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Abstract

Estrogenic hormone replacement therapy increases the risk of developing ovarian
cancer, and 17-f estradiol accelerates tumour growth in mouse models of this disease.
One possible mediator of estrogen action is Growth Regulation by Estrogen in Breast
Cancer 1 (GREBI1), an estrogen receptor alpha (ESR1)-upregulated protein. GREBI is
required for hormone-driven proliferation of several breast and prostate cancer cell lines,
but its role in tumour progression is unknown and its mechanism of action remains
unclear. To determine the role of GREBI in ovarian cancer, its expression and function
were examined in ovarian cancer cell lines and mouse models. GREB1 was upregulated
by estradiol, and overexpression and/or knockdown of GREB1 showed that GREBI1
promotes proliferation and migration in ovarian cancer cells. GREB1 knockdown also
slowed tumour growth and prolonged survival in mice engrafted with ovarian cancer
cells. GREBI1 expression was detected in human ovarian tumours of all major histotypes,
with moderate to strong expression in 75-85% of serous, endometrioid, mucinous, and
clear cell carcinomas. GREB1 mRNA levels correlated with ESR1 transcripts, but protein
levels of GREB1 and ESR1 did not show a correlation in tumours. Serous, endometrioid
and mucinous ovarian cancers were almost always positive for either ESR1 or GREBI
(59/60 tumours), which may imply a dependence on estrogen signalling pathways.
GREBI1 expression in normal tissues is mainly confined to the reproductive tract,
suggesting that it may be useful as a diagnostic biomarker. GREB1 combined with PAXS
showed high efficacy in differentiating mucinous tumours of gastrointestinal vs. ovarian
origin. Targeting GREB1 may inhibit tumour-promoting pathways downstream of ESR1

and could therefore prove more effective than current anti-estrogen therapies.
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Chapter 1: Introduction

1.1: Ovarian cancer overview

1.1.1. Disease characteristics and treatment

Ovarian cancer is the fifth highest cause of cancer mortality in Canadian women,
despite a relatively low incidence (2800 diagnosed per year; Canadian Cancer Statistics
2015). This high mortality is often attributed to delayed diagnosis; 75% of patients are
diagnosed at advanced stages, suggesting that many ovarian cancers grow undetected for
a long time (Ebell et al. 2016). Warning signs of ovarian cancer are subtle and include
appetite loss, an abdominal mass, distension, pain or bloating; notably, many ovarian
cancers show few or none of these symptoms (Ebell et al. 2016). CA125 and ultrasounds
have shown some utility as a diagnostic aid, but no screening methods have yet altered
ovarian cancer mortality (Sundar et al. 2015).

First-line treatment for ovarian cancer has remained unchanged for many years:
cytoreductive surgery followed by paclitaxel and carboplatin chemotherapy (Kampan et
al. 2015). Many ovarian cancers initially respond well, but resistance develops rapidly
leading to aggressively metastatic disease with no effective second-line therapies
(Kampan et al. 2015). Genetic instability and heterogeneity are very high in ovarian
cancer (Blagden 2015), increasing resistance to cancer therapies. Targeted therapies are
particularly impaired by this heterogeneity; only two have been approved for ovarian
cancer. Bevacizumab targets angiogenesis by inhibiting VEGFA (also known as VEGF)
and has shown modest efficacy for some patients, in combination with conventional

chemotherapies. However, further research is needed to predict sensitive tumours



(Symeonides and Gourley 2015). Olaparib is the only therapy targeting a subtype of
ovarian cancer: BRCA-deficient high-grade serous ovarian tumours (Walsh 2015). These
cancers are already more sensitive to DNA-damaging chemotherapies due to faulty
mechanisms for repairing double-stranded DNA breaks (Pennington et al. 2014).
Olaparib exploits this weakness by inhibiting PARP, which recruits repair enzymes for
single-strand DNA breaks. This forces cancer cells to accumulate DNA damage or use

faulty mechanisms for DNA repair, resulting in synthetic lethality (Walsh 2015).

1.1.2. Ovarian cancer histological subtypes and genetics

Most research on ovarian cancer focuses on epithelial tumours, which account for
more than 95% of all ovarian cancers. Epithelial ovarian cancers (EOC) are divided into
five subtypes (low-grade serous, high-grade serous, endometrioid, mucinous, and clear
cell), which have distinct histology, molecular profiles, and disease characteristics. High-
grade serous tumours almost always have 7P53 mutations and many also have germline
or sporadic BRCA deficiencies; the other four subtypes rarely have mutated 7P53, and
instead  frequently have mutations in BRAF/KRAS (low-grade serous),
CTNNBI1/PTEN/ARIDIA (endometrioid), KRAS/ERBB2 (mucinous), or ARIDI1A (clear
cell; Shih and Kurman 2011, Mungenast et al. 2014). These histological subtypes are
often grouped into slow-growing, genetically stable type I tumours and aggressive,
genetically unstable type II tumours (Shih and Kurman 2004, Kurman and Shih 2011).
Type I tumours include low-grade serous, endometrioid, mucinous and clear cell
subtypes, whereas type II tumours are high-grade serous tumours, which comprise the
majority of EOC (Shih and Kurman 2004). However, some argue that grouping four

histological subtypes together as "Type I" is misleading due to large differences in



genetics and disease characteristics (Prat 2012). Type II tumours can be further divided
into 4 molecular subtypes: immunoreactive, differentiated, proliferative, and
mesenchymal (Tothill et al. 2008, Cancer Genome Atlas Research Network 2011), which
have shown some prognostic differences (Konecny et al. 2014). However, the clinical
utility of these subtypes is currently limited by the lack of effective alternatives to

conventional therapy.

1.1.3. Tissues of origin and preneoplastic lesions

The tissues of EOC origin remain controversial because EOC subtypes resemble
various Miillerian tissues despite seemingly arising in the ovary. The ovarian surface
epithelium (OSE) has long been believed to be the source of EOC, but recent evidence
suggests alternative origins including mislocalized uterine tissue (endometriosis) and
fallopian tube epithelium (FTE; Lim and Oliva 2013). Moreover, metastatic mucinous
EOC is often difficult to distinguish from metastatic gastrointestinal cancers due to
similar histology and disease characteristics (Lim and Oliva 2013). However, like other
EOC subtypes, mucinous cancers are sometimes diagnosed when still confined to the
ovary, suggesting that at least some of these cancers arise from the ovary.

Endometriosis-derived preneoplastic lesions on the ovary have been linked to
endometrioid and clear cell EOC subtypes, which show a strong histological similarity to
uterine endometrial cancers (Lim and Oliva 2013). Molecular evidence indicates that
these lesions progress to EOC through activation of oncogenes such as KRAS and
inactivation of tumour suppressor genes including PTEN and ARID1A4 (Anglesio et al.

2015). However, only 20-40% of endometrioid EOC and 30-70% of clear cell EOC



tumours are accompanied by endometriosis (Lim and Oliva 2013), suggesting that some
have a different origin.

OSE preneoplastic lesions (including stratification, hyperplasia, pleomorphism,
invaginations, and inclusion cysts) have been observed adjacent to EOC, in contralateral
ovaries of stage I EOC patients, and in prophylactically-removed ovaries from BRCA
mutation carriers (Plaxe et al. 1990, Salazar et al. 1996, Chene et al. 2009, Chene et al.
2014). Similarly, ovaries from women with a high genetic risk of EOC showed higher
OSE proliferation, TP53 expression, and dysplasia scores relative to normal controls
(Schlosshauer et al. 2003).

Systemic examination of prophylactically-removed fallopian tubes from high-risk
women began after full serial sectioning revealed neoplastic lesions in up to 10% of these
tissues (Colgan et al. 2001, Leeper et al. 2002). Larger follow-up studies have confirmed
that occult invasive cancers or serous tubal intraepithelial carcinomas (STICs) are present
in 2-10% of fallopian tube fimbria from BRCA mutation carriers (Powell et al. 2005,
Medeiros et al. 2006, Finch et al. 2006, Callahan et al. 2007, Reitsma et al. 2013,
Wethington et al. 2013). Recent initiatives to examine fallopian tubes removed for all
benign reasons have also revealed STICs in a low percentage (<1%) of women without
BRCA mutations or other significant risk factors (Wethington et al. 2013, Rabban et al.
2014, Seidman et al. 2015). STICs are characterized by abnormal morphology, rapid
proliferation, and TP53 expression (Lim and Oliva 2013) and are present in 30-50% of
EOC patients (Chene et al. 2014). This suggests that roughly half of EOCs originate in
the fallopian tube. Next-generation sequencing has shown that STICs are frequently
clonally related to an associated high-grade serous EOC, but also revealed one case

where a STIC was actually a micrometastasis from a primary uterine carcinoma



(McDaniel et al. 2015). This suggests that some STICs coinciding with EOC could be
metastases from a tumour originating in the ovary.

While the current evidence indicates that EOC can develop from FTE and
endometriotic lesions, there is still debate whether the OSE is also a tissue of origin.
Some researchers believe that the FTE is the source of all high-grade serous or even all
EOC subtypes, through fallopian tissue "sloughing" and transplanting to the ovary
(Kurman and Shih 2011, Wang et al. 2015). However, there is substantial experimental
evidence for the OSE as an additional tissue of origin, including spontaneous OSE
transformation and mouse models displaying preneoplastic lesions and cancers closely

resembling EOC (see section 1.2.3).

1.2: Models of epithelial ovarian cancer

1.2.1. Cell models of ovarian cancer

Dozens of EOC cell lines have been isolated from tumours or ascites fluid, but
published studies overwhelmingly focus on the NIH:OVCAR-3 (also known as
OVCAR3, OVCAR-3; Hamilton et al. 1983), SK-OV-3 (also known as SKOV3, SKOV-
3), and A2780 cell lines (Domcke et al. 2013). OVCAR-3 cells most resemble high-grade
serous cancers, with mutated 7P53 and high copy number variation; SKOV3 and A2780
are most likely Type I cancers, but their precise histological origin is unclear (Domcke et
al. 2013). A less frequently used cell line, OVCA 432 (also known as OV432,
OVCAA432; Bast et al. 1981), also closely resembles high-grade serous EOC, based on
TP53 status and molecular profiling (Domcke et al. 2013, Bourgeois et al. 2015).

OVCAR-3 and OVCA 432 cells express receptors for estrogen, androgen, and



progesterone (Hamilton et al. 1983, Lau et al. 1999). Notably, recent drives to
authenticate cell line identities using short tandem repeat profiling have revealed
alarmingly frequent misidentification (Hughes et al. 2007). A screen of 51 EOC cell lines
revealed that 10 were misidentified, including the commonly used OV2008 and BG-1
lines (ME-180 and MCF7 cervical and breast cancer cells, respectively; Korch et al.
2012). Therefore, experimental data from OV2008 and BG-1 are not included in this
review.

Cancer cell lines cultured in vitro have many critical differences from primary
tumours. Some factors, such as hypoxia, three-dimensional growth, and influences from
other cell types or extracellular matrix, can be modelled in vitro but are routinely ignored
for simplicity. More complex interactions such as angiogenesis, immune response, and
metastasis are not possible to accurately model in vitro. Furthermore, intratumoural
heterogeneity makes it difficult to isolate a representative cell line, and genetic drift and
selection pressure associated with extended passaging induce many molecular changes
(Goodspeed et al. 2016). Therefore, cell culture experiments require confirmation in more

accurate models.

1.2.2. Xenograft and PDX models

Cell line xenograft models, where immune-deficient mice are injected with cancer
cells, are the most common way to model cancer growth in vivo due to their relative ease
and low cost. EOC xenografts are typically intraperitoneal (i.p.) injections to model
cancer dissemination throughout the peritoneal cavity as in advanced EOC. Subcutaneous
(s.c.) injections can also be used to facilitate monitoring of tumour volume, and

intrabursal (i.b.) injections can be used to model disease dissemination from a localized



ovarian tumour. For these orthotopic injections, the ovaries are surgically exposed and
cells are injected into the space between the bursal membrane and the ovary. Xenograft
models have been characterized for many EOC lines, including transformed OSE and
FTE (Shaw et al. 2004, Zheng et al. 2010, Jazaeri et al. 2011, McCloskey et al. 2014).

Patient-derived xenograft (PDX) models are becoming increasingly popular as
evidence accumulates that the molecular profile of the original tumour is recapitulated far
more accurately in PDX models than in cell line xenografts (Boone et al. 2015). In PDX
models, primary tumours or ascites are isolated and immediately implanted into immune-
deficient mice, then expanded with serial passages in mice and frozen to generate a
"living tumour bank" (Boone et al. 2015, Weroha et al. 2014, Pepin et al. 2015).
Extensive validation has confirmed that histology, proliferative index, genetic profile,
intratumour heterogeneity, and chemoresistance closely resemble the primary tumours
(Weroha et al. 2014). Although it remains unclear whether PDX models have high
predictive value for unrelated patients, the genetic profiles of high-grade serous PDX
tumours closely resemble tumours in The Cancer Genome Atlas (TCGA; Weroha et al.
2014).

Cell line xenografts remain useful for preliminary studies but share many of the
drawbacks of cell lines, including major genetic differences from primary tumours. PDX
models are far more histologically and genetically accurate, but are difficult and
expensive to generate, validate, and maintain. The accuracy of all xenograft models is
restricted by the impaired immune system, which can significantly alter tumour growth
and response to treatment (Cekanova et al. 2014). Species differences between the
tumour and host may also affect blood vessel formation and microenvironment

interactions, resulting in altered tumour growth. Immune reactions can be modelled in



xenografts with "humanized" mice, which develop human immune components
(Rongvaux et al. 2014). However, xenograft models are incapable of modelling
transformation or early tumour growth because tumours develop from fully transformed

cancer cells rather than progressing gradually in situ.

1.2.3. Syngeneic and spontaneous models

Allograft models are similar to xenograft models but have one notable difference:
the injected cancer cells are murine, derived from mouse OSE (mOSE) or transgenic
mouse models. Mouse cancer cells can often be injected into mice sharing the same
genetic background, allowing a normal immune response and species-consistent
interactions with the microenvironment. Several allograft mouse models of ovarian
cancer have been characterized (Roby et al. 2000; Laviolette et al. 2010, McCloskey et al.
2014, Szabova et al. 2014). These models are useful for examining syngeneic tumour
growth, but share the other limitations of xenograft models.

Many transgenic models of ovarian cancer have been developed by inducing
mutations in the OSE. Models for endometrioid (Dinulescu et al. 2005, Wu et al. 2007),
low-grade serous (Mullany et al. 2011), and high-grade serous EOC (Szabova et al.
2012), show progression from precursor OSE lesions to metastatic cancer with significant
histological and genetic similarity to the human disease. Three of these models use i.b.
injections of adenovirus expressing Cre recombinase (AdCre) to induce genetic changes
specifically in the OSE. Another useful model based on i.b. AdCre is the tgCAG-LS-TAg
(CAG-TAg) mouse, which forms estrogen-responsive tumours with mixed histology and
disease progression resembling human EOC (Laviolette et al. 2010). Tumours are driven

by the oncogene TAg (SV40 T-antigen), which induces transformation by inhibiting



TP53 and RBI1 (Pipas 2009). Many other models of OSE-derived cancer have been
developed, with most including alterations of 7p53 and at least one other gene (Orsulic et
al. 2002, Flesken-Nikitin et al. 2003, Xing and Orsulic 2006, Tirodkar et al. 2014).

As evidence accumulates that the majority of high-grade serous "ovarian" cancers
likely originate in the FTE (Kurman and Shih 2011), additional transgenic mouse models
have been developed targeting the oviductal epithelium. Pten and Dicerl deletion via
Amhr2-Cre induced high-grade serous tumours that originated in the oviduct (Kim et al.
2012). However, these tumours arose in the stroma rather than the epithelium, and did not
follow the transformation process believed to result in high-grade serous EOC in humans
(Kim et al. 2012). A more accurate model used Pax8-Cre to delete Pten and Tp53 in
secretory FTE cells; 4/6 mice developed oviduct lesions resembling STICs by 40 weeks
(Perets et al. 2013). When Brcal or Brca2 was also deleted, the mice formed aggressive
metastatic tumours that closely resembled high-grade serous EOC both histologically and
genetically (Perets et al. 2013). Notably, the majority of these tumours appeared in the
ovary with an apparently normal oviduct, but salpingectomy prevented tumour
development (Perets et al. 2013). Ovgpl-driven TAg expression in the oviducts also
induces high-grade serous tumours and STIC-like lesions (Sherman-Baust et al. 2014).

Unlike most animals, hens predictably develop spontaneous ovarian tumours due
to their very high ovulation frequency (Johnson and Giles 2013). These tumours
recapitulate all histological subtypes of EOC, have similar mutations including changes
in TP53 and KRAS, and are often seen with ascites and widespread metastasis (Johnson
and Giles 2013). This model has been useful to study the early stages of tumourigenesis

and to test preventative strategies such as flax seed supplementation (Hales et al. 2014).



Mouse models are limited by their lack of spontaneous EOC and the rapid
progression of oncogene-driven models. This decreases tumour heterogeneity and limits
the extent to which transgenic models can be used to examine cancer prevention and
early disease progression. Many transgenic models also initiate tumours in juvenile or
even fetal mice, whose ovaries are very different structurally and hormonally from the
human perimenopausal ovary. Hen models overcome these problems, but have additional
challenges. Reagents, cell culture and transgenic techniques are very limited for chickens
relative to mouse models, and large numbers of hens must be maintained for several
years to generate an adequate sample size of spontaneous tumours (Johnson and Giles
2013). Furthermore, genetics are a limitation of all animal models; even the minority with
highly genetically similar tumours are likely to have some functional changes caused by
species-specific differences in gene function.

Although all cell and animal models of EOC have flaws, each model also has
well-defined uses. Cell lines are invaluable for basic research exploring molecular
mechanisms of cancer growth and identifying potential therapeutic targets. Genetically
manipulated cell lines can be used for xenograft models to confirm that results seen in
cell experiments are also applicable in vivo. PDX models are critical for testing new
therapeutic targets in tumours with high genetic similarity to human EOC. Syngeneic
mouse and hen models are useful for exploring early events in EOC, testing preventative
strategies, determining the relative contribution of various mutations, and elucidating

signalling pathways and therapy efficacy in an immunocompetent setting.

1.3: Drivers of ovarian tumourigenesis
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1.3.1. Hormone-related risk factors and prevention

Oral contraceptive pills (OCP) containing synthetic estrogen and progestins have
a well-defined protective effect, reducing the risk of EOC by 4-5% per year of use with a
maximum effect after approximately 10 years (Collaborative Group on Epidemiological
Studies of Ovarian Cancer 2008, Braem et al. 2010). Pregnancy also has a clear
protective effect, with the first child decreasing the EOC risk by 10-40% (Whittemore et
al. 1992, Braem et al. 2010). The impact of breastfeeding is more subtle, but many
studies show a protective effect; breastfeeding decreases the risk of EOC by about 5-25%
relative to other parous women (Whittemore et al. 1992, Luan et al. 2013, Schuler et al.
2013).

Infertility and the associated fertility treatments have been linked to EOC, but
reports are inconsistent. Currently available data do not indicate a harmful effect but are
insufficient to rule one out (Ness et al. 2002, Whittemore et al. 1992; Diergaarde et al.
2014). Similarly inconsistent and limited data links EOC to polycystic ovarian syndrome,
which can cause infertility. A recent meta-analysis showed that polycystic ovarian
syndrome did not increase risk overall, but increased risk 2-fold when women over 54
were excluded, suggesting a higher risk for premenopausal women (Barry et al. 2014).
However, these data should not be considered conclusive due to a low sample size.
Endometriosis, which can also cause infertility, increases the risk of endometrioid and
clear cell EOC (Kim et al. 2014).

Most women with EOC are diagnosed after menopause, with incidence closely
following the sharp rise in gonadotropins (Chakravarti et al. 1976, Choi et al. 2007).
Increased gonadotropin levels and other changes associated with menopause have been

proposed to trigger EOC growth (Salehi et al. 2008). Estrogenic hormone replacement
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therapy (HRT) after menopause increases the risk of EOC by approximately 20-40%
depending on duration of use and time since stopping HRT (Pearce et al. 2009;
Collaborative Group on Epidemiological Studies of Ovarian Cancer 2015). It is unclear
whether estrogen promotes transformation or simply accelerates the growth of existing
tumours; both mechanisms have been demonstrated in EOC cell lines and mouse models

(see section 1.4).

1.3.2. Mechanisms of hormonal risk factors

Ovarian tumourigenesis was long believed to be triggered by physical damage
from ovulatory wounding and the associated hormone-induced OSE proliferation
(Fathalla 1971, Cramer and Welch 1983). Extended proliferation of murine OSE through
repeated passaging can lead to spontaneous transformation (Godwin et al. 1992, Roby et
al. 2000, McCloskey et al. 2014). However, these mechanisms do not explain FTE
transformation, so the "incessant menstruation" theory was developed, where high iron
from retrograde menstruation causes oxidative stress in FTE (Vercellini et al. 2011).
Ovulation is also associated with inflammation, which promotes EOC tumourigenesis
through oxidative stress that could affect both the OSE and the fimbrial FTE (Ness and
Cottreau 1999, Modugno et al. 2003). These interconnected mechanisms are difficult to
evaluate separately, but it is clear that reproductive cycles are a major risk factor.

Follicle depletion has also been proposed to promote EOC (Salehi et al. 2008),
although follicle depletion increases gonadotropin levels due to decreased negative
feedback and the relative risk effects are therefore difficult to distinguish. Follicle
depletion and other structural changes associated with menopause could alter the ovarian

response to exogenous hormones, explaining the differential response to estrogenic OCP

12



pre-menopause and estrogenic HRT post-menopause (Salehi et al. 2008). The
physiological importance of the follicle-depleted postmenopausal ovary can be
investigated using the VCD (4-vinylcyclohexene diepoxide) chemical model of
menopause. VCD injections induce follicle depletion by accelerating atresia (Kappeler
and Hoyer 2012). The resulting premature ovarian failure decreases serum estrogen
levels, increases serum gonadotropin levels, and decreases ovary size, closely paralleling
menopause in humans (Lohff et al. 2005). In the CAG-TAg model, treatment with VCD
alters tumour histology but not survival time; notably, the combined effect of exogenous
hormones (simulating HRT) was not examined in this study (Laviolette et al. 2010).

Gonadotropins are increased by menopause, fertility treatments, and ovulation,
but lowered by pregnancy and OCP use (Salehi et al. 2008). Luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) have been suggested to promote EOC by
stimulating OSE proliferation (Cramer and Welch 1983, Choi et al. 2007). LH and FSH
receptors are expressed in OSE cells and in some EOC tumours and cell lines (Zheng et
al. 1996, Parrott et al. 2001, Lu et al. 2000). Gonadotropin levels in ovarian cysts are
higher when malignant tissue is present, although serum levels show no consistent
changes (Kramer et al. 1998, Choi et al. 2007). Gonadotropin treatment or overexpression
stimulate proliferation, migration and/or invasion of many OSE and EOC cell lines and
stimulate OSE proliferation in many animal models (Choi et al. 2007). OSE dysplasia
and inclusion cysts were observed after long-term gonadotropin treatment (Celik et al.
2004). Furthermore, gonadotropin treatment increased the severity of rat ovarian lesions
in a chemical model of ovarian cancer (Stewart et al. 2004).

Estrogen promotes tumourigenesis and growth of several cancers including

breast, endometrial, and ovarian. The nuclear receptor ESR1 (also known as ERa, ER)
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mediates the majority of estrogen-stimulated proliferation and tumour progression in
hormone-responsive cancers (Ribeiro et al. 2014). The G-protein coupled estrogen
receptor GPERI1 (also known as GPER, GPR30) also promotes tumour growth, whereas
another nuclear receptor, ESR2 (also known as ER[), has a protective effect,
antagonizing the effects of ESR1 and GPER1 (Bossard et al. 2012, Ribeiro et al. 2014).
Local 17B-estradiol (E2) production occurs in many breast, endometrial and ovarian
cancers, faciliating E2-driven growth even with very low circulating E2 levels
(Mungenast and Thalhammer 2014). Therefore, the higher serum E2 levels observed in
some EOC patients could be either a cause or effect of the cancer (Kirilovas et al. 2007).
ESR1 expression does not correlate with clinical outcome of EOC patients; however, a
better prognosis was seen with PGR expression, which antagonizes ESR1 signalling
(Jonsson et al. 2015). Antiestrogen therapy has limited efficacy in EOC, although some
patients have responded (Ribeiro et al. 2014).

Gonadotropins induce ovulation and E2 production, making it difficult to
distinguish the relative effects of these risk factors. E2 production and an associated
increase in proliferation have been observed in OVCAR-3 cells following gonadotropin
treatment (Kraemer et al. 2001), suggesting that some of the observed effects of
gonadotropins may actually be an E2 response. However, E2-induced proliferation and
gonadotropin-induced proliferation responded differently to a surgical injury mimicking
ovulation, implying that the hormones can stimulate proliferation separately (Stewart et

al. 2004).

1.3.3. Mechanisms of hormonal protective factors
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Ovulation suppression is seen with all of the major protective factors (pregnancy,
breastfeeding, OCP). Menstruation is reduced or eliminated by the same protective
factors, so this also supports the incessant menstruation theory of tumourigenesis.
However, the risk reduction per year of prevented ovulations varies. An earlier
menopause decreases the risk by 2% per year whereas OCP and pregnancy decrease it by
4-5% and 10-40% per year respectively, implying additional protective mechanisms
(Collaborative Group on Epidemiological Studies of Ovarian Cancer 2008, Braem et al.
2010, Whittemore et al. 1992).

Progesterone (P4) may be one of those protective mechanisms (Risch 1998). High
levels of P4 are produced by the corpus luteum and placenta during pregnancy, and OCP
pills contain various progestins. P4 or synthetic progestins reduce proliferation, slow
migration, and/or increase apoptosis in OSE, FTE and EOC cells (Bareither and Verhage
1981, Wollenhaupt et al. 2002, Ivarsson et al. 2001, Syed et al. 2001, Syed et al. 2007,
Hua et al. 2008). These effects appear to be mediated by downregulating cyclin-
dependent kinase and AKT activity and activating TP53 and the caspase 8 pathway
(Zhou et al. 2002, Zheng et al. 2007, Hua et al. 2008).

Progestins also increased apoptosis and/or eliminated preneoplastic changes of
OSE in animal models (Rodriguez et al. 1998, Gotfredson and Murdoch 2007). In hens, a
progestin profoundly reduced spontaneous EOC incidence, although this was likely
mediated by ovulation inhibition (Barnes et al. 2002, Trevifio et al. 2012). Exogenous
progestins inhibited growth of progesterone receptor-expressing (PGR+) but not PGR-
EOC cells in one xenograft study (Langdon et al. 1998) but have shown little effect in
other mouse models (Sawada et al. 1990, Armaiz-Pena et al. 2009, Laviolette et al. 2010).

One study showed that P4 treatment initiated before xenograft injection reduced
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peritoneal dissemination and increased survival whereas P4 treatment of established
xenografts had no effect, suggesting that the main protective effect of P4 occurs before
tumourigenesis (McDonnel et al. 2005). Surprisingly, the PGR antagonist mifepristone
significantly decreased tumour growth of SKOV3 xenografts (Goyeneche et al. 2007).

Adding P4 to a platinum-based chemotherapy regime increased 3-year survival of
stage III EOC patients from 42.9 to 85.7% (Chen and Feng 2003), but this has not yielded
any approved therapies. Low PGR expression in ovarian tumours is associated with a
poor diagnosis and more advanced stages (Ho 2003, Jonsson et al. 2015).

Progestins may have a protective effect by abrogating E2 actions. In FTE, P4
inhibits E2-stimulated proliferation (Oka and Schimke 1969). In SKOV3ipl and HeyAS
xenograft models, P4 attenuated E2-stimulated tumour growth despite having no effect
alone (Armaiz-Pena et al. 2009). Therefore, high progestin levels associated with
protective factors such as pregnancy may be preventing the tumour-promoting effects of
high E2 levels. Supporting this theory, adding a progestin lowers the risk of EOC relative
to estrogen-only HRT (Pearce et al. 2009). Additional experimental studies are badly

needed to clarify the interaction between E2 and P4 in ovarian cancer.

1.3.4. Nonhormonal preventative and risk factors

Few lifestyle risk factors for EOC have been identified. Unlike other cancers,
ovarian cancer is not clearly linked to diet or exercise, although obesity has shown
inconsistent risk increases (Webb 2015). Smoking increases the risk of mucinous EOC
(Faber et al. 2013), and perineal use of talcum powder may (Terry et al. 2013) or may not

(Houghton et al. 2014) increase the risk of serous, endometrioid and clear cell EOC.

16



Obstructing the path between the ovaries and the rest of the reproductive tract by
tubal ligation, hysterectomy, or similar surgical interventions decreases the risk of EOC
by limiting ovarian (and fallopian tube) exposure to carcinogens and/or retrograde
menstruation (Green et al. 1997, Cibula et al. 2011, Webb 2015). Salpingectomy was
infrequently performed until evidence emerged implicating the fallopian tube as an origin
of EOC, but surgeons have recently begun to remove fallopian tubes for women at high
risk of EOC and all women undergoing abdominal surgeries as a preventative strategy
(Daly et al. 2015). Preliminary studies indicate that salpingectomy has a protective effect
(Falconer et al. 2015, Daly et al. 2015), although there is not yet enough long-term data to
accurately determine its extent.

BRCA mutations are the predominant genetic risk factor and confer a lifetime
EOC risk of 11-60% (George and Shaw 2014). BRCA1 and BRCA2 are critical proteins
for repairing double-stranded DNA breaks through homologous recombination (Walsh
2015). Although faulty DNA repair is the main mechanism leading to BRCA-related
tumours, it remains unclear why these cancers are limited to hormone-responsive tissues
such as breast and ovary; additional tissue-specific mechanisms are likely (George and
Shaw 2014). BRCAI and E2 have a complex interaction in breast cancer; BRCAI is
induced by E2 and induces transcription of ESR/ in return, but also inhibits ESRI
signalling (Gorski et al. 2009). Due to their faulty DNA repair, BRCA-deficient tissues
would be expected to have increased sensitivity to DNA damage induced by E2. This was
confirmed in both BRCA1 and BRCA2-deficient breast epithelial cells, but BRCA1 loss
had an additional, unexpected effect: the initial DNA damage was increased (Savage et
al. 2014). This was caused by the upregulation of several enzymes catalyzing the

formation of genotoxic E2 metabolites (Savage et al. 2014). BRCA mutation carriers are
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not only more sensitive to the damaging effects of E2, they also have higher serum E2
levels (Widschwendter et al. 2013). This is likely caused by the role of BRCAI in
suppressing aromatase, which catalyzes E2 production from androgens (Hu et al. 2005);
prophylactically-removed breast and ovarian tissue from BRCAI mutation carriers had
high aromatase levels (Chand et al. 2009). This association between BRCA1 and E2 was
similarly evident in transgenic mice; Brcal deletion in the granulosa cells resulted in
higher circulating E2 levels and the development of serous ovarian cystadenomas

(Chodanker et al. 2005, Hong et al. 2010).

1.4: Effects of estrogen on epithelial ovarian cancer growth

1.4.1. E2 production and signalling

The ovary is the main source of circulating estrogens in premenopausal women;
after menopause, estrogen production shifts to peripheral tissues (Mungenast and
Thalhammer 2014). The primary estrogen in premenopausal women, E2, is produced in
granulosa cells from androgens produced in the nearby theca cells (Mungenast and
Thalhammer 2014). The critical developmental, reproductive, and systemic functions of
E2 are mediated through various receptors. Canonical estrogen signalling involves E2
binding to the nuclear receptors ESR1 and ESR2, which dimerize and bind (with various
cofactors) to estrogen response element (ERE) sequences in order to drive transcription;
the receptors are then degraded by ubiquitination (Welboren et al. 2009). Transcription is
regulated by coactivators and corepressors which are highly dependent on tissue type,
ligand, and chromatin modifications (Welboren et al. 2009). Many additional

noncanonical E2 signalling pathways have been described, including E2-independent
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receptor activity, interaction with other transcription factors, and rapid nongenomic
activation of MAPK/ERK and PI3K/AKT/MAPK pathways (Welboren et al. 2009,
Ribeiro et al. 2014). This noncanonical signalling appears to be mediated by ESR1 and/or

GPER1 (Welboren et al. 2009).

1.4.2. E2 effects on ovarian cancer initiation

The ovarian surface and the fallopian tube fimbria are exposed to high
endogenous E2 levels after ovulation (Wu et al. 1977). This may promote tumourigenesis
by stimulating growth; exogenous E2 treatment in vivo induces OSE proliferation, benign
tumours and/or preneoplastic lesions in various small mammal species (Bai et al. 2000,
Silva et al. 1998, Stewart et al. 2004, Gotfredson and Murdoch 2007, Perniconi et al.
2008, Laviolette et al. 2010). Surgical injury to the ovary increased the mitogenic actions
of E2, suggesting that OSE are particularly sensitive to E2 during ovulation (Stewart et
al. 2004. FTE proliferation is also increased by ovulation-associated E2 in many animals
(Oka and Schimke 1969, Bareither and Verhage 1981, Wollenhaupt et al. 2002) including
primates (Verhage et al. 1990), although not in mice (King et al. 2011). Interestingly,
rabbit OSE cells isolated as tissue fragments remained responsive to E2 in vitro, whereas
OSE isolated by trypsin digestion did not, suggesting that the stroma plays an important
role in E2 response (Bai et al. 2000). While E2-induced proliferation of OSE and FTE
has been reported by many studies, some reports are inconsistent (Syed et al. 2001,
Wright et al. 2002).

E2 also induces DNA damage after hydroxylation by cytochrome p450 enzymes
(particularly CYP1A1, CYP1A2, and CYP1B1) to form catechol estrogens, which can

then be converted to quinones (Mungenast and Thalhammer 2014). Quinones react with
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DNA to form genotoxic DNA adducts; quinone conversion back to catechol estrogens
produces free radicals, causing additional DNA damage (Mungenast and Thalhammer
2014). This process has been shown in mOSE (Symonds et al. 2008) as well as breast
epithelial cells (Cavalieri et al. 2006). Higher levels of DNA adducts are found in the
urine of EOC patients, who often have activity-increasing polymorphisms in CYP1B1
(Zahid et al. 2014) that increase the risk of EOC (Goodman et al. 2001). Higher CYP1B1
levels were seen in hen ovarian cancers (Zhuge et al. 2009) and human breast cancers
(Singh et al. 2005) relative to normal controls, implying that catechol estrogens

contribute to both ovarian and breast tumourigenesis.

1.4.3. E2 effects on ovarian cancer growth in vitro

E2 increases proliferation of many EOC cell lines. For at least five cell lines,
including OVCA 432 and OVCAR-3, this is mediated by ESR1-dependent activation of
the IL6/STAT3 pathway (Syed et al. 2002, Yang et al. 2009, Li et al. 2014). There are
also several reports where E2 did not change (Nash et al. 1989, Shi et al. 2008) or
decreased OVCAR-3 proliferation (Chao et al. 2013); this discrepancy could be caused
by culture differences, cell line misidentification, or other unknown factors. Proliferation
was not increased by E2 in SKOV3 cells, which express a mutated ESR1 reported as both
functional (Hua et al. 1995) and nonfunctional (Lau et al. 1999). E2 also increased
proliferation in ESR1- OVCARS5 cells through GPERI1 (Liu et al. 2014), and E2
metabolites increased OVCAR-3 proliferation in an ESR1-independent manner (Li et al.
2014).

E2 decreases apoptosis in transformed OSE by increasing BCL2 (Choi et al.

2001) and in paclitaxel-treated Caov-3 cells by stimulating the AKT/JNK pathway
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(Mabuchi et al. 2004). E2 also decreased anoikis in Caov-3 cells through ESRI1-
dependent PI3K pathway activation (Zheng et al. 2014). In ES-2 and SKOV3 cells, E2
increases migration and invasion through ESR1-independent activation of PI3K/AKT
signalling (Hua et al. 2008, Yan et al. 2015). E2 also induced EMT in these cells, shown
by morphology, SNAII induction and decreased CDH]1 (E-cadherin; Ding et al. 2006, Lu
et al. 2014). GPER1 mediated E2-stimulated migration and invasion in ESR1- OVCARS
cells (Yan et al. 2013). Surprisingly, E2 effects on migration, invasion and EMT have not
been reported in ESR1+ cell lines.

Ligand-bound ESR1 drives transcription of many tumour-promoting genes in
EOC cells, including MYC, survivin, cyclins, HIFI1A, and BCL2 (Chien et al. 1994, Zhu
et al. 2012, Gery et al. 2005, Hua et al. 2008, Hua et al. 2009, Choi et al. 2001).
Furthermore, E2 signalling activates many interconnected tumour-promoting pathways,
including IL6/STAT3, PI3K/AKT and MAPK/ERK (Ribeiro et al. 2015). In EOC cells,
IL6-mediated STAT3 activation promotes cisplatin resistance by preventing apoptosis
(Han 2013) and increases resistance to antiestrogen therapy, likely by increasing E2-
independent ESR1 signalling (Wang et al. 2014). The PI3K/AKT and MEK/ERK
pathways are linked to cell proliferation, survival, metastasis and invasion in EOC and

other cancers, and AKT is often overexpressed in EOC (Mabuchi et al. 2015).

1.4.4. E2 effects on ovarian cancer growth in vivo

Acceleration of tumour growth by exogenous E2 has been shown in various
ESR1+ EOC xenograft models (SKOV3, SKOV3ipl, HEYAS, PE04, OVA-5 and
OVCAR-3; Sawada et al. 1990, Armaiz-Pena et al. 2009, Laviolette et al. 2010, Spillman

et al. 2010). ESR1- cell line xenografts are nonresponsive to E2 in vivo (Spillman et al.

21



2010). Endogenous E2 also promotes tumour growth; SKOV3ipl xenografts grew faster
when they were initiated during proestrus, a high-estrogen phase of the ovulatory cycle
(Armaiz-Pena et al. 2009). Furthermore, antiestrogen therapy or ovariectomy slowed the
growth of PEO4 and OV A-5 xenografts respectively (Sawada et al. 1990, Langdon et al.
1994). In SKOV3 xenografts, VEGFA levels and microvessel density were increased in
tumours from mice injected during proestrus, suggesting that enhanced angiogenesis may
be partially responsible for the increased growth (Armaiz-Pena et al. 2009). E2 also
promoted angiogenesis in ESRI- breast and prostate cancer xenografts, suggesting
systemic angiogenic actions (Gupta et al. 2007).

Exogenous E2 also stimulates tumour growth and/or onset in syngeneic models
(Lee et al. 1992, Laviolette et al. 2010, Mullany et al. 2014). In CAG-TAg mice, median
survival was 50 days with E2 treatment but microscopic ovarian lesions were not
detected until 80 days in control mice (Laviolette et al. 2010). In hens, E2 did not alter
spontaneous tumour incidence but showed trends for altered stage and histology (Trevifio

etal. 2012).

1.5: GREB1 expression and function

1.5.1. GREBI1 discovery and expression in breast cancer

The gene KIAA0575 was initially sequenced from human brain tissue (Nagase et
al. 1998). KIAA0575 was renamed "growth regulation by estrogen in breast cancer 1"
(GREBI) when the first clue about its function was revealed: GREBI is highly
upregulated by E2 in MCF7 breast cancer cells (Ghosh et al. 2000). Three isoforms for

human GREBI1 have been identified (Figure 1), whereas the mouse homolog has 2
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Figure 1. Human GREBI1 transcripts. The GREBIa isoform encodes the longest
protein (1949 amino acids). GREBI1b encodes a C-terminal truncated isoform (457 aa)
with 8 final amino acids that are distinct from GREBIa. GREBIc also encodes a C-
terminal truncated isoform (409 aa) with 23 final amino acids that are distinct from both
GREBIa and GREBIb. The 3 isoforms have unique 3’ untranslated regions and partially
unique 5’ untranslated regions as depicted above. Figure drawn based on RefSeq data
accessed May 1, 2014 (Hodgkinson and Vanderhyden 2014).
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isoforms (Pruitt et al. 2014). Western blot and immunohistochemistry (IHC) analyses in
breast and endometrial cancer cell lines and tissues have shown that GREB1 appears at
216 kilodaltons and is predominantly, but not exclusively, located in the nucleus
(Pellegrini et al. 2012, Hnatyszyn et al. 2010, Mohammed et al. 2013).

In MCF7 and T47D breast cancer cells, GREBI is induced by 1-100 nM E2 as
early as 2 hours with expression persisting for at least 72 hours of treatment (Ghosh et al.
2000, Rae et al. 2005). GREBI expression correlates with ESR1 positivity in both breast
cancer cell lines and primary breast tumours (Rae et al. 2005, Ghosh et al. 2000,
Hnatyszyn et al. 2010, Mohammed et al. 2013). GREB/ levels in breast tumours correlate
with serum E2 levels and change throughout the menstrual cycle (Dunbier et al. 2010,
Haakensen et al. 2011, Haynes et al. 2013). No overall differences were observed
between GREBI mRNA levels in normal breast vs. cancer tissue (Haakensen et al. 2011).
GREBI induction is suppressed by tamoxifen and the estrogen receptor antagonist ICI
182,780, which both inhibit ESR1 activity (Rae et al. 2005).

Transcriptional induction of GREB! is not dependent on protein synthesis (Ghosh
et al. 2000, Deschenes et al. 2007), suggesting direct upregulation by ESR1. This has
been confirmed in MCF7 cells, where GREBI is induced through ligand-dependent
binding of ESR1 to three EREs located 1.6, 9.5, and 21.2 kb upstream of the GREBI
transcriptional start site (Figure 2A; Sun et al. 2007, Deschenes et al. 2007). Luciferase
reporter assays showed that all three EREs are functional and act synergistically (Sun et
al. 2007). Furthermore, E2 induces histone acetylation and polymerase II binding in the
promoters for all three GREBI isoforms (Sun et al. 2007). A chromatin conformation

capture assay showed that E2 induces GREBI by transient colocalization of the
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Figure 2. Regulation of GREBI expression in ESR1+ breast cancer cells. A) AIP
inhibits ESR1-mediated GREBI transcription, and is displaced from the GREBI
promoter in the presence of E2. E2 increases the recruitment of ESRI and the
coactivators NRS5A2 and NCOA3 to the GREBI promoter region, promoting
transcription. STAT3 and UBE3A have also been implicated as cofactors, although their
binding at the GREB1 promoter has not yet been confirmed. B) GREBI transcription is
initiated by ESR1 following synergistic activity from 3 EREs via chromosomal looping,
and colocalization with the TFF1 enhancer. C) Overview of GREBI regulation though
ESRI1. ESR1 upregulates GREBI through downregulation of miR-26a and miR-26b (left
pathway) as well as directly promoting its transcription by binding to its three EREs
(right pathway). Several factors have been identified as regulators of GREBI
transcription, as shown on the right. GREBI upregulation through ESR2, AR and PGR
has also been observed but has not yet been characterized (Hodgkinson and
Vanderhyden 2014).
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promoters with the ESR1-bound EREs, through DNA looping (Figure 2B; Sun et al.
2007).

Recent evidence suggests that microRNA (miRNA) regulation also plays a key
role in GREBI induction by E2. In MCF7 and T47D cells, E2 decreases miR-26 through
upregulation of MYC (Jang et al. 2006, Tan et al. 2014). Expressing mimics for miR-26,
which targets the GREBI 3’ untranslated region, eliminated GREB/ induction by E2 and
greatly reduced E2-stimulated proliferation (Tan et al. 2014). GREBI 1is also upregulated
through other steroid receptors including ESR2, PGR, and AR (Rae et al. 2006, Stossi et
al. 2004, Jacobsen et al. 2005). In fact, AR binds to an androgen response element in the
GREBI promoter in prostate cancer cells (Rae et al. 2006). Although ESR1 appears to be
the main regulator of GREBI levels, and in fact, GREBI is commonly reported as a
marker of ESR1 activity, the relative contributions of these additional regulators remain
unclear. Furthermore, GREBI1 influences the transcription of many ESRI target genes
(Mohammed et al. 2013), making it difficult to distinguish factors specifically altering
GREBI1 from factors that simply affect overall ESR1 activity (Figure 2C; Hodgkinson

and Vanderhyden 2014).

1.5.2. Experimental evidence of GREB1 function in breast cancer

GREBI is a critical mediator of estrogen-stimulated proliferation in breast cancer
cells. When MCEF7 cells were transfected with siRNA targeting GREB, proliferation in
the presence of E2 was reduced to E2-deprived levels, but proliferation under E2-
deprived conditions was not changed by GREB1 knockdown (Rae et al. 2005). Indirect
induction of GREBI by depletion of miR-26 in E2-deprived MCF7 or T47D cells

increased proliferation, mimicking the effects of E2; GREB1 knockdown abrogated this
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increase (Tan et al. 2014). Silencing GREB1 also significantly impaired the ability of
MCF7 cells to form colonies in soft agar (Mohammed et al. 2013).

Purification of ESR1-associated proteins revealed that GREB1 is not only
regulated by ESRI, it also regulates ESR1 activity in return (Mohammed et al. 2013).
GREBI1 binding closely paralleled ESR1 binding, and most GREB1 DNA binding
locations were co-occupied by EP300 (also known as p300) and CREBBP (also known as
CBP), suggesting that they form a cofactor complex (Mohammed et al. 2013). GREB1
contains two LXXLL motifs, which mediate binding of many nuclear receptor
coactivators (including CREBBP/EP300 and the MYBBPIA, also known as pl60,
family) to the ligand binding domain of nuclear receptors (Mohammed et al. 2013). In
MCEF7 cells, 739 genes were upregulated by E2, and silencing of GREB1 with siRNA
eliminated the induction of half of these genes (Mohammed et al. 2013). In this study,
GREBI1 knockdown did not alter ESR1 DNA binding activity, but decreased binding of
the EP300 and CREBBP coactivators, suggesting that GREB1 promotes ESRI1
transcription by recruiting these cofactors to the ERE.

Few studies have examined the function of GREB1 in animal models, but
preliminary evidence suggests that the proliferative effects seen in vitro translate to
increased tumour growth in vivo. GREBI was induced in MCF7-derived tumours when
mice were treated with slow-release E2 pellets; pellet removal decreased GREBI (Rae et
al. 2005). Furthermore, MCF7 cells expressing miR-26 mimics had slower tumour
growth in E2-treated mice (Tan et al. 2014). GREB1 was decreased by these mimics both
in the original cell lines and in the resulting tumours, but it is unclear whether other

targets of miR-26 also contribute to the observed effects (Tan et al. 2014).
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1.5.3. GREBI1 expression in cancer and other pathologies

Interestingly, GREB1 expression correlated with good prognostic outcome in
ESR1+ breast cancer patients (Mohammed et al. 2013). It is difficult to draw conclusions
about the clinical significance of GREBI without knowing the disease characteristics or
treatment regimens for these patients. However, GREB1 correlates with ESR1 status in
breast cancer (Hnatyszyn et al. 2010), and ESR1+ patients typically receive endocrine
therapy. An earlier study showed that a combination of 36 estrogen-regulated genes
including GREBI predicted tamoxifen response with greater accuracy than PGR
(Lippman et al. 2008). Recent experimental evidence suggests that GREB1 directly
affects endocrine sensitivity; a tamoxifen-resistant subclone of MCF7 cells showed a
decrease in GREB1 expression relative to the parental line, and re-expression of GREBI
restored sensitivity to tamoxifen (Mohammed et al. 2013).

Although the vast majority of studies examining GREB1 have been done in breast
cancer, it is also expressed in other hormone-responsive cancers. GREBI is induced by
androgens in AR+ prostate cancer cell lines, and GREB1 knockdown prevented
androgen-stimulated proliferation (Rae et al. 2006). Surprisingly, GREBI levels were
higher in prostate tumours with favourable characteristics such as low stage and low
prostate-specific antigen (Antunes et al. 2012). However, there is no research directly
comparing GREBI levels to clinical outcomes in prostate cancer. In EOC, a small study
found that GREB1 hypomethylation correlated with progression-free survival
(Bauerschlag et al. 2011). Because all patients had late-stage serous cancer treated with
carboplatin and taxol, GREB1 was suggested to play a role in chemosensitivity. Increased
chemosensitivity could be caused by increased proliferation in GREBI1-expressing

tumours, but proliferation markers were not assessed in this study so it is difficult to draw

28



conclusions about GREB1 actions. GREB1 has not been examined in endometrial cancer,
but it is induced by E2 in the ECC-1 endometrial carcinoma cell line (Ghosh et al. 2000).
Only two studies have reported GREBI expression in cancers that are not hormone-
responsive. GREBI was increased 3-fold in normal bronchiole epithelial cells after a low
dose of mainstream cigarette smoke (Parsanejad et al. 2008), and a 5-gene panel
including GREBI showed promise as a biomarker screen for lung cancer in saliva
samples, with better sensitivity and specificity than current blood-based screening
methods (Zhang et al. 2012).

GREBI may play a role in endometriosis, which is E2-responsive and increases
the risk of developing EOC. GREBI expression was higher in endometriosis than in
eutopic uterine tissue from the same patient or healthy controls (Pellegrini et al. 2012).
GREBI localization also changed from mixed cytoplasmic and nuclear in normal tissue
to strong nuclear staining in epithelial cells of ectopic tissue (Pellegrini et al. 2012). A
GREBI polymorphism has been associated with endometriosis in several large genome-
wide association studies; its odds ratio was higher in advanced stages, suggesting a link
with disease progression (Rahmioglu et al. 2014). However, it is unclear what the
functional significance of this polymorphism is and how it, or GREB1, may contribute to

endometriosis.

1.6: Rationale, hypothesis and objectives

Rationale:
E2 promotes EOC tumour growth through a complex signalling network, much of

which remains unclear. There are many similarities between breast and ovarian cancers,
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despite their large differences in clinical progression and response to antiestrogens and
other cancer therapies. Major ESRI transcriptional targets driving E2-stimulated
proliferation in breast cancer include CCNDI, MYC, and GREBI. Although CCND1 and
MYC have been examined in EOC, the role of GREBI is unknown. Considerable
correlational evidence implicates GREB1 in tumour growth and response to cancer
therapeutics, but few experimental studies have been done to clarify this link, even in the
comparatively well-studied breast cancer. The links to endocrine sensitivity are
particularly interesting considering the large numbers of breast cancer patients currently
treated with endocrine-targeting therapies, many of whom will eventually develop
resistance. Endocrine therapy is not routinely used in EOC due to high resistance, but an
apparent response has been seen in a subset of patients. Therefore, a biomarker to identify
sensitive patients or a therapeutic target that increases the response to endocrine therapy
would be extremely valuable in both breast and ovarian cancers. Mechanistic studies are
badly needed to investigate the role of GREBI in cancer initiation and progression and to

determine whether measuring or targeting GREB1 has clinical utility.

Hypothesis:

E2 promotes ovarian cancer progression through ESR1-mediated upregulation of
GREBI1. GREBI1 expression promotes tumour progression primarily by increasing cell

proliferation.

Objectives:

1) Characterize E2 responsiveness of mouse ovarian cancer cells in vitro and in mouse

models
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2) Investigate modulators of tumour growth in the CAG-TAg model

3) Elucidate the mechanisms of E2 action in mouse ovarian cancer cells in vitro and in

vivo by identifying E2 target genes, investigating the role of angiogenesis, and

determining the importance of ESR1

4) Determine GREBI1 expression and function in mouse cancer cell lines and in vivo

models of ovarian cancer

5) Examine GREBI expression and function in EOC cancer lines, normal tissues, and

primary tumours
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Chapter 2: Materials and methods

2.1: Mouse experiments

Housing and veterinary monitoring

All mouse experiments were performed in accordance with the Guidelines for the
Care and Use of Animals established by the Canadian Council on Animal Care, with
protocols approved by the University of Ottawa Animal Care Committee. Mice were
housed in the standard University of Ottawa animal care facilities which meet or exceed
all relevant Canadian and international standards (cages of 2-5 mice, 12:12 light:dark
cycle, free access to food and water). Veterinarian technicians who were blinded to
experimental groups monitored mice regularly throughout tumour progression, with
veterinarian assistance as needed, to identify mice requiring euthanasia (or in rare cases,
medical treatment). This was based on an overall health assessment including criteria
such as severe weight loss, impaired mobility, respiratory distress, ulcerated tumours,
jaundice, or other signs indicating pain or distress. If no humane endpoint was reached,
mice were euthanized at experimentally defined endpoints (15 months after surgery for
survival studies). Animal Research: Reporting of In Vivo Experiments recommendations

(Kilkenny et al. 2010) were followed whenever possible.

Breeding and genotyping

Experimental CAG-TAg mice were generated from a stable breeding colony
which did not require genotyping. For the ESR1 deletion study, CAG-TAg (FVB/N

background) mice were crossed with conditional ESR1 knockout mice (C57BL/6N, also
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known as B6; floxed Exon 3) kindly provided by Dr. Korach. This yielded mice that
simultaneously express TAg and delete ESR1 after exposure to Cre recombinase
(localized to the OSE by i.b. AdCre). Because the B6 background inhibited tumour
progression, mice were bred to >99% FVB/N strain markers using the MAX-BAX
accelerated back-crossing protocol (Charles River, USA). Breeding pairs used to generate
experimental mice were ESR1™" and TAg”" in order to obtain ESR1™*" and ESR1""

++

siblings that were both TAg'". TAg-homozygosity of breeding pairs was confirmed by
test mating. ESR1 genotype was assessed by polymerase chain reaction for wildtype and

mutant ESR1 in the genomic DNA isolated from ear punches (Hewitt et al. 2010).

Experimental grouping, necropsy and analysis

Mice were divided into experimental groups with an even distribution between
cages and surgery dates. All surgeries were done at the same time of day, on a maximum
of two consecutive mice of any group, and group order was alternated each surgery day.
At necropsy, mice were euthanized with carbon dioxide and weighed, then ascites fluid
was removed and measured, tumours were dissected and weighed, metastasis locations
noted, and tumour tissues were collected (frozen for quantitative real-time RT-PCR
(QPCR) and western blots and/or formalin-fixed and paraffin-embedded for IHC). Mice
were excluded from survival analyses only in cases where humane endpoint was reached
for reasons unrelated to cancer growth, or where ovarian tumours could not be confirmed
at necropsy. Mice were excluded from other analyses for the same reasons or when data
collection was not possible despite confirmed ovarian tumours (e.g. animals found dead

or not enough tumour tissue to collect).
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Hormone pellet implants

For hormone treatments, mice were anaesthetized then implanted s.c. with a 60-
day slow-release hormone pellet (E2, P4, the PGR antagonist mifepristone, or placebo;
Innovative Research of America, USA). E2 pellets were verified by measuring serum E2
levels with a Coat-a-Count radioimmunoassay kit (Diagnostic Products, USA). To collect
serum, blood was withdrawn from the inferior vena cava at necropsy, allowed to clot for
30-60 min at room temperature, then spun for 10 min to isolate the supernatant, which
was stored at -20°C until analysis. Serum samples and kit calibrators (100 pL; 0-2600
pg/ml) were loaded into tubes coated with antibodies against E2, then incubated with '*I-
E2 for 3h. Tubes were then decanted and radioactivity measured with a Wizard 1470
Automatic Gamma Counter (Wallac, USA) to determine '*I-E2 binding. E2 levels in

samples were determined by comparing IB1E2 binding to the standard curve generated

by the kit calibration samples.

Tumour initiation

For xenograft experiments, 6-8 week old mice with severe combined
immunodeficiency (SCID), either ovariectomized or intact, were ordered from Charles
River (USA). After waiting 1 week to allow recovery from shipping, mice were
anaesthetized then injected i.p. with 10 million cells suspended in 0.5 mL sterile
phosphate-buffered saline (PBS). For experiments with the CAG-TAg mouse model,
tumourigenesis was initiated with bilateral i.b. AdCre injections. Mice were anaesthetized
with isofluorane and ovaries were exposed through a dorsal peritoneal incision. Under a
microscope, 2 puL AdCre (4x10’ plaque forming units per pL in PBS; Vector

Development Laboratory, USA) was injected into each bursal space with a repeated
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injector (2 clicks/ovary; Hamilton, USA). If hormone treatments were given, pellets were

implanted immediately after cancer cell or AdCre injection.

VCD injections

For the menopause study, CAG-TAg mice were transferred from the breeding
colony at 6 months and injected i.p. daily with VCD (240 mg/kg) or vehicle (1:1
dimethyl sulfoxide:saline) for 5 consecutive days (Sahambi et al. 2008). After waiting 60
days for ovarian failure due to follicle depletion (Hoyer et al. 2007), surgeries were done

to activate TAg and implant hormone pellets as described above.

2.2: Cell line experiments

Cell line isolation and authentication

Mouse ascites-derived (MAS) ovarian cancer cell lines were isolated by L.
Laviolette (MASE1, MASE2, MASC1, MASC2), or by K. Hodgkinson (MASE3,
MASC3, MASE-L, MASE-ESR1del, MASC-ESR1del, MASE-L-ESR1del; see Table 1).
MASE lines were derived from estrogen-treated mice, whereas MASC lines were derived
from control mice receiving no exogenous hormones. Ascites were collected with a
syringe through the peritoneal membrane, incubated with an erythrocyte lysis buffer, then
centrifuged to collect intact cells. Cells were washed with sterile PBS, then plated in o-
MEM (Invitrogen, USA) containing 10% FBS (Cansera, Canada), 1X gentamicin (Gibco,
Thermo Fisher Scientific, USA) and 0.1X penicillin/streptomycin (pen/strep; Sigma-
Aldrich, USA). The following day, cells were washed with PBS and given fresh media.

After cells grew enough to freeze down, antibiotics were discontinued and cells were
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Table 1. Mouse ovarian cancer cell lines isolated from ascites (MAS lines) or solid
tumours (MTU lines) of CAG-TAg mice at endpoint.

Cell line name

MASC lines, derived from control-treated mice (implanted with placebo pellet)

MASC1
MASC2
MASC3

MASC-ESR1del -1
MASC-ESR1del -2

MASEI1
MASE2
MASE3

MASE-ESR1del -1

Cell ESR1 Isolated by Date isolated

line ID status

3527A  wildtype L. Laviolette 2005

1140A  wildtype L. Laviolette 2005

4528A wildtype K. Hodgkinson Sept. 8, 2014

3471A  deleted K. Hodgkinson Sept.5, 2014

4533A  deleted K. Hodgkinson Oct. 3,2014
MASE lines, derived from E2-treated mice (implanted with 60d-release 0.25 mg E2 pellet)

6406A  wildtype L. Laviolette 2007

2068A  wildtype L. Laviolette 2005

4790A  wildtype K. Hodgkinson Dec. 10,2014

4610A  deleted K. Hodgkinson Sept. 11,2014

4646A  deleted K. Hodgkinson Oct.10, 2014

MASE-ESR1del -2

MASL lines, derived from low-dose E2-treated mice (implanted with 60d-release 0.05 mg E2

pellet)

MASLI
MASL2

MASL-ESR1del -1
MASL-ESR1del -2

4624A
4741A
4537A
4678A

wildtype
wildtype
deleted
deleted

K. Hodgkinson
K. Hodgkinson
K. Hodgkinson
K. Hodgkinson

Nov. 11, 2014
Dec.19, 2014
Sept.6, 2014

Nov. 11, 2014

MTU lines, derived from solid tumours of control (MTUC), E2-treated (MTUE), or low-dose
E2-treated (MTUL) mice

MTUC 4528T wildtype K. Hodgkinson Sept. 8, 2014
MTUE 4742T wildtype K. Hodgkinson Oct. 12,2014
MTUL 4624T wildtype K. Hodgkinson Nov. 11, 2014
MTUC-ESR1del 3471T deleted K. Hodgkinson Sept.5, 2014
MTUE-ESR1del 4720T deleted K. Hodgkinson Nov. 28, 2014
MTUL-ESRI1del 4537T deleted K. Hodgkinson Sept.6, 2014
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tested for mycoplasma. Mouse ovarian surface epithelial (mOSE) cell lines were isolated
from whole ovaries by O. Collins and used at passages 20-50. Human cancer lines were
obtained from ATCC (OVCAR-3), G. Mills (OVCA 432), M. Molepo (OV2008), or I.
Lorimer (MCF7). The OVCA 432 and OV2008 cell lines were authenticated by the
Genetic Analysis Facility, The Centre for Applied Genomics, The Hospital for Sick
Children (Toronto, Canada) using short-tandom repeat sequencing. Notably, our OV2008
cells were identified as the ME-180 cervical cancer cell line, consistent with literature
reports that the OV2008 and its derived C13 cell line are not ovarian cancer cells, but

rather the ME-180 cervical cancer cell line (Korch et al. 2012).

Cell culture

Cell lines were stored at -80°C in fetal bovine serum (FBS; Cansera, Canada)
with 10% dimethyl sulfoxide added. Frozen aliquots were thawed rapidly, plated in 25
cm’ flasks (Corning, USA) with 5 mL media, and incubated at 37°C with standard
oxygen and carbon dioxide levels. All cell lines except OVCAR-3 were normally
cultured in a-MEM (Invitrogen, USA) containing 10% FBS; OVCAR-3 cells were
cultured in RPMI (Invitrogen, USA) + 20% FBS. Cells were split when 90-100%
confluent; otherwise media was changed weekly. Antibiotics were not used for routine
culture (exceptions are noted). Mycoplasma testing was performed by O. Collins every 3
months of culture or when cells were frozen down, whichever happened first, and no cells

described in this thesis ever tested positive.

Hormone treatments
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E2-free media was used for all experiments involving E2 treatments: phenol-red-
free DMEM/F12 (Invitrogen), with 1.2 g/L sodium bicarbonate and 5-10% charcoal-
stripped serum (CSS). CSS was made by stirring fetal bovine serum with 50 mg/mL
charcoal overnight at 4°C followed by several centrifuges to remove charcoal. Cells were
plated in regular media for optimum attachment; fully attached cells were washed with
PBS then switched to E2-free media a minimum of 24h prior to E2 treatment. For E2
treatments, E2 stock solutions (Sigma; suspended in 100% ethanol, then stored in glass
vials at -20°C) were diluted with ethanol as necessary and added to E2-free media for a
final concentration of no more than 0.1% ethanol. Most experiments used an E2 dose of

10 nM; the remainder used 500 nM.

GREBI1 knockdown and overexpression

Lentiviruses encoding two GREB1-targeted shRNA constructs based on the GIPZ
vector, which co-expresses GFP and puromycin resistance sequences, were obtained from
Open Biosystems (now Dharmacon; USA; Figure 3). Cells transduced with the
knockdown constructs were allowed to recover in fresh media for 72h before selection
with puromycin. Puromycin-resistant cells were GFP-sorted using fluorescence-activated
cell sorting (FACS) for high GFP expression, at the Ottawa Hospital Research Institute
StemCore Flow Cytometry facility.

A lentivirus encoding the full length isoform of human GREBI1 was based on the
pWPI vector, with an IRES-GFP expression cassette (Figure 4). Lentivirus was produced
in transfected 293T cells by Dr. K. Garson (Ottawa, Canada). Cells transduced with the
overexpression construct were GFP-sorted 72h after transduction. Because FACS is a

frequent source of bacterial contamination, all sorted cells were cultured with 1X
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Vector Element

Utility

hCMV

Human cytomegalovirus promoter drives strong transgene expression

1GFP TurboGFP reporter for visual tracking of transduction and expression

Puro® Puromycin resistance permits antibiotic-selective pressure and propagation of stable integrants

IRES Internal ribosomal entry site allows expression of TurboGFP and puromycin resistance genes in
a single transcript

shRNA microRNA-adapted shANA (based on miR-30) for gene knockdown

5'LTR 5" long terminal repeat

3' SIN LTR ' self-inactivating long terminal repeat for increased lentivirus safety

w Psi packaging sequence allows viral genome packaging using lentiviral packaging systems

RRE Rev response element enhances titer by increasing packaging efficiency of full-length viral genomes

WeRE Woodchuck hepatitis postiranscriptional regulatory element enhances transgene expression in

the target cells

Figure 3. Lentiviral constructs used for shRNA-based GREB1 knockdown. A) Map
of pGIPZ vector. Note the miR-30-based shRNA, GFP and puromycin resistance

elements.

(from Open Biosystems, now Dharmacon; http://dharmacon.gelifesciences.com)
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Figure 4. Lentiviral constructs for GREB1 overexpression. Maps of pWPI vector
(top) and pWPI-based human GREB1 construct (bottom).

(from Dr. K. Garson )
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pen/strep and 3X gentamicin until they could be preserved in frozen aliquots. Cells were
then switched to normal media (no antibiotics) and tested for mycoplasma to confirm the
absence of contamination. Knockdown and overexpression were confirmed by QPCR for
all cell lines, as well as by western blot analysis of MASE lines. Mouse cell lines are

listed in Table 2; human cell lines are listed in Table 3.

Cell proliferation

Cells were plated in 6-well plates in their regular culture media, with time=0 set
when the media was changed to the experimental media after cells were fully attached
(overnight for OSE and human ovarian cancer cell lines, or 4-6h for ascites cell lines).
Based on different growth rates and time to confluence, mOSE were plated at 200,000
cells/well, mouse ascites cells were plated at 50,000 cells/well, and human ovarian cancer
cells were plated at 300,000/well. At each time point, cells were trypsinized for 5-10
minutes (min) at 37°C, then resuspended in 1mL of their regular media, and examined
with the ViCell automated counter (Vi-CELL TM XR Cell Viability Analyzer; Beckman
Coulter Inc, USA). For each experiment, treatment groups were assessed in triplicate
wells (with the exception of the OVCA 432 WPI-GREBI proliferation experiment in E2-
free vs. E2-containing media, which used duplicate wells). In all proliferation
experiments, viability was compared between groups to ensure that viable cell count was
correctly assessing proliferation rather than changes in viability; most experiments had

viability consistently higher than 90%.

Cell migration
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Table 2. Mouse ovarian cancer cell lines (MAS) generated with GREB1 knockdown
or overexpression.

Cell line name Lentiviral construct Date transduced

GREBI knockdown: MASE cells transduced with GIPZ-based constructs

MASE-NS-1 Non-silencing
2011
MASE-shGREBI1#1-1 shGREB1#1 2011
MASE-shGREB1#2-1 shGREB1#2 2011
MASE-shGREBI1#3-1 shGREB1#3 2011
MASE-NS-2 Non-silencing 2013
MASE-shGREB1#1-2 shGREB1#1 2013
MASE-shGREB1#2-2 shGREB1#2 2013
MASE-shGREB1#3-2 shGREB1#3 2013
GREBI overexpression: MASE cells transduced with WPI-based constructs
MASE-WPI-1 WPI (empty) 2014
MASE-GREBI1-1 WPI-GREBI1 2014
MASE-WPI-2 WPI (empty) Sept 12, 2014
MASE-GREBI1-2 WPI-GREBI1 Sept 12, 2014
GREBI overexpression: MASC cells transduced with WPI-based constructs
MASC-WPI-1 WPI (empty) Sept 12, 2014
MASC-GREBI1-1 WPI-GREBI1 Sept 12, 2014

All cells have been sorted by FACS for GFP; cells transduced with the GIPZ construct
were also selected with puromycin before GFP sorting.
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Table 3. Human ovarian cancer cell lines generated with GREB1 knockdown or
overexpression.

Cell line name Working cell line Lentiviral Date generated
name construct

GREBI knockdown: cells transduced with GIPZ-based constructs

OVCAR3-NS OVCAR3-NSAS Non-silencing 2013
OVCAR3-shGREB1#1  OVCAR3-SH1AS shGREB1#1 2013
OVCAR3-shGREB1#2  OVCAR3-SH2AS shGREB1#2 2013

OVCAR3-shGREB1#3  OVCAR3-SH3AS shGREB1#3 2013

GREBI overexpression: cells transduced with WPI-based constructs

OVCAR3-WPI OVCAR3-WPI WPI (empty)  Sept 12,2014
OVCAR3-GREBI OVCAR3-GREBI WPI-GREBI  Sept 12, 2014
OVCA432-WPI OVCA432-WPI WPI (empty)  Sept 16, 2014
OVCA432-GREBI OVCA432-GREBI ~ WPI-GREB1  Sept 16,2014

All cells have been sorted by FACS for GFP; cells transduced with the GIPZ construct
were selected with puromycin before GFP sorting.
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Cells were plated in their regular media at 15,000/well in 96-well ImageLock
tissue culture plates (Essen BioScience, USA). When cells were 95-100% confluent
(around 20 hours later), identical scratch wounds were made in every well using the
IncuCyte WoundMaker according to the manufacturer's protocol (Essen BioScience,
USA). Wells were immediately washed twice with regular culture media before adding
treatment media and incubating cells in the IncuCyte automated monitoring system,
which photographed all wells every 2 hours. IncuCyte ZOOM software was used to
quantify wound width and calculate wound density (cell confluence in wound relative to

cell confluence outside the wound).

Colony formation

Cells for colony formation assay were plated in soft agar by O. Collins according
to standard protocols (Laviolette et al. 2014). Briefly, cells in single suspension were
mixed with 37°C low-melting-point soft agar, and plated in 24-well tissue culture plates
with 3 replicate wells per group (Corning, USA). Cells were counted with a phase
contrast microscope (EVOS, Thermo Fisher Scientific, USA) when colonies were large
enough to distinguish from single cells (7d after plating for MASE lines, 14d for
OVCAR3 and OVCA 432). To reduce bias from unevenly distributed cells, the objective
was centred on each well and visible colonies were counted in all planes without moving
the objective. In each experiment, colony counts were averaged across the 3 replicate
wells. All group identities were hidden until statistical analysis was completed to

minimize potential bias.

2.3: Molecular techniques
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Quantitative real-time RT-PCR (QPCR)

Cells were trypsinized, resuspended, and washed with PBS before freezing as cell
pellets. Small pieces of tumours (20-100 mg) were cut with a clean razor blade on a
surface cooled by dry ice, then immediately homogenized in lysis buffer from the RNA
extraction kit. RNA was extracted using commercial centrifugation-based kits (RNeasy,
Qiagen, USA or GenElute, Sigma-Aldrich, USA) and cDNA was generated with 500 ng
RNA using a commercial reverse transcription kit (Qiagen Quantitect or Bio-Rad iScript;
Qiagen, USA). RNA quantity and quality was assessed with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, USA). Water used for RNA, cDNA and
QPCR reactions was RNase and DNase-free (Qiagen, USA or autoclaved double-distilled
water). All RT reactions included two negative controls to be added to each QPCR plate:
a "no-RT control" with water replacing the RT enzyme and a "no template control" with
water replacing the cDNA sample. In addition to these negative controls, every QPCR
plate included a positive control (tissue or cell line expected to highly express the gene of
interest). If amplification was seen in negative controls earlier than cycle 35, the QPCR
was redone with a new aliquot of RNase/DNase-free water.

All QPCRs were run on an ABI 7500 FAST machine (Applied Biosystems, USA)
with a commercial mastermix (TAqMan; Applied Biosystems, USA; RT> SYBR green;
Qiagen, USA; SsoFAST SYBR green; BioRad, USA). QPCR primers are listed in Table
4; primer design and initial validation (showing a clean melt curve and amplification of a
single product near the predicted size) was done by L. Laviolette. Major primers

(mGrebl, mEsrl, mTbp, mPpia, hGREBI, hPPI4) were further validated to confirm
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Table 4. Primers for QPCR with SYBR green mastermix.

Target Forward sequence Reverse sequence

mGrebl GCAACACGGTGCCTCCACCA GAGGCGCCTGCTGGTACTGC
mEsrl TCTGCAGCAGCAGCATCGCC GGCATGAAGGCGGTGGGCAT
mEsr2 CGTTCTGGACAGGGATGAGGGGA GGCTTGCGGTAGCCAAGGGG
mCypllal CATGCGAGGGTCCCAACCCG CACCTTCCAGCAGGGGCACG
mStc2 GAGCGGCTGGGCCAGTTTGT CCACGTCCCCGGCATTGACC
mPgr CGCAGCACCCGCCATCTACC ACTGTGGGCTCTGGCTGGCT
mKdr GTGCTCGTACCGGGACGTCG ACCCTCGGCAGGGGATCACC
mEdnra CGCCACCCTCGTTCTCCAGC CGCCTCCCATGGTCAGC
mEdnl TCCTTGATGGACAAGGAGTGT CCCAGTCCATACGGTACGA
mTbp GGCGGTTTGGCTAGGTTT GGGTTATCTTCACACACCATGA
mPpia AGGGTGGTGACTTTACACGC GATGCCAGGACCTGTATGCT
hGREBI1 TAGCGACCCCTGGCCAGACC GCCGTCTGACGCCGCACATA
hESR1 CCTGATGGCCAAGGCAGGCC CGGTGGGCGTCCAGCATCTC
hPPIA CCTAAAGCATACGGGTCCTG TTTCACTTTGCCAAACACCA

m, mouse; h, human

46



adequate primer efficiency (close to 100%), relative efficiency (similar efficiency as the

housekeeping genes), and dynamic range (linear range of dilution curves).

Western blots

Cells were cultured in 10 cm dishes and lysed in the dish with a commercial cell
lysis buffer when 70-100% confluent (ProteoJet or M-PER; Thermo Fisher Scientific,
USA) following the manufacturer's protocol but with the addition of a 15-30 second
sonication (Sonic Dismembrator Model 300; Fisher Scientific, Canada) before the final
spin for increased yield. Frozen tissues were homogenized then added to the same cell
lysis buffer for protein extraction. Protein was stored at -80°C until use. Protein was
quantified using a Bio-Rad Protein Assay commercial assay (Bio-Rad Laboratories,
Canada) and an equal amount of protein (30-60 pg, depending on the blot) was prepared
for each lane. The NuPAGE electrophoresis system (Invitrogen, USA) was used for all
blots. For blots probed for GREBI, the tris-acetate gel protocol in the NuPAGE
Technical Guide was followed using the commercial buffers recommended in the
protocol and precast 10% tris-acetate gels (Invitrogen, USA). For all other blots, buffers
were prepared in the lab and samples were loaded on precast 4-12% graduated tris-
glycine gels (Invitrogen, USA) following the tris-glycine gel protocol described in the
NuPAGE Technical Guide. Gels were run for 1.5-2h at 120-140V with 1X NuPage
MOPS running buffer (20X: 1 M MOPS, 1 M Tris, 69.3 mM SDS, 54.8 mM EDTA).

Gels were transferred to nitrocellulose (Hybond-C Extra; Amersham Biosciences,
UK) with 1X NuPage Transfer Buffer (20X: 500 mM bicine, 500 mM Bis-Tris, 20.5 mM
EDTA) for 2h at 30V. Blots were then blocked with blocked for at least 1 hour in 5%

skim milk in 1X Tris-buffered saline with 0.1% Tween-20, probed with primary antibody
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for 30 min-1h, washed 3x5 min with PBS, probed with the relevant HRP-conjugated
secondary antibody for 1h, washed 3x5 min with PBS, and developed with ECL. Advance
Western Blotting Detection Kit (Amersham Biosciences, UK). Primary antibodies used
include GREBI (1:500; Sigma HPA024616, USA), ESR1 (1:200; Santa Cruz, USA),
GAPDH (Abcam, USA), ACTB (Abcam), KDR (Abcam), and EDNRA (Abcam). The
SuperSignal Western Blot Enhancer kit (Thermo Fisher Scientific, USA) was used for

blots examining GREBI.

Chromatin Immunoprecipitation (ChIP)

MASE cells were treated with 100 nM E2 for 45 min then cross-linked with 1%
formaldehyde for 30min at room temperature. Cross-linking was quenched by adding 125
mM glycine for 10 minutes at RT. Cells were sonicated with Diagenode's Bioruptor® for
30sec on HIGH and 60sec off for 80 cycles at 4°C to produce 150-200 bp fragments. To
bind antibody to Dynabeads® magnetic beads, Spg of ESR1 anti-body (Santa Cruz, sc-
542) or normal mouse IgG (control for non-specific interactions) (Millipore, USA) was
incubated with 20ul of magnetic beads O/N at 4°C the day prior to IP. 250ug of DNA
was used per IP and DNA was pre-cleared using 1ul/ml salmon sperm (Sigma, USA),
10ul/ml ovalbumin (Sigma), and 10ul/ml Dynabeads® magnetic beads for 1H at 4°C.
10% of pre-cleared chromatin was saved as “Input” and IP of DNA with antibody-bound
beads occurred O/N at 4°C. Next day, the beads bound by immune-complexes were
collected using a Magna GrIP™ Rack (Millipore, USA) and washed twice with low-salt,
high-salt, and LiCl washes. The immuneprecipitated materials were eluted from the beads
by incubating the samples with elution buffer at 65°C for 10mins at 1400 rpm in an

Eppendorf Thermomixer. Reverse cross linking and protease treatment was performed on
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each sample including input. The immunoprecipitated genomic DNA fragments were
isolated via phenol:chloroform:isoamyl alcohol extraction, precipitated with ethanol, then
pelleted. Air-dried DNA pellet was resuspended in nuclease-free water. A HotStarTaq
DNA Polymerase Kit (Qiagen, USA) was used to amplify DNA with primers spanning
the mouse Greb! EREI and ERE2. Amplified PCR products were ran on a 4% agarose
gel containing RedSafe™ Nucleic Acid Staining Solution (Intron Biotechnology) and

bands were visualized with a EpiChem II Darkroom transilluminator (UVP Laboratory).

Immunohistochemistry (IHC) and hematoxylin and eosin (H&E)

Tissues were fixed in formalin for 24-72h then processed and embedded in
paraffin by the University of Ottawa pathology lab. Sections were cut 3-5 um thick and
allowed to dry for 24-96h at room temperature. Tissue microarray (TMA) slides were
obtained from the Cooperative Human Tissue Network (University of Virginia, USA) or
The Ottawa Hospital (Canada). For H&E, slides were stained with Harris Modified
Haematoxylin (Thermo Fisher Scientific, USA) and eosin (Surgipath, USA) according to
standard protocols. For IHC, slides were deparaffinized with xylene, rehydrated with
ethanol, incubated with a citrate antigen retrieval buffer (Antigen Unmasking Solution,
Vector, USA) for 10 min at 100°C, then allowed to cool for 60-90 min. Slides were
incubated with serum-free Dako protein block (30-60 min; Agilent, USA) to reduce
nonspecific staining, then incubated with the relevant antibody at RT for 30m (ESR1;
Abcam, USA) or 1-2h (GREBI1; Millipore, USA). Primary antibodies were diluted in
Dako Antibody Diluent (Agilent, USA; GREB1 1:25; ESR1 1:200). Staining was
visualized with Dako Envision secondary reagents (anti-rabbit or anti-mouse as

applicable; Agilent, USA) followed by a 5 min incubation in a 0.2% diaminobenzidine
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(DAB)/0.001% hydrogen peroxide solution (Sigma-Aldrich, USA). After fully drying,
slides were scanned with a Scanscope (Aperio Technologies Inc., USA) and examined

with Aperio ImageScope software.

Immunocytochemistry (ICC)

Cells were plated on sterilized glass cover slides, treated with E2 if applicable,
then fixed with 4% paraformaldehyde for 30 min. Slides were then washed, permabilized
with 0.2% Triton X-100 (10 min), washed, and blocked with 5% normal goat serum in
PBS (1h). Slides were incubated with primary antibody (GREB1, 1:200 Abcam or 1:100
Millipore; Ki67 1:100) for 1h at room temperature or overnight at 4°C, washed, and
incubated with the relevant secondary antibody for lh in the dark (AlexaFluor 488,
1:1000). For imaging, slides were washed and mounted onto slides with a mounting
media containing a DAPI stain (ProLong Gold Antifade Mountant, Thermo Fisher
Scientific, USA), allowed to dry overnight, and then examined with a fluorescence

microscope.

2.4: Statistical analysis

The sample size for each group is listed in the relevant figure legend; in most
cases, 3 replicate experiments were used for cell studies and 6-8 replicate animals were
used in mouse studies. Kaplan-Meier survival curves were compared using log-rank tests.
Cell proliferation curves were compared with a linear regression of log-transformed cell
counts throughout the exponential growth phase. Parametric tests (t-tests for 2 groups,

ANOVA for 3 or more independent groups) were chosen when possible. Nonparametric
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alternatives (Mann-Whitney U-test or Wilcoxon test) were used in cases of nongaussian
distribution and/or off-scale values which precluded parametric tests. To avoid assuming
equal variance, Welch's t-tests were used instead of Student's t-tests (Ruxton et al. 2006).
Multiple comparisons corrections were chosen based on experiment goals and design; p

values are directly reported whenever possible for maximum transparency.
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Chapter 3: Results

3.1: Estrogen responsiveness of ovarian cancer models in vivo and in vitro

3.1.1. E2 accelerates tumour progression and decreases body weight

To clarify the actions of E2 in ovarian cancer, we investigated its impact on
survival, tumour and ascites development, and body weight in several mouse models of
ovarian cancer. We found that E2 treatment decreased survival time in all three models
examined (Figure 5). Ovariectomized (OVX) SCID mice engrafted i.p. with MAS mouse
ovarian cancer cell lines (MASE2 and MASC2; Table 1) had 55% (p=0.0013) and 14%
(p=0.0052) lower median survival times respectively when a slow-release E2 pellet (0.25
mg/60d) was implanted s.c. in the neck. Disease-free survival (based on first tumour
detection by palpation) was not significantly altered by E2 in either cell line, although a
trend for decreased disease-free survival was seen in the MASE study (p=0.1308). This
suggests that E2 is predominantly increasing growth of established tumours rather than
promoting initial cell engraftment. To confirm these results in an immune-competent
mouse model of ovarian cancer, we treated CAG-TAg transgenic mice with the same E2
pellets. In this model, E2 decreased median survival by 43% (p=0.0003) in one study and
by 61% (p<0.0001) in a later study (Figure 5). Methodology was similar for both CAG-
TAg studies; the main differences were that the methodology was optimized before the
second study (a repeating device was introduced to standardize the volume of injected
AdCre), and that mice were 8 months old at tumour initiation in the first study vs. 8-10

weeks in the second study.
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Figure 5. Survival time after E2 treatment for several mouse models of ovarian
cancer. For allograft models, OVX SCID mice were injected i.p. with 107 MASE or
MASC cells and implanted with a slow-release pellet containing 0.25 mg E2 or placebo
(N=7-8 per group). For CAG-TAg models, TAg was activated with bilateral i.b. AdCre
injections and hormone pellets were implanted at 8 months (Study 1; N=7-12) or 6-8
weeks (Study 2; N=7-9). Survival was prolonged by E2 in both allograft and CAG-TAg
models; disease-free survival, defined as the time before tumours are first detected by
palpation, was not altered by E2.**: p<0.01, ***: p<0.001; log-rank test.
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E2 had an inconsistent effect on tumour burden at endpoint (Figure 6). On
average, tumour weight was increased 300% by E2 in mice engrafted with MASE cells
(p=0.0487) but was not altered in mice engrafted with MASC cells. In CAG-TAg mice,
E2 did not alter tumour weight in the first study but decreased tumour weight by 85% in
the second study (p=0.0182). Ascites volume and incidence were not altered by E2 in any
mouse model examined (Figure 7).

E2 decreased body weight in both the allograft and transgenic mouse models
(Figure 8). Body weight at endpoint was decreased 22% by E2 in MASE-engrafted mice
(p=0.0249) and 15% in MASC-engrafted mice (p=0.0015). The first CAG-TAg study
showed a near-significant trend for decreased body weight (16%; p=0.0852) whereas the
second CAG-TAg study showed a small but significant decrease (p=0.0116). E2 pellet
function was confirmed by radioimmunoassay (Figure 9); mice engrafted with E2 pellets
had significantly higher serum E2 levels at endpoint than mice implanted with placebo
pellets (p<0.0001). There was surprisingly high variability in the E2-treated group, with
E2 levels ranging from 8 to 178 pg/ml (vs. controls ranging from undetectable to 10
pg/ml). This wide range in E2 may have been caused by a loss of pellet function over
time, as E2 levels in serum (collected at endpoint) inversely correlated with survival time

(p=0.0107, R>=0.5779).

3.1.2. E2 actions are subtle in mOSE and mouse ovarian cancer cell lines

Despite the important role of E2 in vivo, few effects were seen on mouse ovarian
cell lines in vitro. MAS ovarian cancer cells did not show any change in proliferation,
colony formation or migration with E2 treatment in vitro (Figure 10). E2 did not alter

proliferation or viability of mOSE in short-term serum starvation conditions (Figure 11A)
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Figure 6. Effect of E2 on tumour weight in several mouse models of ovarian cancer.
Tumours of mice described in Figure 5 were dissected after euthanasia and total tumour
mass was weighed. E2 increased tumour burden in MASE-engrafted mice but not in
MASC-engrafted mice (N=7-8). In the CAG-TAg model, E2 did not alter tumour burden
in one study but decreased tumour burden in a second study (N=5-11). The only major
difference between these two studies is that the mice were 8 months old at AdCre
injection in the first study and 8-10 weeks old in the second study. *: p<0.05; t-test.
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Figure 7. Effect of E2 on ascites in several mouse models of ovarian cancer. Ascites
fluid of mice described in Figure 5 was extracted with a large-gauge needle and syringe
through the peritoneal membrane immediately after euthanasia. Ascites volume was not
altered by E2 in any mouse model examined (N=5-11; p>0.05; Mann-Whitney U-test).
Ascites incidence was also unchanged by E2 (Chi-square test).
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Figure 8. Effect of E2 on body weight in several mouse models of ovarian cancer.
Mice described in Figure 5 were weighed immediately after euthanasia and body weight
was calculated by subtracting tumour weight and ascites weight (approximated from
volume at 1 g/mL) from this initial body weight measurement. Body weight was
decreased by E2 in both MASE and MASC allograft models (N=7-8). In the CAG-TAg
model, a trend for decreased body weight was seen in the first study and body weight
was decreased by E2 in the second study (N=5-11). The only major difference between
these two studies is that the mice were 8 months old at AdCre injection in the first study
and 8-10 weeks old in the second study. *: p<0.05; **: p<0.01; t-test.
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E2 levels in OVX mice E2 levels over time in OVX mice
implanted with E2 pellets
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Figure 9. Efficacy of E2 pellets. E2 pellets were validated by measuring E2 levels in
the serum of OVX mice engrafted with MASE or MASC cells. Blood was collected
from the inferior vena cava at endpoint and serum was isolated by centrifuging clotted
blood and collecting the supernatant. E2 levels were measured by radioimmunoassay. A)
Mice implanted with E2 pellets had higher serum E2 levels at endpoint than mice
implanted with placebo pellets (N=11-12; *: p<0.0001; Mann-Whitney U-test). B) E2
serum levels at endpoint inversely correlated with survival time for mice implanted with
E2 pellets (N=11; p<0.05; R*=0.5779; Pearson's correlation analysis).
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Figure 10. Effect of E2 on proliferation, colony formation, and migration of mouse
ascites (MAS) cell lines. A) MAS cells (described in Table 1) were plated at 15,000/well
and treated with 500 nM E2, then counted 48h later. Proliferation was not altered by E2 in
any cell line (n=3). B) To assess tumourigenicity, MAS cells were plated in E2-free media
with 1% agarose and 250 nM E2 or vehicle control. Colony formation was not altered by
E2 in any cell line (n=3; positive control: A2780cp; negative control: mOSE). C)
Migration was examined by plating MASE cells in 96-well ImageLock plates and using
an Essen Biosciences Woundmaker when 100% confluent. Plates were then washed twice
with PBS and replenished with E2-free media containing 10 nM E2 or vehicle control and
cultured in the IncuCyte incubator system with images taken every 2h. Wound density
was determined by IncuCyte ZOOM software (see Figure 33). Rate of wound closing was
not altered by E2 (n=3).
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Figure 11. Effect of E2 on proliferation of normal mouse ovarian surface epithelial
cells (mOSE). A) Proliferation and (not shown) viability of mOSE in serum starvation
conditions (0.1% serum) were assessed with a ViCell automated counter over 4d of
treatment with 500 nM E2; E2 did not alter proliferation or survival (n=3). B) When
mOSE cells were assessed over a longer time frame (15d), E2 increased proliferation
(n=3; *: p<0.05; t-test). C) After being treated with 100 nM E2, mOSE cells showed a
loss of contact-inhibition, forming multi-layered growths. ICC for Ki67 indicated that
cells in these growths remained highly proliferative. D) In confluent areas, Ki67 was
higher in E2-treated cells (n=3; *: p<0.05; t-test).
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or in normal serum conditions (not shown). However, long-term E2 treatment increased
mOSE proliferation (Figure 11B) and caused cells to build up into dense, multi-layered
structures expressing high Ki67 (Figure 11C), suggesting that E2 can override cell cycle
arrest signals such as contact-inhibition. In confluent areas, the proportion of Ki67+ cells
was increased 3.3-fold by E2 (p=0.0182; Figure 11D). The resulting disorganized cell
growth may be a mechanism of action for the E2-stimulated tumour growth and

preneoplastic lesions seen in our mouse models.

3.2: Elucidation of factors modulating tumour progression in CAG-TAg mice

3.2.1. P4 has no effect on tumour growth in CAG-TAg mice

To investigate whether P4 either directly inhibits ovarian cancer growth or
abrogates the deleterious effects of E2 in the CAG-TAg model, two studies were done in
8-month old mice (to model ovarian cancer occurring after many reproductive cycles in
women). In the first study, mice were treated with inert placebo pellets, pellets releasing
P4 or E2, or a combination treatment (implanting both pellets). Surgeries were done for
12 mice per group based on the prediction that several mice would need to be excluded
for health problems unrelated to tumour growth, including the bladder complications
known to occur occasionally in E2-treated CAG-TAg mice (L. Laviolette, unpublished
data). P4 did not alter survival, tumour burden, ascites volume or incidence, or body
weight relative to controls (Figure 12). Similarly, adding P4 to E2 treatments did not alter
any of these outcomes relative to mice treated with E2 alone, although the combined
E2+P4 treatment did show a trend for a decreased tumour burden (p=0.0589). To

confirm that P4 does not affect tumour progression, a pilot study was done using a longer
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Figure 12. Effect of P4 on CAG-TAg tumour progression with and without E2.
Immediately after bilateral i.b. AdCre injections, 8 month old CAG-TAg mice were
implanted s.c. with a slow-release E2 pellet (0.25 mg), P4 pellet (50 mg), both pellets
(E2+P4 combined treatment), or a placebo pellet. Survival curves were compared by
log-rank tests (control vs. P4 and E2 vs. E2+P4; N=4-12; both p>0.05). Tumour weight,
ascites volume, and body weight were measured at endpoint and compared by two-way
ANOVA; P4 caused a trend for decreased tumour burden (p=0.0589) but no significant
differences were observed (N=4-11; all p>0.05).
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P4 treatment (2 serial doses) in 4 mice. For this study, P4 pellets were removed after 60d
and replaced with a fresh hormone pellet, enabling exposure to the hormone for at least
120d. The effect of P4 inhibition was also examined using slow-release pellets containing
the PGR antagonist mifepristone (MF; 50 mg/60d). No survival difference was seen with
either long-term P4 treatment or MF treatment (Figure 13). Similarly, no changes in
tumour burden, ascites volume, or body weight were observed with either treatment

relative to controls.

3.2.2. Menopause does not alter tumour progression in CAG-TAg mice

To examine the impact of menopause on ovarian cancer growth, the VCD-
induced chemical model of menopause was previously combined with the CAG-TAg
model of ovarian cancer in young mice (Laviolette et al. 2011). To better simulate human
menopause, which occurs in older women after many reproductive cycles, mice were
aged to 6 months before initiating VCD injections. Mice were injected with 240 mg/kg
VCD (or vehicle control) for 5 consecutive days to induce follicular atresia. After 60d,
ovarian failure was confirmed by examining ovarian histology. Few or no follicles were
seen in the ovaries of VCD-treated mice (Figure 14A), whereas age-matched control
mice had many obvious follicles (Figure 14B). Induction of ovarian failure with VCD
had no effect on CAG-TAg mouse survival regardless of hormone treatment (Figure
14C). Similarly, VCD did not alter tumour burden, ascites volume, or body weight in any

treatment group (Figure 15).

3.2.3. A lower dose of E2 has little to no effect on tumour progression
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Figure 13. Effect of P4 inhibition or long-term treatment on CAG-TAg tumour
progression. Immediately after bilateral i.b. AdCre injections, 6-8 month old CAG-TAg
mice were implanted s.c. with a slow-release pellet containing a progesterone receptor
antagonist (mifepristone; MF; 50 mg), P4 (50 mg), or placebo pellet (N=4-6). Unlike the
previous P4 study (Figure 12), P4 pellets were replaced after 60d with a fresh P4 pellet
for a long-term treatment (LT-P4). Survival curves were compared by log-rank tests
(control vs. MF and control vs. LT-P4; N=4-6; both p>0.05). Tumour weight, ascites
volume, and body weight were measured at endpoint and compared by one-way
ANOVA, but no significant differences were observed (N=4-11; all p>0.05).
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Figure 14. Effect of VCD-induced ovarian failure (""'menopause') on CAG-TAg
tumour progression and response to hormones. Ovarian failure was induced in 6
month old CAG-TAg mice by i.p. VCD injections; 60d later, surgeries were done to
activate TAg and implant hormone pellets. A) No follicles are seen in the ovary of a
VCD-treated mouse 60d after injections. B) Growing follicles (arrows) are easily seen in
the ovary of an age-matched control mouse. C) VCD treatment did not alter survival in
any of the four hormone contexts examined (N=4-12, p>0.05, log-rank test).
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Figure 15. Effect of VCD-induced ovarian failure (""'menopause'") on CAG-TAg
endpoint characteristics. For the mice described in Figure 14, VCD treatment did not

alter tumour burden, ascites volume, or body weight at endpoint in any hormone context
(N=4-11; p>0.05, two-way ANOVA).
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To investigate whether E2 acts in a dose-dependent manner, and in an attempt to
reduce the bladder complications seen previously with E2 treatment, an additional low-
dose E2 (0.05 mg/60d) treatment group was compared to the higher regular dose of 0.25
mg/60d. Surprisingly, no mice in this study developed bladder problems with either low-
dose E2 or the higher-dose E2. The lower dose of E2 showed a trend for decreased
survival but was not significantly different from control mice due to high variability
(41% shorter median survival; p=0.1091; Figure 16). Decreases in tumour burden and
body weight seen at the higher E2 dose were not seen with the lower dose, and ascites

volume and incidence were unchanged by E2 at either dose (Figure 16).

3.2.4. Both alleles of TAg contribute to tumour progression in a mouse strain-specific

manner

To determine if some of the variability in animal survival in the previous
experiments might be due to the number of alleles in which TAg was activated, we tested
whether tumour progression is maximally driven with one allele of TAg. CAG-TAg mice
were crossed with wildtype mice of the same strain (FVB/N) and given i.b. AdCre
injections to activate TAg. Although all resulting TAg hemizygous mice formed tumours,
median survival was prolonged by 47% relative to normal TAg-homozygous CAG-TAg
mice (p=0.0036; Figure 17A).

Surprisingly, when CAG-TAg mice were crossed with mice of a different
background (ESRI1-floxed mice; C57BL/6N; B6) in another study using identical
methodology to induce tumour formation, no tumours developed in any of the resulting
47 mixed-background (F3; ESR1™" and ESR1™) TAg-hemizygous mice by up to 150

days, even with E2 treatment (data not shown). To confirm that the mixed B6 background
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Figure 16. Effect of low-dose E2 on CAG-TAg tumour progression. CAG-TAg mice
were implanted with hormone pellets immediately following i.b. AdCre injections. Mice
treated with a low-dose E2 pellet (0.05 mg; “E2 low”) showed a trend for intermediate
survival time between mice treated with placebo and mice treated with the higher E2
dose used in previous studies (0.25 mg; “E2”), but this did not reach statistical
significance due to large variability (p>0.05, log-rank test vs. control). Unlike mice
treated with the higher E2 dose, the tumour burden and body weight of mice treated with
low-dose E2 were no different from control mice (N=5-9; *: p<0.05; t-test vs. control).
Ascites volume and incidence were not altered by either E2 dose (Mann-Whitney U-test
and chi-square test respectively).

68



Survival: CAG-TAg x FVB/N

1004+——--==-====== 1 — CAG-TAg

E i__ ------ CAG-TAg x FVB/N
£ 75 a
=] [
D :
E 50 A
o i
& i

25+ 1

L ke
c 1 1 : 1 1
0 100 200 300 400
Time (days post surgery)
Survival: CAG-TAg x C57BL/6N
mm=mmmmmmmmmmmmmmmmmemeemmm—o. —— CAG-TAg
§ ------ CAG-TAg x C57BL/6N
g
=]
(V2]
IS
[]
o
(]
o
* %%
c 1 1 1 1
0 100 200 300 400

Time (days post surgery)

Figure 17. Changes in tumour development with different numbers of TAg alleles
and mouse strains. A) When CAG-TAg mice were crossed with wildtype FVB/N mice,
the resulting TAg-hemizygous offspring had prolonged survival time after i.b. AdCre
relative to normal CAG-TAg mice (N=6; **: p<0.01; log-rank test). B) When CAG-TAg
mice were crossed with wildtype C57BL/6N mice, i.b. AdCre did not induce any
tumours in the resulting TAg-hemizygous offspring after being monitored for over a year
(N=6; ***: p<0.001; log-rank test).
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was the problem, an additional study was done comparing mixed-background TAg-
hemizygous mice to regular (FVB/N background and TAg-homozygous) CAG-TAg
mice. F1 mixed background mice were generated by crossing CAG-TAg mice with
wildtype B6 mice. In this study, FVB/N CAG-TAg mice formed tumours normally with a
median survival time of 98 days after AdCre injections, whereas the mixed-background

mice were euthanized after more than 400 days with no tumours (p<0.0001; Figure 17B).

3.3: Mechanisms of E2 action in ovarian cancer models

3.3.1. E2 regulates many genes in tumours from the MASE allograft mouse model

To determine possible mechanisms by which E2 accelerates tumour progression,
microarray analyses were done comparing MASE-derived tumours from E2-treated vs.
control mice, identifying 197 upregulated and 55 downregulated genes. The full list is
available on the Gene Expression Omnibus database (accession number GSE45271).
Based on expression level and known function, several E2-upregulated "genes of
interest" were selected for further analysis (Table 5). Six of these were examined by
QPCR in MASE-derived tumours to confirm their upregulation by E2 (Grebl, Stc2, Pgr,
Cypllal, Kdr, and Ednra; Figure 18). A collaborator confirmed E2-upregulation of a
seventh gene (Taf4b) as well as the estrogen receptors Esr/ and Esr2 in the same tumour

samples (Wardell et al. 2013).

3.3.2. E2 upregulates angiogenesis-related genes but does not alter microvessel density in

MAS allograft models
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Table 5. Subset of interesting E2-upregulated genes identified in a microarray of

tumours from MASE-engrafted mice.

Gene Gene Ontology Pathway(s) logFC P value
Cypllal Cytochrome P450 (scc) Steroid metabolic process 4.26 0.0006
Grebl Growth regulation by estrogen  Unknown 341 0.0015
in breast cancer 1
Fgf7 Fibroblast growth factor 7 Cell proliferation 2.65 0.0044
Cell division
Pgr Progesterone receptor Reproduction 2.64 0.0446
Transcription
Cell proliferation
Cell differentiation
Cdh2 N-cadherin Cell differentiation 2.18 0.0044
Cell migration
Ednra Endothelin receptor Cell differentiation 2.11 0.0281
type A Angiogenesis
Kdr Vascular endothelial Cell proliferation 2.07 0.0170
growth factor receptor 2 Cell migration
Cell differentiation
Angiogenesis
Stc2 Stanniocalcin 2 Biological process 1.90 0.0201
Bmp6 Bone morphogenetic Cell differentiation 1.31 0.0375
protein 6 Inflammatory response

(Laviolette et al. 2014)
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Figure 18. Validation of a microarray comparing tumours from E2 vs. placebo-
treated mice injected with MASE cells. Six E2-regulated genes identified by the
microarray were examined by QPCR in snap-frozen tumours of OVX mice injected with
MASE cells (described in Figure 5). Data were normalized to /8S or Ppia and log-
transformed for statistical analysis. Upregulation by E2 treatment in vivo was confirmed
for all six genes (N=3-8; *: p<0.05; **: p<0.01; one-tailed t-test).
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Two E2-upregulated genes are closely linked to angiogenesis (Kdr and Ednra,
which encode VEGF receptor type II and endothelin receptor type A, respectively),
suggesting that increased angiogenesis may be a mechanism of E2 action in the MASE
allograft model. To determine whether the upregulation of Kdr and Ednra was specific to
MASE-derived tumours, MASC-derived tumours were also examined. Surprisingly, E2
did not upregulate either gene (Figure 19A) in MASC-derived tumours. In fact, E2
decreased Ednra by 63% (p=0.0129) and Kdr also showed a trend for a 61% decrease
with E2 (p=0.0701). Consistent with the mRNA differences, KDR and EDNRA were
increased at the protein level by E2 in MASE- but not MASC-derived tumours (Figure
19B). To confirm that E2 can act directly on MASE tumour cells rather than simply
upregulating angiogenesis-related genes in the stroma, E2 induction of Kdr and Ednra
was examined in MASE cells in vitro. Both genes were consistently upregulated by E2 at
all doses examined (10-500 nM), but statistics could not be done with Ednra due to
technical problems with one replicate, and Kdr showed high replicate variability in the
magnitude of upregulation by E2 (2.4 to 25-fold increase), reducing the statistical
significance of the observed effects (10 nM p=0.046; 100 nM p=0.0765; 500 nM
p=0.0824; Figure 20A). KDR was also upregulated at the protein level by all doses of E2,
although EDNRA was not changed by E2 (Figure 20B). This suggests that the observed
upregulation of Kdr and perhaps also Ednra in MASE-derived tumours was caused by E2
acting directly on MASE tumour cells.

To further clarify the role of Kdr and Ednra in the MAS allograft models, the
genes encoding their most relevant ligands (Vegfa and Ednl, respectively) were
examined in MASE cells and in MASE- and MASC-derived tumours (Figure 21). Vegfa

was not significantly changed by E2 in MASE-derived tumours, although a trend for a

73



Kdr Ednra

0.15- 0.04-
2 2

£ 0.10- E 0%
= =
[ T
5 005 k.

« & 0.01-

0.00- 0.00-

Control E2 Control E2
MASE tumours MASC tumours

+ + - - + + - - E

W e W S e wem wes wee GAPDH
o W EDNRA
-— G GED - - GAPDH

Figure 19. Validation of E2 induction for two angiogenesis-related receptors in
MAS-derived tumours. A) Kdr and Ednra were examined by QPCR in snap-frozen
tumours from E2-treated and control OVX mice injected with MASC cells (see Figure
5). QPCR data were normalized to Ppia and log-transformed for statistical analysis.
Ednra was decreased by E2 in MASC-derived tumours and Kdr showed a nearly-
significant trend for a similar decrease (p=0.0701; N=4; *: p<0.05; t-test). B) KDR and
EDNRA protein levels were examined by western blot in MAS-derived tumours. KDR
and EDNRA were both increased by E2 in MASE but not in MASC tumours.
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Figure 20. Validation of KDR and EDNRA induction by E2 in MASE cells. MASE
cells were treated with 10-500 nM E2 and collected after 48h for analysis by QPCR and
western blot. Gene expression was quantified relative to the E2-free sample for each
replicate, normalized to Ppia, and log-transformed for statistical analysis. A) Kdr and
Ednra were consistently upregulated by E2 at all doses examined, but statistical analysis
was not possible for Ednra (n=2) and large variability in the magnitude of upregulation
reduced the statistical power of Kdr (n=3; 100 nM p=0.0765; 500 nM p=0.0824; *:
p<0.05, one-sample t-test vs. control). B) E2 upregulated KDR but not EDNRA at the
protein level at all three doses examined. Mouse heart was used as a positive control.
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Figure 21. E2-induced changes in expression of KDR and EDNRA ligands in MAS-
derived tumours and MASE cells. E2 regulation of Vegfa and Ednl was examined by
QPCR in MAS tumours and MASE cells. MAS tumours were quantified relative to the
positive control (mouse heart); MASE cells were quantified relative to the E2-free
sample for each replicate. Expression was normalized to Ppia and relative quantities
were log-transformed for statistical analysis. A) Tumours from mice injected with
MASE cells showed a trend for increased Vegfa (p=0.1752) whereas Ednl was reduced
by E2 treatment (N=4-8; **: p<0.01, t-test). B) Vegfa and Ednl were not altered by E2
treatment in tumours from mice injected with MASC cells (N=4). C) MASE cells
showed a trend for a dose-dependent increase in Vegfa, but only the 100 nM dose was
statistically significant (n=3; *: p<0.05, one-sample t-test vs. control). Ednl was
decreased by 100 nM E2.
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3.3-fold increase by E2 (p=0.1752) was seen (Figure 21A). Ednl was downregulated
86% (p=0.0019) by E2 in MASE-derived tumours (Figure 21A). In MASC tumours,
Vegfa and Ednl were not changed by E2 (Figure 21B). In MASE cells, Vegfa was
increased by 100 nM E2 (p=0.0153) and showed a trend for a dose-dependent increase
between 10 nM (20% increase; p=0.0787) and 500 nM E2 (51% increase; p=0.2415)
(Figure 21C). Ednl was highly variable, showing a trend for decrease at lower doses of
E2 (10 nM p=0.0571 and 100 nM p=0.0372).

To determine the localization of KDR in tumour and stroma cells, paraffin-
embedded tumours were examined by IHC (Figure 22). KDR was expressed in both the
endothelial cells and tumour cells of MASE- (Figure 22) and MASC-derived tumours
(Figure 23). No changes were seen with E2 treatment in either model (not quantified).
For a functional measure of angiogenesis, microvessel density was assessed by IHC for
CD31 in paraffin-embedded tumours (Figure 24A). No differences were seen between

tumours from placebo- vs. E2-treated mice in either MAS model (Figure 24B).

3.4: GREBI1 expression and function in cell and mouse models of ovarian cancer

3.4.1. GREBI is induced by E2 in several mouse cell lines and allograft models

Grebl was highly upregulated in the microarray (Table 5), and is a particularly
interesting target due to its critical role in E2-stimulated breast cancer cell proliferation.
Initial experiments showed that Grebl was induced 58-fold in MASE cells by a 48h
treatment with 500 nM E2 (p=0.0230, Figure 25A). In the same study, Greb! showed a
trend for upregulation in MASC cells, but the difference did not reach significance (6.7-

fold increase; p=0.0990). GREB1 was upregulated in MASE-derived tumours at the
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Control mice

Figure 22. KDR localization in MASE-derived tumours. KDR expression was
examined by IHC in paraffin-embedded tumours from mice injected with MASE cells
(see Figure 5). Stained slides were scanned with a ScanScope and 40x images were
taken with ImageScope software. Representative images are shown for three control-
treated mice (left) and three E2-treated mice (right). KDR staining was seen in some
tumour cells as well as endothelial cells; staining was variable and no obvious increase
was seen in E2-treated mice.
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Figure 23. KDR localization in MASC-derived tumours. KDR expression was
examined by IHC in paraffin-embedded tumours from mice injected with MASC cells
(see Figure 5). Stained slides were scanned with a ScanScope and representative 40X
images were generated for three control-treated mice (left) and three E2-treated mice
(right). As in MASE-derived tumours (Figure 22), KDR staining was seen in both
tumour and endothelial cells, and staining was highly variable with no obvious increase
in E2-treated mice.
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Figure 24. Effect of E2 on microvessel density in MAS-derived tumours. Paraffin-
embedded tumours from MAS-engrafted mice (see Figure 5) were stained for the
endothelial marker CD31 by IHC. Microvessel density was determined by quantifying
DAB staining with ImageScope software. A) Representative images are shown for
MAS-derived tumours from E2-treated and control mice. B) Quantification of CD31
staining. E2 did not alter microvessel density in either model (N=4; p>0.05; t-test). Scale
bar: 100 pm.
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Figure 25. GREBI1 expression in MAS cells, MAS-derived tumours, and mOSE
cells. A) MAS cells were treated with 500 nM E2 for 48h, then RNA was collected for
QPCR analysis. Grebl was induced by E2 in MASE cells but not in MASC cells (n=3, t-
test). B) Tumours from mice engrafted with MAS cells (see Figure 5) were examined by
western blot; GREBI1 was induced by E2 in both MASC- and MASE-derived tumours.
C) Normal mOSE cells were treated with 100 nM E2 for up to 15d (see Figure 11B-D)
and RNA was collected at 2d and 15d time points for QPCR analysis. Grebl was
induced by E2 only after long-term treatment (n=3; *: p<0.05; t-test).
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mRNA level (Figure 18) and at the protein level (Figure 25B). GREBI was also
upregulated in MASC-derived tumours (Figure 25B).

Interestingly, Grebl decreased with culture time in mOSE cells; this decrease was
partially abrogated by E2 treatment (Figure 25C). This may be related to the E2-induced
loss of contact-inhibition seen in mOSE, which resulted in a proliferation difference
visible after 15d of treatment (Figure 11B-D). It remains unclear whether Grebl drives
mOSE proliferation or whether it is simply upregulated in proliferating cells.

To examine the pattern of GREBI1 upregulation by E2 in MASE cells, a dose
response and time course were done in MASE cells. After 24h of culture in E2-stripped
media, 10-500 nM E2 was added for 48h, then cells were collected for QPCR and
western blots. GREB1 upregulation was observed at both the mRNA and protein level
with all three E2 doses (Figure 26). Two lower E2 doses (0.1 and 1 nM) showed
inconsistent Grebl induction at the mRNA level (not shown) and GREBI protein levels
were not examined at these doses, so the 10 nM dose was used for all subsequent
experiments. The time course showed Grebl upregulation beginning with a 1.7-fold

increase at 2h and increasing to a 7.5-fold increase by 48h (Figure 26).

3.4.2. GREBI1 is detectable in both the nucleus and cytoplasm of MASE cells

ICC showed that GREB1 expression is highly variable in MASE ovarian cancer
cells, with little to no expression in most cells but high expression in a small subset of
cells (Figure 27). This subpopulation had very distinct morphology: cells appeared small,
fibroblastic or mesenchymal-looking, and rounded under phase contrast, and showed
bright DAPI staining indicating condensed chromatin. This morphology suggests that

these highly GREBI1-expressing cells may have recently completed mitosis. Supporting
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Figure 26. Validation of GREBI1 induction by E2 in MASE cells. To examine whether
GREBI1 induction by E2 is dose-dependent, MASE cells were treated with 10-500 nM
E2 and RNA and protein were collected after 48h (n=2). For the time course, MASE
cells were treated with 10 nM E2 or vehicle control (an equal volume of 100% ethanol)
for 1-48h and cells were collected at each time point for QPCR analysis (n=3). MCF7
cells were used as a positive control for western blots and mouse ovary was used as a
positive control for QPCR. QPCR data were normalized to Ppia. Grebl upregulation
was observed as early as 2h and reached a plateau at 24-48h. Graphs depict means +/-
SEM.
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GREB1 in E2-treated MASE cells

Controls: DAPI and GREB1 overlay

No E2 treatment No primary antibody Positive control (MCF7)

Figure 27. GREBI localization in MASE cells. After treatment with 10 nM E2 for
24h, a subpopulation of MASE cells had high cytoplasmic GREBI1 expression by ICC.
These cells (arrows) had a small, rounded morphology and their DAPI staining indicated
highly condensed DNA. A lower level of GREB1 was visible in both the nucleus and
cytoplasm of most other cells. Negative controls had low fluorescence and the positive

control (MCF7 cells) had consistent nuclear and cytoplasmic expression. Scale bar: 50
pm.
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this theory, these cells were frequently seen in pairs. GREBI expression was mainly
cytoplasmic but some nuclear expression was also seen, particularly in the low-
expressing cells. It is unclear from this experiment whether higher levels of GREBI1 in
these cells may be driving rapid mitosis, or whether all cells undergoing mitosis
upregulate GREB1 temporarily. E2 treatment appeared to increase the proportion of
highly GREB1-expressing cells without changing the intensity of expression in most cells
(not quantified). This suggests that the increases in GREB1 mRNA and protein observed
after E2 treatment (Figures 25-26) may be caused by an increased number of cells
expressing high levels of GREBI rather than an increased amount of GREB1 expressed
in every cell. Alternatively, GREB1 expression may be linked with mitosis, with E2
treatment accelerating the rate of the cell cycle, resulting in an increased proportion of

GREBI1-expressing cells at any given time.

3.4.3. GREBI1 knockdown and overexpression in MASE cells

To more directly investigate GREBI1 function, lentiviral constructs were used to
achieve stable knockdown and overexpression of GREB1 in MASE cells. For GREBI
knockdown, GIPZ-based lentivirus particles encoding a miR-30-based short hairpin
(shRNA) targeting mouse and human GREBI were obtained from Open Biosystems
(Figure 3). For GREBI1 overexpression, WPI-based lentivirus particles encoding full-
length human GREBI were generated (Figure 4). Following transduction, cells were
selected with puromycin (GIPZ constructs only), then successfully transduced cells were
enriched by FACS for GFP-positive cells. Stable knockdown and overexpression were

confirmed after several passages by QPCR and/or western blot (Figure 28).
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Figure 28. GREB1 knockdown and overexpression in MASE cells. Cells were
transduced with a GIPZ-based lentiviral vector containing a short hairpin directed at
GREBI or with a WPI-based lentiviral vector containing the full-length human GREBI
sequence (Figure 4). Control cell lines were transduced with a non-silencing short
hairpin or an empty WPI construct, respectively. Following drug selection, GREB1
baseline levels and induction by E2 were assessed by QPCR and western blot. A)
GREBI was induced by 500 nM E2 within 48h in non-silencing control MASE cells but
not in cells transduced with the knockdown construct (shGREB1). B) Grebl mRNA
levels were decreased in cells transduced with shGREB1 (n=2). C) GREB1 was highly
expressed in MASE cells transduced with the overexpression construct (GREB1) and
undetectable in the control-transduced cells (WPI) or parental MASE (P). MCF7 cells
were used as a positive control.
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3.4.4. GREBI1 alters MASE cell morphology and decreases cell volume

Following selection, a stable difference in morphology was seen with both
GREBI1 knockdown and overexpression. Although all cell lines remained a mix of
morphologies, clear changes were observed in the proportion of each phenotype. Cells
with GREB1 knocked down became more epithelial-looking, with an increased
proportion of large, flat cells in tight clusters and decreased proportion of small,
mesenchymal-looking cells (Figure 29A). GREB1 overexpression caused a shift in the
opposite direction, with an increased number of small mesenchymal-looking cells relative
to the larger epithelial-looking cells. Supporting these observations, average cell volumes
were decreased 32% by GREBI overexpression (p=0.0016) and showed a trend for a
48% increase with GREBI knockdown (p=0.0756; Figure 29B). In cells transduced with
the GIPZ construct, GFP expression was seen in both subpopulation morphologies,
indicating that the mixed morphology was not caused by poor transduction efficiency

(Figure 30).

3.4.5. GREB1 promotes migration of MASE cells

To determine whether the morphological changes observed after GREBI1
knockdown and overexpression translated to a functional effect, migration was examined
using the IncuCyte system for scratch wound assays. GREB1 knockdown did not alter
migration; both cell lines took approximately 24h to close the wound (n=3; Figure 31).
Cells overexpressing GREB1 migrated more rapidly, closing the wound approximately
2h faster on average than control cells transduced with the empty WPI vector (n=3;
Figure 32). The migration of the WPI control cells closely paralleled the migration of

parental MASE cells. Migration was quantified by wound density, which was generated
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Figure 29. Effect of GREB1 knockdown and overexpression on MASE morphology.
A) MASE cells with GREB1 knocked down (shGREB1) had a higher proportion of
large, cobblestone "epithelial-like" cells (arrows) vs. small, fibroblastic "mesenchymal-
like" cells (arrowheads) than seen in non-silencing control cells. GREB1 overexpression
caused an opposite shift in these subpopulations. Scale bar: 100 pm. B) Diameter of
cells in suspension was measured with a ViCell automated counter and used to calculate
volume. GREB1 knockdown showed a trend for increased cell volume (n=3; p=0.0756)
whereas GREB1 overexpression decreased cell volume (n=3; *: p<0.01; t-test).
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Figure 30. GFP expression in MASE cells with GREB1 knocked down. Cells were
transduced with a pGIPZ-based vector encoding a short hairpin directed at GREBI1
(shGREB1) or a non-silencing control hairpin (see Figure 28). GFP was examined with a
fluorescence microscope several weeks after puromycin selection and fluorescence-
activated cell sorting for GFP. GFP expression was variable but clearly present in both
morphological subpopulations described in Figure 29. Non-silencing control cells
showed higher GFP levels than shGREBI-transduced cells, but both cell lines were
clearly GFP-positive relative to (not shown) non-transduced parental MASE cells. Scale
bar: 100 um.
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Figure 31. Effect of GREB1 knockdown on MASE cell migration. MASE cells stably
expressing a short hairpin targeting GREB1 (shGREB1) or a non-silencing control were
plated in 96-well ImageLock plates. When cells were 100% confluent, identical scratch
wounds were made in each well using the Essen Biosciences Woundmaker. Wells were
washed twice with PBS, replenished with their normal media (aMEM + 10% serum),
and cultured in the IncuCyte incubator system with photos taken every 2h. Images were
generated with IncuCyte ZOOM software. GREB1 knockdown did not alter the rate of
wound closure.
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Figure 32. Effect of GREBI1 overexpression on migration. MASE cells
overexpressing GREB1 and two control lines (WPI vector control and parental MASE
cells) were plated in 96-well Imagelock plates. When cells were 100% confluent,
identical scratch wounds were made with the Essen Biosciences Woundmaker. Wells
were washed twice with PBS and replenished with their normal media, then cultured in
the IncuCyte incubator system with photos taken every 2h and images generated with
IncuCyte ZOOM software. Scratch wounds closed faster with GREB1 overexpression.
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using IncuCyte ZOOM software. Wound density was defined as cell confluence inside
the initial scratch wound area normalized to cell confluence outside the wound area, and
was determined for each time point by comparing the confluence mask to the wound
mask from the first time point (Figure 33A). Supporting the visual observations,
quantification showed that GREB1 knockdown did not alter migration rate in either
normal media or low-serum media (Figure 33B). GREBI1 overexpression increased
average migration rate (slope, Figure 33C) by 20% in regular media (p=0.04422) and by
45% in low-serum media (p<0.0001). Similar results were seen in E2-free media; GREB1
knockdown did not alter migration rate with or without 10 nM E2 (Figure 34A), but
GREBI1 overexpression increased migration rate by 57% in E2-free media (p<0.0001),
and by 27% when 10 nM E2 was added to the media (p=0.03111; Figure 34B). These
results suggest that pro-migration effects of GREBI1 are more apparent in less favourable

culture conditions.

3.4.6. GREBI1 does not alter most EMT-related genes in MASE cells

To determine whether these effects on morphology and migration were caused by
an epithelial-to-mesenchymal transition (EMT), the common EMT marker Snail was
examined by QPCR (Figure 35A). No significant changes were seen with GREBI1
knockdown or overexpression. To confirm the lack of EMT, a panel of EMT-related
genes were examined with the QPCR-based RT? profiler array. Heat maps generated with
the online RT* profiler analysis platform showed few major changes, although six genes
showed opposite effects with GREBI1 knockdown vs. overexpression (Bmp7, Colla?2,
Gngll, Krtl9, Notchl, and Tcf4; Figure 35B). Only one of these, Colla2, showed

significant changes in both cases. GREBI knockdown downregulated Co//a2 more than
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Figure 33. Quantification of migration after GREB1 knockdown and
overexpression. Scratch wounds were analyzed with IncuCyte ZOOM software;
examples of software-generated masks are shown in (A). To calculate wound density at
each time point, confluence within the original wound area was compared to confluence
outside the wound. B) GREBI1 knockdown did not alter the rate of wound closing in
either media (n=3). C) Wound density for cells overexpressing GREBI increased faster
than WPI control cells in both regular media (aMEM + 10% serum; n=3) and low-serum
media (aMEM + 1% serum; n=3). *: p<0.05, ***: p<0.0001; linear regression.
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Figure 34. Effect of GREB1 knockdown and overexpression on migration +/- E2.
MASE cells with GREB1 knocked down (shGREBI1) or overexpressed (GREB1) were
plated in 96-well Imagelock plates and scratched with the Essen Biosciences
Woundmaker when 100% confluent. Scratches were washed twice with PBS,
replenished with E2-free media (phenol-red-free DMEM/F12 + 5% CSS), and cultured
in the IncuCyte incubator system with images taken every 2h. Wound closing was
analyzed with IncuCyte ZOOM software (see Figure 33). A) Migration was unchanged
by GREBI knockdown in either media condition (n=3; p>0.05; linear regression). B)
Migration was increased by GREBI1 overexpression in both media conditions, but a
more clear separation was seen in the absence of E2 (n=3; *: p<0.05, ***: p<0.0001;
linear regression).
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Figure 35. Effect of GREB1 knockdown and overexpression on EMT in MASE
cells. MASE-shGREB1, MASE-NS, MASE-WPI, and MASE-GREBI cells in regular
culture conditions were examined by QPCR and a RT? Profiler PCR array of EMT
markers. A) Snail was not altered by GREB1 knockdown or overexpression. B) Heat
maps show reciprocal changes in 6 genes from the PCR array: Bmp7, Colla2, Gngll,
Krt19, Notchl, and Tcf4 (A4, A10, B12, C11, D9, and F6). C) Waterfall plots of fold
changes from the PCR array (n=3; *: p>0.05, **: p<0.01; t-test). Snail QPCR by O.
Collins. #: Cycle threshold above 30 after GREB1 knockdown or overexpression.
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99%, to a threshold cycle (Ct) below 30 (p=0.011717), whereas GREB1 overexpression
increased Colla2 37-fold (p=0.001515; Figure 35C). Tcf4 was decreased 52% by GREBI
knockdown (p=0.008716) but unchanged by GREBI1 overexpression. Bmp7, Gngll,
Krt19, and Notchl were not significantly altered by either GREB1 knockdown or
overexpression due to high variability, but their reciprocal expression patterns suggest
that they might also be altered by GREB1. GREB1 overexpression also upregulated
Igfbp4 9-fold (p=0.038291) and decreased Camk2nl, Mmp9 and Dsc2 by 57%
(p=0.049877), 64% (p=0.001441), and 95% (p=0.042585) respectively, but none of these
four genes showed reciprocal changes with GREB1 knockdown (Figure 35C). The
overall results from this PCR array indicate that GREB1 does not significantly affect
EMT, as most of the 79 EMT-related genes in the PCR array remained unchanged after
GREBI1 knockdown or overexpression. The canonical markers of EMT, Srnail and Cdhl,
were not altered by GREBI1 knockdown or overexpression in this assay. Notably, this
experiment examined gene expression in the overall population rather than attempting to
isolate the subpopulations showing altered morphology. As a result, changes in these
subpopulations may have been masked by gene expression patterns of the overall

population.

3.4.7. GREB1 promotes MASE cell proliferation

The effect of GREB1 on proliferation was examined by measuring viable cell
counts over time in regular and low-serum culture conditions. In low-serum conditions,
MASE cells with GREB1 knocked down had more rapid proliferation (p=0.0460; Figure
36A) and MASE cells overexpressing GREB1 had slower proliferation (p=0.0435; Figure

36B). In regular serum, GREBI1 knockdown did not alter proliferation (data not shown).
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Figure 36. Effect of GREB1 on proliferation and colony formation of MASE cells.
For proliferation assays, cells were plated at 50,000/well and switched to low-serum
media (aMEM + 1% serum) after 4-6h. Viable cells were counted at each time point
with a ViCell automated counter. Doubling times were calculated during the exponential
growth phase (24-72h). A) Proliferation was decreased by GREB1 knockdown, causing
an increased doubling time (n=3; *: p<0.05; t-test). B) Proliferation was increased by
GREBI1 overexpression, causing a decreased doubling time (n=3). C) Cells in single
suspension were plated in E2-free media with 1% agarose. After 14d, colonies in all
planes of a single field of 3 replicate wells were counted by a blinded observer. Colony
formation was not altered by GREB1 knockdown (left) or overexpression (right; n=3).
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Tumourigenicity was assessed by growth of single cells plated in soft agar; colony

formation was not altered by GREB1 knockdown or overexpression (Figure 36C).

3.4.8. GREBI1 accelerates MASE-derived tumour growth in mice

When MASE cells with GREB1 knocked down were engrafted into SCID mice,
median survival was prolonged by 83% (p<0.0001) relative to mice engrafted with
control cells expressing a non-silencing shRNA construct (Figure 37). Surprisingly, the
tumour response to E2 was not altered by GREBI knockdown. Cells with GREB1
knocked down showed a trend for fewer metastases (p=0.1419) which disappeared with
E2 treatment; no changes in tumour burden, ascites volume or incidence were seen with
GREBI knockdown, regardless of E2 treatment.

To determine whether GREB1 overexpression would have an opposite effect,
MASE-WPI and MASE-GREBI cells were engrafted into SCID mice and monitored
until reaching a humane endpoint. Overexpression of GREB1 did not alter survival or
tumour dissemination of mice engrafted with MASE cells (Figure 38). However, GREB1
overexpression still seemed to be promoting tumour growth, as tumour burden was
higher at endpoint (p=0.0458). Ascites volume was decreased by GREBI1 overexpression
(p=0.0079), indicating that the control mice were reaching endpoint primarily due to
ascites accumulation whereas mice engrafted with GREB1-overexpressing cells were
reaching endpoint primarily due to tumour growth. No significant differences were seen
in body weight with GREB1 overexpression (data not shown).

To confirm GREBI knockdown and overexpression remained stable in tumours,
RNA and protein were collected from snap-frozen tumours from each study and

examined by QPCR and/or western blot for GREBI. Although knockdown was
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Figure 37. Growth of GREB1-deficient MASE cells in vivo. SCID mice were injected
i.p. with 107 MASE cells stably expressing a short hairpin targeting GREB1 (shGREB1)
or a non-silencing control. At the same time, mice were implanted with a 60-day slow-
release pellet containing 0.25 mg E2 or placebo (N=8). Mice were monitored until loss
of wellness required a humane endpoint, then euthanized and tumour characteristics
examined. GREB1 knockdown in MASE cells significantly prolonged survival of mice
treated with a placebo pellet, but not mice treated with an E2 pellet (***: p<0.0001; log-
rank test). No significant differences were seen in tumour dissemination, tumour burden

or ascites volume after GREB1 knockdown, regardless of E2 treatment (two-way
ANOVA).
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Figure 38. Growth of GREB1-overexpressing MASE cells in vivo. SCID mice were
injected i.p. with 10" MASE cells stably expressing a GREBI1 overexpressing construct
(GREBI) or the vector control (WPI). Mice were monitored until loss of wellness
required a humane endpoint, then euthanized and tumour characteristics examined.
GREBI overexpression in MASE cells did not change mouse survival time (N=8;
p>0.05; log-rank test) or tumour dissemination (p>0.05; Mann-Whitney U-test). Mice
injected with GREB1-overexpressing cells had a higher tumour burden (N=5; *: p<0.05;
t-test) and lower ascites volume (**: p<0.01; Mann-Whitney U-test) relative to WPI-

transduced control cells.
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confirmed previously in the MASE-shGREBI1 cell line in vitro (Figure 28), Grebl
transcripts were not decreased in tumours derived from those cells, beyond a small, non-
significant trend in E2-treated mice (35% decrease; p=0.1017; Figure 39A). However,
GREBI knockdown was visible at the protein level in E2-treated mice engrafted with
MASE-shGREBI cells (Figure 39B). As shown previously in MASE cells (Figure 23),
GREBI1 was undetectable in placebo-treated mice and therefore knockdown could not be
assessed at the protein level for those mice. Surprisingly, GREB1 was undetectable in
tumours derived from MASE-GREBI cells (Figure 39C), despite strong expression in
MASE-GREBI cells in vitro (Figure 28).

It is unclear why GREBI1 knockdown and overexpression were no longer
detectable in tumours collected at endpoint; the most likely explanations include stroma
effects and/or loss of construct expression in vivo. GFP was expressed in tumours from
all mice at endpoint, indicating that the knockdown constructs retained some level of
function (Figure 40). Tumours from mice engrafted with MASE-NS cells (Figure 40A)
typically expressed higher GFP than tumours derived from MASE-shGREBI1 cells
(Figure 40B), reflecting the differential GFP expression seen in vitro (Figure 30).
Notably, GFP expression rapidly declined over time in vivo, with large GFP-negative
areas visible in isolated tumours from mice collected several months after cell injection
(Figure 40C). This suggests that the short hairpin construct was expressed at very low
levels in placebo-treated mice at endpoint, which would explain the lack of knockdown

observed in those tumours.

3.4.9. ESR1 partially mediates E2 action in vivo and is necessary for GREB1 induction
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Figure 39. GREBI1 levels in tumours derived from MASE cells with GREB1
knockdown or overexpression. GREB1 was assessed by QPCR and western blot in
snap-frozen tumours from mice described in Figures 37-38. A) Grebl mRNA levels
were similar in MASE-NS and MASE-shGREBI, regardless of E2 treatment. B)
1 induction by E2 was lower in tumours from MASE-shGREBI1 cells, but GREB1
was not consistently detected in placebo-treated mice. It is unclear whether the bottom
band is also a form of GREB1. C) GREB1 was undetectable in tumours from either
MASE-WPI or MASE-GREBI cells. MCF7 cells were used as a positive control.
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A Tumours in organs of a mouse injected with MASE-NS cells

B Tumours in organs of a mouse injected with MASE-shGREB1 cells
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Figure 40. GFP expression of tumours developing in the organs of mice injected
with MASE-NS and MASE-shGREB]1 cells. Major organs of mice described in Figure
34 were removed at endpoint and examined with a fluorescence microscope. GFP was
clearly visible in tumours derived from both MASE-NS (A) and MASE-shGREBI cells
(B). These two mice were both treated with E2 and had similar survival times. C) GFP
expression in tumours decreased over time; far lower GFP was observed in the tumours
of mice surviving longer after injection. These three examples are from mice injected
with MASE-shGREBI cells; a similar trend was seen in tumours from MASE-NS cells.
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ESRI1 is known to be a critical mediator of estrogen-induced transcriptional
activity in human ovarian cancer cells, so we investigated its importance in our mouse
models and associated cell lines. Esr/ was highly expressed in MASE-derived tumours
relative to the normal ovary positive control, whereas Esr2 was expressed at much lower
levels in MASE-derived tumours relative to the ovary. Both receptors showed non-
significant trends for upregulation with E2 treatment (2.2-fold increase; p=0.0936 and
3.3-fold increase; p=0.2075 respectively; Figure 41).

Among its many tumour-promoting actions, ESR1 upregulates GREBI in MCF7
breast cancer cells through three EREs located upstream of the GREBI promoter (Sun et
al. 2007, Deschenes et al. 2007). Chromatin immunoprecipitation was done to investigate
whether similar regulation occurs in mouse ovarian cancer cells. Both EREs examined
showed clear ligand-dependent ESR1 binding in MASE cells (Figure 42A). To determine
whether ESR1 is necessary for Grebl induction, ESR1 activity was inhibited with a
specific antagonist (methyl-piperidino-pyrazole; MPP). MPP completely prevented
Grebl mRNA induction by E2 in MASE cells (2 or 5 uM added 30 min before a 48h
treatment with 10 nM E2; Figure 42B). GREBI induction by E2 was also significantly
inhibited at the protein level by MPP treatment (Figure 42C).

The MASC ovarian cancer cell line expresses far lower levels of ESR1 than the
MASE in regular culture conditions (Figure 43A) or in E2-free media with or without
500 nM E2 added (Figure 43B-C). Grebl was not significantly induced by E2 in MASC
cells (Figure 25A), and MASC allografts are less responsive to E2 in vivo (Figure 5).
When GREBI1 was overexpressed in MASC cells, no change in proliferation was seen
(Figure 43D) despite strong expression levels (Figure 28), suggesting that high ESR1

levels may be required for GREBI1 function as well as its upregulation. This supports
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Figure 41. Estrogen receptor expression in MASE-derived tumours. Estrogen
receptors were examined by QPCR in snap-frozen MASE-derived tumours from mice
described in Figure 5. Esrl levels were high relative to the ovary reference sample, and
showed a trend for increased expression with E2 treatment (N=4-5; p>0.05; t-test). Esr2
levels were very low relative to the ovary sample, and showed a similar trend for
increased expression with E2 (N=4-5; p>0.05; t-test).
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Figure 42. GREBI1 regulation by ESR1 in MASE cells. A) Chromatin
immunoprecipitation showed ESR1 binding to two estrogen response element (ERE)
sequences upstream of the Grebl promoter in MASE cells treated with 100 nM E2. To
confirm the importance of ESR1 in GREBI1 induction by E2, MASE cells were E2-
deprived for 24h, and treated with MPP for 30 min before adding 10 nM E2 to each
well. Protein and RNA were collected after 24h of E2 treatment and GREB1 levels were
measured by QPCR and western blot. B) Both doses of MPP blocked Grebl
upregulation by E2 at the mRNA level (n=3; *: p<0.05; t-test vs. E2-free control). C)
MPP similarly inhibited GREB1 protein induction by E2 (n=2).
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Figure 43. ESR1 levels and GREB1-responsiveness of the MASC cell line. Protein
was isolated from MAS cells in regular culture conditions (A) or after 48h in E2-free
media +/- 500 nM E2 (B) and ESR1 was examined by western blot (positive control:
mouse ovary). MASE cells showed higher ESR1 than MASC cells both in regular
culture (A) and in E2-free media +/- 500 nM E2 (B). ESR1 levels decreased with E2
treatment, but MASE cells maintained higher ESR1 levels than MASC. C) QPCR
analysis showed that Esr/ mRNA levels were also higher in MASE cells (n=3; 500
nM/48h). D) MASC cells were less responsive to GREB1 than MASE cells;
proliferation was not altered by GREB1 overexpression (t-test).
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published data identifying one function of GREBI: acting as a cofactor for ESRI-
mediated transcription (Mohammed et al. 2013).

To determine how much of the effect of E2 on accelerated tumourigenesis is
mediated by ESR1, the CAG-TAg transgenic mouse model of ovarian cancer was crossed
to mice with floxed ESR1. ESR1 inactivation by i.b. AdCre-mediated exon 3 deletion
prolonged median survival by 94% in E2-treated mice (p<0.0001) and by 20% in mice
implanted with placebo pellets (p=0.0003; Figure 44A). A similar trend was seen in mice
treated with low-dose E2, with median survival prolonged 50% by ESR1 deletion, but the
difference was not statistically significant due to high variability (p=0.0942). Tumour
burden, ascites volume and ascites incidence were not changed by ESR1 deletion (Figure
44B). A two-way ANOVA indicated that body weight was altered by E2 (p=0.0019);
ESRI1 deletion had a nearly-significant effect (p=0.0766), and no interaction of E2 and
ESRI1 status was detected. Post-hoc analysis showed that body weight was significantly
decreased by E2 in both ESRI1-wildtype (p<0.05) and in ESR1-deleted (p<0.001) mice.
Low-dose E2 did not significantly alter body weight, but showed a trend for intermediate
body weight between E2- and control-treated mice of both genotypes.

Several ovarian cancer cell lines were derived from the tumours or ascites of
ESR1-wildtype or ESRI1-deleted mice from this study (Table 1). Ascites-derived lines
from ESR1 wildtype mice had much higher Esr/ levels, with the highest expression in
lines derived from E2-treated mice (MASE; Figure 45A). This supports the ESRI1
differences seen previously in ESR1-wildtype MASE and MASC cells (MASC1 and
MASE?2; Figure 43). Grebl expression roughly correlated with Esr/ but showed smaller
differences between ESR1-wildtype and ESR1-deleted cell lines and lower induction by

E2 treatment in vivo than Esrl (Figure 45A). Cell lines derived from solid tumours
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Figure 44. CAG-TAg survival and tumour characteristics after ESR1 deletion.
CAG-TAg mice were crossed with Esrl/-floxed mice to generate TAg-homozygous
Esr1™"t and EsrI™ siblings. At 8-10 weeks, mice were injected i.b. with AdCre to
activate TAg and delete ESR1 in the OSE, then implanted s.c. with an E2 (0.05 or 0.25
mg) or placebo pellet. Mice were monitored until they required a humane endpoint, then
euthanized and tumour characteristics were examined. A) Survival was increased by
ESR1 deletion in mice treated with regular-dose E2 or placebo pellets (***: p<0.001;
log-rank test). A trend for prolonged survival was seen in mice treated with low-dose E2.
B) ESRI1 deletion (DEL) did not alter tumour weight, ascites volume or ascites
incidence relative to ESR1-wildtype (WT) controls. Body weight was decreased by 0.25
mg but not 0.05 mg E2 in both ESR1-wildtype and ESR1-deleted mice (*: p<0.05; ***:
p<0.001 vs. control-treated mice of the same genotype; two-way ANOVA with
Bonferroni post-hoc test). ESR1 deletion caused a nearly-significant trend for increased
body weight (p=0.0766, two-way ANOVA).

109



A

Control-treated mice Low-dose E2-treated mice E2-treated mice
(MASC cell lines) (MASL cell lines) (MASE cell lines)
0.0754 0.4+ 0.754
[ | ESthJwt
_:? E>- 0.3 E>- mESR1 del/del
§ 0.050-] § § 0.50
3 . 3 3 )
T o o
S 2 02 2
S 0.025- s B 0.25-
4 HWH  0.14 14
0.000- 0.0- == 0.00- .
Esr1 Greb1 Esr1 Greb1 Esr1 Greb1
Control-treated mice Low-dose E2-treated mice E2-treated mice
(MTUC cell lines) (MTUL cell lines) (MTUE cell lines)
0.0754 0.4+ 0.0754
[ | ESthJwt
g E>- 0.3 :2' mESR1 del/del
§ 0.050-] § § 0.050-]
3 3 s 0.
o o T
2 2 02 2
= 0.025- = = 0.025-
14  0.14 4
0.000- - 0.0- 0.000-
Esr1 Greb1 Esr1 Greb1 Esr1 Greb1

Figure 45. Esrl and Grebl expression in early-passage cell lines isolated from solid
tumours and ascites fluid of CAG-TAG mice. Cell lines were derived from ascites
(MAS) or tumours (MTU) of CAG-TAg mice with wildtype or floxed (deleted by
AdCre) ESRI1. RNA was collected when cells were growing in regular media without
antibiotics and baseline Esr/ and Grebl levels were examined by QPCR. Note that the
relative quantities are plotted on different scales. A) Esr/ was much lower in cell lines
derived from the ascites of ESR1-deleted mice regardless of E2 treatment; Esr/ was
highest in MASE lines derived from ESRI-wildtype mice (n=2). Grebl was slightly
lower in ESR1-deleted mice, with highest expression in MASL and MASE cells from
ESR1-wildtype mice. B) Cell lines derived from the tumours of ESR1-deleted mice also
had lower Esrl and Grebl than ESR1-wildtype mice (n=1).
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showed similar Esr/ and Grebl expression patterns (Figure 45B). In the 4 cases where a
tumour line and ascites line were derived from the same mouse (see Table 1), Esr/ and
Grebl expression were similar (data not shown). Therefore, ascites lines were used in all
subsequent experiments to stay consistent with previous experiments in MASE and
MASC cell lines.

To examine the role of ESR1 in GREBI induction in vivo, GREBI levels in snap-
frozen tumours from ESR1-wildtype and ESR1-deleted mice were examined by western
blot. GREB1 was clearly expressed in both tumours examined from E2-treated ESR1-
wildtype mice (Figure 46A). A faint band was seen for one E2-treated ESR1-deleted
mouse; the other mouse had no detectable GREB1. No GREBI1 was detected in mice of
either genotype treated with low-dose E2 or (not shown) placebo pellets. To confirm the
importance of ESR1 in Grebl upregulation by E2 in vitro, Grebl induction was
compared in two MASE lines (one ESRI-wildtype and one ESR1-deleted) after 48h
treatment with 10 nM E2. Grebl was increased 2.6-fold by E2 in the ESRI1-wildtype
MASE line but was unchanged by E2 in the ESR1-deleted MASE line (Figure 46B).
Failure of ESR1-dependent GREBI induction is likely to be partially responsible for the

decreased E2 responsiveness seen in vivo after ESR1 deletion.

3.5: GREBI1 expression and function in human cell lines and tissues

3.5.1. GREBI1 is induced by E2 in human ovarian and cervical cancer cell lines

Two ESRI1+ human ovarian cancer cell lines were used to investigate whether
GREBI is regulated by E2 in human ovarian cancer. The OV2008 cell line was also

examined, but was later discovered to be a cervical cancer cell line (Korch et al. 2012).
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Figure 46. GREBI induction in ESR1-deleted tumours and ascites cell lines. A)
Protein was isolated from snap-frozen tumours of the ESR1-wildtype and ESR1-deleted
mice described in Figure 44 and GREBI levels were examined by western blot. GREB1
was highly expressed in tumours from ESR1-wildtype mice treated with 0.25 mg E2, but
barely any GREBI was detected in tumours from ESR1-deleted mice treated with E2.
No GREBI was visible in either genotype of mice treated with low-dose E2 (0.05 mg)
or (not shown) placebo pellets. MCF7 cells were used as a positive control. B) Two
MASE lines derived from ESR1-wildtype and ESR1-deleted mice (MASE3 and MASE-
ESR1del-1 respectively; see Table 1) were E2-deprived for 24h, then treated with 10 nM
E2 for 48h. QPCR for Grebl showed induction by E2 in the ESR1-wildtype but not in
the ESR1-deleted MASE cells (n=3; *: p<0.05; two-way ANOVA with Bonferroni post-
hoc test) .

112



To determine the optimum dose for GREBI upregulation, a dose-response experiment
was done with 24h and 48h treatments of 0.1-500 nM E2. OVCA 432 cells consistently
upregulated GREB]I after 24h treatment with 1-500 nM E2 and after 48h with all doses
(n=2; Figure 47A). OVCAR-3 cells consistently upregulated GREBI after 24h or 48h
treatment with 0.1-500 nM E2 (n=2; Figure 47B). C) OV2008 consistently upregulated
GREBI only after a 48h treatment with 500 nM (n=2; Figure 47C). Little to no protein
was detected in western blots at any E2 dose (not shown).

To determine how early GREBI is upregulated, a time course was done with 500
nM E2. GREBI upregulation was first consistently seen by 8h in OVCA 432 cells
(p=0.0302), 24h in OVCAR-3 cells (p=0.0494), and 8h in OV2008 cells (p= 0.0153). By
24h, GREBI mRNA levels were increased 8.3-fold in OVCA 432 cells (p= 0.0766), 7.0-
fold in OVCAR-3 cells (p=0.0494), and 28.9-fold in OV2008 cells (p=0.0044). A faint
GREBI1 band was visible after 30h of E2 treatment in the OVCAR-3 cell line (500 nM;
Figure 48B).

To determine whether GREBI1 upregulation would be detectable at the protein
level in tumours derived from these cell lines, a pilot xenograft study was done. SCID
mice were injected with 10" OVCA 432 or OVCAR-3 cells and implanted with a
hormone pellet releasing regular-dose E2 (0.25 mg), low-dose E2 (0.05 mg), or placebo.
Although the sample size was too small to examine the effect of E2 on survival time
(N=1-2), mice were still allowed to progress to a loss-of-wellness endpoint to see whether
any trend in survival time was observed. Mice injected with OVCA 432 cells did not
show any difference in survival with E2 treatment; however, mice injected with OVCAR-
3 cells showed a trend for shortened survival with regular-dose E2 treatment (Table 6).

Surprisingly, GREB1 was not detectable in any of the tumours derived from either cell
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Figure 47. GREBI1 upregulation by E2 in ovarian and cervical cancer cell lines.
Cell lines were E2-deprived for at least 24h then treated with 0.01-500 nM E2 to
determine the ideal dose to upregulate GREB1 (n=2). RNA was collected at 24h and 48h
to examine GREBI by QPCR. A) OVCA 432 cells consistently upregulated GREBI
after 24h treatment with 1-500 nM E2 and after 48h with all doses. B) OVCAR-3 cells
consistently upregulated GREBI1 after 24h or 48h treatment with 0.1-500 nM E2. C)
OV2008 consistently upregulated GREB1 only after a 48h treatment with 500 nM.
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Figure 48. GREBI1 induction by E2 over time in ovarian and cervical cancer cell
lines. Cell lines were E2-deprived for 24-48h then treated with 500 nM E2. RNA was
collected at 1-24h to examine GREBI by QPCR. Protein was collected at 30h to
examine GREBI1 by western blot. A) GREBI mRNA was induced consistently by 8h in
OVCA 432 (24h p=0.0766) and OV2008 cells and by 24h in OVCAR-3 cells (n=3; *:
p<0.05; **: p<0.01; one-sample t-test vs. control. B) GREBI induction was faintly
detected in OVCAR-3 cells but not in two other ovarian cancer lines (OVCA 432 and
OVCA 429; n=1; positive control: MCF7 cells).
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Table 6. Mouse survival after engraftment with human ovarian cancer cell lines.

Engrafted cell line  Survival - no E2 Survival - low dose Survival - high
(days post surgery) E2 dose E2
(days post surgery) (days post surgery)
OVCAR-3 63,70 70 56,59
OVCA 432 82! 86,100 75,86

Mice were injected with 107 ovarian cancer cells (OVCAR-3 or OVCA 432) suspended
in PBS, implanted with an E2 pellet (high: 0.25mg/60d; low: 0.05 mg/60d; N=1-2 per
group), then monitored until loss of wellness required a humane endpoint.

'One additional mouse excluded from survival assessment because there were too few
cells to inject the full amount.
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line regardless of E2, although a faint band was observed above the putative GREBI
band in all OVCAR-3 xenografts and the MCF7 positive control, which could indicate a

modified form of GREBI (Figure 49).

3.5.2. GREBI1 knockdown has similar but subtle effects in human ovarian cancer cells

To investigate GREB1 function in human ovarian cancer cell lines, the same
lentiviral constructs used in MASE cells (Figures 3-4) were used to knock down and/or
overexpress GREB1 in OVCAR-3 and OVCA 432 cells. Knockdown of GREBI was
modest, with mRNA levels in OVCAR-3 cells decreasing by 25-50% with 3 shRNA
constructs relative to cells expressing a non-silencing control (Figure 50A).
Overexpression was more successful, with very high GREB1 expression in OVCA 432
cells and a faint but clear band in OVCAR-3 and HEY cells transduced with the
overexpression construct (Figure 50B). GREB1 was detected by ICC in both the nucleus
and cytoplasm of OVCA 432 cells transduced with a slightly different (LKO-based)
lentiviral overexpression vector (Figure 50C). GREBI1 knockdown did not alter
proliferation of OVCAR-3 cells with either sShRNA construct examined, although a trend
for decreased proliferation was observed with one construct (shRNA #3; Figure 51A).
Proliferation after GREBI1 overexpression was not examined in OVCAR-3 cells due to
the low expression levels observed. GREB1 knockdown and overexpression did not alter
colony formation of OVCAR-3 cells (Figure 51B). GREB1 overexpression did not alter
proliferation of OVCA 432 cells, although a trend for increased proliferation was seen
(Figure 51C). Colony formation of OVCA 432 cells was not altered by GREBI

overexpression (Figure 51D). GREBI1 overexpression increased proliferation of OVCA
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Figure 49. GREBI expression in human ovarian cancer cells in vive. To examine
whether GREBI is induced by E2 in human cell line xenografts, SCID mice were
injected with 107 OVCA 432 or OVCAR-3 cells and implanted s.c. with a slow-release
E2 pellet (0.05 mg low dose, “Low” or 0.25 mg higher dose, “+”). Mice were monitored
until loss of wellness required a humane endpoint, then euthanized and tumours
collected. GREB1 was measured by western blot, with MCF7 cells as a positive control.
A) GREBI1 was undetectable in OVCA 432-derived tumours regardless of E2 treatment.
B) No GREBI band was detected in OVCAR-3-derived tumours at the same level as the
MCF7 positive control; however, a faint band above that band was seen in both the
tumours and positive control, which could be caused by a post-translational modification
of GREBI.
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Figure 50. GREB1 knockdown, overexpression and localization in human ovarian
cancer cells. A) GREBI was knocked down in OVCAR-3 cells with the same GIPZ-
based constructs used for mouse cells (Figure 4). Three short hairpin constructs (sh #1,
sh #2, and sh #3) were compared to the non-silencing control. Maximum mRNA
knockdown was about 50%. B) GREB1 was overexpressed in OVCAR-3, OVCA 432
and HEY cells with the same WPI-based constructs used for mouse cells (Figure 4).
Strong GREBI1 expression was seen in OVCA 432 cells transduced with the
overexpression construct (G); faint GREB1 expression was seen in similarly transduced
OVCAR-3 and HEY cells. P1, parental line 1 (OVCAR-3); P2, parental line 2 (OVCA
432). C) GREBI was overexpressed in OVCA 432 cells with an alternative WPI-based
construct expressing puromycin resistance instead of GFP. Following selection, GREB1
levels and localization were examined by ICC. GREBI was seen in both nucleus and
cytoplasm of transduced cells, but no fluorescence was seen in non-transduced cells (not
shown).
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Figure 51. Effects of GREB1 on OVCAR-3 and OVCA 432 proliferation and colony
formation. For proliferation assays, cells were grown in low-serum media and counted
with a ViCell automated counter. For colony formation assays, cells were plated in E2-
free media with 1% agarose and counted after 14d. A) GREB1 knockdown did not alter
proliferation of OVCAR-3 cells. B) Colony formation was not changed by GREBI1
knockdown or overexpression. C) GREB1 overexpression did not change OVCA 432
proliferation. D) Colony formation was not changed by GREBI1 overexpression. E)
GREBI1 overexpression increased OVCA 432 proliferation under E2-free conditions, but
not when 10 nM E2 was added (*: p<0.05, two-way ANOVA with Bonferroni post-test).
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432 cells in E2-free conditions (doubling time decreased by 17%) but no difference was

seen when 10 nM E2 was added to the media (Figure S1E).

3.5.3. GREBI is expressed in the reproductive tract and several other normal tissues

GREBI1 expression has been reported by others in normal breast and uterine
tissues (Hnatyszyn et al. 2010, Pellegrini et al. 2012, Fung et al. 2015), but not in other
tissues. We therefore examined GREBI1 expression in public databases. RNA-sequencing
data accessed through the EMBL-EBI Expression Atlas (based on data from 53 tissues in
the GTEx Consortium 2013 and 32 tissues in The Human Protein Atlas) indicated that
GREBI expression is highest in the ovary, with moderate expression in the prostate and
female reproductive tissues and much lower but still detectable expression in all other
tissues examined except tonsil and whole blood. GREBI1 protein expression reported in
The Human Protein Atlas was extremely inconsistent between the three antibodies
examined and did not correlate well with gene expression data.

To examine GREBI expression in normal tissues, a GREBI1 antibody (Millipore)
was optimized for IHC. GREB1 and ESRI1 expression were examined in female
reproductive tract tissue sections (ovary, cervix, and endometrium) obtained from The
Ottawa Hospital and in a TMA panel of 50 normal tissues obtained from The Cooperative
Human Tissue Network. In the reproductive tract sections, GREB1 was highly expressed
in the ovarian stroma and was co-expressed with ESR1 in epithelial cells of follicular
cysts and vestigial rete ovarii structures (Figure 52). In the endometrium and cervix,
GREBI1 and ESR1 were expressed in both the stroma and epithelial cells (Figure 53). The
TMA showed similarly high GREBI1 expression in the female reproductive tract (Figure

54A), including ovarian stroma, fallopian tube (stroma and epithelium), uterus (smooth
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Figure 52. GREB1 and ESR1 expression in a normal ovary sample. Serial sections
of a paraffin-embedded healthy ovary were stained for GREB1 and ESR1 by IHC. A)
High GREBI and low ESR1 expression are seen in the epithelial cells of a follicular
cyst. Stromal cells were GREBI+ and ESRI-. B) A similar GREB1 and ESRI
expression pattern is seen in a vestigical rete ovarii structure elsewhere in the ovary.
Scale bar: 100 pm.
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Figure 53. GREB1 and ESR1 expression in normal endometrium and cervix
samples. Serial sections were stained for GREB1 and ESR1 by IHC. A) Most cells in
the cervix were GREBI1+. Epithelial cells were highly ESR1+; other cells were a mix of
ESRI1+ and ESR-. B) The endometrium had focal GREBI1 expression. Epithelial cells
were highly ESR1+; the stroma was a mix of ESR1+ and ESR- cells. Scale bar: 100 um.
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Figure 54. GREB1 and ESRI1 expression in female reproductive tissues from a
tissue microarray. A tissue microarray containing 50 normal tissues was stained for
GREBI and ESR1 by IHC. GREBI and ESRI expression was similar to staining
observed previously in individual tissue sections (Figures 52-53). A) GREB1 was highly
expressed throughout the female reproductive tract, including the ovary, endometrium,
fallopian tube, and (not shown) cervix. GREB1 was expressed focally in the endometrial
epithelium and consistently in the stroma. B) ESR1 was not expressed in the ovarian
stroma and mixed expression was seen in the endometrial and fallopian tube stroma.

Strong ESR1 staining was seen in the endometrial and fallopian tube epithelia. Scale
bar: 100 um.
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muscle and endometrium), and cervix (ectocervix and endocervix), as well as breast
epithelium. ESR1 was also expressed in many tissues throughout the females
reproductive tract (examples shown in Figure 54B).

Other tissues with clear GREBI expression included prostate, bronchus
epithelium, thyroid, salivary gland, and kidney medulla (prostate, kidney and lung shown
in Figure 55A). These tissues were almost all ESRI1- (Figure 55B). Many of the other
tissues had high background staining making interpretation difficult; however, clearly
negative staining was observed in tonsil (squamous epithelium), hyperplastic parathyroid,
small intestine villi, seminal vessicle, and lymph node (not shown). Lymphoid tissue
(spleen, thymus) was also mainly negative with the exception of a few isolated high-
staining cells. ESR1 was expressed exclusively in the female reproductive tract,
epididymis (strongly ESRI1+; GREB+, but with high background), thyroid (weakly
ESRI1+; GREBI1+), and bladder epithelium (focally ESR1+; GREBI1+, but with high
background). In summary, ESR1+ tissues were all GREBI+, and many ESR1- tissues

were also GREB1+.

3.5.4. GREBI1 is expressed in all epithelial ovarian cancer subtypes

GREBI expression had never been reported in ovarian cancer, so GREBI and
ESRI expression were examined in a public database (TCGA; via cBioPortal). GREBI
was highest in hormone-responsive cancers (ovarian, uterine, breast, prostate) as well as
surprisingly, melanoma, whereas the lowest expression was seen in leukemia and cancers
of the digestive tract. Similar expression patterns were seen for ESRI, with highest
expression in breast, ovarian, and uterine cancers, and lowest expression in colorectal

cancers. Notably, cBioPortal and similar databases focus on the most common subtype of
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Figure 55. GREBI1 and ESR1 expression in other tissues from a tissue microarray.
A tissue microarray containing 50 normal tissues was stained for GREB1 and ESR1 by
IHC. A) GREBI1 was expressed in several tissues outside the female reproductive tract,
including prostate, kidney, lung, and (not shown) breast, thyroid, and salivary gland. B)
ESR1 was not detected in the prostate, kidney, or lung. Scale bar: 100 um.
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ovarian cancer (high-grade serous), and very little information is available for other EOC
subtypes. We therefore investigated GREB1 expression by QPCR and IHC in tumours of
all major histological subtypes.

GREB mRNA and protein were highly expressed in a small pilot study of EOC
tumours from the Ottawa Ovarian Tumour Bank (4-5 each of low-grade serous, high-
grade serous, endometrioid, and clear cell). ESR/ and GREBI correlated at the mRNA
level (Figure 56) and although only 1-2 tumours per subtype were examined by IHC, a
similar pattern was observed in low-grade serous and endometrioid tumours (Figure 57).
The mucinous tumour examined by IHC expressed high GREB1 but no detectable ESR1,
whereas both high-grade serous tumours examined showed low, focal expression of both
GREBI1 and ESR1 (Figure 58). To confirm these results, a larger, unrelated group of
ovarian tumours was examined in a TMA from The Cooperative Human Tissue Network
(serous, mucinous, endometrioid, and clear cell; 20 cases per subtype). GREB1 was
expressed in 75-85% of these EOC tumours, but surprisingly its expression did not
correlate with ESR1 or any histological subtype (Table 7; Figure 59). In fact, 81% of
ESRI- and 78% of ESRI+ tumours expressed GREBI. In the TMA, serous and
endometrioid tumours were mainly ESR1+, whereas clear cell and mucinous tumours

were mainly ESR1- (Table 7).

3.5.5. GREB1 may have potential as a diagnostic biomarker

To investigate if GREB1 could be used as a diagnostic marker to distinguish
mucinous tumours of ovarian vs. gastrointestinal origin, a TMA was created by
pathologist collaborators from The Ottawa Hospital Pathology department. In this TMA,

GREBI1 was expressed in most ovarian tumours but in only 16% of gastroinstestinal
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Figure 56. GREBI and ESRI expression in epithelial ovarian cancer. Snap-frozen
ovarian tumours from surgical resection were obtained from the Ottawa Ovarian Tumour
Bank with Research Ethics Board approval. GREBI and ESRI were examined by
QPCR, with gene expression normalized to PPIA and quantified relative to the positive
control (MCF7 cells). A) GREBI was expressed in all EOC samples examined, with the
highest expression seen in endometrioid and low-grade serous tumours (N=4-5 per
subtype). Very low expression was seen in normal ovarian surface epithelium cells (four
early-passage hOSE cell lines). B) ESRI was also expressed in all EOC tumours and in
all four hOSE lines. ESRI mRNA levels correlated with GREBI levels (R?>=0.589;
p=0.0034; Pearson correlation analysis).
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Figure 57. GREB1 and ESRI1 expression in low-grade serous and endometrioid
ovarian tumours. The tumours with highest GREBI and ESRI mRNA levels (Figure
56) were stained for GREB1 and ESR1 by IHC to validate the antibodies. The low-grade
serous (A) and endometrioid (B) tumours co-expressed high GREB1 and ESR1, with
low GREBI and no ESR1 detected in the stroma (N=2/subtype). Scale bar: 100 um.

129



GREB1

Figure 58. GREB1 and ESRI1 expression in mucinous and high-grade serous
ovarian tumours. A high-grade serous tumour with low GREBI and ESRI mRNA
levels and a mucinous tumour with unknown GREB1 and ESRI1 levels were stained for
GREBI and ESR1 by IHC. A) The mucinous tumour showed high GREB1 levels but no
ESRI1. B) The high-grade serous tumour showed focal expression of GREB1 and ESRI.
Scale bar: 100 um.
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Table 7. GREB1 and ESR1 expression in tumours from the five major histological
subtypes of ovarian cancer.

Histological GREB1+ GREBI1+ Total GREB1+ Total GREB1+
subtype ESR1- ESR+ and/or ESR1+
Serous (low grade) 1/1 3/3 4/4 (100%) 4/4 (100%)
Serous (high grade)  3/3 10/13 13/16 (81%) 16/16 (100%)
Endometrioid 3/3 12/17 15/20 (75%) 20/20 (100%)
Clear cell 9/14 6/6 15/20 (75%) 15/20 (75%)
Mucinous 9/10 7/10 16/20 (80%) 19/20 (95%)

TMA sections obtained from the Cooperative Human Tissue Network (National Cancer
Institute, USA). Scored by Dr. B. Djordjevic for predominant nuclear staining intensity

(0,1,2,3) and % positive cells. GREBI positivity was defined as > 20% positive cells at

intensity 1 or > 1% positive cells at intensities 2 or 3.. ESR1 positivity was defined as >
1% positive cells regardless of intensity.

131



Serous

Clear cell

Endometrioid

Mucinous

Figure 59. GREB1 and ESR1 expression by IHC in a tissue microarray of epithelial
ovarian cancers. In a tissue microarray of four major EOC histological subtypes (N=20
each), GREB was expressed with similar proportions across all subtypes and did not
correlate with ESR1 (see Table 6 for quantification). Scale bar: 25 um.
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tumours (both primary tumours and metastases to the ovary; Table 8). When combined
with PAXS8 expression, sensitivity to detect primary ovarian tumours in this set of
tumours was increased to 93% (Table 8). This suggests that GREB1 may have utility as a

diagnostic biomarker for mucinous tumours of unclear origin.
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Table 8. GREB1 and PAXS staining in mucinous cancers of ovarian vs.
gastrointestinal origin.

Tumour type GREB1+ PAX8+ GREBI1+or Total (N)
(%) (%) PAXS8+ (%)
Ovarian primary 69 74 93 58
Gastrointestinal
Primary 16 2 16 49
Metastasis to ovary 16 0 16 19

GREBI and PAXS8 were examined by IHC in a TMA of 60 primary mucinous ovarian
neoplasms (19 cystadenomas, 21 borderline, and 20 adenocarcinoma), 49 primary
mucinous gastrointestinal neoplasms (19 colorectal, 15 gastric, and 15 pancreatobiliary)
and 19 metastases to the ovary (from a gastrointestinal primary tumour). TMA produced,
scored and analyzed by Dr. B. Djordjevic and other pathologist collaborators at The
Ottawa Hospital.
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Chapter 4. Discussion

It has been known for decades that estrogen stimulates growth of breast and
ovarian cancers. Although much has been learned since then, E2 signalling complexity
and heterogeneity between model systems have made it difficult to determine the cellular
and molecular mechanisms responsible for its tumour promoting actions. The main goal
of this project was therefore to elucidate the mechanisms underlying E2-stimulated
tumour growth in our mouse models of ovarian cancer and extrapolate the findings to

human ovarian cancers.

4.1. Validation of the E2-responsiveness of our model systems

We first confirmed the accuracy of our model systems by showing that E2
accelerates tumour growth of OVX mice engrafted with mouse ovarian cancer cells,
decreasing survival time. This supports earlier work by our lab (Laviolette et al. 2010)
and others (Mullany et al. 2014, Armaiz-Pena et al. 2009, Spillman et al. 2010, Sawada et
al. 1990) showing that E2 accelerates allograft and xenograft tumour growth. It also
demonstrates that the MAS lines are not E2-dependent despite being E2-responsive. We
also showed that E2 accelerates tumour growth in both young (8-10 week) and older (8
month) CAG-TAg mice with or without VCD-induced "menopause". As the majority of
EOC occurs in postmenopausal women, it is important to know how physiological
changes associated with menopause may alter E2 action. The consistency of E2 action
regardless of reproductive status confirms that this model accurately reflects E2 action

(e.g. HRT) in ovarian cancer developing after menopause.
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Our lab has previously shown that E2 decreases survival time in transgenic mice
by accelerating tumour initiation (Laviolette et al. 2010). Other immune-competent
models have shown that E2 increases tumour growth and metastasis (Lee et al. 1992,
Trevifio et al. 2012, Mullany et al. 2014). Interestingly, E2 dependence was seen only
after TP53 was disrupted in LSL-Kras®'*"; Pten™; Amhr2-Cre mice (Mullany et al.
2014). In TP53-wildtype mice in that study and in a similar transgenic model (Romero et
al. 2012), E2 did not alter tumour growth, metastases, or ascites. Although TP53 is not
mutated in our mouse models, TAg binding stabilizes TP53 and impairs its function
(Pipas 2009).

We found that MASE-derived tumours collected at endpoint were heavier in E2-
treated mice; a similar trend was seen in mice engrafted with MASC cells. This supports
the previously mentioned studies showing that E2 stimulates tumour growth, although it
is unclear why E2-treated mice were not euthanized due to loss of wellness at the same
tumour size as control-treated mice. E2 consistently decreased body weight in our
allograft and transgenic models, which may have increased the harmful effects of the
tumours. This is a well-known systemic E2 action mediated by SRC1 (Dubuc 1985, Zhu
et al. 2013) but the implications on tumour progression, if any, have not been examined.
Interestingly, mice with tumour-specific ESR1 deletion showed a small but consistent
trend for increased body weight which was still decreased by E2, suggesting that E2 may
decrease body weight both systemically and through ESR1-mediated effects in the

tumour.

4.2. Mechanisms of E2 action in vivo
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We have identified many E2-induced changes in gene expression that may
mediate its tumour promoting effects in our models of EOC. This project has focused on
our most promising candidate gene, GREBI, and we have shown that it has several
cancer-promoting actions. However, we have also identified other genes that may
contribute to E2 stimulation of tumour growth (Table 5). Several of these have been
reported by others as E2-responsive, including Pgr, Cypllal, and Stc2, whereas others
are novel targets. Only one other study has examined global gene expression changes
after E2 treatment in an animal model of transplanted ovarian cancer cells (Spillman et al.
2010). They found that very few of the E2-regulated genes (including GREBI) in
tumours derived from engrafted ESR1+ PE04 cells were similarly regulated in breast
cancer, emphasizing the tissue specificity of E2 signalling. Two studies have examined
E2-upregulated genes in human OSE or EOC lines in vitro (O'Donnell et al. 2005, Syed
et al. 2005), but full lists of gene expression changes were not provided and few of their
highlighted genes matched the gene expression changes we identified. These differences
could be caused by various factors, but the most obvious explanation is that E2
differentially affects EOC cells growing in vitro vs. in vivo. In breast cancer, large
changes in gene expression, including E2-regulated genes, have been reported between
the same cancer cell lines growing in vitro vs. in xenografts (Thompson et al. 1990).

Although E2 upregulated angiogenesis-related genes in MASE tumours and cell
lines, we found that it did not alter microvessel density in our allograft models. This
suggests that angiogenesis is not a major mediator of E2 effects in our mouse models, and
contradicts evidence that E2 promotes angiogenesis both in ESRI1- breast and prostate
cancer xenografts (Gupta et al. 2007) and in ESR1+ EOC xenografts (Armaiz-Pena et al.

2007). Interestingly, we found that E2 upregulated Kdr, Ednra and Vegfa in MASE cells
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and tumours but downregulated them in MASC-derived tumours. The most obvious
difference between MASE and MASC cell lines is ESR1 expression, suggesting that
these genes are upregulated directly in the tumours through ESR1 rather than by systemic
E2 actions. It is unclear why they are actually downregulated in MASC cells; this could
be a compensatory response to other E2 actions or may signify E2 acting through
alternative receptors. These opposing effects of E2 in MASE vs. MASC tumours may be
related to the opposing trends seen in ascites formation, as tumour-secreted VEGFA is
crucial for ascites development (Nagy et al. 1995). However, ascites volume was highly

variable and no statistically significant differences were seen.

4.3. E2 action in ovarian cancer cell lines in vitro

Few actions of E2 were observed in our cell line models of ovarian cancer.
Proliferation, migration, and colony formation were not changed by E2, suggesting that
E2 may promote tumour progression through systemic and/or stroma-mediated effects.
However, we have also accumulated considerable evidence that E2 acts directly on
tumour cells. Three E2-upregulated genes identified in the microarray of MASE-derived
tumours were also examined in vitro: Grebl, Kdr and Ednra were all upregulated within
48h by 10-500 nM E2 in MASE cells. KDR and GREBI1 were also upregulated at the
protein level, and IHC showed that KDR was expressed in tumour cells, not only in
endothelial cells. Furthermore, ESR1 deletion in the tumour initiating cells prolonged
survival and decreased E2 responsiveness of the CAG-TAg model.

Tumour cells in vivo may be more E2-responsive than the same cells in vitro due
to various environmental differences (e.g. hypoxia, nutrient restriction, necrosis, three-

dimensional growth, immune system interactions, extracellular matrix, endocrine and
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paracrine factors). The tumour-promoting actions of E2 may be more easily observed in a
growth-restricted environment, and E2 actions may affect tumour response to factors that
are only seen in vivo. Furthermore, differences in E2 dose and length of treatment in vitro
vs. in vivo are likely to alter response. We found that E2 upregulates Grebl, increases
Ki67 staining, and stimulates cell proliferation only after long-term treatment, at which
point many confluent areas had developed. This suggests that E2 is overriding cell cycle
arrest signals to drive growth in suboptimal conditions. Reports of E2-responsiveness of
EOC cell lines in vitro vary, even within a single cell line; for example, E2 has increased

OVCAR-3 proliferation in some studies but not others.

4.4. Effects of P4 and menopause on tumour progression in the CAG-TAg model

P4 did not alter E2 actions in the CAG-TAg model, contrary to a previous report
in SKOV3 cells (Armaiz-Pena et al. 2009). We also confirmed earlier findings by our lab
that P4 does not alter CAG-TAg tumour progression by examining P4 in older mice (8
months) with and without VCD-induced "menopause", as well as testing a long-term
(120d) P4 treatment and a PGR inhibitor (mifepristone). No changes in tumour
progression or endpoint characteristics were seen with the 60d or 120d P4 treatments or
with the PGR inhibitor. P4 action has not been thoroughly studied in mouse models of
ovarian cancer, but two studies have shown a limited protective effect beyond the E2-
antagonizing activity described earlier (Langdon et al. 1998, McDonnel et al. 2005)
whereas several others have shown no effect (Laviolette et al. 2010, Sawada et al. 1990,
Armaiz-Pena et al. 2009). Furthermore, a synthetic progestin reduced spontaneous EOC
incidence in hens, although this effect was probably mainly caused by the inhibition of

ovulation (Trevino et al. 2012).
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4.5. Efforts to reduce E2-associated bladder problems with low-dose E2

Many of the E2-treated 8-month-old CAG-TAg mice developed bladder outlet
obstruction requiring euthanasia. This has been occasionally observed by our lab (L.
Laviolette et al. 2010) and others (Kuroda et al. 1985, Walker et al. 1992). In an attempt
to reduce these bladder problems and simultaneously determine whether the effects of E2
are dose-dependent, we tested a lower E2 dose (0.05 mg rather than the previously used
0.25 mg). Serum E2 levels ranged from 0-10 pg/mL in serum from mice implanted with
either 0.05 mg E2 (not shown) or placebo pellets. By contrast, serum E2 levels ranged
from 100-200 pg/mL in mice collected 30d after implantation of a 0.25 mg pellet, and fell
below 100 pg/mL in all mice collected 45d after implantation. This closely resembles E2
changes during pregnancy, where E2 slowly increases to a peak of 200-400 pg/mL at 20d
in mice, then gradually returns to normal after giving birth (Wang et al. 2010). Serum E2
levels in humans are higher, ranging from 10-200 pg/mL throughout the menstrual cycle
(Wright et al. 1999) and rising as high as 15 ng/mL during pregnancy (La Marca et al.
2005).

Surprisingly, none of the mice treated with either dose of E2 in this study
developed bladder obstructions, so it is unclear whether the lower dose of E2 would have
improved this problem. This problem may be more common in older mice. Furthermore,
although a trend for intermediate survival was observed with low-dose E2 treatment in
both ESR1-wildtype and ESR1-deleted mice, no significant survival differences were
observed vs. control mice and tumour characteristics were similarly unchanged.
Therefore, future studies should use E2 doses higher than 0.05 mg to ensure that survival

is consistently decreased.
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4.6. Effects of TAg hemizygosity and mouse strain on CAG-TAg tumour progression

TAg had a dose-dependent effect on tumour progression in the CAG-TAg model;
hemizygous mice survived longer than homozygous mice. A similar effect has been
observed in other TAg-driven mouse models of cancer, including prostate cancer (Perez-
Stable et al. 1997), osteosarcoma (Wilkie et al. 1994), and melanoma (Larue et al. 1993).
Furthermore, melanocytes isolated from TAg-hemizygous mice with low copy numbers
of TAg were non-tumourigenic, unlike melanocytes from TAg-homozygous mice (Larue
et al. 1993).

We also discovered a major effect of strain in this mouse model. When only one
TAg allele was present, no mice with a mixed (F1 FVB/N x B6) background developed
tumours within 400d, whereas 100% of FVB/N mice developed tumours with a median
survival time of 219d. Strain differences have been shown previously in various mouse
models of cancer, including spontaneous, chemical-induced, xenograft, and transgenic
models (Dragani et al. 2003, Macleod and Jacks 1999). The B6 strain, including F1
mixed-background pups, has shown suppressed tumour growth in models of breast
(Rose-Hellekant et al. 2002) and ovarian cancer (Garson et al. 2012). Despite various
phenotypic differences including slower growth, tumours still developed in most or all
B6 mice in these studies, so we were surprised to find complete inhibition of tumour
development in F1 mixed-background pups in our model. Our discovery of a synergistic
interaction between genetic strain and TAg hemizygosity indicates that TAg activity is
highly dependent on genetic factors. This information will be critical when designing

future studies using this model.
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4.7. Importance of ESR1 in mediating E2 effects in our model systems

ESRI1 is known to play a key role in tumour-promoting E2 signalling, but its
importance relative to other estrogen receptors remains unclear. We have shown that in
both our allograft and transgenic mouse models, ESR1 contributes to E2 action but is not
the only factor. MASC cells express much lower ESR1 than the otherwise-similar MASE
cell line, and are far less E2-responsive. In MASC cells, survival and tumour burden
changes induced by E2 were smaller. In MASC-derived tumours, E2 downregulated
angiogenesis-related genes that were upregulated by E2 in MASE cells and tumours.
Furthermore, ESR1 deletion in tumours prolonged survival and decreased the response to
E2. However, E2 still decreased survival in these mice. The ESR1-specific subset of E2
actions may be partially or entirely mediated by GREBI1. ESR1 inhibition or deletion
prevented GREBI1 upregulation both in vitro and in vivo. Furthermore, GREBI is not
induced by E2 in MASC cells in vitro, although induction was seen in MASC-derived
tumours. Transfection of an ESR1- clear cell EOC cancer line (TOV21G) with ESR1
increased GREBI mRNA 2.5-fold (Yoffou et al. 2011). It would be interesting to see

whether ESR1 transfection would similarly increase GREBI in MASC cells.

4.8. GREBI1 induction and function in ovarian cancer models

When this project was started, little was known about GREBI function beyond its
essential role in hormone-stimulated breast and prostate cancer cell growth (Rae et al.
2005, Rae et al. 2006). Furthermore, GREB1 had never been examined in ovarian cancer
or in mouse models. We have significantly expanded the knowledge of GREBI activity

by determining its role in several ovarian cancer model systems. We were also the first to
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confirm that the mouse homolog of GREBI has similar regulation and functions,
supporting the relevance of our model systems for examining estrogen action.

In both mouse and human ovarian cancer cell lines, we detected GREB1 mRNA
induction as early as 4h after adding E2, with the increased expression sustained for at
least 48h. This time course resembles induction patterns described in MCF7 cells (Ghosh
et al. 2000, Rae et al. 2005). GREB1 protein induction was seen in mouse cells at 48h,
but little to no GREBI protein was detectable in human cell lines despite comparable
mRNA fold changes induced by E2. This may reflect lower baseline GREBI1 levels
and/or differences in posttranscriptional regulation of GREBI1 levels in human vs. mouse
tissues. We found that this induction by E2 was mediated by ESR1 binding to Grebl
EREs in our mouse ovarian cancer cells, as shown previously in breast cancer cells (Sun
et al. 2007, Deschenes et al. 2007). Others have shown that GREBI1 can be upregulated
by other steroid hormone receptor including ESR2, PGR and AR (Jacobsen et al. 2005,
Rae et al. 2006); while these mechanisms may also be active in our cell lines, ESR1
inhibition and deletion experiments showed that ESR1 is required for GREBI
upregulation by E2 in MASE cells.

Intracellular localization can help clarify protein function. Reports in other
hormone-responsive tissues and cancers suggest that GREBI1 is located predominantly in
the nucleus, which would support its identified role as an ESR1 cofactor. However, we
discovered that GREB1 was more strongly expressed in the cytoplasm of mouse ovarian
cancer cells. Interestingly, this expression was focal, with a very small fraction of cells
expressing high levels of GREB1 but little to none in the majority of the population. The
subpopulation of highly-expressing cells had very different morphology: cells were

smaller, less flat, and more mesenchymal-looking than the main population. These cells
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also had very bright, condensed DAPI staining, suggesting recent mitotic activity. It is
unclear whether GREBI is only ever expressed in a subpopulation of cells, or whether all
MASE cells express GREBI1 periodically (i.e. during mitosis). Regardless, this mitosis-
linked expression pattern along with its ability to increase proliferation suggests that
GREBI is driving cell division.

By contrast, both human cell lines examined (MCF7 breast cancer cells and
GREB1-overexpressing OVCA 432 ovarian cancer cells) showed high GREBI in most
cells, with strong expression in both the nucleus and cytoplasm. It is unclear what is
causing differential localization in these human and mouse cell lines. GREB1 may have
species-specific and/or tissue-specific regulatory mechanisms that result in high but
transient cytoplasmic expression during mitosis in mouse ovarian cancer cells but more
constant expression in human breast cancer cell lines. Further research is needed to
clarify these expression patterns in human and mouse ovarian cancer cells and determine
whether they are related to GREBI function.

We were the first to show GREB1 promotes proliferation in ovarian cancer cell
lines (Laviolette et al. 2014), as others have reported in breast (Rae et al. 2005) and
prostate (Rae et al. 2006) cancer cell lines. These early reports focused on GREBI
interference, but we have shown that GREBI1 overexpression and knockdown
reciprocally alter proliferation. This indicates that GREB1 is not only an important link in
proliferative pathways, it also directly stimulates proliferation of mouse ovarian cancer
cells. The effects were more noticeable in low-serum media, suggesting that GREB1 is a
particularly important driver of growth in unfavourable conditions. Supporting this
theory, Grebl was induced by E2 in normal mOSE cells only after long-term treatment,

when confluence had induced growth arrest in untreated mOSE cells (whereas E2-treated
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cells continued to grow). However, GREB1 knockdown and overexpression did not alter
colony formation of either mouse or human ovarian cancer cells plated in soft agar,
suggesting that tumourigenicity is not affected by GREBI.

The effects of GREB1 knockdown and overexpression were subtle in human
ovarian cancer cell lines. Although trends were seen for increased proliferation with
GREBI overexpression in OVCA 432 cells and decreased proliferation with GREBI
knockdown in OVCAR-3 cells, neither difference was significant. This suggests
decreased E2-responsiveness and/or GREBI-responsiveness relative to our mouse
ovarian cancer cell lines. Notably, GREB1 overexpression increased OVCA 432 cells in
E2-free conditions but not when E2 was added. This could mean that endogenous
GREBI is already maximally active in regular media, which has low levels of estrogenic
activity from phenol red and serum. Alternatively, GREB1 function may be influenced by
other factors that are increased by E2 deprivation.

This research has also significantly expanded the knowledge of GREBI1 action by
exploring the effects of its altered expression on EMT and migration, which has never
been reported. We noticed that GREB1 knockdown altered morphology, with a
subpopulation of cells shifting to a more epithelial-looking phenotype. GREBI
overexpression had the opposite result, inducing a more mesenchymal-looking
phenotype. These morphology changes corresponded with changes in cell size; GREB1
overexpression decreased cell volume and GREB1 knockdown showed a trend for
increased cell volume.

To investigate the cause for these morphology changes, we examined EMT-
related genes in a PCR array. Surprisingly, most genes were not altered by GREBI1

knockdown or overexpression, suggesting that GREB1 does not affect EMT. The most
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commonly reported markers of EMT are an increase in Srail and an associated decrease
in Cdhl. We found that neither gene changed with GREBI1 overexpression or
knockdown, although a trend for decreased Snail was seen with GREB1 knockdown.
Because morphology changes were only seen in a subpopulation of cells, it is possible
that any EMT-related changes were masked by the main population. Furthermore, protein
levels do not always correspond with mRNA levels. Therefore, CDH1 and SNAI1 should
be examined by IF and correlated with morphology before concluding that the
morphology differences are not EMT-related. Alternatively, the subpopulations with
altered morphology could be isolated (e.g. by sorting for cell size) and immediately
examined for EMT markers.

Based on the observed morphology changes, MASE cell migration was examined
with scratch wound assays. We found that GREBI1 overexpression promoted migration in
all culture conditions, with the largest increases seen in low-serum and E2-free media
conditions. This is significant because migration speed can be used to infer the propensity
of a cell line to metastasize. Surprisingly, knockdown did not change migration in any
culture condition. This implies that even E2-induced endogenous GREBI levels are
insufficient to promote migration of MASE cells in vitro. Alternatively, this could be a
species-specific function of GREBI1, as the overexpression construct encodes human
GREBI.

Notably, we were the first to examine the role of GREB1 in tumour progression in
vivo. We found that its proliferative effects in vitro translated to significant biological
implications; GREBI1 knockdown in MASE cells dramatically prolonged survival of
engrafted mice. These findings were supported by a recent study showing that forced

expression of miR-26, which targets GREBI, inhibited MCF7 xenograft tumour growth
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(Tan et al. 2014). However, they predicted that miR-26 targets 695 genes, including three
E2-regulated genes that partially mediated the proliferative response to E2 in vitro
(GREBI1, CHDI and KPNA?2), so the relative contribution of GREBI in this study was
unclear.

We predicted that GREBI knockdown would alter E2 response, but E2
dramatically decreased survival regardless of GREB1 knockdown. GREB1 knockdown
was not detected in tumours of E2-treated mice, suggesting that the E2 dose used
upregulated GREBI sufficiently to overwhelm the shRNA being produced. E2 is also
likely to be decreasing survival through GREB1-independent mechanisms. Therefore, it
remains unclear how much the GREBI upregulation we observed previously in E2-
treated mice contributed to E2-accelerated growth. To elucidate the requirement for
GREBI in E2 action, a more consistent depletion or knockout of GREB1 would be
required. This could be achieved through new CRISPR technology or by generating a
GREB1-floxed mouse that could be crossed with our CAG-TAg model.

Surprisingly, we found that GREB1 overexpression did not alter survival of
engrafted mice. Notably, tumours examined at endpoint showed no detectable GREBI,
suggesting that the overexpression construct was no longer stably expressed. GFP
intensity in these tumours was noticeably lower in tumours collected at longer survival
times for both non-silencing and GREB1 knockdown groups, indicating fading construct
expression over time in vivo. It is unclear why GREB1 knockdown altered survival but
overexpression did not, if both constructs lost expression over time. Endogenous GREBI
levels in vivo may already be maximally promoting proliferation. Alternatively, the
overexpression construct may have lost its expression more rapidly than the knockdown

construct. Furthermore, GREB1 overexpression increased tumour burden at endpoint,
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suggesting that it did promote tumour growth but alternative mechanisms drove disease
progression in control mice, so overall survival time was unaffected by GREB1. These
theories could be evaluated by collecting tumours at earlier time points and examining
GREBI, Ki67, and tumour size to determine how rapidly the construct expression is lost

in vivo and to evaluate the effects of GREB1 overexpression on tumour proliferation.

4.9. GREBI1 expression in normal tissues and EOC

GREBI expression has only been reported previously in breast (Hnatyszyn et al.
2010) and uterine (Pellegrini et al. 2012) tissues. In public databases, we found that
GREBI mRNA levels are consistently highest in the reproductive tract. Protein
expression data that is publically available is inconsistent; the three antibodies described
in The Human Protein Atlas (Sigma HPA024616, HPA027843, and HPA028416) showed
extreme differences in GREB1 expression in various tissues. Furthermore, intracellular
localization was unclear; the Human Protein Atlas listed expression as cytoplasmic with a
prediction of membrane localization, whereas GREBI1 localization was reported as
nuclear in breast cancer and normal breast tissue (Hnatyszyn et al. 2010). Uterine tissue
showed mixed localization, with nuclear GREB1 expression in endometriotic lesions, but
cytoplasmic expression in normal endometrial tissue (Pellegrini et al. 2012).

We found strongest GREB1 expression in the prostate and female reproductive
tract, as predicted from mRNA expression data. GREB1 was also clearly expressed in
several other tissues that were reported to have relatively low mRNA levels, including
breast, lung, thyroid, salivary gland, and kidney. Tonsil, the only tissue type in the TMA
with no mRNA expression detected by RNA sequencing, was completely negative for

GREBI with no background staining, supporting the specificity of the Millipore antibody
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used. We detected both nuclear and cytoplasmic staining, although nuclear staining was
more common and more clearly identifiable as specific staining. Like GREB1, ESR1
protein expression patterns resembled the mRNA patterns described in public databases,
with strong expression in most tissues of the female reproductive tract but otherwise
expressed only in the epididymis, thyroid and bladder epithelium, which were all
GREBI1+. GREBI1 expression was seen in all ESR1+ tissues but also in many ESR1-
tissues, suggesting that GREBI is not solely regulated by ESR1, particularly in tissues
outside of the female reproductive tract.

This is the first study to investigate GREB1 expression in EOC. We examined
GREBI and ESRI expression in primary tumours listed in the cBioPortal database and
found that both genes were most highly expressed in hormone-responsive cancers
including high-grade serous EOC; the lowest expression was seen in cancers of the
digestive tract. When we examined EOC tumours of all major histological subtypes by
QPCR and IHC, we found that GREBI mRNA levels were highest in endometrioid and
low-grade serous tumours; all EOC tumours examined showed high GREBI expression
relative to four primary cultures of normal ovarian (hOSE) cells. At the protein level,
GREB1 was frequently expressed with no major differences between histological
subtypes. GREB1 expression was more frequent in low-grade tumours and in younger
women, suggesting that it may be associated with less aggressive cancers and/or serum
estrogen levels, but sample sizes were too low to draw clear conclusions.

At the mRNA level, GREBI correlated with ESRI levels, but no correlation was
seen at the protein level. In contrast, GREB1 was rarely expressed in ESR1- breast
cancers but frequently expressed in ESR1+ breast cancers (Hnatyszyn et al. 2010). As

GREBI is both downstream and upstream of ESR1 signalling in breast cancer cells
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(Mohammed et al. 2013) and we have confirmed that GREBI is also induced through
ESRI in ovarian cancer, it is surprising to see such frequent GREB1 expression in the
absence of ESR1. In ESR1- tumours, GREB1 may have been induced by ESR1 that later
degraded, or GREB1 may be regulated by alternative mechanisms. ESR1-independent
GREBI1 expression could be a mechanism for stimulating growth-promoting estrogen
signalling pathways in the absence of E2 and/or ESR1. Interestingly, serous, mucinous,
and endometrioid tumours were nearly always positive for GREB1 and/or ESR1; only
1/60 tumours was negative for both markers. Many more clear cell tumours (25%) were
negative for both GREB1 and ESRI1, suggesting that this subtype is less reliant on
estrogen signalling pathways.

In high-grade serous ovarian tumours from the TCGA, GREB! did not correlate
with ESRI; in fact, a trend for mutual exclusivity was observed. Surprisingly, the same
study identified GREBI as one of 409 genes upregulated in normal ovarian tissues
relative to EOC, contrary to our findings that GREBI is very low in hOSE cells. This is
likely caused by the highly estrogenic environment of the functional ovary and/or the
other cell types present in the whole ovary. The correlation we observed between ESRI
and GREBI at the mRNA level in our samples may have been caused by including
tumours of non-serous histotypes. If so, the lack of correlation at the protein level could
be caused by posttranscriptional regulation. Alternatively, the mRNA correlation may be
due to random chance, despite statistical significance; a larger sample size of non-serous
tumours is needed to confirm these findings.

It is unclear why GREBI correlated with ESR1 in breast cancer but not in ovarian
cancer; GREBI regulation may have tissue-specific differences. Furthermore, ovarian

cancer is usually diagnosed after menopause, which could alter GREBI1 regulation;
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GREBI in breast cancer biopsies correlated with serum E2 levels (Haakensen et al.
2011). Interestingly, Schaner et al. (2003) noted that several genes that are correlated
with ESR1 in breast cancer (GATA-3, LIV-1 and X-box binding protein 1) did not show
the same correlation in ovarian cancer. These differences in E2-responsive genes between
breast and ovarian cancers could be related to E2-independence and response to
antiestrogen therapies, which show limited efficacy in ovarian cancer. GREBI1 loss has
been linked to tamoxifen resistance in ESR1+ cell lines and breast cancer (Lippman et al.
2008, Mohammed et al. 2013); however, the effects of GREB1 expression in ESR1- cell
lines have not been examined.

Metastatic mucinous ovarian tumours are frequently difficult to distinguish from
metastatic  gastrointestinal tumours. Because GREBI1 is rarely expressed in
gastrointestinal tissues, we investigated the potential of GREB1 as a diagnostic biomarker
for differentiating tumour origin. We found that primary ovarian mucinous cancers were
more likely to express GREBI than secondary ovarian tumours (metastases from
gastrointestinal cancers) or primary gastrointestinal tumours. When combined with
PAXS, a current diagnostic biomarker, sensitivity for detecting ovarian tumours was
improved to 93%. Therefore, GREBI staining may be a useful diagnostic tool for

mucinous cancers.

4.10. Conclusions

We have shown that E2 promotes tumour growth in our mouse models and have
investigated potential mechanisms for its actions. Several previously reported
mechanisms such as angiogenesis and upregulated CCNDI were not altered by E2 in our

model systems, emphasizing the heterogeneity of E2 action even within a single cancer
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type. A microarray identified a highly E2-upregulated gene, GREBI, which promoted
ovarian cancer cell proliferation and migration in vitro. In vivo, GREB1 knockdown
prolonged survival of engrafted mice. Further experiments are needed to confirm the
contribution of GREBI1 to the accelerated tumour progression caused by E2 in our
models. Several known effects of E2 were not examined in our study, including
metabolite-induced DNA damage and altered stroma and immune cell recruitment. These
actions may also contribute to the effects of E2 in our mouse models. However, we have
shown that E2 acts directly on the tumour cells to promote disease progression through
ESR1-mediated transcription of tumour-promoting genes including GREB1.

Future experiments will further elucidate the function of GREBI by identifying
its protein interactions with BioID and by determining whether ESR1 is required for
GREBI activity. The new MASE lines we generated will be an invaluable resource for
these experiments, allowing GREBI alteration in matched ESR1-deleted vs. wildtype cell
lines. A drug screen is also planned to discover small molecules with GREB1-inhibiting
activity in order to investigate potential therapeutic options.

Intriguingly, high GREB1 expression has been linked to antiestrogen sensitivity
in breast cancer (Lippman et al. 2008, Mohammed et al. 2013), suggesting that increasing
GREBI activity may also be a viable strategy. Endocrine therapy is not used for most
ovarian cancer patients due to limited overall efficacy; although some patients have
responded to estrogen inhibition, biomarkers to identify these sensitive patients have not
yet been validated. Further research is needed to determine whether GREBI is related to
antiestrogen sensitivity in ovarian cancer. If so, GREB1 may be useful as a predictive

biomarker and/or therapeutic target to increase the efficacy of antiestrogen therapy.
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