatly increased compared to wildtype mice, but, as in the Hox9 paralog

mutants, there were morphological abnormalities in the lobuloalveolar structures.

1.2.3 HOX Gene Expression in the Ovary

Very little is known about which HOX genes are expressed in the adult ovary, and
when they are expressed, and even less is known about HOX gene regulation in this
tissue. A number of Hox genes, including Hoxa9, have been shown to be expressed in
mouse oocytes (Villaescusa et al., 2004). HOXA7, a fellow member of the HOXA gene
cluster, is expressed in granulosa cells of the human ovarian follicle (Ota et al., 2006).
Specifically, HOXA7 staining was seen in the granulosa cells of growing primary
follicles but was absent in the granulosa cells of quiescent primordial follicles, suggesting
a potential role for HOXA7 in cellular proliferation within the ovary. Recently, HOXA4,
HOXA7, and HOXA9 mRNA have been shown to be expressed in cultured human OSE
by real time PCR, and the expression of all three genes decreases as the cultures reach
confluence, again suggesting a potential role for certain HOXA genes in proliferation (Ota
et al., 2009). However, little to no HOXA7, HOXA9, HOXA10, and HOXAT11
immunohistochemical staining is visible in normal human OSE in vivo (Cheng et al.,

2005).

1.2.4 HOX Genes in Cancer

Aberrant expression of an array of HOX genes is commonly reported in cancer,

and three main possibilities have been identified that characterize this dysregulation
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(Abate-Shen, 2002). The first option is that HOX genes can be downregulated in a
cancerous tissue if it normally expresses that gene. When HOX genes are expressed in
normal adult tissue, they contribute to the regulation of epithelial differentiation required
for proper tissue functioning, such as in the epithelium of the breast and uterus.
Therefore, loss of HOX gene expression in several different carcinomas is associated with
the loss of tissue architecture and organization that is typical of these cancers. For
example, loss of HOXAS expression is observed in more than 60% of breast cancers
(Raman et al., 2000), and HOXA10 is downregulated in high grade endometrial
carcinomas (Yoshida et al., 2006). The second and third possibilities are that HOX genes
can be re-expressed or overexpressed in tissues that normally express them
embryonically, or de novo HOX gene expression can occur in tissues that have no history
of that expression pattern. For example, HOXA7 and HOXAY are critical for the
maintenance of the hematopoietic stem cell population, and their overexpression is
associated with acute myeloid leukemia (AML) (So ef al., 2004). Gain of HOX
expression has also been demonstrated in many primary solid tumours: HOXAI is
expressed in neoplastic but not normal mammary tissue (Friedmann ez al., 1994),
HOXAI A5, A10, and HOXCG6 are significantly more highly expressed in non-small cell
lung carcinoma tissue than in normal lung tissue (Abe et al., 2006), and HOXA7, HOXASY,
HOXBI13 and HOXD are upregulated in astrocytic tumours relative to normal astrocytes
(Abdel-Fattah et al., 2006).

Just as there are varying HOX expression patterns and manners of dysregulation

in a wide variety of cancers, there are also many different functional outcomes of aberrant
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HOX expression, such as promoting transformation, proliferation, metastasis and
invasion. The most fundamental explanation for the abundance of HOX gene
overexpression in cancer is that they can act as oncogenes, and indeed, this putative HOX
gene function has been demonstrated in in vitro and in vivo assays. An early study
showed that NIH 3T3 mouse fibroblasts and Rat-1 fibroblasts could be transformed by
transfection with Hoxb4, as the transfected cells formed colonies in soft agar and tumours
in nude mice (Aberdam et al., 1991). Since then, the oncogenic potential of a number of
HOX genes, including those of the HOXA cluster, has been demonstrated; transfection
with Hoxa?7 can also transform NIH 3T3 cells (Maulbecker and Gruss, 1993a), and
overexpression of Hoxa9 and its cofactor Meisl, or Hoxal0 in various murine
hematopoietic cells types leads to cellular transformation in vitro and/or AML in vivo
(Kroon et al., 1998; Thorsteinsdottir et al., 1997). Notably, epithelium can also be
transformed by certain HOX genes, as was established by ectopic expression of Hoxal in
mammary epithelium (Zhang et al., 2003).

Often, cellular transformation and proliferation go hand in hand, so it is fitting
that HOX genes have also been shown to play a role in regulating proliferation. Loss of
HOX function in cancer may be associated with increased proliferation merely as an
indirect result of loss of the differentiated state, but there are some studies demonstrating
that gain of HOX expression has a causal influence on proliferation. For example,
overexpression of HOXB7 increases proliferation via induction of bFGF in a breast
adenocarcinoma cell line (Care et al., 1998), and knockdown of HOXB?7 in a human oral

carcinoma cell line decreases its proliferation (De Souza Setubal Destro ef al., 2010).
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Besides the ability of Hoxb4 to transform rat fibroblasts, it has also been shown that
transfection of these cells with Hoxb4 increases their proliferation relative to the parental
cell line (Krosl er al., 1998).

Metastasis and the ability to invade new sites are fundamental components of
cancer progression, and HOX genes may also play a role in these events. While there are
several studies that correlate HOX overexpression with invasive cancer types and poor
prognosis, there are a few that demonstrate the direct effect of increased HOX expression
on metastasis and invasion. Namely, knockdown of HOXB13, which is overexpressed in
endometrial cancer, results in a 90% reduction of the invasive capacity of these cells in
vitro (Zhao et al., 2005). Of note, since the endometrium is an estrogen-responsive tissue,
expression of HOXBI 3 in these cells was shown to be induced by 178 estradiol in a time
and dose-dependent manner.

Overall, HOX genes have repeatedly been shown to be important players in
multiple processes throughout cancer initiation and progression. Characterizing HOX
gene expression patterns in various cancers and the effects of their gain or loss of
function can greatly enhance our understanding of the intracellular pathways guiding

neoplastic cellular behaviours, and therefore how to combat them.

1.2.5 HOXA Genes in Ovarian Cancer
It has been well documented that aberrant HOX gene expression occurs in many
cancers, and that gain of function is associated with cellular transformation, increased

proliferation, and cancer progression. EOC is no exception to this pattern. Several HOX
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genes have been shown by microarray studies to be significantly upregulated in ovarian
cancer relative to low malignant potential/benign tumours or non-cancerous tissue,
including HOXA7, HOXA9 and HOXA10 (Ota et al., 2007; Bahrani-Mostafavi et al.,
2008). In confirmation of these results, expression of these HOXA proteins has also been
shown in EOC by immunohistochemistry (IHC), whereas none are expressed in normal
OSE (Cheng et al., 2005). Of these genes, the specific involvement of HOXA10 in
ovarian cancer progression has been studied; transfection of ES-2 cells, an ovarian clear
cell adenocarcinoma cell line, with HOXA10 promotes proliferation, migration and
invasion (Li et al., 2009). Similar results have been shown with HOXBI3, another gene
that has been shown to be overexpressed in ovarian cancer by real-time PCR (Yamashita
et al., 2006; Miao et al., 2007). Targeting endogenous HOXB13 in ovarian cancer cell
lines in vitro via antisense introduction or RNA interference resulted in decreased cell
proliferation and matrigel invasion, and conversely, infection of a transformed mouse
OSE (MOSE) cell line with a retroviral construct expressing HOXBI3 increased its
proliferation and rate of tumour formation in nude mice, suggesting that this gene is also
involved in EOC progression (Yamashita et al., 2006; Miao et al., 2007).

While it appears that HOX genes may play a role in the more traditional aspects of
cancer development and progression, they may also contribute to the phenotypically
differentiated features of EOC. In particular, HOXA7 and the HOXA genes of the Abd-B-
like cluster, HOXA9, HOXA10 and HOXAIl may drive the epithelial differentiation of
EOC into its distinct histological subtypes, a unique and previously unexplained feature

of ovarian cancer. A report by Cheng et al. (2005) showed that the aberrant expression of
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the Abd-B-like HOX genes is subtype-specific; HOXA9 staining was found in serous,
endometrioid and mucinous ovarian tumours, HOXA10 stained in endometrioid and
mucinous carcinomas but not serous tumours, and HOXA11 was limited to the mucinous
subtype. This reflects the expression of HOX genes that is seen in the normal
reproductive tract tissues mimicked by each subtype, as HOXA9 is expressed in the
oviduct/fallopian tubes and the reproductive tract structures posterior to them, HOXA10
expression begins in the uterus, and HOXA11 is only expressed in the posterior uterus and
cervix. This normal HOXA protein expression pattern was confirmed in both mouse and
human reproductive tract tissues by [HC. Next, this group showed that aberrant
expression of particular HOXA genes is sufficient to drive histotype-specific
differentiation in tumours. When transplanted into nude mice, MOSEC cells, which are
spontaneously transformed MOSE cells, form poorly differentiated solid tumours.
However, when MOSEC cells are first transfected with murine Hoxa9, Hoxal0, or
Hoxall cDNA and then transplanted into nude mice, the resulting tumours have very
distinct histological morphologies bearing resemblance to serous, endometrioid, or
mucinous ovarian carcinomas, respectively. This group also confirmed the
overexpression of HOXA7 in EOC that has been previously reported. Interestingly,
expression of HOXA7, which has been implied but never proven to be integral in
Miillerian duct differentiation, was not subtype-specific but was correlated with the
degree of differentiation of both the human and mouse ovarian tumours. These data

suggest that the unique, histotype-specific epithelial differentiation seen in EOC could be
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attributed to increased expression of the Abd-B-like HOXA genes, and this process is
mediated by the concurrent expression of HOXA7.

The current understanding of the potential contribution of HOXA?7 to epithelial
differentiation of the OSE and EOC is extremely limited and has only been discussed in a
few publications. Transfection of the human immortalized OSE cell line IOSE-29 with
HOXA?7 was sufficient to change the morphology of these cells from elongated and
fibroblastic to a cobblestone morphology that is more typical of epithelial cells (Naora et
al., 2001a). It also induced expression of E-cadherin, a marker of epithelial
differentiation. However, HOXA7 may have a more complicated contribution to EOC
progression. While there has been no published evidence that ectopic expression of
HOXA7 can transform OSE, Hoxa7 can transform NIH3T3 cells, but these tumours were
histologically characterized as poorly differentiated spindle cell sarcomas (Maulbecker
and Gruss, 1993a). This is somewhat comparable to the observation that transfection of
MOSEC cells with Hoxa7 alone did little to alter the morphology of the resulting
tumours, and the dramatic epithelial differentiation was only seen when Hoxa7 was
expressed in concert with Hoxa9, Hoxal0, or Hoxall (Cheng et al., 2005). In addition, a
proliferative role for HOXA7 in the ovary has already been proposed, as it is more highly
expressed in the mitotically active granulosa cells of growing follicles than in quiescent
primordial follicles (Ota et al., 2006) and in subconfluent OSE than in confluent OSE
(Ota et al., 2009). Furthermore, HOXB7, a paralog of HOXA?7, is also more highly
expressed in ovarian cancer than in normal OSE, and transfection of immortalized human

OSE with HOXB7 dramatically increased their proliferation rates (Naora et al., 2001b).
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In combination, these results suggest that HOXA7 may contribute to the proliferation,
differentiation, and/or transformation of OSE, but the use of various methods and model
systems to acquire these results creates a need to investigate these events more

comprehensively.

1.2.6 PAX8 in Ovarian Cancer

PAXS is another developmental gene that displays many similarities to the 4bd-B-
like HOX genes. Like the classical HOX genes, PAX8 is a transcription factor containing a
homeodomain, but it also contains a paired domain, which allows for different DNA-
binding specificities and interactions with different cofactors than the HOX genes (Abate-
Shen, 2002). It is expressed in the Miillerian ducts of female embryos and is responsible
for epithelial differentiation which is particularly well established in thyroid and kidney
developmental studies (Mansouri ef al., 1996). PAXS is also expressed in adult tissues,
including normal fallopian tube epithelium, ovarian inclusion cysts, and several subtypes
of ovarian cancer, especially the serous subtype (Bowen et al., 2007). Notably, like the
HOX genes, PAX8 is not expressed in normal human OSE (Bowen er al., 2007).

Not only is PAXS found in established human ovarian cancers, but it might also
be capable of driving metaplasia in certain cell types, which is a required step in the
malignant transformation of OSE. One group recently found that P4X8 is more highly
expressed in the peritoneum of women with endometriosis compared to those without
endometriosis, and they showed by in situ hybridization that PAX8 is aberrantly

expressed in apparently normal peritoneum without any signs of preexisting
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endometriosis or endosalpingiosis (Gaetje et al., 2007). This lead them to suggest that
endometriosis might be caused in some cases by PAX8-driven metaplasia of peritoneal
cells to become an endometriotic lesion, though this claim has yet to be investigated in
more mechanistic detail. In addition, the oncogenic potential of the PAX gene family has
been demonstrated by showing that NIH 3T3 and 208 cells (subcloned from Rat-1
fibroblast cells) transfected with Pax8 form colonies in soft agar and tumours in nude
mice (Maulbecker and Gruss, 1993b). More recent work has provided evidence to
support the hypothesis that PAX8 plays an integral role in cancer cell survival, as PAX8
has been shown to inhibit transcription of the tumour suppressor p53 (Stuart et al., 1995)
and can activate transcription of the anti-apoptotic gene BCL2 (Hewitt et al., 1997). How
PAXS contributes to the differentiation or any other aspect of EOC has not been clearly
established, but the fact that its expression patterns in normal tissues and EOC so closely

mirror those of the HOXA genes warrants its investigation.

1.3  Transgenic Mouse Models of Ovarian Cancer

1.3.1 The tgMISIIR-TAg Mouse Model

Mouse models of ovarian cancer are valuable experimental tools in which to study
the early events and progression of EOC. The first transgenic mouse model, the
tgMISIIR-TAg model of EOC, was described by Connolly ef al. in 2003. This model
utilizes the Miillerian inhibitory substance type Il receptor (MISIIR) promoter to drive
expression of the early region of Simian virus 40 large and small T antigens (TAg)

(Figure 3). The MISIIR-TAg transgene was injected into fertilized eggs from B6C3F1
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Figure 3: The tgMISIIR-TAg transgene construct. The expression of the potent
oncogene SV40 TAg is driven by the MISIIR promoter in the epithelium of the female

reproductive tract and the OSE.
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mice (from a C57BL/6 and C3H cross), and 50% of the transgene-bearing founder mice
developed poorly differentiated epithelial ovarian tumours with regions of papillary or
glandular differentiation by 91 days of age. The ovarian tumours express cytokeratins 8
and 19, but not a-inhibin, indicating that they were epithelial and not granulosa or sex-
cord stromal tumours. The Vanderhyden lab has established a line of tgMISIIR-TAg mice
using the same transgene construct but on the FVB/N background. 100% of female mice
develop poorly differentiated bilateral ovarian tumours with a prenatal onset and average
endpoint of 105 days of age, and the tumours express a-inhibin in addition to cytokeratins
8 and 19 (Vanderhyden lab, unpublished data). One cell line derived from the ovarian
tumour of a tgMISIIR-TAg mouse was used for this project, which will be referred to as

the MISIIR-TAg cell line.

1.3.2 The tgCAG-LS-TAg Mouse Model

While the tgMISIIR-TAg model has proven to be very useful and efficient, the
animals start to develop nascent ovarian tumours before they are born, which does not
reflect the postmenopausal onset of EOC that is commonly seen in humans. To address
this issue and to control the time of tumour onset, our lab has developed and recently
described a novel, surgically inducible transgenic mouse model of epithelial ovarian
cancer called the tgCAG-LS-TAg mouse model of ovarian cancer (Laviolette et al.,
2010). The DNA of these mice is arranged such that LoxP sites flank a 5-geo gene (a
fusion of the B-galactosidase and neomycin phosphotransferase genes) and a stop

sequence preceding T4g (Figure 4A). If left untreated, these mice express -
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Figure 4: Induction of TAg expression in tgCAG-LS-TAg mice. (A) The CAG-LS-
TAg transgene construct. The ubiquitous CAG promoter drives the expression of -
galactosidase in all tissues of untreated mice. AdCre recognizes the LoxP sites and

mediates the deletion of the B-geo/3xpolyA cassette, leading to the expression of SV40

Ovary

TAg. (B) AdCre or the control virus AAGFP are injected under the ovarian bursa,

exposing the OSE to virus but preventing viral spread to other organs.
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galactosidase in all tissues driven by the ubiquitous cytomegalovirus early enhancer/
chicken f-actin (CAG) promoter. However, in the presence of Cre recombinase, the
DNA between the LoxP sites is excised by way of Cre-mediated recombination, and TAg
is expressed. To limit TAg expression and therefore tumourigenesis to the OSE, an
adenovirus expressing Cre recombinase (AdCre) is injected under the ovarian bursa, a
membrane surrounding the mouse ovary that can be used as a physical barrier to virus
spread and subsequent TAg expression (Figure 4B). 82% of the tgCAG-LS-TAg mice
treated with AdCre developed ovarian tumours with a median survival time of 113 days
post-surgical induction of TAg. None of the animals injected with the control adenovirus
expressing green fluorescent protein (AdGFP) developed ovarian tumours or died before
their scheduled endpoint at 365 days post-surgery. Most of the tgCAG-LS-TAg animals
also developed ascites, which is an accumulation of fluid in the peritoneum containing
tumour cells, and an exceedingly common component of the human disease.

The role of steroid hormones was also investigated in the tgCAG-LS-TAg model.
After surgical injection of either AAGFP or AdCre, the mice were treated with a control,
17B-estradiol (E2), or progesterone (P4) pellet that continually released hormone into the
bloodstream for 60 days. Some of the tumours from the mice treated with estrogen
exhibited areas of papillary differentiation, which was not seen in the control tumours.
The evidence that HOXA genes play a role in transformation and differentiation of human
ovarian cancers raises the question whether Hoxa genes might be responsible for the
altered differentiation statuses of these mice. Three ascites cell lines derived from the

tgCAG-LS-TAg animals injected with AdCre, one from each treatment group, were used
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for this study. These lines are referred to as MASC2 (mouse ascites control 2), MASE2

(mouse ascites estrogen 2) and MASP1 (mouse ascites progesterone 1).

1.4  Project Rationale

While ovarian tumours from both transgenic mouse models are epithelial in
nature and express cytokeratins, they are generally of a poorly differentiated histology
and do not recapitulate the histotypes of human EOC. In addition, cell lines derived from
these models usually do not exhibit the classical cobblestone morphology indicative of a
differentiated epithelium. It is vital that animal models of disease are representative of the
human condition on the histological and genetic level so that they may be used to
enhance our understanding of disease etiology and serve as a platform for testing novel
therapeutics. We initially wanted to characterize the endogenous expression levels of
Hoxa7, Hoxa9, Hoxal0, Hoxall, and Pax8 to determine if, as in human EOC, there were
any differences in the expression of these genes in normal MOSE compared to
tumourigenic cell lines and tumours. Since there is mounting evidence that increased
HOXA and PAXS8 gene expression in human EOCs may play a significant part in their
differentiation, we wanted to see if this theory could be applied to our mouse models of
ovarian cancer, and if we could enhance the histological differentiation of these tumours
as a result.

Overexpressing Hoxa7 in cell lines from these models arose as a method of
attempting to initially achieve this differentiation in vitro. If Hoxa7 demonstrated the

capacity to enhance the epithelial morphology of the mouse ovarian cancer cells in vitro,
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these cells could then be xenografted into severe combined immunodeficiency (SCID)
mice to see if this differentiation could be maintained in tumours. This would also
establish if manipulating Hoxa7 expression in our two mouse models of EOC could be an
effective way of making those tumours more histologically similar to human ovarian
tumours. We also proposed to determine if Hoxa?7 is a factor in the infrequent but striking
appearance of papillary structures in tgCAG-LS-TAg mice treated with estrogen. While it
is currently unknown whether Hoxa? is regulated by estrogen, given the unique ability of
Hoxa7 to increase differentiation in ovarian tumours, which develop from an estrogen-
responsive tissue, we hypothesized that E2 enhances Hoxa7 expression to mediate the
increase in differentiated features. And finally, since Hoxa?7 is expressed in ovarian
inclusion cysts, has some in vitro transformative capacity and is associated with
mitotically active cells within the ovary, we wanted to examine the ability of Hoxa7 to
transform normal MOSE or increase proliferation in order to understand its potential

contribution to ovarian cancer initiation and progression.

34



1.5  Hypothesis

We hypothesized that our cancer cell lines and tumours derived from mouse models
of poorly differentiated EOC would not endogenously express high levels of the Hoxa or
Pax8 genes, and that overexpression of Hoxa7 in these cell lines would change their
proliferation rates, promote their epithelial differentiation in vitro, and transform normal

MOSE.

1.6  Project Objectives

1) To characterize the proliferation rates of normal MOSE, and in MOSE-RM,
tgCAG-LS-TAg and tgMISIIR-TAg derived cell lines
2) To characterize the endogenous expression levels of Hoxa7, Hoxa9, Hoxal0,
Hoxall and Pax8 in normal MOSE and in MOSE-RM, tgCAG-LS-TAg and
tgMISIIR-TAg derived cell line
3) To induce overexpression of Hoxa7 in all cell lines and determine its effect on
normal MOSE and ovarian cancer cells in vifro by examining:
- proliferation rates
- morphology in culture
- expression of epithelial and mesenchymal markers

colony forming ability of Hoxa7-transduced MOSE

4) To compare the expression levels of Hoxa7 and/or Pax8 in cell lines to ascites and

tumour samples from our transgenic mouse models
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CHAPTER 2: MATERIALS AND METHODS

2.1  Tissue Culture

2.1.1 Isolation of Normal MOSE and Mouse Ovarian Cancer Cells

The following cell lines were used in this project: normal MOSE, MOSE-RM,
MASC2, MASE2, MASP1, and MISIIR-TAg. The origins of the cell lines are listed in
Table 1. Primary MOSE cells were isolated from surgically isolated ovaries from 6-8
week old FVB/N mice (Charles River Laboratories, Wilmington, MA). The animals were
euthanized by carbon dioxide asphyxiation and the ovaries were removed aseptically,
with complete removal of the bursal membrane. The ovaries were placed in phosphate
buffered saline (PBS; HyClone, Logan, UT) and washed three times, then transferred to

15 ml Falcon tubes (Becton Dickinson, Franklin Lakes, NJ) containing PBS with 0.25%

trypsin (Hyclone). Tubes were placed in a 37°C incubator for 40 minutes, then inverted
three times to mechanically remove any epithelial cells on the surface of the ovary. The
supernatant containing these cells was centrifuged at 1000 rotations per minute (rpm) for
10 minutes. The cell pellet was resuspended in fresh MOSE media [o-minimum essential
medium (a-MEM; Hyclone) supplemented with 4 or 10% heat-inactivated 3:1 donor
bovine serum:fetal bovine serum (DBS:FBS; PAA Laboratories Inc., Etobicoke, ON),
1.8x103 pg/ml EGF (Roche, Indianapolis, IN), 5 U/ml penicillin/ 0.005mg/ml
streptomycin solution (Sigma-Aldrich, Oakville, ON), 0.1 pg/ml gentamicin (Invitrogen,
Grand Island, NY) and insulin-transferrin-sodium-selenite solution (ITSS; 5 pg/ml
insulin, 5 pg/ml transferrin, 5 ng/ml sodium selenite, Roche)] and plated.

The MOSE-RM cell line was derived from the transgenic ImmortoMouse, which

expresses a temperature-sensitive mutant large TAg driven by the ubiquitous H-2K®
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Cell Line Origin Tumourigenic?
MOSE Normal mouse ovarian surface epithelium No
MOSE- Immortalized MOSE cells derived from

RM “Immortomouse” expressing temperature-sensitive TAg Y
(Yao et al., 2006) + retroviral infection of K-ras®/?P ©s
and c-myc
MASC2 Derived from the ascites of a tgCAG-LS-TAg mouse
treated with a control pellet after activation of the TAg Yes
oncogene
MASE2 Derived from the ascites of a tgCAG-LS-TAg mouse Yes
that was treated with estrogen pellet after activation of
the TAg oncogene
MASP1 Derived from the ascites of a tgCAG-LS-TAg mouse Yes
that was treated with a progesterone pellet after
activation of the TAg oncogene
MISIIR- Derived from the tumour of a tgMISIIR-TAg mouse Yes
TAg

Table 1: MOSE and mouse ovarian cancer cell lines that were used in this study.
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promoter. MOSE from these female mice are immortalized but not transformed when
maintained at 32°C, which is the permissive temperature for TAg expression. These
“ImmortoMOSE” were isolated in the same manner as normal MOSE, and were
transformed by our lab by retroviral infection with two oncogenes, K-ras®/?P and c-myc,
and are referred to as MOSE-RM cells. The MOSE-RM cells proliferate faster than
ImmortoMOSE i vitro, and unlike the ImmortoMOSE, they can invade through
Matrigel, and form colonies in soft agar and poorly differentiated tumours in nude mice
(Yao et al., 2006).

The MASC2, MASE2, and MASP1 cell lines were derived from ascites cells
collected from ovarian tumour-bearing tgCAG-LS-TAg mice. While the tumours were
forming, the mice were treated with a control pellet, a 60-day release estrogen pellet, or a
60-day release progesterone pellet that had been surgically implanted subcutaneously; the
resulting ascites cell lines were named for the treatments the mice received: mouse
ascites control 2 (MASC2), mouse ascites estrogen 2 (MASE?2), and mouse ascites
progesterone 1 (MASP1). At necropsy, the ascites were needle aspirated from the
peritoneal space and placed directly in culture with MOSE media supplemented with an
extra 0.1 pug of gentamicin and 0.26 U of penicillin/streptomycin. The media with extra
antibiotics was replaced the next day, and cells were maintained with regular MOSE
media with 10% DBS:FBS after a few passages.

The MISIIR-TAg cell line came from cells isolated from the right ovarian tumour
of a tgMISIIR-TAg mouse. The tumour was removed, diced and strained through a
microfilter with MOSE media into a 50 ml Falcon tube, and the tube was centrifuged for

4 minutes at 4000 rpm. The cell pellet was resuspended in fresh MOSE media
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supplemented with an extra 0.1 pug of gentamicin and 0.26 U of penicillin/streptomycin
and plated. After 4 passages in culture, the tumour cells were maintained in regular

MOSE media with 10% DBS:FBS.

2.1.2 Cell Maintenance

All murine cell lines were maintained in MOSE media with 10% DBS:FBS. The
human ovarian cancer cell line A2780s (source: M. Molepo, original reference: Eva et al.,
1982) was used as a positive control in the colony formation assays, and these cells were
cultured in Dulbecco’s minimum essential media (D-MEM; HyClone) with 10%
DBS:FBS. Cell cultures were maintained in an incubator at 37°C equilibrated with 5%
COa.

Unless specified otherwise, cells were incubated in 75 cm? flasks (Corning Inc.,
Corning, NY) containing 10 ml of either MOSE media or D-MEM + 10% DBS:FBS until
they reached confluence, at which point they were passaged. Cells were first washed with
phosphate-buffered saline (HyClone) and incubated for 5-10 minutes with 0.05% trypsin
(HyClone). When cells had detached from the flask, the trypsin was inactivated with
media, cells were resuspended, and plated in a new flask at a dilution of 1:10-1:20. Cells
were frozen and stored at -80°C in 3:1 DBS:FBS with 10% dimethylsulfoxide (DMSO;
Fisher-Scientific, Fair Lawn, NJ) in Cryoware™ Cryovials (Nalge Nunc International
Corp., Rochester, NY). Cells were thawed at 37°C and transferred immediately to 25 cm?
flasks (Corning) containing 5 ml of either MOSE media or D-MEM + 10% DBS:FBS. All
experimental cell lines were tested for and confirmed to be free from mycoplasma

contamination.
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2.1.3 Proliferation Assays

At 70-100% confluence, all MOSE and ovarian cancer cell lines were washed
with PBS, trypsinized, and resuspended in 10 ml of MOSE media. Cells from each line
were counted using the Vi-CELL™ XR Cell Viability Analyzer (Vi-CELL; Beckman
Coulter Inc., Brea, CA) and plated at a density of 2x10* cells per well in 6-well plates
(Corning) with 2 ml of MOSE media. Three wells per cell line were counted at 24, 48,
72, and 96 hours post-plating. At each time point, the media was aspirated from 3 wells,
cells were washed with PBS, incubated in trypsin for 5 min, and resuspended in 1 ml of
MOSE media. These cell suspensions were counted using the Vi-CELL counter. The total
number of viable cells was used for all calculations. The media was changed in the 72
and 96 hour cultures at 48 hours post-plating. Three replicates of the proliferation assay

were performed for each cell line.

2.1.4 Assessment of Morphology

The morphology of cultured cells was established by visual examination, and
photographs were taken using a Coolpix 5400 digital camera (Nikon Instruments Inc.,
Melville, NY) mounted on the Eclipse TE2000-U inverted light microscope (Nikon
Instruments Inc.). Cells were characterized based on exhibition of classically defined
epithelial characteristics (including a cobblestone phenotype and the formation of cell

rafts) or mesenchymal characteristics (such as fibroblastic projections).
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2.1.5 Treatment of Cells with EGF

The effect of EGF on Hoxa7 expression in cells in vitro was assessed in two
different experiments. In the first, all cell lines were brought back from frozen vials by
thawing at 37°C and maintained in normal MOSE media (containing EGF, described
previously) for 2-3 passages, then split into MOSE media containing EGF (EGF+ media)
or MOSE media without EGF (EGF- media). Cells (now referred to as EGF+ or EGF-
cells) were maintained in their respective media for 3-4 passages, then trypsinized and
pelleted for RNA extraction, cDNA preparation and Hoxa7 expression analysis by
quantitative-PCR (Q-PCR; n = 2). In the second experiment, EGF+ and EGF- cells that
had already been established from the first experiment were plated in 6-well dishes, 6
wells with EGF- cells and 3 wells with EGF+ cells. Each cell line received its appropriate
media. For each cell line, an appropriate density at which to plate the cells was chosen so
that the wells would be 70-100% confluent after 72 hours in culture; however, within
each cell line, the EGF+ and EGF- cells were plated at the same density (3x10° cells per
well for the MOSE-RM, MASC2 and MASP1, 4x105 cells per well for the MASE2,
5x105 cells per well for the MOSE, and 8x105 cells per well for the MISIIR-TAg cells). At
24 hours post-plating, the media was changed on all cells. Three wells of EGF- cells
received EGF- media, 3 wells of EGF- cells received EGF+ media (then called EGF-/+
cells), and the 3 wells of EGF+ cells received EGF+ media. At 48 hours after the media
change (72 hours after plating), all cells were trypsinized and pelleted for RNA extraction

and cDNA was made for subsequent Q-PCR analysis of Hoxa?7.
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2.1.6 Ascites Cell Growth in Suspension

Autoclaved agarose (1%) was melted in a microwave and 6 ml was added to
bacterial grade plates (Fisher-Scientific). When the agarose had solidified, 8-10 ml of
MOSE media was added to each plate and placed in the 37°C incubator for 2-3 hours to
equilibrate. After this time, the media was aspirated and 10 ml of fresh media was added
and trypsinized ascites cell suspensions in media were added to these plates. 5x103
MASC2 and MASPI1 cells, and 1x10° MASE2 cells suspended in media were added to
the agarose plates to force them to grow in suspension. At the same time, 3-4x104 cells of
each cell line were also plated in duplicate in 6-well dishes to compare the same passage
of cells in normal tissue culture attachment conditions. Two to three days after adding the
cell suspensions to the agarose, the presence of cell spheres/clusters was confirmed under
the microscope and pictures were taken. All the media and cells were collected in 15 ml
Falcon tubes and centrifuged at 3000 rpm for 3-5 minutes in a clinical centrifuge
(International Equipment Co., Chattanooga, TN), at which time the media was aspirated
from the cell pellet. The cell pellet was washed with PBS and then centrifuged again, the
PBS was aspirated and 500 pl of trypsin was added to disaggregate the cell clusters. After
2-5 minutes in trypsin, 500 pl of media was added to the trypsin and cells. A 100 ul
aliquot of the cell suspension was added to 900 pl of media to count a 10X dilution of
cells and confirm their viability in the Vi-CELL counter (Beckman-Coulter). The rest of
the cell suspension was centrifuged again, the media was aspirated, and pellets were
either used right away for RNA extraction or snap frozen in dry ice and isopropanol and
stored at -80°C for later use. RNA was extracted from all the cell pellets, cDNA was

made by reverse transcription polymerase chain reaction (RT-PCR), and all samples were
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assessed for Hoxa7 expression by Q-PCR. This experiment was completed three times

for both the suspension and attachment conditions.

2.2 RNA Analysis

2.2.1 Extraction and Quantification of RNA

At 100% confluence in 75 cm? flasks (approximately 1x107 cells), cells were
washed, trypsinized, and resuspended in 5-10 ml MOSE media. Cell suspensions were
transferred to 15 ml Falcon tubes and spun down at 3000 rpm for 3-5 minutes in a clinical
centrifuge (International Equipment Co.). The media was aspirated and cells were
resuspended in 1 ml of PBS to wash them. Cells were spun down again at 3000 rpm for
3-5 minutes and the PBS was aspirated. At this point, either RNA was extracted from the
cell pellets immediately, or pellets were snap frozen for 5 minutes in an isopropanol and
dry ice bath and stored at -80°C for future use.

Total RNA was extracted using the RNeasy Mini-Kit (Qiagen, Mississauga, ON).
Fresh cell pellets were kept on ice and homogenized immediately, and frozen cell pellets
were thawed on ice for 5 minutes to loosen the cell pellet before homogenization. Cell
pellets were suspended in 600 pl RLT buffer (Qiagen). Homogenization was performed
using either a 25 gauge needle and 1 ml syringe or QIAshredders (Qiagen). Samples were
processed through multiple wash/spin cycles according to the RNeasy protocol and total
RNA was eluted from the spin column in either 30 pl or 50 pl of RNAse-free water. The
RNA was treated with DNAse in 10X DNAse buffer (Ambion, Austin, TX) to eliminate

any remaining contaminating DNA and incubated in a 37°C waterbath for 30 minutes.
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The DNAse was inactivated with 10X DNAse inactivator reagent (Ambion) at room
temperature for 5 minutes, then spun down at = 10,000 rpm for 1 minute. The RNA-
containing supernatant was collected and transferred to a new tube. Total RNA was
quantified by measuring the optical density of 1 pl of RNA using the NanoDrop ND-1000
Spectrophotometer (Thermo Scientific, Waltham, MA). RNA samples were stored at

-80°C until needed.

2.2.2 Reverse Transcription-PCR

c¢DNA was made from 500 ng total RNA from each RNA extraction by RT-PCR.
The appropriate volume of sample RNA to give 500 ng was added to each PCR tube and
brought to a final volume of 11 pl with ddH20. 1 pl of 300 ng/pl random primers
(Invitrogen; all RT-PCR reagents from Invitrogen unless specified otherwise) and 1 pl of
10 mM mixed deoxynucleotide triphosphates (INTPs) were added to the RNA/H20
solution. The RNA tubes were incubated at 65°C for 5 minutes and then at 4°C for 1
minute. Each sample was then brought to a final volume of 20 ul with 4 ul 5X First
Strand Buffer, 1 pl dithiothreitol (DTT), 1 ul RNase Out, and 1 pl (200 U) of Superscript
RT III, and incubated at 25°C for 5 minutes, 50°C for 50 minutes, and either 70°C for 15
minutes or 85°C for 5 minutes. Genomic DNA contamination was excluded in each PCR
reaction using a control that was generated without reverse transcriptase, and one that

was generated without RNA. cDNAs were stored at -20°C.
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2.2.3 Quantitative-PCR

Oligonucleotide primers for Q-PCR were designed using the Invitrogen
OligoPerfect™ primer design software to amplify murine Hoxa7, Hoxa9, Hoxal0,
Hoxall and TAg, and custom ordered from Invitrogen. The endogenous control gene 18§
was amplified in all reactions as a reference for mRNA quantification. Several primer sets
for each gene were ordered and optimized. The primer sequences were as follows: Hoxa7
(5’-GTC AAC AGC CCC CTC TAT CA-3’ and 3’-CGT CAG GTA GCG GTT GAA
AT-5"), Hoxa9 (5°’-TAG AGA AAAACA ACC CAG CGA AG-3’ and 3’-CAG CGT CTG
GTG TTT TGT GTA A-5’), Hoxal0 (5’-AGC TCG CTA GTC CCT TTC CT-3" and 3°-
GAT TCG GTT TTC TCG GTT CA-5"), Hoxall (5°-CTC CAG CCT CCCTTCTTT
TT-3’ and 3’-GGC TCA ATG GCG TAC TCT CT-5"), TAg (5°-GGT GGG TTA AAG
GAG CAT GA-3’ and 3°-TAG TGG CTG GGC TGT TCT TT-5"), and 18S (5’-CGC
GGT TCT ATT TTG TTG GT-3’ and 3°-AGT CGG CAT CGT TTA TGG TC-5’). For the
Q-PCR reactions, all sample cDNAs were diluted 1:10 for the Hoxa primers and 1:10,000
for the 18S primers. Each well contained 2 ul cDNA in a total volume of 20 ul per
reaction, in triplicate on a 96-well plate (Applied Biosciences, Foster City, CA). Each
well also contained 6 ul H2O, 1 pl of each primer pair (at 10 pM for each primer), and 10
ul of 2X SYBR® Green PCR Master Mix, which contains the fluorescent SYBR® Green
dye, AmpliTaq Gold® DNA polymerase, and the required buffers (Applied Biosciences).

The absolute Q-PCR method was utilized, which compares the amplification of
sample cDNA to that of a standard curve to produce an absolute quantity of cDNA per
reaction. Standards for each primer set were generated by amplifying cDNA from a

positive control for each primer set using the relative Q-PCR method. 5 pl of the PCR
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products were run on a 1% agarose gel at 100V next to 5 pl of the MassRuler™ Low
Range DNA Ladder (Fermentas, Burlington, ON) and digital images of the gels were
taken with the EpiChemi II Darkroom and Bioimaging Systems (UVP, Upland, CA). The
density of the PCR product bands were compared to the standardized DNA densities in
each band of the MassRuler™ DNA Ladder and quantified using the AlphaEaseFC
software (Cell Biosciences, Inc. Santa Clara, CA). A range of serial dilutions was then
prepared for each standard which was tested by Q-PCR with some of the experimental
c¢DNA samples to ensure that an appropriate range of concentrations was used for each
primer standard set. Five 10-fold serial standard dilutions were run in triplicate on each
Q-PCR plate, for each primer set being tested on that plate. The efficiency of the standard
curve for each primer set was calculated using the online Stratagene QPCR Standard
Curve Slope to Efficiency calculator, which uses the formula: efficiency = -1+101/slope),
Each standard curve for all primer sets yielded a slope within the accepted range of -3.1
to -3.6 and a greater than 90% efficiency.

Q-PCR was carried out using the the ABI 7500 Real-Time PCR System (Applied
Biosciences). The reaction conditions were as follows: AmpliTaq Gold® DNA
polymerase activation (95°C for 10 minutes), 40 PCR cycles of denaturation (95°C for 15
seconds) and annealing (Hoxa7 and 18S plates at 65°C, and all other primer sets and /8S
plates at 60°C for 1 minute), and dissociation (95°C for 15 seconds, 60°C for 1 minute,
95°C for 15 seconds). Fluorescence data was collected at the annealing stage of each
cycle. Since SYBR Green is a non-specific, double stranded DNA binding dye, any Q-
PCR product would have contributed to the measured fluorescence. To exclude the

possibility of quantifying non-specific amplification, including primer dimers, the
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dissociation stage was performed for every Q-PCR. During this step, the temperature is
raised and the corresponding drop in fluorescence is detected as the two strands of
amplified cDNA dissociate. The rate of change of fluorescence with respect to time is
plotted on the dissociation curve, and the presence of a single peak on the curve (Figure
5A) represents the single, specific amplicon of interest. The PCR product sizes were as
follows and were confirmed by separating the products on a 1% agarose gel at 100V:
Hoxa7 (297 bp), Hoxa9 (171 bp), Hoxal0 (105 bp), Hoxall (126 bp), Pax8 (263 bp),
TAg (194 bp), 185 (219 bp). The 1 Kb Plus DNA Ladder (Invitrogen) was also run on the
gels to determine band size (Figure SB). There were no detectable bands in the no
template and no reverse transcriptase control lanes, indicating the absence of genomic
DNA contamination in the reactions. The Q-PCR results were

assessed using the ABI 7500 SDS software (Applied Biosystems). The absolute quantity
of the gene of interest for each sample was normalized to that sample’s expression of the

endogenous control /8S.

2.3  Lentiviral Transduction

2.3.1 Lentiviral Constructs

The cDNA for murine Hoxa7 (accession number BC036986, clone ID 4986801)
was purchased from OpenBiosystems (Thermo Scientific, Huntsville, AL) and sequenced
to compare to the Consensus Coding Sequence derived from the genomic sequence in the
CCDS database. This clone was found to be missing the N-terminal 35 amino acids, but

this region is homologous to the human Hoxa7 gene. The human Incyte clone for Hoxa7
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Figure 5: Hoxa7 and 18S dissociation curves and confirmation of band sizes.
Representative dissociation curves for amplification of Hoxa7 (A) and /8S (B) in the
oviduct, which was used as a positive control for Hoxa7 expression. A dissociation curve
was run for each Q-PCR plate to confirm the amplification of a single product without
primer dimer. Amplicons at the correct band size for each primer set were also confirmed,
and shown here are those for Hoxa7 (C; 297 bp) and 18S (D; 219 bp) in the following
samples: MOSE (1), MOSE-RM (2), MASC2 (3), MASE2 (4) MASP1 (5), MISIIR-TAg

(6), oviduct (7) H20 (no template) control (8), RT- control (9).
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cDNA was purchased (clone ID LIFESEQ3152180) and the sequence homology to that
of the murine Hoxa7 at the region of the N-terminal 35 amino acids was confirmed. A
PCR cloning strategy was utilized to create a full-length recombinant murine Hoxa7
cDNA that was subcloned into the lentiviral vector pWPI (obtained from Dr. Didier
Trono, Ecole Polytechnique Fédérale de Lausanne, Switzerland). Hoxa7 was inserted
between the ubiquitous promoter EF1-a and the internal ribosome entry site (IRES),
which links thé expression of Hoxa7 to that of the downstream GFP gene (Figure 6).
This construct will be referred to as Hoxa7-LV. The lentivirus (LV) pWPI was also used

as a control virus in all transduction experiments, and will be referred to as WPI-LV.

2.3.2 Lentiviral Production

The WPI-LV and Hoxa7-LV were produced by transfecting 293T cells (obtained
from Dr. Doug Gray’s lab, OHRI, Ottawa, ON) with 20 pg of the viral vector DNA, 15
pg of the packaging plasmid pCMVdR8.74 (Trono lab), and 6 ug of the envelope plasmid
pCAG-Eco (obtained from Dr. Arthur Nienhuis, Memphis, TN; Hanawa et al., 2002).
H20, 250 ul of 0.5 M CaCly, and 500 pl of 2X HeBS buffer were mixed with the DNA
and plasmid components while vortexing, then incubated at room temperature for 30
minutes. This lrnixture was added drop-wise to 10 cm plates that had been seeded 24
hours previously with 2-2.5x109293T cells. Cells were incubated overnight and the
media was aspirated and replaced with 6 ml of fresh media 24 hours after transfection.
Another 24 hours later, cells were examined for GFP expression under a fluorescent

microscope to assess transfection efficiency; approximately 80-90% of all transfected
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Figure 6: Hoxa7 lentiviral vector map. The murine Hoxa7 gene was subcloned into the
bicistronic lentiviral vector pWPI, between the ubiquitous EF1-a promoter and the IRES.

Successful infection and Hoxa7 expression in the cells is indicated by the expression of

GFP, which follows the IRES. The pWPI backbone was used as the vector control,
referred to as WPI-LV.
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cells were green. The media containing the released virus produced by the confluent
293T cells was collected, spun for 5 minutes at 3000 rpm at room temperature, then
filtered (0.45 uM). The media-virus solution was snap frozen in isopropanol and dry ice

and stored at -80°C for future use.

2.3.3 Lentiviral Transduction of Cell Lines

Overexpression of Hoxa7 was induced in all cell lines listed in Table 1 by
transduction with the Hoxa7-LV. All cell lines were also infected with the WPI-LV alone
as a control for transduction. 2-4x10° cells were plated in 6-well dishes. The media was
aspirated 24 hours later and replaced with 400-500 pl of either WPI-LV or Hoxa7-LV + 6
pg/ml Polybrene (Sigma) per well and the plates were spun at 1800 rpm at 22°C for 45
minutes. At this time, the virus was aspirated and fresh virus was applied. Plates were
spun again at 1800 rpm at 22°C for 45 minutes, then 2 mi fresh MOSE media was added
to the wells and the plates were incubated. Most cell lines were transduced again with the

appropriate virus within one week of initial transduction.

2.3.4 Confirmation of Transgene Expression

All cell lines were maintained as a mixed population of infected and uninfected
cells over a period of several weeks. In the Hoxa7-LV bicistronic vector, Hoxa?7 is linked
to GFP via an IRES, meaning that GFP expression can be used as an indirect measure of
successful transduction. The mixed populations of cells treated with the WPI-LV and the

Hoxa7-LV were assessed for GFP expression by flow cytometry using the EPICS XL
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Flow Cytometer (Beckman Coulter). Cells were trypsinized and 1x10° cells were
resuspended in 1 ml PBS + 2% serum for this procedure. Doubling times of the GFP-
positive and negative fractions of transduced MOSE-RM, MASC2, MASE2 and MASP1
cells in the mixed populations were calculated using the equation: doubling time = (tz -
t1)/y, where y = the number of doubling times, t; = time 2 and t; = time 1. The number of
doubling times (y) was calculated using the equation y = log(X2/X1)/log2, where X, =
number of cells at time 2 and X; = number of cells at time 1.

For each cell line, an untransduced control, WPI-LV-transduced, and Hoxa7-LV-
transduced samples of cells were sorted by FACS MoFlo Cell Sorting by Paul Oleynik
(OHRI, Ottawa, ON). GFP-positive cells were collected and placed in culture. WPI-LV-
transduced, sorted GFP-positive cells will be referred to as WPI cells. Hoxa7-LV-
transduced, sorted GFP-positive cells will be referred to as Hoxa?7 cells. GFP expression
in WPI cells and Hoxa?7 cells was confirmed by fluorescence imaging with the Axioskop
2 MOT fluorescent microscope (Carl Zeiss Canada Ltd. Toronto, ON). Overexpression of

Hoxa?7 in the Hoxa?7 cells was confirmed by Q-PCR.

24  Assessment of Lentivirally-transduced Cells

2.4.1 Proliferation Assays

Proliferation assays for WPI cells and Hoxa7 cells in all experimental cell lines
were performed in triplicate in the same manner as the proliferation assays for the

untransduced cells (see section 2.1.3).
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2.4.2 Assessment of Morphology

Hoxa7 cells were examined for any changes in morphology relative to WPI cells
or untransduced cells. The same morphological characteristics used to assess the
epithelial or mesenchymal nature of untransduced cells were also used to assess the

transduced cells (see section 2.1.4).

2.4.3 Protein Analysis

Untransduced, WPI, and Hoxa?7 cells for all cell lines were plated in 10 cm dishes
and protein was extracted when the cells reached 80-100% confluence. Cells were
prepared for protein extraction by washing twice with PBS. Protein was extracted by
adding 500 ul of ProteoJET™ Mammalian Cell Lysis Reagent (Fermentas) + 5 pl Halt
Protease Inhibitor Cocktail (Thermo Scientific) to each dish and incubating for 10
minutes at room temperature on a shaker. Lysates were collected in a microcentrifuge
tube and sonicated (Sonic Dismembrator Model 300; Fisher Scientific, Ottawa, ON) for
30 seconds. Lysates were clarified by centrifugation at 4°C at 13,000 rpm for 15 minutes.
The supernatants containing the protein were transferred to a new microcentrifuge tube
and quantified using a commercially available Bio-Rad Protein Assay (Bio-Rad
Laboratories, Mississauga, ON). Samples were either used immediately or stored at
-80°C for future use.

Forty ug of protein per sample were boiled for 5 minutes in 2X protein loading
buffer, centrifuged for 1 minute at 14,000 rpm, and separated on a NuPage 4-12% Bis-

Tris polyacrylamide gel (Invitrogen) in a vertical electrophoresis system containing 1X
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NuPage MOPS running buffer (20X: 1 M MOPS, 1 M Tris, 69.3 mM SDS, 54.8 mM
EDTA; all from BioShop, Burlington, ON). Protein was transferred from the gels to a
Hybond-C Extra nitrocellulose membrane (Amersham Biosciences, Buckinghamshire,
UK) in 1X NuPage Transfer Buffer (20X: 500 mM bicine, 500 mM Bis-Tris, 20.5 mM
EDTA). Membranes were blocked for at least 1 hour in 5% skim milk in 1X Tris-buffered
saline Tween-20 (TBST; 150 mM NaCl, 10 mM Tris HCL, 0.1% Tween-20). All
membranes were probed with the following primary antibodies: a mouse monoclonal
antibody to E-cadherin (1:5000; 610182, BD Biosciences, Mississauga, ON), a rabbit
vimentin (1 ug/ml; ab45939, AbCam, Cambridge, MA), and a mouse GAPDH
(1:15,000-1:50,000; ab8245, AbCam) as a loading control. Each primary antibody was
diluted in 5% skim milk in 1X TBST and incubated with the membranes for 1 hour on a
shaker at room temperature. Blots were washed 3 times for 5-10 minutes with 1X TBST,
then incubated with the secondary antibody diluted in 5% skim milk in 1X TBST for 1
hour on a shaker at room temperature. The secondary antibody for E-cadherin and
GAPDH was a goat anti-mouse horseradish peroxidase-conjugated Immunoglobulin G
antibody (IgG HRP; 1:2000; ab6789, AbCam), and a donkey anti-rabbit [gG HRP
(1:5000; code 711-035-152, Jackson ImmunoResearch Laboratories Inc., West Grove,
PA) for vimentin. Blots were then washed 3 times for 5-10 minutes in 1X TBST.
Visualization of protein bands was performed using the ECL Advance™ Western Blotting
Detection Kit (Amersham) and the GeneGnome bio imaging system with GeneSnap
software (Syngene, Frederick, MD). Densitometry was performed for all blots using the

GeneTools program (Syngene). When the blots were to be re-probed with another of the
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three primary antibodies, they were first washed 3 times for 10 minutes in 1X TBST to
remove the rest of the ECL, then Restore™ Western Blot Stripping Buffer (Thermo
Scientific) was applied for 20 minutes. The membranes were then washed again 3 times

for 5-10 minutes in 1X TBST before blocking and applying the new primary antibody.

2.4.4 Colony Formation Assays

Growth in soft agar was used as an indicator of transformation in MOSE, MOSE-
WPI, and MOSE-Hoxa7 cells. The human ovarian cancer cell line A2780s was used as a
positive control for colony formation. The base agarose mixture was made by melting 2%
low melting point (LMP) agarose in the microwave, mixing with an equal volume of 2X
o-MEM (MOSE-derived lines) or 2X D-MEM (A2780s) + 10% 3:1 DBS:FBS, and
cooling to 37°C in a water bath. 300 ul of the base agarose mix was added to each well in
24-well plates (1 per cell line; Corning), allowed to solidify for 15 minutes at room
temperature, then plates were incubated at 37°C until needed. The top agarose mixture

was made by melting 1% LMP agarose, mixing with an equal volume of either 2X a-
MEM (MOSE-derived lines) or 2X D-MEM (A2780s) + 10% 3:1 DBS:FBS, and cooling
to 37°C until needed.

All cell lines were trypsinized and counted with the Vi-CELL counter (Beckman
Coulter), and diluted in 10 ml of the top agarose mixture to yield a concentration of 2000
cells/700 pl. Cells were serially diluted by one half five times, giving a total of six cell
dilutions ranging from 2000 cells/700 ul to 62.5 cells/700 pl in the top agarose mixture.

700 pl of each cell dilution in agarose was plated on 4 wells of the 24-well plates
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containing the base agarose layer. The top agarose cell mixture was allowed to set at
room temperature for 15 minutes then placed in a 37°C incubator for several weeks.

Three independent colony formation assays were performed and colonies were counted at
71-78 days post-plating when colonies were large enough to visualize at 4X
magnification with a Wild Heerbrugg light microscope (Leica Microsystems GmbH,
Wetzlar, Germany). A colony was defined as any sized cluster of cells that was visible at
4X magnification. The mean percentage of input cells that formed colonies was
calculated for each cell density. The mean of these percentages was calculated for each
experiment. The overall average percentage of colony forming cells is the average of

these percentages from the three independent experiments.

2.5  Immunohistochemistry

Pax8 and TAg protein expression was examined in a panel of 16 tumours from
tgMISIIR-TA g mice. Half of the tumours were primary ovarian tumours from control
mice (non-ovariectomized). The other half were tumours from mice whose ovaries had
been removed (ovariectomized) and therefore arose via MISIIR promoter-driven TAg
activation in the uterus and oviduct. Normal mouse oviduct was used as a positive control

for Pax8. All tissues were formalin fixed and paraffin embedded. Five um tissue sections
were cut with a microtome, transferred to microscope slides, and allowed to dry for 24
hours. Slides were deparaffinized and hydrated through xylenes and graded alcohol and

rinsed in ddH20. Antigen retrieval was performed in pH 6 sodium citrate buffer (Antigen
Unmasking Solution; Vector Laboratories, Burlingame, CA) for 10-15 minutes in a

pressure cooker. Slides were rinsed in tap water and allowed to cool to room temperature.
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Endogenous peroxidase activity was blocked by placing all sections in 3% hydrogen
peroxide in ddH2O for 10 minutes. Tissue sections were washed with Stockholm PBS (S-
PBS; used for all wash steps) 3 times for 5 minutes. Sections to be stained with a
monoclonal mouse TAg antibody at a dilution of 1:100 (sc-147; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) were treated as specified in the Vector Mouse on
Mouse Kit protocol (Vector). Sections to be stained with a polyclonal rabbit Pax8 primary
antibody (10336-1-AP; Protein Tech Group, Chicago, IL) were then covered with Protein
Block, Serum-Free (Dako, Carpinteria, CA; all reagents from Dako unless specified
otherwise) for 10 minutes to inhibit nonspecific antibody binding. The Pax8 primary
antibody was diluted in Antibody Diluent with Background Reducing Components at a
concentration of 1:100. Sections were incubated with the primary antibody overnight at
room temperature. Each tissue sample also had a no primary antibody control section.
After overnight incubation, sections were washed three times for 5 minutes with S-PBS.
Pax8 sections were then incubated with the Anti-Rabbit Envision+ System-HRP Labelled
Polymer for 20 minutes and washed again three times for 5 minutes with S-PBS. All
slides were then immersed in 250 ml of diaminobenzidine (DAB) chromogen solution
(Sigma) with 50 pl of 30% hydrogen peroxide for 5 minutes. Sections were immersed in
tap water, then counterstained with Harris’ hematoxylin (Fisher Scientific) for 1 minute,
rinsed in tap water, dipped in 0.2% ammonium water, then rinsed again in tap water.
Sections were dehydrated through a series of graded alcohol and xylenes, then mounted
with Permount (Fisher Scientific) and coverslips.

Positive pixel analysis of Pax8 and TAg on serial sections of ovariectomized and

control tgMISIIR-TAg tumours was performed by Dr. Ken Garson using the Aperio
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Scanscope (Aperio Technologies, Inc. Vista, CA). All sections were scanned and visually
examined using the ImageScope software (Aperio) for any areas of normal tissue, which
were excluded from the analysis. In most cases, only the strong positive pixels for each
stain were used for the analysis, as these most clearly reflected the observed nuclear stain
(only one case included both "strong positive" and "positive" pixels where this better
reflected the nuclear stain). Then the number of positive pixels was divided by the total
number of pixels (negative + positive) defined in the tumour area. Finally, the percentage
of Pax8-positive pixels was divided by the percentage of TAg-positive pixels, and this
value was also expressed as a percentage. These numbers are similar to those generated
by simply dividing the number of Pax8 strong positive pixels by the number of TAg
strong positive pixels, however, this method helps to account for any slight differences in

the total size of the serial sections.

2.6  Statistical Analyses

All statistical analyses were performed using GraphPad Prism statistical software
(version 3.02; GraphPad Software, San Diego, CA). For all statistical tests, statistical
significance was inferred when p < 0.05.

Three independent proliferation assays were done with three replicates per cell
line per experiment. Differences between cell lines in the total number of viable cells
present at 96 hours post-plating were assessed by one-way ANOVA and Tukey’s post test.

Q-PCR analysis of Hoxa?7 expression in untransduced ovarian cancer cells was

performed on 3 independent cDNAs, in triplicate on three separate plates. For the Q-PCR
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analysis of Hoxa9, Hoxal0, Hoxall, and Pax8 in the untransduced cells as well as
analysis of Hoxa7 in the MOSE, MOSE-WPI and MOSE-Hoxa7 cells, cDNAs from three
independent RNA extractions and RT-PCR reactions were pooled and run in triplicate on
three separate Q-PCR plates. For Hoxa7 analysis in the WPI-LV and Hoxa7-LV-
transduced ovarian cancer cells, cDNAs from one RNA extraction and RT-PCR reaction
were run in triplicate on three separate Q-PCR plates. Gene expression is displayed as
mean relative expression (after normalization to each cDNA’s level of /8S) + standard
error of the mean (SEM). The statistical analyses performed for each Q-PCR experiment,
wherever possible, included either a one-way ANOVA and Tukey’s post test (comparing
all groups), or a T test (comparison of one group to a control, usually MOSE). The
number of samples per group and the type of test used is indicated in each figure legend.

For Western blots, two (all cell lines but the MOSE) or three (MOSE)
independent protein extractions from the untransduced, WPI, and Hoxa7 cells were used.
After normalizing the amount of protein in each sample to GAPDH by densitometry, this
normalized value was expressed relative to the protein levels in untransduced MOSE,
which were set as 1 for both the E-cadherin and vimentin Western blots. Any changes in
the E-cadherin or vimentin protein density among WPI and Hoxa7 cells compared to
untransduced cells were assessed by one-way ANOVA. The same analyses were used for
Western blots involving EGF+ and EGF- cells.

Colony forming ability is expressed as the mean percentage of input cells from
three independent experiments that form colonies, + SEM. For each cell line, this was

calculated by determining the percentage of input cells at each density (6 densities per
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cell line) that form colonies, then averaging this number, which provided the value for
one experiment. Colony forming ability in all cell lines was compared by one-way

ANOVA and Tukey’s post test.

60



CHAPTER 3: RESULTS

3.1 Cell line morphology and proliferation rates

The cell lines listed in Table 1 were used for all experiments. The initial
characterization of these cell lines involved taking photomicrographic images of all cell
lines in culture to establish morphology. Figure 7 shows the morphology of the cells. The
normal MOSE cell line had a variable phenotype; cells could often be found in
cobblestone-like clusters that are typical of epithelial cells, but they also could look
elongated and had fibroblast-like projections. The MOSE-RM cells had a very
fibroblastic appearance. All three ascites lines (MASC2, MASE2, MASP1) generally
looked quite similar. At low densities in particular, they looked very fibroblastic and
usually displayed projections or ruffled edges. As they reached confluence, they looked
more cobblestone-like. The MISIIR-TAg tumour cell line generally displayed a
cobblestone morphology, irrespective of the degree of confluence.

Next, growth curves were conducted to establish and compare the proliferation
rates of each cell line. All cell lines were plated at a density of 2x10*cells per well and
counted every 24 hours over 4 days. Figure 8 shows that over 96 hours in culture, there
is a wide range in growth rates for all the cell lines. At the 96 hour time point, there are
significantly more MOSE-RM cells than all other cell lines except the MASC2 cell line.
The MOSE-RM cells grow the fastest of all the cell lines with a doubling time of 12.02
hours. There is no significant difference in growth rate between each of the three ascites

cell lines, and their doubling times are 12.45 hours for the MASC?2 cells, 13.18 hours for
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Figure 7: Photomicrographic images of normal MOSE and mouse ovarian cancer

cell lines. Live cells were photographed at 200X magnification.
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Figure 8: Proliferation rates of normal MOSE and mouse ovarian cancer cell lines.
Cells were plaied at a density of 20,000 cells per well in 6-well dishes and counted at 4
time points post-plating. The letters indicated significant differences between groups at
96 hours determined by a one-way ANOVA and Tukey’s post test (p < 0.05). The
doubling times of the cell lines are as follows: MOSE, 14.32 hours; MOSE-RM, 12.02
hours; MASCQ, 12.45 hours; MASE?2 13.18 hours; MASP1, 13.37 hours; MISIIR-TAg,

25.70 hours.
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the MASE2 cells, and 13.37 hours for the MASP1 cells. While the MISIIR-TAg tumour
cell line grows the slowest in culture, exhibiting a trend to grow more slowly than the
normal MOSE cell line (25.70 hour doubling time for the MISIIR-TAg cells and 14.32
hour doubling‘ time for the MOSE), there is no significant difference between the number

of MISIIR-TAg cells and the MOSE cells at 96 hours post-plating.

3.2 Endogenous expression levels of Hoxa and Pax8 genes

Since overexpression of Hoxa7, Hoxa9, Hoxal(0, Hoxall, and Pax8 has been
demonstrated in human EOC (Cheng et al. 2005; Bowen et al. 2007), it was important to
investigate the level to which these genes were expressed in our normal MOSE and
mouse ovarian cancer cell lines. The baseline expression levels of the Hoxa genes in all
cell lines examined by Q-PCR are shown in Figure 9, and baseline expression of Pax§ is
shown in Figure 10. Figure 9 shows that the MOSE express extremely low levels of
endogenous Hoxa7, and that all ovarian cancer cell lines express more Hoxa7 than the
MOSE, however there is a great deal of variability in expression levels amongst the
cancer cell lines. Comparing each cell line to the MOSE by T test shows that all three
ascites cell lines express significantly more Hoxa7 than the MOSE, whereas the apparent
increase is not statistically significant for the MISIIR-TAg or MOSE-RM cell lines.
While there is a visible increase in Hoxa7 message in the MOSE-RM cells compared to
the MOSE, there is enough error to render this statistically insignificant at the defined p
value of 0.05 (p = 0.09). Of note, the cell line that proliferates the fastest (MOSE-RM)

expresses the most Hoxa7, and the cell line that proliferates the slowest (MISIIR-TAg)
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Figure 9: Endogenous Hoxa7, Hoxa9, Hoxal0, and Hoxall mRNA levels in normal
MOSE and mouse ovarian cancer cell lines by Q-PCR. (A) Normal MOSE express
extremely low levels of endogenous Hoxa7 mRNA. A statistically significant increase in
Hoxa?7 in the cancer cells compared to the MOSE by T test is indicated by an asterisk (p
<0.05; n = 3). (B-D) Normal MOSE do not express any Hoxa9, Hoxal0, or Hoxall. The
letters indicate statistically significant differences in normalized Hoxa9 (B), Hoxal0 (C),
or Hoxall (D) expression among cDNA samples when analyzed by one-way ANOVA
and Tukey’s post test (p <0.05; n=3). AT test cannot be performed comparing each cell
line to normal MOSE because MOSE do not express any Hoxa9, Hoxal0, or Hoxall.
Oviduct cDNA was used as a positive control for Hoxa7 and Hoxa9 expression, and
uterus and cervix were used as positive controls for Hoxal0 and Hoxall, respectively.

Expression of all Hoxa genes was normalized to /&S as an endogenous control.
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expresses the least Hoxa7. The expression patterns for Hoxa9 and Hoxal( are the same;
the MOSE-RM cells express the most Hoxa9 and Hoxal0, the ascites cell lines express
intermediate amounts of each transcript, and the MISIIR-TAg cells express the lowest
levels of both of these genes. Notably, Hoxa9 and Hoxal( expression is completely
absent from normal MOSE, while these genes are still expressed by the majority of the
cancer cell lines. Normal MOSE do not express Hoxall either, but mRNA levels of this
gene are extremely low to absent from all the ovarian cancer cell lines as well. Pax8
shows a slightly different pattern of expression among the cell lines compared to the
Hoxa genes. Figure 10 shows that normal MOSE express very low levels of Pax8
mRNA by Q-PCR. However, Pax8 is undetectable in the MASC2, MASE2 and MISIIR-
TAg cell lines. Again, the MOSE-RM cells express the highest levels of Pax§ in
comparison to the other cell lines, but expression of Pax8 in these cells is also relatively
low compared to kidney, the control tissue.

The potential correlation between Hoxa7 expression and cell growth rate
combined with published data indicating that Hoxa7 may play a proliferative role in
granulosa cells in the ovary provided the rationale to enhance Hoxa7 expression in
normal MOSE and ovarian cancer cell lines and assess the consequences on proliferation
rate, as well as any impact this might have on cell morphology or expression of epithelial

and mesenchymal markers.
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Figure 10: Endogenous Pax8 mRNA levels in normal MOSE and mouse ovarian
cancer cell lines by Q-PCR. Kidney cDNA was used as a positive control for Pax§
expression. Normal MOSE express extremely low levels of Pax8. MASC2, MASE2, and
MISHR-TAg cell lines do not express any Pax8, and MASP1 cells express very little
Pax8 MOSE-RM express the most Pax8 mRNA of all the cell lines. The letters indicate
statistically significant differences in normalized Pax8 expression among cDNA samples
when analyzed by one-way ANOVA and Tukey’s post test (p < 0.05; n = 3). The MOSE-

RM cells are the only cells that express significantly more Pax8 than normal MOSE

when compared by T test. Pax8 is normalized to /8S as an endogenous control.
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33 Effects of Hoxa7 overexpression

To investigate the consequences of Hoxa7 overexpression in MOSE and ovarian
cancer cells, all cell lines listed in Table 1 were transduced with the Hoxa7-LV or the
control WPI-LV (Figure 6). Cells were maintained in a mixed population of transduced
and untransduced cells until there were sufficient numbers and an appointment could be
made for them to be sorted by FACS several weeks after infection. GFP expression was
detected by flow cytometry on three separate occasions for the mixed populations of
transduced cells (Figure 11), excluding the normal MOSE and MISIIR-TAg cells, and
was used as a measure of the proéortion of cells in the mixed population that were
successfully infected with the LV. Also, GFP expression serves as an indirect gauge of
Hoxa7 expression in cells transduced with the Hoxa7-LV, as GFP is downstream of
Hoxa7 in this construct. Figure 11A shows sample histograms for the transduced MOSE-
RM cells from each of the three flow cytometry runs, completed at 3, 21, and 56 days
post-transduction. As with all the cell lines, untransduced MOSE-RM cells did not
fluoresce. However, approximately half of the population from both the WPI-LV and
Hoxa7-LV-transduced MOSE-RM cells fluoresced, indicating successful viral
transduction and subsequent gene expression. Furthermore, the proportion of the
population transduced with the Hoxa7-LV appeared to increase slightly over time, from
38.2% GFP-pésitive (GFP+) cells at 3 days post-transduction to 47.47% GFP+ cells at 56
days post-transduction, while the proportion of GFP+ MOSE-RM-WPI cells remained
fairly constant over the 56 days in culture after transduction. This suggests that

overexpression of Hoxa7 in the MOSE-RM cells transduced with the Hoxa7-LV may
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Figure 11: GFP expression detected by flow cytometry in mixed populations of WPI-

LV and Hoxa7-LV-transduced cells. (A) Representative flow cytometry histograms of

untransduced MOSE-RM cells (red) and transduced, unsorted MOSE-RM-WPI (green)

and MOSE-RM-Hoxa?7 (blue) cells from three independent runs: 1 (3 days post-

transduction), 2 (21 days post-transduction) and 3 (56 days post-transduction). (B)

Percentage of GFP-positive cells indicative of transduction with either the WPI-LV or the

Hoxa7-LV in a mixed population of transduced and untransduced cells, over three

independent flow cytometry runs, indicated by each point on the graphs. The runs were

performed at 3, 24, and 59 days post-transduction, (except for the MOSE-RM cells,

which were run at 3, 21, and 56 days post-transduction).
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slightly increase proliferation compared to the vector-transduced cells. Figure 11B
displays the percentage of GFP+ cells over time in the cell lines for which there were
multiple flow cytometry assessments of the mixed populations. The mixed MISIIR-TAg
cell population is not represented in this figure because the proportion of GFP+ (and
presumably also Hoxa7-expressing) cells was found to be quite low at 3.98% when
initially assessed by flow cytometry at 22 days after transduction. The GFP+ fraction was
sorted by FACS as soon as possible after this assessment in order to avoid potentially
losing GFP+ cells from the mixed population. Because it was not known whether this low
proportion GFP+ cells in the mixed population of MISIIR-TAg Hoxa7 cells was due to a
lower transduction efficiency of the Hoxa7-LV in slow growing cell lines, the MOSE
(which also have a relatively low growth rate) were sorted within a few days of
transduction before flow cytometry assessment of the mixed population was conducted.
Similarly to the trend seen in the MOSE-RM cells, Figure 11B indicates that the
proportion of GFP+ cells in the Hoxa7-LV-transduced MASC2 and MASP1 cells seemed
to increase over time, from 40.65% to 67.60% and from 28.47% to 71.04%, respectively.
In the case of both of these cell lines, either the proportion of GFP+ cells in the WPI-LV-
transduced mixed population did not increase with time (MASC2-WPI), or it did not
increase at the same rate as the GFP+ Hoxa7-LV-transduced cells (MASP1-WPI). This
suggested that the MOSE-RM, MASC2 and MASP1 cells expressing Hoxa?7 proliferated
faster than the untransduced cells or those expressing GFP alone. Indeed, the doubling
times calculated for these Hoxa7-LV-transduced GFP+ cells are slightly shorter than

those of the control cells (indicated in Figure 8) and of the WPI-LV-transduced cells
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(Table 2). The proportion of GFP+ cells in each mixed population over the three flow
cytometry runs, and the doubling times calculated for the GFP+ cells are displayed in
Table 2. Given these doubling times, the lengths of time required to see a two-fold
difference in the GFP+ Hoxa?7 cells compared to control and WPI cells are indicated in
Table 3. However, the transduction effictencies of the WPI-LV and Hoxa7-LV in each of
the cell lines were never formally established, and not all the cell lines were assessed
more than once, so while it may appear that transduction with the Hoxa7-LV conferred a
growth advantage, these data do not provide sufficient evidence to state that conclusively.

To characterize the potential effects of Hoxa7 overexpression on the cell lines,
LV-transduced, GFP+ cells were sorted by FACS and maintained in culture. All further
experiments were performed on these sorted cells. GFP expression was visualized in all
cell lines using fluorescent microscopy (Figure 12). Increased expression of Hoxa7
mRNA in the sorted cells was also confirmed by Q-PCR in all cell lines (Figure 13). A
statistically significant increase in expression of Hoxa7 of at least 10 fold was displayed
in all cell lines transduced with the Hoxa7-LV, while there was no significant increase in
Hoxa?7 expression in WPI-LV-transduced cells. Western blots probing for Hoxa7 protein
in all cell lines were attempted but were unsuccessful due to inconsistent and non-specific
antibody binding.

Because there is some evidence in the literature that Hoxa?7 is associated with
increased proliferation in granulosa cells in the ovary (Ota et al. 2006) and due to our
preliminary evidence suggesting increased proliferation in the mixed population of cells

transduced with the Hoxa7-LV, we assessed the effects of increased Hoxa7 expression on
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GFP+ cells (%) Doubling time
Cell Line 3 days post- | 24 days post- | 59 days post- | °f GFP+ cells
transduction | transduction | transduction (hours)
MOSE-RM-WPI* 52.83 49 52.16 12.02
MOSE-RM-Hoxa7* 38.2 42.1 47.47 11.96
MASC2-WPI 48.32 41.09 394 12.51
MASC2-Hoxa7 40.65 46.01 67.6 12.32
MASE2-WPI 39.38 N/A 75.71 12.89
MASE2-Hoxa7 20.12 24.75 21.38 13.16
MASP1-WPI 46.56 51.94 69.24 13.19
MASPI1-Hoxa7 28.47 38.79 71.04 13.03

Table 2: Percentage of GFP+ cells in a mixed population of transduced and
untransduced cells. All cells listed in the table were transduced with either a WPI-LV or
Hoxa7-LV and assessed for subsequent GFP fluorescence by flow cytometry at three time
points following transduction. The proportion of GFP+ cells in the mixed populations of
Hoxa7-LV-transduced cells generally increase over time. *MOSE-RM cells were

assessed at 3, 21, and 56 days post-transduction.
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Time (days) after plating at which there are
Cell Line twice as many GFP+ Hoxa7 cells as:
Untransduced cells GFP+ WPI cells
MOSE-RM 99.8 99.8
MASC2 49.2 33.8
MASP1 21.4 44.8

Table 3: Time required to achieve a two-fold difference in GFP+ Hoxa7 cells
compared to untransduced or GFP+ WPI control cells. All values are based on the
calculated doubling times of the untransduced cells and of the GFP+ cells from the mixed
population of cells transduced with either the Hoxa7-LV or the WPI-LV, assuming that all
cells are plated at the same density at time 1. The formulas used for these calculations are

indicated in section 2.3.4.
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Figure 12: GFP expression in Hoxa7-LV and WPI-LV transduced, sorted cells.

Images of all cells were taken with a fluorescent microscope at 200X magnification.
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Figure 13: Overexpression of Hoxa7 in Hoxa7-LV-transduced cells. Each cell line was
transduced with either the control WPI-LV or the Hoxa7-LV, sorted by FACS, and
assessed for Hoxa7 mRNA expression by Q-PCR. Hoxa7 levels increased by at least 10
fold in the Hoxa7-LV-transduced cells relative to the control or vector-transduced cells.
The asterisk indicates a statistically significant increase in Hoxa7 expression in Hoxa?7-
LV-transduced compared to control and vector-transduced cells within each cell line by

one-way ANOVA (p <0.01; n=3).
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proliferation rates in the transduced, sorted cells. To do this, growth assays of WPI-LV-
transduced and Hoxa7-LV-transduced cells were conducted in the same manner as for the
control cells, and cells were counted every 24 hours for a total of 96 hours. There was no
significant difference in the number of cells in each treatment group at any of the four
time points for all the cell lines, except for the MOSE-RM cells. From 24 to 72 hours,
there were sighiﬁcantly more control MOSE-RM cells than MOSE-RM-WPI or MOSE-
RM-Hoxa?7 cells, but by 96 hours after plating there was no significant difference
between the number of viable cells in each treatment group, in any cell line (Figure 14).
Furthermore, ‘Fhough not statistically significant, there was a subtle increase in the
number of Hoxa?7 cells present at 96 hours compared to the controls in some of the cell
lines, which agreed with the increase over time in the proportion of GFP+ cells within the
mixed population of MOSE-RM, MASC2 and MASP1 cells transduced with the Hoxa7-
LV (Figure 11).

There is one paper which showed that transfection of immortalized human OSE
cells with Hoxa7 was sufficient to change the morphology of these cells from that of
fibroblastic cells to a more cobblestone-like morphology, which is typical of epithelial
cells (Naora ef al., 2001a). To examine if overexpression of Hoxa?7 in our cell lines would
similarly affect cell morphology, photomicrographic images of all virally transduced cells
were taken. As seen in Figure 15, there was no change in morphology in any of the cell
lines upon transduction with either the WPI-LV or the Hoxa7-LV. Despite the lack of
alteration in the morphology of Hoxa7 cells, the next objective was to determine whether

overexpression of Hoxa?7 could push MOSE or ovarian cancer cells to become more
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Figure 14: Hoxa7 overexpression does not affect growth rate in normal MOSE or
ovarian cancer cells over 96 hours. All cells were plated at a density of 20,000 cells per
well in 6-well dishes and viable cells were counted every 24 hours for 4 days. The total
number of viable cells present at 96 hours post-plating for each treatment group of each
cell line is displayed. There was no significant difference in the number of viable cells

within each treatment group at 96 hours, as determined by one-way ANOVA (n = 3).
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Figure 15: Photomicrographic images of lentivirally-transduced MOSE and ovarian
cancer cell lines. Live cells were photographed at 200X magnification. There are no

morphological differences in the control, WPI, or Hoxa?7 cells in any of the cell lines.
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epithelial-like or less mesenchymal-like, as evidenced by expression of proteins
associated with such a change, as the report by Naora et al. (2001a) also indicated that
transfection of immortalized human OSE cells with Hoxa7 induced E-cadherin
expression and abrogated vimentin expression. Western blots were conducted on MOSE
and the mouse ovarian cancer cell lysates probing for E-cadherin, an epithelial marker,
and vimentin, a marker of mesenchymal cells. Figure 16 shows the endogenous
expression levels of E-cadherin and vimentin in normal MOSE and each ovarian cancer
cell line. It had previously been shown that while E-cadherin expression is low to absent
from normal human OSE, it is exbressed in all subtypes of EOC (Sundfeldt ef al., 1997).
Similarly to these E-cadherin expression patterns in the human, the MOSE expressed low
levels of E-cadherin, and all the ovarian cancer cell lines expressed more E-cadherin than
normal MOSE. The MASE2 cell line expressed the most E-cadherin of all the cancer cell
lines. The MOSE also expressed low levels of vimentin. Vimentin expression was
variable among the cancer cell lines compared to normal MOSE, but there seemed to be
an inverse relationship between E-cadherin and vimentin levels in the cancer cell lines.
This was expected as E-cadherin and vimentin are normally markers of two different cell
types. The mouse fibroblast cell line NIH 3T3 was used as a positive control for
vimentin, and while these cells abundantly expressed vimentin, they did not express any
E-cadherin, ag expected. Western blots were then performed on control, WPI, and Hoxa7
cell lysates from all cell lines. Each blot was probed with antibodies against E-cadherin,
vimentin, and GAPDH, which served as a loading control (Figure 17A). The Western

blots were run on protein samples from two or three independent protein extractions for
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Figure 16: E-;adherin and vimentin protein expression in normal MOSE and
ovarian cancer cell lines. A representative western blot showing endogenous expression
of E-cadherin and vimentin in the following cell lines: NIH 3T3 (1; positive control for
vimentin), normal MOSE (2), MOSE-RM (3), MASC2 (4), MASE2 (5), MASP1 (6), and
MISIIR-TAg (7). The MOSE express low levels of both E-cadherin and vimentin. All
cancer cell lines express more E-cadherin than the MOSE, and low levels of vimentin. All

blots were probed with GAPDH as a loading control.
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Figure 17: Overexpression of Hoxa7 does not affect E-cadherin or vimentin protein

levels in normal MOSE or ovarian cancer cell lines. (A) Representative western blots

of control (1), WPI-LV-transduced (2) and Hoxa7-LV-transduced (3) cells probed for E-

cadherin, vimentin, and the loading control GAPDH. Quantification of relative E-

cadherin (B) and vimentin (C) protein expression in all cells by densitometry analysis of

the western blots. There does not appear to be a change in E-cadherin or vimentin

expression in any of the cell lines upon Hoxa7-LV transduction. Band density for the

protein of interest was normalized to that sample’s corresponding GAPDH band. Control

MOSE was set as 1 and all other samples are displayed relative to control MOSE (n =3

for the MOSE, n = 2 for all other cell lines).
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each cell line and each treatment condition. Densitometry analysis of the western blots
was conducted to quantify the relative expression of E-cadherin (Figure 17B) and
vimentin (Figure 17C). Overexpression of Hoxa?7 did not alter E-cadherin or vimentin
protein levels within any cell line.

Anchorage independent growth in soft agar is a commonly used indicator of
cellular transformation, and since HOXA7 has been found to be expressed in putative
preneoplastic lesions (Naora e al., 2001a), colony formation assays were conducted to
address the possibility that Hoxa7 plays a role in ovarian cancer initiation. Control, WPI-
LV-transduced and Hoxa7-LV-transduced MOSE were suspended at several different
densities in soft agar and assessed for colony formation at multiple time points. The
human ovarian cancer cell line A2780s was used as a positive control for colony
formation. Normal control MOSE do not readily form colonies in soft agar at any density
(the highest bging 2000 cells per well in 24-well dishes), and there was no increase in
colony forming ability in Hoxa7-transfected MOSE (Figure 18). Taken together, these
data suggest that Hoxa7 overexpression alone is neither sufficient to drive the epithelial
differentiation of normal MOSE or mouse ovarian cancer cells, nor to transform normal

MOSE.
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Figure 18: Overexpression of Hoxa7 does not enhance colony formation in normal
MOSE. (A) Photomicrographic images of soft agar plates showing large colonies only in
the A2780s positive control wells, taken 51 days after plating at 10X magnfication.
Normal MOSE form very few, extremely small colonies, and this is not enhanced by
transduction with either the control WPI-LV or the Hoxa7-LV. (B) Quantification of
colony formation expressed as the percentage of input cells that form colonies (A2780s: n

= 5; MOSE: n = 3; MOSE-WPI and MOSE-Hoxa7: n = 2).
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3.4  Hoxa?7 expression in tumours and ascites

To assess the possibility that the cell lines do not reflect the gene expression or
cell behaviour of ovarian cancer in vivo, the Hoxa7 expression profiles of the cultured
cell lines were compared to those of their corresponding primary tumours from mouse
models of EOC by Q-PCR. Interestingly, it was observed that all three cultured ascites
lines expressed at least ten fold more Hoxa7 mRNA than tumours from the models from
which those cell lines were derived (Figure 19). The MISIIR-TAg cell line, which is
derived from a tgMISIIR-TAg mouse ovarian tumour, expressed the same amount of
Hoxa?7 as a tgMISIIR-TAg tumour sample. To control for potential inclusion of normal
tissue in the tumour and ascites samples, 74g mRNA levels were measured in all samples
(Figure 20A). The primary tumours generally expressed as much, if not more, 74g than
the cell lines. Even after controlling for 74g, all ascites cell lines still expressed more
Hoxa?7 than the primary tumours, though the magnitude of this difference ranged quite a
bit: 3.5 fold (tgGAG-LS-TAg E2-treated), 17.5 fold (tgCAG-LS-TAg P4-treated), and 86
fold (tgCAG-LS-TAg control) (Figure 20B). The ascites cell lines and the primary
tumours were also assessed for expression of Hoxa9 and Hoxal0. Figure 21A shows that
there seemed to be a tendency for the MASE2 and MASP1 ascites cell lines to express
more Hoxa9 than their corresponding primary tumours and for the MASC2 cell line to
express less Hoxa9 than the tgCAG-LS-TAg control tumours. However, Figure 21B
shows that this expression pattern did not remain after normalizing for TAg; then there
was a trend for all three ascites cell lines to express more Hoxa9 relative to TAg than the

primary tumours. In contrast to the expression patterns of Hoxa7 and Hoxa9, the primary
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Figure 19: Cultured ascites cell lines express more Hoxa7 than primary tumours
from the same mouse model of EOC. Hoxa7 mRNA expression (relative to /8S as an
endogenous control) was determined by Q-PCR for cultured, murine ovarian cancer cell
lines and primary tumour samples from the same mouse models from which the cell lines
were derived. All cultured ascites cell lines from the tgCAG-LS-TAg mouse model of
EOC expressed more Hoxa?7 than their corresponding primary tumours; the fold
difference in Hoxa?7 in the ascites cell lines compared to the tumours was as follows: 20
fold (MASC2:tgCAG-LS-TAg control), 10 fold (MASE2:tgCAG-LS-TAg E2-treated)
and 30 fold (MASP1:tgCAG-LS-TAg P4-treated). The MISIIR-TAg tumours expressed

the same amount of Hoxa7 as the MISIIR-TAg cell line (1 cell line and 3 tumours per

group).
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Figure 20: TAg normalization does not change the pattern of Hoxa7 expression in
cell lines compared to primary tumours. (A) 74g expression in mouse ovarian cancer
cell lines and primary tumours from mouse models of EOC, relative to /8S as an
endogenous control. tgCAG-LS-TAg control, P4-treated tgCAG-LS-TAg, and MISIIR-
TAg tumours expressed 9X, 1.2X, and 6X more TAg than their corresponding cell lines,
respectively. MASEZ cells expressed 2X more T4g than tgCAG-LS-TAg E2-treated
tumours. (B) Relative Hoxa7/TAg expression in mouse ovarian cancer cell lines and
primary tumours from mouse models of EOC. Even after adjusting for 74g expression in
all samples, ascites cell lines still expressed more Hoxa7 than their corresponding
primary tumours; the fold difference in Hoxa7 in the ascites cell lines compared to the
tumours is as follows: 86 fold (MASC2:tgCAG-LS-TAg control), 3.5 fold
(MASE2:tgCAG-LS-TAg E2-treated) and 17.5 fold (MASP1:tgCAG-LS-TAg P4-
treated). Hoxa7/TAg was 9.4X higher in the MISIIR-TAg cell line than in the MISIIR-

TAg tumours (1 cell line and 3 tumours per group).
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Figure 21: Héxa9 expression in cultured cell lines and primary tumours from mouse
models of EOC. (A) Hoxa9 expression relative to /8S was 2.5X higher in MASE2 cells
than in the tgCAG-LS-TAg E2-treated tumours, and 16.4X higher in MASPI1 cells than in
tgCAG-LS-TAg P4-treated tumours; however, it was 2.5X higher in control tgCAG-LS-
TAg tumours than in MASC2 cells and 72X higher in MISIIR-TAg tumours than in the
MISIIR-TAg cell line. (B) After T4g normalization, there was a trend for relative Hoxa9
expression to be higher in all the ascites cell lines than in the tgCAG-LS-TAg primary
tumours (1.6X higher in MASC2 and MASE2 cells than in control and E2-treated
tumours, and 4.9X higher in MASP1 cells than in P4-treated tumours). Hoxa9/TAg

expression was 4X higher in the MISIIR-TAg tumours than in the MISIIR-TAg cell line

(1 cell line and 3 tumours per group).
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tumours appeared to express as much or more Hoxal0 than the ascites cell lines, and this
trend was maintained very faithfully after TAg normalization (Figure 22).

The observation that the ascites cell lines consistently expressed more Hoxa7 than
the primary tumours was particularly interesting and lead us to investigate the
possibilities that either this observed difference was comparable to a difference in gene
expression between ascites and tumours iz vivo, or it was a consequence of culturing the
ascites cells. Though we initially compared ascites cell lines and primary tumours from
the same mouse models of EOC, they were not necessarily from the same animal. To
ascertain whether Hoxa7 expression truly differs between ascites and tumours, we
examined Hoxa?7 transcript levels in paired samples of tumours and uncultured ascites
cells taken froﬁ SCID mice that had been xenografted with MASCI1 (a distinct cell line
from MASC2, which was used for all other experiments, though it is also an ascites cell
line from a tgCAG-LS-TAg control mouse) and MASE?2 cells. This revealed that,
contrary to what was seen previously, the ascites cells expressed less Hoxa7 than their
paired tumour counterparts (Figure 23). In addition, this pattern was maintained
whenZA4g normalization was performed (Figure 24). Some of the SCID mice
subcutaneously received hormone pellets (that released E2 for 60 days) at the time they
were xenografted with MASCI cells, and the mean Hoxa7 levels decreased by more than
half in both the ascites and tumours from these animals compared to animals that
received tumour cells but not E2. This indicated a potential suppressive effect of estrogen

on Hoxa7 expression.
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Figure 22: Hoxal0 expression in cultured cell lines and primary tumours from
mouse models of EOC. (A) Hoxal0 expression relative to /8S was generally higher in
the primary tumours than in the cell lines: 25X greater in control tgCAG-LS-TAg
tumours than in MASC2 cells, 2.5X greater in the tgCAG-LS-TAg E2-treated tumours
compared to the MASE2 cells, and 222X higher in MISIIR-TAg primary tumours than in
the MISIIR-TAg cell line. However, it was 3.4X higher in the MASPI1 cells than in
tgCAG-LS-TAg P4-treated tumours. (B) After 74g normalization, relative Hoxal0
expression still appeared to be higher in the primary tumours than in the cell lines, though
the magnitude of this difference was often reduced. Hoxal0/TAg expression was 9.8X
higher in control tgCAG-LS-TAg tumours than in MASC2 cells, 5.2X higher in the
tgCAG-LS-TAg E2-treater tumours than in the MASE2 cells, and 11X higher in MISIIR-
TAg primary tumours than in the MISIIR-TAg cell line. However, it was 1.2X higher in

the MASP1 cells than in tgCAG-LS-TAg P4-treated tumours (1 cell line and 3 tumours

per group).
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Figure 23: Uncultured SCID méuse ascites express less Hoxa7 than their paired
SCID mouse tumours derived from xenograft studies. Tumours and ascites taken from
the same SCID animal after IP injection with either MASC1 or MASE2 cells, and
treatment with either E2 or placebo, were assessed by Q-PCR for expression of Hoxa?7.

Regardless of the cell line or treatment, the ascites samples express less than half as much

Hoxa7 as their paired tumour (n = 2 per group).
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Figure 24: TAg normalization does not change the pattern of Hoxa7 expression
SCID mouse ascites compared to their paired SCID mouse tumours derived from
xenograft studies. (A) 74g expression in paired SCID mouse ascites and tumours from
xenograft studies, relative to /8S as an endogenous control. Ascites and tumours from the
MASCI1 + placebo group express the same amount of 74g. MASC1 + E2 tumours
express 2.3X more T4g than ascites, and MASE?2 + placebo ascites express 1.6X more
TAg than tumours. (B) Relative Hoxa7/TAg expression in paired SCID mouse ascites and
tumours from xenograft studies. Even after adjusting for 74g expression in all samples,
SCID ascites still expressed less Hoxa7 than their paired SCID tumours; the fold increase
in Hoxa?7 in the SCID tumours compared to the SCID ascites is as follows: 2.8 fold
(MASCI1 + placebo), 2.6 fold (MASC1 + E2) and 4.8 fold (MASE2 + placebo). (n =2
per group). Furthermore, both the ascites and tumours from MASC1 + E2 mice expressed
less Hoxa?7 than those from MASCT1 + placebo mice (2.3X less in the E2 ascites and 2.5X

less in the E2 tumours compared to the placebo ascites and tumours).
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3.5  Effect of in vitro culture conditions on Hoxa7 expression

There is some evidence that EGF can induce the expression of Hoxa?7 in cells in
culture (La Celle and Polakowska, 2001), and since EGF is a factor that is added to the
cell culture media used for all experiments, the influence of EGF on Hoxa7 expression on
cells was investigated in two experiments. In the first experiment, all cell lines were split
into EGF+ and EGF- media and maintained in culture for 3-4 passages. Cells (now
referred to as EGF+ and EGF- cells) were subsequently assessed for Hoxa7 by Q-PCR.
There was no influence of maintenance with or without EGF on Hoxa7 expression in any
of the cell lines (Figure 25A). In the second experiment that included a third group
(EGF-/+), in which EGF was added back to EGF- cells for 48 hours, there was still no
change in Hoxa?7 in either the cells that were maintained without EGF and in those that
had EGF- added back after several passages of EGF starvation (Figure 25B). However,
assessment of the cells from the first experiment revealed that the morphology seemed to
be somewhat altered in the MOSE, MASC2 and MASP1 lines that were cultured in the
absence of EGF; irrespective of the degree of confluence, EGF- cells appeared to be
flatter and had less distinct cell boundaries than EGF+ cells (Figure 26A). There is also a
trend for these EGF- cells to express more E-cadherin than those cultured with EGF
(Figure 26B,C).

It is possible that when the ascites cells were removed from tumour-bearing mice
and placed in culture, the cell lines gained Hoxa7 expression as a result of being in

adherent culture conditions; these conditions are unlike the iz vivo environment in which
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Figure 25: EGF has no effect on Hoxa7 expression in vitro in normal MOSE and
mouse ovarian cancer cell lines. (A) Cells maintained for 3-4 passages in the media
with or without EGF express the same levels of Hoxa7 normalized to 18S as an
endogenous control (n = 2). (B) Cells maintained without EGF, with EGF added back for
48 hours, and those that always were exposed to EGF have the same expression of Hoxa7

normalized to /8S as an endogenous control (n = 1).
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Figure 26: EGF affects the morphology and E-cadherin expression of normal MOSE
and mouse ovarian cancer cells in vitro. (A) Representative photomicrographic images
at 200X magnification of cells that have been maintained in media with or without EGF.
EGF- cells began to spread out and became flatter looking with less distinct cell
boundaries than EGF+ cells. With respect to the MASC2 cells in these images in
particular, there were fewer EGF- cells than EGF+ cells, yet there were no empty spaces
between EGF- cells, unlike the EGF+ cells. (B) Representative western blot showing
increased E-cadherin expression in EGF- cells compared to EGF+ cells. (C) Relative
quantification of E-cadherin expression normalized to GAPDH as a loading control.
While not statistically significant by T test, there is a trend for EGF- cells to express more
E-cadherin than the EGF+ cells in all three cell lines examined (n = 3; MOSE: p = 0.35,

MASC2: p=0.21, MASP1: p = 0.12).
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ascites cells usually exist. To address this possibility, MASC2, MASE2 and MASP1 cells
were cultured in plastic bacterial plates that had been coated with agarose. These cells
were unable to plate down, but survived and grew in suspension, as ascites cells would
have to do within the peritoneal space. Viability of these cells was always confirmed with
the Vi-CELL counter and was usually over 90% and always over 80%. The ascites cells
cultured in these conditions formed spherical clusters of cells, images of which are shown
in Figure 27A. Hoxa?7 levels of the suspension ascites cells were compared to the
attached ascites cells by Q-PCR, and despite the differing culture conditions, the
suspension cells expressed the same amount of Hoxa?7 as the attached cells (Figure 27B).
These data suggest that though there may be an in vitro culture effect that increases
Hoxa?7 expression in the ascites cell lines compared to primary tumours or uncultured
ascites, it cannot be explained by the presence or absence of EGF alone, or by attachment

culture conditions.

3.6  Pax8 expression in tgMISIIR-TAg and tgL.S-CAG-TAg tumours

Since Pax8 is related to the Hox genes with respect to its normal function and its
expression in EOC, we wanted to investigate its expression in our mouse models of EOC.
First, we confirmed by IHC that normal MOSE do not express Pax8 protein, however the
epithelial cells of the oviduct and the uterus do (Figure 28). However, as seen in Figure
10, all the mouse ovarian cancer cell lines (with the exception of the MOSE-RM)
expressed little to no Pax8 mRNA. We considered that, similarly to the situation with

Hoxa?7, the expression of Pax8 in ovarian cancer cells in vifro may not be consistent with
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Figure 27: Suspension culture does not affect Hoxa7 expression in mouse ascites cell
lines. (A) Photomicrographic images at 200X magnification comparing ascites cell lines
grown in attachment or suspension culture conditions. 5x10° MASC2 and MASP1 cells,
and 1x10° MASE?2 cells were added to 10 ml of media on agarose-plated dishes and
images were taken 3 days later. (B) Ascites cell lines in both the attachment and
suspension culture conditions express the same amount of Hoxa7 mRNA relative to /8S

as an endogenous control (n = 3).
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Figure 28: Pax8 is expressed in the mouse uterus and oviduct, but not in the OSE.
(A) Pax8 staining in the epithelium of the normal mouse uterus. (B} Pax8 staining is
visible in the normal mouse oviductal epithelium but is absent from the normal mouse

ovary, notably the OSE (arrow)
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its expression in ovarian tumours in vivo. To address this, 3 control and 3 E2-treated
tgCAG-LS-TAg primary tumours were examined for Pax8 mRNA expression by Q-PCR.
Though not stétistically significant, there was a trend for the E2-treated tumours to
express more Pax8 than the contrél tumours and this expression pattern was identical
after T4g normalization (Figure 29A). However, there was variability among the E2-
treated tumours; two tumour samples expressed relatively high Pax8, whereas the third
expressed the same low level as the control tumours. Examination of H&E stained slides
of one of the high Pax8-expressing E2 tumours revealed this tumour was quite small and
had some normal uterine tissue in and around the tumour. It is possible that the majority
of the RNA extracted from this tissue came from normal uterus, which is known to
express Pax8. Furthermore, a preliminary IHC assessment of one ovarian tumour from
each group of tgCAG-LS-TAg mice (control, E2-treated and P4-treated) showed that
these tumours, like their corresponding ascites cell lines, did not express any Pax8
(Figure 29B).- However, it is unclear from these results whether the tgCAG-LS-TAg
tumours truly lack Pax8 expression. Given that such a small sample size of tumours was
used for this preliminary analysis, it is possible that it is just these three particular
tumours that do not express Pax8, or that there is patchy expression of Pax8 that was not
detected in these specific sections. Staining a larger panel of tumours for Pax8 would be
required in order to make a more definitive statement about this protein’s expression in

the tgCAG-LS-TAg mice.
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Figure 29: Ovarian tumours from tgCAG-LS-TAg mice do not express Pax8. (A)
Relative Pax8/TAg mRNA expression in tumours from control and E2-treated tgCAG-
LS-TAg mice. Control tumours which are quite large and histologically poorly
differentiated do not express much, if any Pax8. E2-treated tumours express more Pax8
than controls, though this is not statistically significant by T test (n = 3 per group). (B)
THC for Pax® in control, E? and P4-treated tgCAG-LS-TAg tumours at low and high
magnification. Pax8 staining is largely absent from all tumours, though some small
regions of the control tumour displayed patchy staining (magnification in left hand
panel). The control tumour section also includes normal kidney (magnification in right
hand panel), an internal positive control; the epithelial cells of the tubules express Pax8.

The red bars indicate 1 mm and the black bars indicate 100 um.
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Since human ovarian cancers express PAX8 (Bowen et al., 2007) and sometimes
have involvement of other tissues in the reproductive tract such as the fallopian tubes
(Salvador et al., 2009), we also wanted to examine Pax8 protein expression in our
tgMISIIR-TAg model of EOC which fits this particular pattern of tumour distribution
more closely than the tgCAG-LS-TAg model. In tgMISIIR-TAg mice, 74g expression is
driven by the MISIIR promoter, which is expressed in the OSE, oviduct (equivalent to the
human fallopian tubes), and uterus, meaning that tumourigenesis could occur at any or all
of these sites. While tgMISIIR-TAg mice develop primary ovarian tumours with an
average endpoint of 108 days of ége, ovariectomized animals also develop tumours,
though these are presumably forming from the uterus or oviduct. Furthermore,
ovariectomize'd mice have an average endpoint of 200 days, suggesting that ovarian
tumours are the fastest growing and predominant source of malignant tissue in this
transgenic mouse model. A panel of eight ovarian tumours from tgMISIIR-TAg mice was
assessed for Pax8 protein expression by IHC. Unlike in the tgCAG-LS-TAg tumours,
most of these ovarian tumours expressed some Pax8, though staining was patchy
throughout the tumours (Figure 30A). Eight tumours from ovariectomized tgMISIIR-
TAg mice were also stained with an antibody against Pax8, which revealed that these
tumours were more Pax8 positive than the tumours from non-ovariectomized mice.
Interestingly, i’ax8 staining usually appeared to be localized to regions of papillary
differentiation, particularly in the tumours from ovariectomized mice (Figure 30B).
However, this observation was not formally quantified. It would be interesting to stain the

tgMISIIR-TAg tumours for cytokeratins to determine whether there is a correlation
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Figure 30: Pax8 expression in tumours from tgMISIIR-TAg mice. (A) A primary
tumour from a non-ovariectomized tgMISIIR-TAg mouse sacrificed at 142 days of age
exhibits patchy Pax8 staining by IHC. The panel on the right shows the magnification of
a portion of the tumour with intense Pax8 staining. The black bar represents 100 um. (B)
A secondary tumour from a 212 day old tgMISIIR-TAg transgenic mouse whose primary
ovarian tumours, bursa and oviduct had been removed at 55 days of age, stained with
Pax8. The panel on the right shows the magnification of a tumour section showing
regions with papillary structures and intense Pax8 staining. The black bar represents 1
mm. (C) Tumours from ovariectomized tgMISIIR-TAg mice express more Pax8 on
average than tumours from non-ovariectomized tgMISIIR-TAg mice, though this is not
statistically significant by T test (p = 0.09). Positive pixels for Pax8 and TAg were
counted and expressed as a percentage of the total number of pixels per ScanScope
image. The ratios of Pax8 % positive pixels to TAg % positive pixels per tumour,
expressed as percentages, are shown here (Mean 0.9042% for the controls and 18.98%

for the ovariectomized mice, n = 8 per group).
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between Pax8 staining and the epithelial components of these tumours, and whether the
proportion of epithelial differentiation differs between tumours from ovariectomized and
non-ovariectomized mice. Since Pax8 is expressed in normal uterus and oviduct
epithelium, it was important to eliminate the possibility that the Pax8 staining was just
coming from the untransformed uterine/oviductal tissue. Serial sections of all tumours
were stained with Pax8 and TAg and slides were scanned with the ScanScope. Following
visual examination and exclusion of morphologically normal tissue from further analysis,
positive pixels (brown staining) were quantified using the ScanScope software, allowing
for the normalization of Pax8 to TAg and the identification of the proportion of TAg
positive pixels that are also Pax8 positive on serial slides. This showed that there was a
higher percentage of TAg positive pixels (tumour cells) that were also Pax8 positive in
the tumours from ovariectomized tgMISIIR-TAg mice (mean 18.98%) than in the non-
ovariectomized mice (mean 0.9042%) (Figure 30C). This suggests that reproductive tract
tumours, which have a longer latency than ovarian tumours, also express more Pax8 than

ovarian tumours.
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CHAPTER 4: DISCUSSION

An important distinction of human ovarian cancer when compared to most other
cancers is the tumours’ propensity to take on differentiated phenotypes that are much
more defined than the putative tissue of origin, the OSE. Normal OSE is a simple
squamous to columnar epithelium, whereas the subtypes of human ovarian cancer are
histologically quite complex and resemble normal epithelial structures in the female
reproductive tract, such as those of the fallopian tubes, uterus, and cervix. The etiology of
EOC remains unclear, and the genetic pathways that are involved to initiate and drive the
differentiation of the tumours into their distinct histotypes have not been elucidated.
Aberrant expression of certain developmental genes that are involved in the normal
embryonic differentiation of the female reproductive tract, including the 5° Hoxa genes
and Pax8, have recently been implicated in the differentiation of malignant ovarian
tissue; neither HOXA7 nor PAX8 are expressed in normal human OSE, yet both are
expressed in well differentiated human ovarian cancers (Cheng et al., 2005; Bowen et al.,
2007). Furthermore, in vitro (Naora et al., 2001a) and in vivo (Cheng et al., 2005) data
suggest that Hoxa7 is causally responsible for epithelial differentiation in OSE and
ovarian cancer. Since our mouse models of ovarian cancer generally develop poorly
differentiated tumours, we wanted to investigate whether overexpression of Hoxa7 would
induce epithelial differentiation in ovarian cancer cell lines derived from our mouse
models or in normal MOSE, and how this overexpression might affect protein expression

or cell behaviour. This investigation specifically focused on the potential effects of
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overexpression of Hoxa7 on cell morphology, growth rates, and expression of E-cadherin
and vimentin. While the results of this study indicated that overexpression of Hoxa7
alone was insufficient to significantly alter any of these parameters, Pax8 emerged as an
interesting candidate to pursue, as its expression was correlated with the presence of
papillary differentiation in tgMISIIR-TAg tumours.

As the primary and original objective of this project was to determine the
influence of Hoxa7 expression on ovarian cancer morphology, the initial characterization
of the cell lines from the mouse models of ovarian cancer used in this project included the
assessment of their morphology in vitro. We also wanted to examine whether there were
any correlations between cell morphology or behaviour and Hoxa/Pax gene expression.
There appeared to be a connection between growth rate and the morphology of the cancer
cells; the MOSE-RM, which had the most classically fibroblastic phenotype grew the
fastest of all the cancer cell lines, with a doubling time of 12.02 hours. Conversely, the
MISIIR-TAg cell line grew in very epithelial-like clusters of cobblestone shaped cells,
and these cells grew relatively slowly, with a doubling time of 25.70 hours. The ascites
cell lines, which had fairly plastic phenotypes that varied with density had intermediate
growth rates. This seemed promising because it is known that human patients with low
grade ovarian tumours that are well differentiated and have an organized, epithelial-like
architecture survive longer than those with high grade, poorly differentiated tumours
(Gershenson et al., 2006), and this could potentially be attributed to a slower rate of
progression in these well differentiated tumours. However, the ovarian tumours produced

by our transgenic mouse models are mainly poorly differentiated and the mice succumb
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to their disease around the same time after tumour initiation, even though their cell lines
have differing in vitro growth rates and morphologies. This suggests that factors in the
tumour microenvironment are critical for tumour growth and progression, and may
account for certain discrepancies between in vivo and in vitro tumour cell behaviour. This
was an important consideration that lead us to examine the gene expression patterns in
cell lines in comparison to their primary tumour counterparts.

Since it has been established that the Hoxa genes and Pax8 are not expressed by
normal human OSE but are expressed in human ovarian cancers (Cheng et al., 2005;
Bowen et al., 2007), the endogenous levels of Hoxa and Pax8 genes in the normal MOSE
and mouse ovarian cancer cell lines were measured by Q-PCR to determine if these
findings would be consistent in the mouse. Similarly to what has been reported for human
OSE (Cheng et al.,, 2005), the MOSE do not express any Hoxa9, Hoxal0, or Hoxall
mRNA, and they express extremely low levels of Hoxa7 and Pax8 mRNA. All mouse
cancer cell lines expressed Hoxa7, though there was variation in expression levels among
all the lines. This agrees with the observation that HOXA7 is overexpressed in EOC (Ota
et al., 2007). Within each cell line, the expression levels of the other Hoxa genes were
lower than that of Hoxa?7 relative to /8S, which agrees with the spatially and temporally
ordered expression pattern that is characteristic of the Hox genes. Still, the expression
levels of all the Hoxa genes were more similar to each other within a particular cell line
than to the level of those same genes in other cell lines. Similarity in HOX gene
expression within human ovarian cancer cell lines has also been shown, and, like our

findings, the expression pattern of HOX genes between cell lines is quite variable (Ota et
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al., 2009). This group suggested that the variability in HOX gene expression might be a
consequence of the fact that their cell lines were from different patients, and it has also
been well established that ovarian cancer is not a homogeneous disease, but rather that
each histotype should be regarded as an independent type of cancer. Furthermore, the fact
that the mouse ovarian cancer cell lines used in this study did not express the same levels
of the same genes is perhaps not too surprising given that the cell lines looked and
behaved differently in vitro, and disease progression in vivo is quite variable among the
models. Although the transgenic mouse models from which the murine cancer cell lines
used in this project were derived rely on TAg transformation, tgCAG-LS-TAg mice often
develop ascites and metastases, whereas tgMISIIR-TAg mice usually die from large
primary tumours, and this is most likely reflected in discrete gene expression profiles of
several genes.

Another interesting observation that resulted from this gene expression analysis
was that there appeared to be a correlation between Hoxa7 expression and growth rate in
the cancer cell lines; the MOSE-RM cells which proliferated the fastest expressed the
most endogenous Hoxa7, whereas the MISIIR-TAg cells had the slowest growth rate and
expressed very little Hoxa7. Furthermore, overexpression of Hoxa7 again appeared to
modestly affect proliferation rates in the cells, as the proportion of GFP+ cells in the
mixed population of Hoxa7-LV-transduced cells increased slightly over several passages.
In the cells for which there were repeat assessments, the doubling times also increased
slightly. Though this proliferation rate increase did not appear in the sorted cells, this

could be because the assays were only conducted over 96 hours, and given the subtle
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increase in cell doubling time, mathematically this would not be enough time to notice a
difference in the total number of Hoxa7 cells. These differences are extremely modest,
but there are some published data that also correlate the expression of human HOXA7
with granulosa cell proliferation in vivo (Ota et al., 2006) and with OSE subconfluence in
vitro (Ota et al., 2009). Hoxa7 cannot be the only factor influencing cell proliferation
rate, because although significant overexpression of Hoxa7 was achieved in the MISIIR-
TAg cell line, which had the slowest proliferation rate of all the cell lines and a low
endogenous level of Hoxa7 mRNA, its proliferation rate was not increased dramatically,
if at all. Hoxa7 overexpression alone had no effect on proliferation, but it is still possible
that it may contribute to OSE and ovarian cancer proliferation in combination with other
factors.

The causal role of Hoxa7 in epithelial ovarian cancer differentiation has not been
conclusively established. One report showed that well differentiated human ovarian
tumours express more HOXA7 than poorly differentiated tumours (Cheng ef al., 2005).
However, in our cell lines there was, if anything, an inverse correlation between Hoxa7
expression and an epithelial phenotype in vitro. Furthermore, overexpression of Hoxa7 in
normal MOSE and in mouse ovarian cancer cell lines did not induce the acquisition of an
epithelial morphology. This lead us to conclude that Hoxa7 alone cannot enhance
epithelial differentiation in mouse ovarian cancer cells in vifro. Another group has shown
that HOXA7 expression in human ovarian tumours was variable and unrelated to tumour
histotype or grade (Ota et al., 2007), likewise suggesting that HOXA7 expression is not

the sole determinant of ovarian tumour differentiation, if it is involved in this process at

108



all. In addition, the correlation between HOXA7 and well differentiated tumours reported
by Cheng et al. seems to conflict with the published links between HOXA7 and increased
proliferation because of the more indolent nature of low grade compared to high grade
ovarian tumours. Although all the tumours from our mouse models are poorly
differentiated for the most part, and protein expression analysis of Hoxa7 in situ was
hindered by difficulties with the commercially available Hoxa7 antibodies, it could be
valuable to determine whether Hoxa7 protein is expressed in these tumours, at any level
or in association with differentiated cells.

In addition to cell morphology, changes in expression of epithelial and
mesenchymal markers are another indication of differentiation, so we examined the
expression of E-cadherin and vimentin in all cell lines with and without Hoxa7
overexpression. In most carcinomas, E-cadherin is lost from the epithelial tissue of origin
as cancers develop; however, this loss of E-cadherin is not seen in early ovarian cancer.
On the contrary, it has previously been reported that human OSE express little to no E-
cadherin, and expression of this protein is gained in ovarian cancer (Maines-Bandiera and
Auersperg 1997; Sundfeldt et al., 1997). Likewise, we found that normal MOSE
expressed very low levels of E-cadherin and all the ovarian cancer cell lines expressed
higher levels of E-cadherin. Vimentin was also expressed in the MOSE, but among the
cancer cell lines its expression was somewhat variable.

In humans, HOXA7 and E-cadherin are newly expressed in ovarian inclusion
cysts, although it remains unclear whether one causes expression of the other. There was

no significant influence of Hoxa7 overexpression on E-cadherin or vimentin levels in any
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of our murine cell lines. These data are in contrast with two publications detailing the
effects of ectopic Hoxa7 expression on inducing a differentiated morphology in human or
mouse OSE. In these papers, transfection of these cells with Hoxa7 was associated with
the acquisition of E-cadherin in culture (Naora et al., 2001a) and maintenance of its
expression in tumours (Cheng et al., 2005). All of the cancer cell lines used for this study
expressed E-cadherin regardless of their Hoxa7 status. However, unpublished IHC data
from other members of our lab showed that E-cadherin staining in the tgCAG-LS-TAg
tumours was the strongest in the areas of the tumours that contained papillary structures,
and pan-cytokeratin staining (indicative of epithelium) was extremely variable within and
between tgMISIIR-TAg tumours, suggesting that there may also be regions within these
tumours that could also be positive for E-cadherin. Though there appeared to be no
correlation between Hoxa7 mRNA expression and E-cadherin protein levels in the mouse
ovarian cancer cell lines, it would be extremely valuable to determine whether there is
co-localization of Hoxa7 and E-cadherin within the tgCAG-LS-TAg and tgMISIIR-TAg
tumours. This would clarify whether there is a relationship between epithelial
differentiation and Hoxa7 in our mouse models of EOC. However, the fact that all cell
lines expressed E-cadherin irrespective of Hoxa7 levels suggests that though the
expression of these proteins in human inclusion cysts may be related, Hoxa7 does not
directly regulate the expression of E-cadherin in several mouse ovarian cancer cell lines
in vitro. This could be a species or strain-specific interaction which is simply inapplicable
to mice on the FVB/N background, whereas the mice in Cheng ef al. were C57BL6, or it

could be explained by differing microenvironments. Inclusion cysts are trapped within
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the ovarian stroma and therefore are potentially exposed to different growth factors and
OSE-stromal cell interactions than cells in a cultured monolayer would experience. The
importance of the ovarian microenvironment on cell behaviour has been supported by
evidence from our lab that tgCAG-LS-TAg MOSE do not respond to AdCre-mediated
recombination the same way in vivo and in vitro. tgCAG-LS-TAg MOSE taken from a
mouse that has never been exposed to AdCre cannot be transformed by addition of AdCre
to these cells in culture, but 82% of the tgCAG-LS-TAg mice that surgically receive
AdCre under the ovarian bursa develop tumours.

One point to keep in mind when considering the outcome of the Hoxa7
overexpression experiments is that though a significant increase in Hoxa7 mRNA was
confirmed for all transduced cell lines, there was variable GFP expression in these cells.
GFP is downstream of Hoxa?7 in the lentiviral construct, so either the IRES is not 100%
efficient in linking GFP expression to Hoxa7 expression, or Hoxa? is not always
expressed in all of the cells at the same time. Furthermore, because we did not have a
Hoxa7 antibody that worked well, Hoxa7 protein expression was not directly confirmed.
It is possible that Hoxa7 was transcribed but not efficiently translated in our cells for
some reason, which could also account for the lack of an observed phenotype in the
transduced cells.

While Hoxa7 mRNA overexpression did not affect either cell morphology or E-
cadherin levels in any of the cell lines, these features were altered in some of the cell
lines by EGF. We initially directed our attention to the effects of EGF in the culture media

on Hoxa?7 expression in all cell lines since EGF induced Hoxa?7 in cultured keratinocytes
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(La Celle and Polakowska, 2001), but Hoxa?7 levels were the same in EGF- and EGF+
cells. However, the MOSE and some mouse ovarian cancer cells maintained without EGF
looked rounder, flatter, and more spread out than those cultured with EGF in the media. It
has been reported that human OSE maintained without EGF looked cobblestone-like,
whereas the addition of EGF and hydrocortisone made the cells acquire a more
fibroblastic phenotype (Salamanca et al., 2004; Ahmed et al., 2006). The cells in this
study were not treated with hydrocortisone so it is conceivable that their morphology
would not exactly mirror those published previously, but there was definitely a
morphological difference in both the normal MOSE and ovarian cancer EGF+ and EGF-
cell lines. Furthermore, this morphological change was associated with a difference in E-
cadherin expression; cells cultured with EGF expressed less E-cadherin than those
cultured without EGF. These in vitro data agree with what is known about EGF-mediated
epithelial to mesenchymal transition (EMT) in both normal OSE and late stage ovarian
cancer. EGF induces EMT in human OSE in culture and activates several downstream
pathways that promote cell motility and invasion, including the extracellular signal-
regulated kinase (Erk) and integrin-linked kinase (ILK) pathways (Ahmed et al., 2006).
One result of EMT in advanced ovarian cancer is the downregulation of E-cadherin, and
the expression of E-cadherin in ascites cells that have disseminated into the peritoneum is
greatly decreased relative to primary solid ovarian tumours (Veatch ef al., 1994). This
event has been shown to be directly regulated by EGF, via upregulation of Matrix

Metalloproteinase-9 (Cowden Dahl et al., 2008).
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Though EGF affected some characteristics of the cells, it did not affect Hoxa7
expression. Therefore, other factors must account for the difference in Hoxa7 expression
that was observed between the cultured ascites cell lines and the primary tumours from
the same mouse models of ovarian cancer. The two obvious options were that this was an
effect of culture, specifically that adherent culture of originally free-floating ascites cells
was affecting gene expression, or that the observed difference in Hoxa7 between ascites
and tumours was reflective of differences between these cells in vivo. To address the first
possibility, the three ascites cell lines were cultured in suspension conditions. All three
lines easily formed tightly packed sphere-like cell clusters and survived in suspension,
however this had no effect on Hoxa7 expression. This is perhaps because while the cells
were not attached to the plate, they were still firmly attached to each other; the clusters
had to be incubated in trypsin for a few minutes to disaggregate them because simple
pipetting was insufficient to do this. Therefore, it might be more appropriate to look at the
expression of Hoxa?7 in single cell suspensions that can neither attach to a substrate nor to
other cells in order to elucidate whether there is any correlation between Hoxa7 and
attachment.

To address the possibility that ascites and tumours truly differentially expressed
Hoxa7, mRNA levels of this gene in paired ascites and tumour samples from SCID
mouse xenograft studies were compared. This revealed that there was a difference
between ascites and tumours, but contrary to what was seen previously in the comparison
between the cell lines and the primary tumours, SCID ascites expressed less Hoxa” than

the SCID tumours. It also showed that, upon treatment with estrogen, the mean Hoxa7
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levels decreased by more than half in both the ascites and tumours from SCIDs
xenografted with MASCI cells. This indicated a potential suppressive effect of estrogen
on Hoxa?7. While it is unknown whether Hoxa? is regulated by estrogen in the ovary,
expression of Hoxal( in the mouse uterus is suppressed by estrogen (Ma et al., 1998).
Data from our lab indicate that estrogen treatment increases both preneoplastic lesions in
normal mouse ovaries and areas of papillary differentiation in mouse ovarian tumours,
and if indeed estrogen suppresses Hoxa?7, this would be more evidence to suggest that
Hoxa?7 alone does not induce epithelial differentiation in mouse ovarian tumours. To
determine if there is an interaction between estrogen and Hoxa?7 in the cell lines used in
this study, it would be useful to treat them with estrogen and examine them for any
changes in Hoxa7 expression. The findings that SCID ascites express less Hoxa7 than
their matched tumours also provided support for the notion that the increased Hoxa7 in
the ascites cell lines was the result of an as yet unidentified culture condition.

We investigated the expression of Pax§ in our mouse ovarian cancer cell lines and
tumours because, as with Hoxa7, this gene is absent from normal human OSE but is
expressed in normal fallopian tube epithelium and ovarian tumours (Bowen et al., 2007).
Since Pax& normally contributes to the development of the Miillerian duct epithelium
(Kobayashi and Behringer, 2003), it presents itself as another interesting potential player
in driving the epithelial differentiation of EOC. Like human OSE, the MOSE did not
express Pax8 mRNA or protein. However, its expression in tumours was variable among
the models and seemed to be correlated with the degree of differentiation or the number

of papillary structures. Unlike in human ovarian tumours, neither the ascites cell lines nor
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a small sample of primary tumours from the tgCAG-LS-TAg mouse model of ovarian
cancer expressed Pax8 mRNA or protein. One explanation for this may be that the human
ovarian tumours that were PAXS positive were well differentiated enough to classify
them by histotype (Bowen et al., 2007), whereas the tgCAG-LS-TAg tumours were
poorly differentiated. It is also possible that such a small sample size of three tumours
was not representative of Pax8 expression in all the tumours, or that there was patchy
expression within the tumours that was not captured in the particular sections that were
examined here. The tgMISIIR-TAg primary ovarian tumours are also poorly
differentiated, for the most part, yet they displayed patchy positive staining for Pax8.
These areas of positive staining were small relative to the entire size of the tumour, and
when they did occur, they were usually areas that contained papillary structures.
Therefore, it is possible that transformed MOSE that acquire Pax8 expression become
more differentiated in phenotype. However, unlike in the tgCAG-LS-TAg model, TAg
expression is driven by the MISIIR promoter, which is active in the oviduct and uterus as
well as the OSE, so there may have been some contribution to the ovarian tumour from
these other tissues, which could also be the Pax8-positive areas. This is supported by the
observation that the secondary tumours from tgMISIIR-TAg ovariectomized mice were
more Pax8-positive than the primary ovarian tumours from the non-ovariectomized
animals. In this model, TAg expression is seen in the oviduct epithelium and stroma and
in the epithelium of the uterus, but Pax8 is restricted to the epithelium of both of these
tissues. Although the tumours from both groups of tgMISIIR-TAg mice expressed the

same amount of TAg, the secondary tumours in the ovariectomized mice may have arisen
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from both stromal and epithelial cells of the oviduct and possibly the contribution of
these two cell types (stromal or epithelial) to the emerging tumours may have been
reflected in the degree of Pax8 relative to TAg staining.

The observed association between epithelial differentiation and Pax§ expression
in the tgMISIIR-TAg tumours was not seen in the MOSE-RM cells, the only cell line that
expressed a significantly higher amount of Pax8 mRNA than normal MOSE. This cell
line was derived from immortalized but non-tumourigenic MOSE that had been
transformed by infection with retroviral constructs expressing K-ras®/?P and c-myc, so
there may have been some influence of the activation of these genes on Pax8 expression
that is not present in the transgenic mouse models. The relationship between Pax8 and K-
ras@!20 or c-myc in the MOSE-RM has not been studied, and a direct interaction between
them would not necessarily be expected, given that these oncogenes are thought to
contribute to the extremely aggressive and generally poorly differentiated nature of the
tumours produced by these cells. However, it is known that the expression of c-Myc and
PAX8 in human thyroid carcinomas is not mutually exclusive (Basolo et al., 2002),
therefore it is possible that there is some interaction between these two genes in certain
cancer cells. Furthermore, very little histological analysis and no IHC has been performed
on the tumours produced by MOSE-RM cells in nude or SCID mice, so it remains
unknown whether there are epithelial components of the tumours and if they express
Pax8 in those regions. There have been other suggested roles for aberrant PAXS

expression in cancer, such as promoting cell survival by transcriptionally repressing p53
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and activating bcl-2 (Stuart et al., 1995; Hewitt et al., 1997), which could also account
for the increased expression of Pax8 in the highly aggressive MOSE-RM cells.

As with the observations for Hoxa?7, there are differences in Pax§ expression
between human ovarian tumours and those from our mouse models, and there could be a
few reasons for this. It is possible and has been suggested several times that what are
considered to be “ovarian” tumours are actually primary fallopian tube tumours that have
invaded the ovary (Crum et al., 2007; Salvador et al., 2009). This was suggested for
several reasons, including the fact that serous tumours of the fallopian tube histologically
resemble serous ovarian tumours, and they also express many of the markers that serous
ovarian tumours do, including PAX8 (Roh ef al., 2009). However, PAXS is also
expressed in the OSE of inclusion cysts which display more evidence of epithelial
differentiation than surface OSE (Bowen et al., 2007), suggesting that the OSE cannot yet
be ruled out as the source of ovarian cancer. It is also possible that human and mouse
ovarian tumours simply do not express the same genes; human ovarian tumours express
PAX8 and have a well differentiated histological phenotype, whereas the current mouse
models develop ovarian tumours that may not be predisposed to express this protein and
are not well differentiated. tgMISIIR-TAg mouse tumours that do show evidence of
papillary differentiation widely express Pax8, though notably these regions are more
prevalent in non-ovarian tumours. It is unclear whether PAXS has a causal influence on
EOC differentiation; transformed OSE may acquire PAX8 expression and become more
differentiated as a result, or PAXS8 expression may be a consequence of the ovarian

tumours containing regions of epithelial differentiation, which may or may not be from
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tumourigenic fallopian tube cells that have maintained some of their original architecture.
It would be interesting to see if this gene was indeed responsible for epithelial ovarian
tumour differentiation by examining whether it could induce differentiation in our mouse
models by the same methods of overexpression that were performed in this study with
Hoxa7. Looking at Pax8 would perhaps be more promising than Hoxa7 since neither the
MOSE nor the cell lines endogenously express Pax8. If Pax8 overexpression was not
sufficient to enhance the differentiation of ovarian cancer cells either in vitro or in vivo
(especially those from the tgCAG-LS-TAg tumours that are known to come from the
OSE), then that would also add more weight to the argument that ovarian cancer likely
originates elsewhere in the reproductive tract.

The original hypothesis that Hoxa?7 is centrally involved in promoting epithelial
differentiation was not supported by the results in this project. There were certain results
that were consistent between what has been reported for humans and what was observed
for the mouse, such as the similarities in Hoxa and Pax8 gene expression in the OSE of
both species. However, unlike in human EOC, there did not seem to be a correlation
between expression of any of the Hoxa genes and differentiation. In our mouse models of
ovarian cancer, Hoxa7 alone did not cause epithelial differentiation, but its interaction
with the other Abd-B-like Hoxa genes has not yet been investigated, and there remains
the possibility that multiple Hoxa genes are involved in this process. Furthermore, data
from this project suggest that Hoxa7 might play a small role in promoting cell
proliferation or regulating attachment of cancer cells. Pax8 may be a more interesting

gene candidate in the study of EOC differentiation, as its expression was correlated with
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papillary differentiation in tumours from ovariectomized tgMISIIR-TAg mice. The
potential of this gene to cause this type of differentiation in our transgenic mouse models

of ovarian cancer warrants further investigation.
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