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Figure S4-20: Phospho-kinase array in control and SPON1-treated EOC cells.
HEY (A) and OVCAR3 (B) cells were incubated for 15 min with 250 pg/ml BSA
(vehicle control) or 5 pg/ml SPON1. Total protein lysates were incubated with
membranes containing capture antibodies (spotted in duplicate) against kinase
phosphorylation sites (R&D Systems). The membranes were then incubated with
biotinylated detection antibodies, streptavidin-HRP, and proteins were detected using
chemiluminescence. Densitometric quantifications were done using /mageJ software,
data are presented in the graphs as a mean pixel density (n = 2 spots). Spots: 1) ERK1/2
(T202/Y204, T185/ Y187); 2) GSK-3a/B (S21/S9); 3) Akt 1/2/3 (S472); 4) Chk-2 (T68);
5) PRAS40 (T246); 6) p53 (S392); 7) p53 (S46); 8) p53 (S15); 9) WNKI1 (T60).
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Chapter 5

5 Discussion

5.1 Summary of findings

The ECM plays an active and complex role in regulating cell growth, survival,
motility, polarity and differentiation. It also provides the structural foundation required
for tissue function and regulates the availability of growth factors and cytokines. The
studies within this thesis examined the expression of several ECM components within the
ovary of the ERB-knockout mouse (BERKO) and the role of the ECM protein, Spondin 1,

in the progression of epithelial ovarian cancer (EOC).

Microarray analysis performed by Dr. Deroo indicates that ECM expression is
disrupted in BERKO GCs [1] and may contribute to the attenuated folliculogenesis
observed in BERKO ovaries. To further investigate these observations (Chapter 2), [ used
qPCR and immunofluorescence (IF) assays to characterize the ovarian expression and
localization of two ECM proteins that had been identified as differentially expressed in
ERpB-null GCs, namely Collagen 11A1 (Colllal) and Nidogen 2 (Nid2) [1]. I found that
expression of both Collagenllal and Nid2 is significantly higher in BERKO ovaries than
in wildtype ovaries as early as PND 13, and this heightened expression continues through
PND 23-29 into adulthood. Similarly, I examined the expression and localization of the
ECM proteins Collagen IV (Col4al), Nidogen 1 (Nidl) and Laminin (Lamal), which had
not been identified by the original microarray, but are well-known mouse ovarian ECM
proteins. Collagen IV, Nidogen 2 and Laminin were also more highly expressed in the
BERKO ovary than in wildtype. This data suggests that ER[} represses the expression of
several ECM proteins in the mouse ovary. In addition, given that dysregulation was
observed as early as PND 13, my data also indicates that granulosa cell (GC) gene

expression is regulated by ERP prior to puberty—an unexpected and novel finding.

In Chapter 3, I investigated a potential mechanism by which ER} may be acting
as a transcriptional repressor in GCs. I used transient transfection assays to show that the

bHLH transcription factor, TCF21, regulates estradiol-dependent transcriptional activity
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in an ER isoform-specific manner, and represses ERf, but not ERa-driven
transactivation. TCF21 represses ERB-mediated transcription of a 3x-ERE reporter in
several cell lines, as well as three naturally occurring estrogen responsive promoters
(pS2, C3 and Lf). This repression does not require TCF21 heterodimerization with E12.
Lastly, the bHLH transcription factor Mist1 does not repress ER-mediated transcription
of the 3x-ERE reporter, suggesting that not all bHLH proteins repress ERB-mediated
transcription. Despite our best efforts we were unable to show that TCF21 forms a
complex with ERp in vivo. Therefore, we turned our focus to another ERB-dependent
ECM protein identified in Dr. Deroo’s microarray, SPON1, and its potential role in

ovarian cancer progression.

SPONT1 is highly overexpressed in ovarian cancer and has recently been identified
as a promising ovarian cancer marker, particularly for high-grade serous EOC. Therefore,
in Chapter 4, I examined whether SPON1 affects key ovarian cancer cell functions in
immortalized EOC cell lines and in human primary ascites-derived ovarian cancer cells. |
confirmed by Western blot that SPON1 is expressed and secreted by both immortalized
ovarian cancer cell lines and primary ascites-derived ovarian cancer cells. Although I was
unable to silence SPON1 expression in EOC cell lines using siRNA or functional
blocking with antibodies, I performed several functional assays to assess whether
treatment of EOC cells with recombinant SPONI1 affects specific cellular processes. My
data demonstrated that SPON1 significantly reduced EOC cell adhesion, viability and
proliferation; however, it did not affect cell migration. Finally, using a non-adherent
culture system I examined whether SPON1 affects EOC spheroid formation and
subsequent reattachment to adherent tissue culture plastic. Treatment of EOC cells with
recombinant SPONI1 prior to spheroid formation did not impact the formation or
reattachment of spheroids. However, treatment of spheroids with recombinant SPON1
following transfer to adherent tissue culture plastic did increase the cell dispersion area of
spheroids that had re-attached. These data suggest that SPON1 regulates a subset of

functions of ovarian cancer cells.

In summary, my thesis work has shown that ECM proteins are aberrantly

overexpressed in the BERKO mouse ovary, as well as high-grade serous EOC. The



221

expression of the ECM proteins investigated herein is ERB-dependent. This body of work
contributes to our understanding of the role ECM proteins have in ovarian development

and ovarian cancer progression.

5.2 Potential mechanisms by which the ECM regulates
ovarian follicle development/ growth and EOC
progression

The histological analysis of mammalian organs demonstrates the incredible
complexity of cellular organization required to build and maintain normal tissues [2]. The
disruption of this structural organization usually leads to disease and neoplastic
transformation. Several biological functions are mediated by the interaction of ECM
proteins with binding partners, which include other ECM components, growth factors,
signal receptors and adhesion molecules [3, 4]. Normal tissue organization requires two
key components: (1) organized cell-cell and cell-ECM adhesion, and (2) the
establishment and maintenance of cell polarity. The dysregulation of these two functions
is a hallmark of cancer. In this section of the Discussion, I will briefly introduce the key
features of organized adhesion and polarity, and describe how these features relate to
ovarian follicle growth and EOC progression. Finally, I will discuss how the ECM
proteins I investigated may be affecting these two critical components of tissue
organization. Specifically, I believe that the ECM proteins I investigated in Chapter 2
help maintain ovarian structural integrity, whereas Spondin 1 (Chapter 4) is a

matricellular protein that lacks a structural role but is involved in cell-matrix interactions.

5.2.1 Adhesion

Within tissues, cells physically interact with the ECM (cell-ECM adhesion) as
well as neighbouring cells (cell-cell adhesion). The correct adhesion of a cell to ECM
components determines whether the cell is in the correct location and consequently
regulates cell survival. Cells that lose cell-cell or cell-ECM adhesion undergo apoptosis
to restrict inappropriate cell growth [5]. Various adhesion molecules mediate cell-cell and

cell-ECM interactions, and functional units of cell adhesion can be grouped into three
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general classes: adhesion receptors, ECM proteins, and cytoplasmic membrane proteins

[6].

Cell adhesion receptors are typically transmembrane glycoproteins, and include
members of the cadherin, integrin, immunoglobulin, selectin and proteoglycan
superfamilies [6]. These receptors bind to other adhesion receptors on neighbouring cells
or to proteins of the ECM. ECM proteins include members of the collagen, fibronectin,

nidogen, laminin, and proteoglycan families.

Cadherins are one of the most important and ubiquitous cell adhesion receptors
involved in cell-cell adhesion and recognition [7]. They are associated with adherens
junctions, which link adjacent cells, and exhibit functional adhesion activity by forming a
complex with catenins and the actin cytoskeleton [6]. Classic members of the cadherin
family are named for the tissue in which they were originally discovered, and include E

(epithelial), N (neural), P (placental), and VE (vascular endothelial) cadherin [8].

Focal adhesions are large, dynamic, integrin-containing complexes that connect
cells to the ECM. Integrins are the major adhesion receptors within focal adhesions, and
facilitate crosstalk between the ECM and the cell. The stimulation of integrins triggers
intracellular signals and activates signalling proteins such as focal adhesion kinase (FAK)

[9]. Cells adhere to the ECM via specific integrin-matrix ligand interactions.

Several studies have demonstrated that cell-cell and cell-ECM adhesions are
interdependent, and that modulation of extracellular factors that alter cell-ECM
interactions can directly impact cell-cell interactions [10-12]. The interdependence of
cell-cell and cell-ECM forces is likely disrupted by the overexpression of ECM

components, which has implications in development and disease.

5211 Adhesion in folliculogenesis and its disruption in the BERKO ovary

There are several changes to cell-cell and cell-matrix adhesions that occur during
the functional and morphological changes of folliculogenesis; consequently both
cadherins and integrins are involved in the maintenance and remodeling of the ovary [13,

14]. E-cadherin and N-cadherin are expressed throughout prepubertal development in the



223

oocyte and GCs, respectively. Adherens junctions expressing N-cadherin exist between
GCs and between GCs and the oocyte [15]. Blocking N-cadherin reduces follicle
formation, whereas blocking E-cadherin accelerates follicle formation, suggesting the
latter is likely involved in maintaining oocytes in nests (clusters of germ cells that break
down to form primordial follicles) [16]. Multiple laboratories have reported the presence
of integrins in the ovary [14, 17]; however, unlike the cadherins, the role of integrins in
ovarian function is less clear. Integrin asf;, for example, is likely necessary for
maintaining a healthy, nonluteal GC phenotype [14]. Burns ef al. found that several
integrin subunits were expressed at various stages in folliculogenesis; however, their role
in follicle growth has not been pursued [14]. The integrin subunit B3 has been detected in

GCs, TCs and interstitial cells and it is postulated that FSH controls its expression [17].

My data suggest that cell-cell and/or cell-ECM interactions may be disrupted in
the BERKO ovary. The effect of overexpressed ECM components on GC adhesion and
adhesion complexes can be examined using several techniques. One mechanism, by
which the overexpressed ECM proteins may be affecting cell adhesion, is by
dysregulating the expression of adherens junction and/or focal adhesion components [ 18-
21]. A potential preliminary experiment to determine whether cell-cell or cell-ECM
adhesion complexes are disrupted in the BERKO mouse would be to characterize the
expression (QPCR and Western blot) and localization (IF) of cadherins and integrins
known to be expressed throughout folliculogenesis. Secondly, adhesion can be assessed
with the Detachment and Adhesion Assays that I used in Chapter 4; GC cell lines can be
treated with recombinant protein and cell adhesion measured using these established
techniques. Alternatively, we could create transgenic mice that overexpresses Colllal or
Nid2 using GC-specific promoters (CYP19A1-Cre for FSH-responsive stage, PRE-Cre
for the luteal stage), and examine the expression of adherens junction and focal adhesion

components.

The potential impact that ECM proteins within the focimatrix have on GC
adhesion is of particular interest, because unlike the follicular basal lamina, the function
of the focimatrix remains largely unknown. Although its punctate morphology suggests it

is does not perform typical basal lamina functions, such as filtering material or creating
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microenvironments for enclosed cells [22], it has been postulated by Irving-Rogers et al.
that GCs interact with the focimatrix via integrins [23]. I propose that the overexpressed
ECM proteins in the BERKO focimatrix compete for integrin receptors [24-26].
Therefore, the “integrin binding competition” disrupts accurate integrin-matrix adhesions,
thereby disrupting integrin-signaling. Of note, Nidogen 2, which was significantly
overexpressed in the BERKO mouse focimatrix, has previously been reported to interact

with integrin o, in vitro [27], which is expressed in the mouse ovary [14]

There is compelling evidence in the literature that in addition to biochemical
signaling and hormonal cues, mechanical signaling from the physical environment
regulates the development and function of the ovary [28, 29]. This regulation can occur in
a number of ways. Firstly, the physical environment regulates follicle growth in culture
when hormonal stimulation is constant [29, 30]. For example, the substrate on which a
follicle is cultured (collagen, laminin or a poly-L-lysine control) affects theca cell (TC)
development and antrum formation [28]. Secondly, a rigid, dense environment within the
ovary maintains primordial follicles in a dormant state. As a follicle migrates towards the
medulla of the ovary it moves into a less dense matrix, which permits follicle growth;
therefore, the ovarian physical environment may initiate the growth of an immature,
dormant follicle [31]. In vitro, decreasing matrix stiffness and solids concentration of
alginate hydrogel enhances follicle growth and function, whereas a stiff environment
hinders follicle development [30]. If the overexpressed ECM proteins in the BERKO
ovary maintain a higher-than-normal ECM density compared to wildtype, the BERKO
follicles would be more rigid, thus restricting follicle growth. The movement of follicles
from a dense to a less dense environment may also be hindered by this increased matrix
density, and consequently contribute to the premature arrest of folliculogenesis observed

in the BERKO ovary.

In summary, I predict that the higher expression of ECM components disrupts the
maintenance of the adherens junction and focal adhesion complexes as well as matrix
stiffness within the follicle. Aberrant expression of adhesion complex proteins may
impact mechanical signals that are relayed to the cells by cell adhesion receptors.

Consequently, these dysregulated mechanically induced signaling cascades may impact
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cell form and function, ultimately leading to the arrest of follicle growth and subfertility

observed in BERKO mice.

521.2 Adhesion and EOC tumour progression

Reversible changes in cell-cell and cell-matrix adhesion occur to facilitate ovarian
tumour progression. The initial dissemination of cells from the primary tumour
necessitates a disruption of cadherin-mediated cell-cell adhesions as well as integrin-
matrix contacts. Subsequently, tumour cells in suspension utilize cell-cell adhesions to
form multicellular spheroids. The development of metastases involves remodeling of the
cadherin-based adhesions as the spheroid disaggregates on the mesothelium of the
peritoneal cavity, while the integrin-matrix adhesions anchor the cells to the mesothelium
[32-34]. Therefore, it would be of interest to examine the role of SPON1 in mediating the
adhesion between tumour cells, as wells as its contribution to tumour-stroma interactions.
Furthermore, cell survival and proliferation are adhesion-dependent phenomenon in
anchorage-dependent tumor cells, therefore the decreased viability and proliferation of
EOC cells I have observed following treatment with recombinant SPON1 may be a result

of decreased cell adhesion.

The ovarian surface epithelium (OSE) is unlike the majority of epithelia because
it generally lacks E-cadherin expression; rather its cell-cell integrity is maintained by N-
cadherin [35]. E-cadherin expression becomes more abundant during ovarian
carcinogenesis; however, its expression is reduced at advanced stages and in ascites-
derived tumour cells. This is referred to as the “cadherin switching”, whereby N-cadherin
and P-cadherin compensate for the loss of E-cadherin in advanced tumours and EOC
spheroids [36]. The switch in cadherin expression is indicative of an EMT (discussed in

Section 5.2.2).

The ability to resist anoikis is a critical mechanism in tumour metastasis [37], and
EOC cells in suspension within the abdominal cavity form multicellular spheroids to
maintain cell-cell contact as part of their natural survival response [34]. Both integrins
and cadherins facilitate this cell compaction [38]. EOC spheroids acquire E-cadherin-

mediated adhesion as a means to suppress anoikis [35], and downregulation of E-
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cadherin has been shown to decrease EOC cell viability [39]. The formation of ovarian
cancer spheroids is also mediated by integrins, and spheroid formation is disrupted when
cells are treated with antibodies that block a5- or f1-integrin subunits [40]. In Chapter 4,
I found that treatment of spheroids with recombinant SPON1 after the spheroids were
transferred from non-adherent to adherent tissue culture dishes significantly increased the
cell dispersion area of the attaching spheroid. SPON1 is likely affecting cell adhesion
mechanisms in this model system. In the future, it would be interesting to investigate
whether SPON1 affects the cadherin switch by measuring the relative levels of E-
cadherin, N-cadherin and P-cadherin, following spheroid formation, as well as the
expression of integrins involved in the disaggregation and re-attachment of spheroids.
The potential effect of exogeneous SPON1 on the mRNA and protein expression levels

of these adhesion components should also be examined.

As when formed into multicellular spheroids, individual ovarian cancer cells
express several integrins that allow them to bind ECM proteins, and many integrins have
been shown to affect the adhesion of EOC cells [41-44]. To examine whether integrins
and their associated signaling proteins are involved in the SPON1-mediated decrease in
EOC cell adhesion that I observed in both ovarian cancer cell lines and EOC patient
samples, select molecules can be investigated in future studies. FAK and ovf33 integrin
would be ideal preliminary targets because both are expressed in ovarian cancers (both
promote tumour progression) [43, 45-47], and SPONI has been shown to interact with or
signal through them in other model systems [25, 48]. Phosphorylation of FAK promotes
cancer cell growth; therefore, if SPONI1 inhibits FAK phosphorylation (as observed in
HUVECs [25]) it may be a mechanism by which SPON1 reduces EOC cell adhesion and
proliferation, as I observed in Chapter 4. SPON1-induced changes in FAK
phosphorylation can be examined by immunoblot. Additionally, FAK can be silenced
using siRNAs, and functional assays can be performed to determine whether SPONT is

acting through FAK to effect cell adhesion and proliferation.

Alternatively, SPON1 may be acting through integrin avf33 to exert its effects on
EOC cell adhesion, potentially by disrupting the interaction of this integrin with

vitronectin. Vitronectin is a ligand of integrin ovp3, and this interaction promotes
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adhesion, proliferation, and motility of ovarian cancer cells [43]. Blocking o, 33 integrin
function inhibits vitronectin-induced migration of ovarian cancer cells [47]. SPONI has
previously been shown to block the integrin o,s/vitronectin interaction in HUVECs [25].
Therefore, binding of SPONI to integrin a3 (over vitronectin) may decrease integrin
avfB3/vitronectin-mediated ovarian cancer cell adhesion and growth, thereby disrupting the
intracellular signals regulating cell survival and progression. The expression of integrin
avfB3 can be blocked using neutralizing antibodies against its subunits, an approach that
has been successfully utilized with several integrins in ovarian cancer [41]. Considering
we were unable to successfully silence SPON1 expression with an siRNA approach,
identifying and silencing its downstream targets will be a valuable alternative method to

continue exploring the role of SPONI in the metastatic progression of EOC.

There are many examples in the literature where a change in cell adhesion
corresponds to a change in cell motility and invasion [41, 43, 47-51]. Therefore, it was
surprising that the SPON1-induced decrease in adhesion did not correspond to an effect
on EOC cell migration in trans-well assays (Chapter 4, Fig. S3). This may be a limitation
of the technique I used. An alternative functional assay, for example the scratch-wound
assay, may demonstrate that SPON1 affects cell motility (as suggested by the increased

cell dispersion area following treatment of spheroids with SPON1).

5.2.2 Cell polarity

Cells have a defined organization, with an asymmetric distribution of proteins and
physical features of the cell, including the cell surface, cytoskeleton and organelles. An
internal axis of polarity is created during morphogenesis and this creates apical-basal
polarity of the cell. Polarity is involved in the biological processes of cells and tissues
that necessitate an asymmetrical symmetry. These processes include growth, survival,

migration and epithelial-to-mesenchymal transitions (EMT) [52].

The synchronized actions of three protein complexes direct the establishment and
maintenance of apical-basal polarity: the Crumbs (Crumbs—Patj—Pals), Scribble
(Scribble-Lgl-Dlg) and Par (Par3—Par6—aPKC) complexes [2]. Atypical protein kinase

(aPKC) is the catalytic component of the Par complex [53]. There are two homologues of
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aPCK, aPCKut and aPKC(, both of which have been implicated in human cancers; aPCKt
expression is upregulated in ovarian cancer and correlated with poor prognosis [54].
Polarity is achieved by the interaction of these three complexes with the structural
components of the cytoskeleton and adherens junctions between cells. Several
extracellular cues are required for the epithelial cells to exhibit all aspects of polarity, and

attachment to the ECM prompts the formation of the apical-basal axis [2].

Adhesion and polarity are closely interrelated; cell polarity mechanisms rely on
the formation and maintenance of adherens junction complexes, and the activities of the
polarity complexes are required for the maintenance of adherens junction complexes [2].
EMT, which occurs in normal physiological processes but has also been linked to cancer
progression, requires the disruption of cell-cell and cell-matrix adhesions, as well as the
loss of apical-basal polarity [52]. EMT is a process by which a polarized epithelial cell,
which normally interacts with the basement membrane (BM), undergoes several
biochemical changes that allow it to take on a mesenchymal phenotype, which involves
greater motility, invasiveness, resistance to apoptosis and an increased production of
ECM components [55]. The establishment and maintenance of both somatic and germ

cell polarity are essential features in ovarian development and folliculogenesis [56].

5.2.2.1 Cell polarity and folliculogenesis

It has previously been established that aberrant polarization of GCs can affect all
stages of folliculogenesis, from the recruitment of primordial follicles to the atresia of
preovulatory follicles [57]. It remains a point of contention whether GCs lose their
polarity prior to ovulation or once they luteinize. The original theory was that GCs are
polarized, whereas luteal cells are not [58]. Mora and colleagues, however, have recently
suggested that GCs undergo a partial and contained EMT, which is completed at
ovulation [15]. A transition such as this is unusual in adult tissues, because EMT usually
occurs during development or tumour progression. In support of the concept of partial
EMT, Irving-Rodgers and colleagues have proposed that prior to the expression of the
focimatrix the follicular basal lamina dictates the polarity of GCs, which enables
directional secretion, uptake of molecules, and other polarized functions [59]. Once the

focimatrix is expressed basal lamina components are interspersed between the GCs,
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which may reduce the polarization cue from the follicular basal lamina. The change in
polarity may initiate the partial EMT, which is only completed after ovulation when GCs

luteinize and lose their epithelial nature.

Considering that the ECM can define positional information and differentiation
cues in tissues [52], I hypothesize that the elevated expression of ECM proteins in the
BERKO ovary disrupts cell polarity cues within the follicle, ultimately compromising

folliculogenesis.

The increased expression of Colllal around individual BERKO GCs may
influence the expression of adherens junction proteins, and therefore compromise
follicular cell polarity. The pattern of expression of Colllal, specifically, encircling
individual GCs, very subtly resembles that of the adherens junction components N-
cadherin and B-catenin in wildtype ovaries; unlike Coll1al, N-cadherin and B-catenin do
not encircle the GCs completely, they are are localized to one side of GCs [57].
Interestingly, the expression of N-cadherin and B-catenin is disrupted in another mouse
model with compromised ovarian folliculogenesis and fertility (Wnt4™"™"; transgenic
mouse with disrupted Wnt4 activity due to the insertion of the mCherry fluorescent
protein), and the disrupted expression pattern of both N-cadherin and B-catenin is
strikingly similar to that of Colllalin the BERKO mouse ovary (completely encircling
individual GCs) [57]. Previously published results have shown that collagens can affect
the expression of cadherins and catenins [18, 20, 21]; therefore I postulate that the
overexpression of Colllal at sites of adherens junctions disrupts the expression of
cadherins and catenins in the mouse ovary, which dysregulates polarity. The Colllal-
induced disruption of cadherin and catenin expression in the BERKO ovary can be
determined by measuring gene expression in isolated GCs using qPCR. Furthermore,
primary GC and GC cell lines can be plated on uncoated and Coll lal-coated dishes, and
the expression of adherens junction components determined by qPCR and Western blot
[19]. The assembly of adherens junctions can also be determined by IF [20]. If adherens
junction complexes are dysregulated, polarity markers should then be assessed using

similar techniques.
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My studies have also shown that the expression of Nidogen 2 is elevated in the
BERKO focimatrix. At present, the role of the focimatrix in follicle development remains
unknown; however, the suggestion that it impacts polarity is worth investigating.
Examining the role of the focimatrix in maintaining cell polarity would be difficult.
Specifically, replicating in vitro the punctate localization of the focimatrix around the

GCs, and thereby the polarity cues from all sides of the GCs would be challenging.

I have carried out preliminary IF experiments to investigate cell polarity in
BERKO and WT mouse ovaries by examining the relative expression aPKC( in ovarian
sections (Appendix, Figure 6-1). Previous studies have shown that aPKC( is expressed in
preovulatory GCs of the rat [60] and suggested aPKC({ may be involved in the regulation
of ovulation [61]. Interestingly, I found that the localization pattern of aPKCC differs
between prepubertal (PND 23) BERKO and WT ovaries. In WT ovaries aPKC( is easily
detected in GCs closest to the BM; however, its expression is low or undetectable in GCs
closer to the oocyte. In contrast, in BERKO ovaries I consistently observed expression of
aPKC( in both GCs closer to the oocyte and BM. Future studies are required to confirm
and expand on these preliminary results. Initially, these preliminary results require
confirmation. Subsequently, the expression of aPKC( in the BERKO mouse ovary can be
characterized at earlier (for example, PND 13 when we see dysregulation of ECM
proteins) and later stages to determine when this dysregulation is occurring. If this
disrupted aPKC{ expression persists to the antral stage, I postulate, based on the
localization at the pre-antral stage, that BERKO cumulus and mural GCs will express
aPKCC, whereas only mural GCs will express aPKCC in wildtype follicles. This disrupted
polarity may impair cumulus cell differentiation, thereby disrupting cumulus cell-oocyte
complex (COC) expansion, which is known to be inhibited in BERKO ovaries [62]. There
are several techniques that could be utilized to pursue these hypotheses, including the
development of a GC-specific aPKC(, knockout mouse, as well as utilizing qPCR to
compare the levels of polarity markers (e.g. aPKCC and Par6) between isolated COC and
mural GCs from BERKO and wildtype mice.
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5222 Cell polarity and ovarian cancer

The loss of cell polarity and consequent tissue disorganization is a hallmark of
cancer and increased malignancy [52]. Several studies have demonstrated that changes in
the activation or expression of core cell polarity proteins are implicated in the
development of human cancers (reviewed in [2]). Importantly, the loss of apical-basal
cell polarity (along with the loss of cell-cell adhesion) is necessary for EMT, which is a
key step in cancer cell migration and invasion. The loss of polarity also permits growth
factors and receptors, which are normally compartmentalized by tight junctions in

polarized cells, to induce aberrant autocrine cell activation [53].

Oncogenic signaling has been shown to directly disrupt cell polarity mechanisms
[54]. It is well-accepted in the literature that TGFp is a major inducer of EMT, and
TGFB-induced EMT often coincides with a loss of E-cadherin expression [63]. TGF-3
receptors bind directly to Par6, leading to the recruitment of aPKC and interference with
apical-basal polarity by changing the binding partners, composition and localization of
Par6-aPKC [64, 65]. The TGF-B-induced inactivation of the Par complex induces the
cells to undergo EMT.

SPONI1 signaling mechanisms in ovarian cancer cells (and most other cells)
remains to be elucidated. However, SPONI has previously been shown to activate latent
TGFp in embryonic and osteoarthritis articular chondrocytes [66, 67]. Therefore, SPON1
may have a role in TGFf signaling in ovarian cancer and be indirectly involved in the
regulation of PKCu. It would also be of interest to examine whether treatment of EOC
cells with recombinant SPONT or silencing SPONT1 expression impacts EMT. Future
studies could utilize qPCR to determine whether SPON1 affects the cadherin switch (E-
cadherin, N-cadherin) and examine the expression of several transcription factors
involved in EMT (e.g. Snail, Slug, Twist and ZEB) during the formation of spheroids and

subsequent re-attachment.
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5.3 An early role for ERB-regulated ECM proteins in the
ovary

While it is well established that estradiol acting through ER is required to
augment the GC response to FSH for the formation of a preovulatory follicle, fewer
studies exist establishing a role for estradiol in folliculogenesis, prior to the gonadotropin
surge at puberty, and the role of ERP prior to puberty remains largely unexplored. My
data demonstrate that ER regulates gene expression in the mouse ovary much earlier
than previously thought. Further studies are required to determine at what stage the
expression of ECM components is disrupted and when this disruption impacts follicle

growth.

I have performed preliminary IF experiments using BERKO ovaries that suggest
Colllal may be overexpressed as early as PND 5 or PND 8 (Appendix, Figure 6-2),
while the expression of Nid2 is comparable in BERKO and WT ovaries at these earlier
ages. Oktay et al. isolated ovaries from mice on PND 5 and showed that follicle growth
in vitro is not only affected by the presence of the ECM but also by the specific ECM
component on which the ovary is cultured [68]. Furthermore, the production of estradiol
is required for the optimal growth of follicles from the primordial to primary stage, and
specifically ERB, but not ERa, is involved in this transition [69, 70]. Therefore, ERj-
regulated ECM composition may impact the growth of follicles from the primordial

stage.

Furthermore, ERB-regulated ECM proteins could be involved during some of the
earliest stages of postnatal ovarian development, specifically by influencing oocyte nest
breakdown. In mice, the majority of nest breakdown occurs between PND 2 and PND 4;
however, small nests can be found in mice as old as PND 8 [71]. Nest breakdown and
primordial follicle formation are inhibited by estradiol, progesterone, and the
phytoestrogen genistein [72], and inhibition of nest breakdown can lead to the
development of multiple oocyte follicles (MOFs) in WT mice. BERKO mice, treated
neonatally with genistein, do not develop MOFs [73], suggesting that ER} may be

involved in the regulation of nest breakdown. Future studies utilizing qPCR and IF will
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be required to assess whether ECM components are disrupted in BERKO ovaries at these

early stages.

5.4 TCF21-ER interactions: Novel findings and future
studies

Using a model of transient transfection of ERE-driven luciferase reporters, and
co-transfected expression plasmids of human ERf} and TCF21, I have shown that TCF21
represses ERB-dependent activation of both synthetic and natural estrogen-responsive
promoters in several cell lines (Chapter 3). Based on these data, I hypothesized that
TCF21 and ERp interact to form a complex in vivo. My objective was to utilize GST-
pull-down analyses and co-immunoprecipitation (Co-IP) experiments to demonstrate and

further understand their interaction.

Despite our best efforts, we were unable to produce evidence of TCF21-ERf
interactions using Co-IP. We tested a large variety of conditions including four different
lysis buffers, varying duration of cell lysis (20 min or 40 min), four cell lines, several
antibodies (three anti-ER and two anti-TCF21 antibodies), as well as transfection of
FLAG-ERS and an anti-FLAG antibody. However, we were unable to show interaction,
regardless of which protein we used for the IP. Furthermore, all antibodies caused
technical difficulties due to inconsistent results, high background signal and non-specific
binding. One future approach to improving this assay might involve using a different tag
for ERP, and using a tagged TCF21 construct. An alternative approach would be to create
our own ERP antibody because the lack of a reliable, commercially available ER[3
antibody that does not cross-react with ERa is a well-known obstacle in the field [74, 75].
However, whether we could successfully create a specific ERP antibody when so many

others have failed is unknown.

I was also unable to successfully purify GST-ERf or GST-tagged ERf} deletion
mutants using an established protocol [76], and future troubleshooting is required. The
protein purification protocol will require optimization of several conditions including, but
not limited to, buffers, temperature at which bacterial cultures are grown as well as

incubation time, to achieve successful purification of functional proteins.
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Additional studies for consideration to investigate ERB-TCF21 interaction include 1)
chromatin immunoprecipitation (ChIP) assays to determine whether TCF21 binds to the
ERp promoter (using a tagged TCF21), and 2) qPCR and Western blot analysis to assess
whether TCF21 affects endogenous levels of ERf mRNA and protein in granulosa cell
lines and primary granulosa cells. Binding of TCF21 to the ER promoter could
theoretically repress transcription of ER by either inhibiting the binding of RNA

polymerase to the promoter or inhibiting its release from the promoter [77].

5.5 ER[- and 17B-estradiol-regulated ECM components:
An effect on ovarian cancer progression?

Epidemiological evidence indicates that the induction and progression of ovarian
cancer is related to estrogen exposure [78], and high estradiol levels are often observed in
EOC patients because both OSE and EOC cells secrete estradiol [79, 80]. Several studies,
using various model systems, have shown that estradiol treatment contributes to the
initiation and promotion of ovarian cancer growth. For example, treatment of
ovariectomized mice with estradiol increases tumour growth by over 400% compared to
controls [81]. Estradiol treatment has also been shown to promote growth, migration and
invasion of several ovarian cancer cell lines [78, 80]. Whether estradiol increases tumour
burden in vivo and decreases survival times is unclear because of variable results in the

literature [78, 82].

The expression of the ER in ovarian cancer is variable. Of the four EOC subtypes,
endometrioid ovarian cancer exhibits the highest occurrence of ER expression. Fujimura
et al. found that although all subtypes of clinically resected ovarian adenocarcinomas
express ERB, ERp expression is most often observed in endometrioid tumours (75% of
cases), as compared to serous (41%), clear cell (39%) and mucinous (30%). ERa is
expressed by all (100%) endometrioid tumours, 97% of serous tumours, 70% of
mucinous and is absent (0%) in clear cell samples. As in normal ovarian development,
the role of the two ERs differs in EOC development — high ERa levels are associated
with a worse prognosis, whereas high ERJ levels are associated with longer survival [80].

ERp expression is weak in ovarian tumour tissues compared to normal ovarian tissues,
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likely decreasing over time with tumour progression, suggesting that ERf has tumour-

suppressive functions and a protective role [83, 84].

5.5.1 Spondin 1 in ovarian caner

The expression of Sponl is disrupted in the BERKO ovary, suggesting it is
regulated by ER [1]. There is also evidence that Sponl is regulated by 17B-estradiol;
when ovariectomized mice are treated with 17B-estradiol, Sponl mRNA expression
increases in the uterus and mammary gland [85, 86]. Since endometrioid EOC is estradiol
responsive and has the highest occurrence of ER expression, future studies could utilize
this subtype, in addition to serous EOC, to assess whether estradiol and/or ERp affect the
expression and activity of SPON1 in EOC cells. EOC cells can be treated with estradiol
and Sponl expression measured by qPCR.

Repeating the functional assays used in Chapter 4 with endometrioid EOC cells
would be intriguing because survival analyses demonstrate that SPON1 is a higher risk
factor in endometrioid ovarian cancer, as compared to high-grade serous or all four
subtypes combined [87]. Although this thesis focused on high-grade serous cancer, the
most common and aggressive EOC subtype, it is possible that the other subtypes of

ovarian cancer would be affected differently by SPONI.

5.5.2 Collagen11A1 and Nidogen 2 in ovarian caner

Interestingly, both Coll1lal and Nid2, which are more highly expressed in the
BERKO ovary than in WT ovaries (Chapter 2), are elevated in serous histotypes of
ovarian cancer [88, 89]. There is no evidence in the literature that the disrupted
expression of these ECM components in EOC is related to ERp or estradiol. However, it
is intriguing that their expression is elevated in two models where ER expression is lost
(BERKO ovary) or weakened (EOC). Furthermore, there is an inverse relationship
between the expressions of COL11A1 and NID2, and ERf in ovarian tumours —
expressions of these ECM proteins is higher in more aggressive, late-stage serous ovarian
tumours than in earlier stages, whereas ER} expression decreases with tumour
progression. Considering the ER-mediated repression of Coll1lal and Nid2 in the

normal mouse ovary, it would be of interest to determine whether their expression is also
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ERB-dependent in EOC cells. Following the reintroduction of ERf into EOC cells using
an adenoviral vector, the mRNA and protein expression of COL11A1 and NID2 could be
examined by qPCR and IF, respectively.

5.6 Does SPON1 have a dichotomous or context-specific
role in EOC progression?

My data suggest that SPON1 could be either tumour promoting or tumour
suppressive. | have shown that treatment with SPON1 decreases the viability and
proliferation of EOC cell lines as well as primary ascites-derived tumour cells, suggesting
that expression of SPONI1 inhibits tumour growth. On the other hand, I have also shown
that treatment with SPON1 decreases EOC cell adhesion; however, it is unclear whether
this feature is oncogenic by promoting metastasis, or tumour suppressive, by impeding
the anchoring of cells within the peritoneal cavity to form secondary metastases. One
would expect that the overexpression of SPON1 in ovarian cancer tissues is oncogenic.
since it seems unlikely that EOC cells would make and secrete a protein that only hinders
their growth and metastasis. A possible explanation is that SPON1 has a dichotomous or

context-specific role in ovarian cancer development.

The concept of proteins having a dichotomous role in cancer development has
been described previously in several human cancers, including ovarian [90-95]. The
activity of a protein may vary based on the tumour environment, signaling pathways
driving tumour formation, available cellular binding partners (e.g. ECM, integrins), and
the status of malignancy. One of the most studied examples of this dichotomy is TCF-3,
which induces apoptosis and cell cycle arrest in normal or less transformed cells, but
enables metastasis in advanced tumours [96]. Transforming growth factor-beta-induced
protein (TGFBI/Big-H3) has been described as a “double-edged sword” in ovarian cancer
because its loss promotes tumourigenesis and a more chemoresistant phenotype;
however, in the peritoneal cavity the peritoneal cells express Pig-H3 to facilitate
metastasis [93]. Furthermore, fig-H3 induces migration and invasion of OVCARS and
SKOV3 ovarian cancer cell lines, but does not affect the OVCAR3 cell line that is known

to be less metastatic [93].
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Therefore, the role of SPONI in ovarian cancer progression in vivo may depend on the
tumour microenvironment and tumour stage, and may not be defined simply as either

tumour suppressive or tumour promoting.

5.7 Would SPON1 make an appropriate therapeutic target
for EOC?

The high expression levels of SPONI in ovarian carcinomas make it an
appropriate ovarian cancer biomarker. Its prospect as a therapeutic target remains to be
determined, especially considering it is unclear whether SPON1 has a tumour suppressive

or promoting role in ovarian cancer progression.

If SPONT is shown to be tumour promoting, it may not be an ideal therapeutic
target because despite the diverse functions attributed to SPONI1 in the literature, the
SPON1"" mouse has a grossly normal phenotype, which suggests SPON1 is functionally
redundant. Therefore, silencing SPON1 expression or activity may result in the increased
expression of another protein(s), likely another member of the thrombospondin
superfamily that has similar domains (Section 1.7.3 - Proteins with similar domains),

which will compensate for the loss of SPON1 and assume its functions.

Alternatively, if SPON1 is tumour suppressive in certain contexts or stages of
malignancy, it may be beneficial to promote its expression once a mechanism for its
regulation is uncovered. For instance, if SPON1 expression is regulated by ERf in EOC
cells (Section 5.5.1), using an ERB-specific agonist may serve as an effective therapeutic
strategy. ERP has previously been identified as a tumour suppressor in ovarian cancer in
vitro. The overexpression of ER in SKOV3 cells reduces proliferation, inhibits motility
and increases apoptosis [97]. SKOV3 cell growth is also inhibited following treatment
with an ERf agonist (DPN) [98]. Furthermore, the proliferation of the EOC cell line, BG-
1, is decreased following introduction of ERf, and the expression of ERJ strongly

inhibits the expression and activity of ERa [83].
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5.8 Summary

Either directly or indirectly, the ECM regulates almost all fundamental aspects of
cell biology. The goal of this thesis was to contribute to our knowledge of its role in
ovarian development and ovarian cancer progression. The data presented herein
characterizes aberrantly overexpressed ECM proteins in a model of subfertility (Chapter
2) as well as high-grade serous EOC (Chapter 4), and discusses the potential impact of
this dysregulation. This body of work provides rationale for future investigations into the
mechanisms by which these ECM components are regulated. The expression of the ECM
proteins investigated is ERB-dependent, and Chapter 3 describes a novel corepressor of
ERp-mediated transactivation. Understanding the unique roles of ECM components in
these model systems may improve current therapeutic options for infertility and ovarian

cancer.
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Appendix: Additional Figures

Figure 6- 1: PKCC( protein expression in prepubertal (PND 23) ERB-null and

wildtype mouse ovaries.
Immunofluorescence with an anti-PKC( antibody was used to detect PKC( localization

and expression in ovaries isolated from (a) wildtype and (b) ERB-null mice. 200x

magnification.
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Figure 6- 2: Coll1al and Nid-2 protein expression in ERB-null and wildtype mouse
ovaries on PND S and PND 8.

Immunofluorescence with an anti-Coll1al (A) or anti-Nid2 (B) antibody was used to
detect Colllal and Nid2 localization and expression in ovaries isolated from wildtype

(+/+) and ERB-null (-/-) mice at PND 5 (a, b) and (c, d) PND 8. 200x magnification.
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Figure 6- 3: Collagen 11A1 and Nidogen 2 expression in wildtype, ERB" and ERp™
mouse ovaries.
Whole cell extracts from adult wildtype (+/+), ERB-het (+/-) and ERB-null (-/-) mouse

ovaries were analyzed by Western blot to detect Coll1al and Nid-2 protein expression.
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Figure 6- 4: Optimization of cell number and FBS% for viability assays.

The cell number and % FBS were optimized for MTS viability assays for the five
established cell lines. 1000, 2500 and 5000 cells/ well were tested. Two FBS
concentrations were tested: 1% FBS and 5% FBS. OVCAR3 cells were only tested in 5%
FBS due to their slow rate of proliferation. Optimization of conditions was performed to
ensure that the assay signal remains within the linear range throughout the assay (an

absorbance of ~0.5 — 1.5 at 490 nm).
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