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ABSTRACT

 When a follicle ovulates, the ovarian surface epithelium (OSE), which covers the 

surface of the ovary, is ruptured and then rapidly  regenerates. Because of this cycle of 

wound and repair, we determined if the OSE contains a stem/progenitor cell population. We 

identified a population of OSE cells with progenitor cell characteristics that express the 

stem cell marker Stem Cell Antigen-1 (SCA-1). We determined the size of the SCA-1 

expressing (SCA-1+) progenitor cell population is regulated by  at  least two ovulation-

associated factors present in the follicular fluid: Transforming Growth Factor beta 1 

(TGFB1) and Leukaemia-Inhibitory Factor. Ovulation triggers an epithelial-to-

mesenchymal transition (EMT) in the OSE surrounding the ovulatory wound. Because 

TGFB1 is a known inducer of the EMT, and because the EMT plays a role in expanding 

stem cell populations in other epithelia, we determined if TGFB1 expands the SCA-1+ OSE 

progenitor cell population by triggering an EMT. Treatment with TGFB1 and 

overexpression of the EMT master gene, SNAIL, caused the OSE cells to undergo an EMT, 

but unlike TGFB1 treatment, SNAIL overexpression did not expand the SCA-1+ OSE 

population. Interestingly, EMT induced by SNAIL overexpression increased sphere 

formation by OSE cells, which indicated that it increased specific stem cell capabilities of 

the OSE. Because BRCA1 controls the size of the progenitor cell population in mammary 

epithelium, we determined if the OSE progenitor cell population is regulated by BRCA1. 

OSE with inactivated Brca1 were more stem-like and expressed higher mRNA levels of the 

known stem cell markers CD44, CD117, CD133 and Sca-1 compared to OSE with 

functional Brca1. Inactivation of Brca1 also increased the number of OSE cells with 

iv



surface expression of SCA-1. In addition, TGFB1 and SNAIL-overexpression decreased 

BRCA1 protein expression compared to controls. Besides providing the first report of a 

surface maker for OSE with stem-like properties, the results suggest that these cells may 

play  a role in ovulatory wound healing as they are regulated by the EMT, and in ovarian 

cancer initiation as their numbers increase when BRCA1 is dysfunctional.
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CHAPTER 1: INTRODUCTION

 Covering the surface of the ovary is a rather unremarkable-looking simple 

epithelium, referred to aptly as the ovarian surface epithelium (OSE). The OSE is the least 

studied of the cell types that make up  the ovary and, historically, its only function was 

thought to be rupturing during ovulation and healing afterwards. Today, the functional role 

of the OSE is steeped in controversy. Some researchers claim that even though it goes 

against ovarian biology dogma, cells within this epithelial layer are able to produce oocytes 

in the adult ovary (Johnson et al., 2004). Others report that  OSE cells are capable of 

differentiating into granulosa cells, which are the cells that surround and support the oocyte 

as it matures (Mork et  al., 2012). There is also evidence to suggest that OSE cells have the 

capacity to differentiate into cells that resemble the epithelium of the adjacent fallopian 

tube (Maines-Bandiera and Auersperg, 1997; Okamoto et al., 2009; Pothuri et al., 2010; 

Auersperg, 2011). All of these functions point to the potential existence of a stem 

population within the OSE. This thesis describes the first steps in defining a stem cell 

hierarchy: the discovery  of a cell surface marker that identifies stem-like cells and the 

identification of different ways in which this putative stem cell population may  be 

regulated.

1.1 The Ovary 

 The ovary is the principle functional organ in the female reproductive system and it 

plays two major physiological roles. First, the ovary is responsible for the propagation of 

the species through the growth and release of a mature oocyte for fertilization (McGee and 
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Hsueh, 2000). Second, it is responsible for synthesizing and releasing hormones that are 

essential for all aspects of female reproduction (Hirshfield, 1991). 

 The ovary contains a variety of cell types that work together to achieve the principle 

functions of the organ (Fig. 1.1). The ovarian stroma, which is the bulk of the ovarian mass, 

is made up of fibroblast-like stromal cells. Within the stroma the oocyte is surrounded by 

granulosa cells, which together with theca cells secrete growth factors and hormones to 

support folliculogenesis. Once the oocyte is ovulated, the granulosa and theca cells form 

the corpus luteum, which produces the hormones necessary to maintain the early stages of 

pregnancy. Finally, on the surface of the ovary, lies the focus of this thesis, the ovarian 

surface epithelium.

1.1.1 The Ovarian Surface Epithelium

 The OSE is a monolayer of squamous-to-cuboidal epithelial cells that covers the 

surface of the ovary. A basement membrane and a dense collagenous connective tissue layer 

called the tunica albuginea separates the OSE from the ovarian stroma (Auersperg et al., 

2001). 

 With age the surface of the ovary  becomes more irregular and OSE-lined surface 

invaginations and epithelial inclusion cysts form. The inclusion cysts are thought  to be 

formed when invaginations pinch off and trap OSE cells inside the stroma (Auersperg, 

2013). The vast majority of inclusion cysts are lined with OSE cells that appear to be 

similar to those seen on the surface of the ovary, but some contain ciliated columnar cells 

that resemble the fallopian tube epithelium (FTE). Interestingly, once OSE cells are 
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Figure 1.1: Schematic diagram of the ovary. Ovarian surface epithelial cells (OSE, 
green) are found on the surface of the ovary. The tunica albuginea (black line) separates 
the OSE from the ovarian stroma (light pink), which is made up of fibroblast-like stromal 
cells. Granulosa cells (yellow) surround the oocyte (magenta) and together with the theca 
cells (blue) support follicular growth. Not shown; corpus luteum.

Stroma

Theca Cells

Granulosa Cells

Tunica Albuginea
OSE

Oocyte



trapped in the stroma and therefore exposed to a variety of growth factors and hormones, 

their gene expression profile changes to more closely resemble the FTE. OSE cells within 

inclusion cysts acquire the expression of proteins commonly expressed in FTE, including 

E-CADHERIN, EPCAM, PAX8, the oviduct specific glycoprotein OVGP1 and the 

presence of cilia (Maines-Bandiera and Auersperg, 1997; Okamoto et al., 2009; Pothuri et 

al., 2010; Auersperg, 2011). The same inclusion cysts can contain both cells that resemble 

the OSE cells on the surface of the ovary  and cells that resemble FTE and so it is likely that 

the cells that resemble the FTE were derived from the OSE (Pothuri et al., 2010; Auersperg, 

2011). This co-existence of OSE- and FTE-like cells within the same inclusion cysts 

implies that the OSE, under the right influences, can differentiate into cells that resemble 

the FTE.

 The OSE takes part  in cyclical ovulatory ruptures, which is the only  defined 

function for this cell layer. Ovulation, with an emphasis on the impact on the OSE, will be 

described below. 

1.1.2 Ovulation

 Ovulation is the process by which a mature oocyte, along with its attached cumulus 

cells, is expelled from the ovary. It can be broken down into three phases: the pre-ovulatory 

phase, the ovulatory phase and the post-ovulatory phase. 

 In the non-ovulating ovary the cells of the OSE are relatively quiescent and slowly 

dividing. During the pre-ovulatory phase, the follicle that contains the soon-to-be ovulated 

oocyte swells to form a pronounced bulge on the surface of the ovary, with the point of 
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ovulation being called a stigma. The OSE cells covering the growing follicle have been 

shown to proliferate more than OSE cells located distal to the growing follicle (Gaytán et 

al., 2005; Burdette et al., 2006).

 The surge of luteinizing hormone (LH) that triggers ovulation causes the follicle to 

secrete proteolytic enzymes which degrade the follicle at the surface of the ovary (Murdoch 

and Martinchick, 2004). As the pressure builds, the follicle ruptures and the oocyte and 

follicular fluid are expelled. Electron microscope studies reveal that, in many species, OSE 

cells degenerate and are sloughed off the follicular surface shortly before ovulatory rupture 

(Auersperg et al., 2001). This cyclic loss of OSE cells may be due to apoptosis induced by 

prostaglandins produced by the pre-ovulatory follicle (Ackerman and Murdoch, 1993; 

Murdoch, 1995; Barnett et al., 2006), or by DNA damaged caused by inflammatory 

mediators and reactive oxygen species that are byproducts of follicular rupture (Shukovski 

and Tsafriri, 1994; Murdoch, 1999; Kodaman and Behrman, 2001; Murdoch and 

Martinchick, 2004). In culture OSE cells have been shown to produce proteases, which 

have been proposed to break down the extracellular matrix and follicle wall (Kruk et al., 

1994). It is unclear if this proteolytic activity is required for ovulation as OSE cells undergo 

apoptosis and are sloughed off the surface of the follicle before it ruptures, although they 

may exert their effects on the extracellular matrix before they are lost. 

 Following ovulation, the remnants of the follicle transform into a corpus luteum and 

the ovarian wound begins to heal. The remaining OSE cells that surround the wound site 

undergo an epithelial-to-mesenchymal transition and resemble fibroblasts (Salamanca et al., 

2004; Ahmed et  al., 2006; Gotfredson and Murdoch, 2007). This transformation imparts the 
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cells with the ability  to migrate and contract to heal the gap in the epithelium (Kruk and 

Auersperg, 1992). OSE cells may also be responsible for replacing the ruptured 

extracellular matrix as they have been shown to synthesize the necessary components (Kruk 

and Auersperg, 1992; Auersperg et al., 1994; Kruk and Auersperg, 1994; Kruk et al., 1994; 

Salamanca et al., 2004). 

1.1.3 Stem Cells In The OSE

 A stem cell is defined by  its ability to robustly self-renew and differentiate into all 

the cells of its lineage. In many tissues, like the mammary gland, there exists a stem cell 

hierarchy (Woodward et al., 2005). When stem cells divide they give rise to daughter cells 

that are either stem cells (through the process of self-renewal) or progenitor cells. 

Progenitor cells exhibit less robust self-renewal capacity when compared to stem cells and 

produce differentiated the daughter cells that make up the lineage. 

 The OSE possesses many characteristics that suggest that it may contain a stem/

progenitor cell subpopulation. The OSE is cyclically  ruptured during ovulation and then 

regenerates to heal the ovarian wound. This process of tissue homeostasis, as seen in other 

epithelial tissues, is typically  maintained by  the presence of stem or progenitor cells 

(Blanpain et  al., 2007). Also, OSE cells can adopt both a mesenchymal or an epithelial 

phenotype, indicating that OSE cells can alter their state of differentiation along pathways 

leading to fibroblast-like cells to heal ovulatory  wound or aberrant epithelial phenotypes 

like FTE when trapped in inclusion cysts (Auersperg et al., 2001). Finally, it  has recently 

been demonstrated in mice that shortly after birth, the OSE gives rise to the granulosa cells 
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that surround follicles that are active during adult life (Mork et al., 2012) and may be a 

source of oocytes in the adult ovary (Johnson et al., 2004). It  is therefore likely that the 

OSE contains at the very least a unipotent progenitor cell capable of replacing OSE cells 

lost during ovulation, and may even contain multipotent stem or progenitor cells capable of 

producing FTE-like cells found in inclusion cysts, fibroblast-like cells seen during 

ovulatory wound repair, granulosa cells perinatally and/or oocytes postnatally. 

 Recently, a putative somatic stem/progenitor cell in the OSE has been described 

(Szotek et al., 2008). Label retention was used to identify and isolate slowly-cycling or 

quiescent cells in the OSE that express epithelial and mesenchymal markers and are 

enriched within the side population (SP). The SP phenotype, which is discussed in more 

detail in Chapter 2, is based on the exclusion of Hoechst dye and has been associated with 

stem/progenitor cells in a variety of tissues and cancers, including ovarian cancer (Goodell 

et al., 1996; Szotek et al., 2006; Ono et al., 2007). In addition, the label retaining stem/

progenitor cells were observed to proliferate after ovulation, which indicates that they may 

respond to the estrous cycle (Szotek et al., 2008).

 In any  discussion of stem cells in the ovary or OSE, it is difficult to ignore the body 

of research surrounding oogonial stem cells which are cells that are thought to give rise to 

new oocytes in the adult mouse ovary (summarized in Table 1.1). Johnson et al. (2004) 

proposed in a controversial paper that there may be an oogonial stem cell, also known as a 

germline stem cell, on the surface of the ovary that is the source of oocytes in the adult 

mouse (Johnson et al., 2004). This finding is in direct contrast to the basic doctrine of 

reproductive biology that females cease oocyte production before birth and as a result are 
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Source Isolation Method Markers Product Ref.

Hilar MOSE - Junction of OSE, 
Hilum and fallopian tube Enzymatic, FACS

ALDH1, 
LGR5, 
LEF1, 

CD133, 
CK6B

MOSE, more 
susceptible to 
transformation

Flesken-
Nikitin et 
al., 2013

MOSE (tend to be on side 
closest to fallopian tube) Enzymatic, FACS SCA-1 MOSE

Gamwell 
et al., 
2012

MOSE Label retention, dye 
exclusion

Side 
Population, 

label 
retention

MOSE Szotek et 
al., 2008

MOSE (E11.5 and birth - P5) Cell tracking with IF FOXL2
Granulosa cells 
(medullary and 

cortical)
Mork et 
al., 2012

MOSE
Visualized with IHC, 
ovarian cortex pieces 

transplanted

MVH 
(mouse 
VASA 

homolog)

oocytes
Johnson 

et al., 
2004

MOSE (aged mice) GFP reporter mice 
(cell tracking) Stra8, Dazl Oocytes (NOBOX, 

form follicles)
Niikura et 
al, 2009

Any cell within neonatal or 
young adult mouse ovary

MACS on dispersed 
ovary DDX4 Oocytes, offspring Zou et al., 

2009 

Any cell within adult mouse 
ovary, oocytes excluded by size

FACS on dispersed 
ovary DDX4 oocytes White et 

al., 2012

Ovarian cortical tissue (HOSE, 
TA, stroma, primordial follicles) 
from reproductive age women

FACS on dispersed 
cortical tissue DDX4 oocytes White et 

al., 2012

HOSE or TA
Scrapping and 

culturing or IHC 
studies

morphology
Oocytes (CK5-, SP
+ surface, presence 

of polar body)

Bukovsky 
et al., 
2005, 
2008 

HOSE from women with no 
follicles or oocytes (premature 
ovarian failure or menopausal)
OSE from adult rabbit, sheep 

and monkey

Scrapping and 
culturing

Size (small 
round 

bubble like)
“VSELs”

Oocytes (OCT4A, 
OCT4B, C-KIT, 

VASA, ZP2, ZP4, 
DAZL, GDF9, 

NANOG, Stella)

Virant-
Klum et 
al., 2008, 

2011, 
Parte et 
al., 2011

Table 1.1: Summary of Ovarian Stem Cell Literature.  A summary of the source or 
location of the proposed ovarian stem cell, the isolation method, the markers identified 
and the product or cell type proposed to be produced by the ovarian stem cells.

Abbreviations: FACS - fluorescence activated cell sorting, HOSE - human ovarian surface epithelium, IF - 
immunofluorescence, MACS - magnet assisted cell sorting, TA - tunica albuginea.



born with a finite set of oocytes (Anderson and Hirshfield, 1992). Similarly, Bukovsky and 

colleagues claim that the tunica albuginea located directly below the OSE is capable of 

producing new primordial follicles in the postnatal ovary (Bukovsky et  al., 1995; Bukovsky 

et al., 2004; Bukovsky et al., 2008). This claim is partially supported by a recent report  that, 

in mice, the OSE can produce granulosa cells within the first few days after birth, although 

in this study, the oocytes that were surrounded by the OSE-derived granulosa cells were 

already present within the ovarian stroma before birth (Mork et al., 2012). The location of 

the germline stem cells on the surface of the ovary was called into question by Johnson et 

al. (2005), the same authors who had advocated that concept a year earlier. Instead, they 

proposed that the putative oocyte-producing cell was found in the bone marrow and 

peripheral blood of adult female mice (Johnson et  al., 2005), although in subsequent 

publications from this and other research groups, the oocyte-producing cells were again 

proposed to be within the ovarian cortex, which contains OSE cells as well as the tunica 

albuginea. In mice, some groups have had success generating oocytes from germline stem 

cells that are capable of producing viable progeny (Johnson et al., 2005; Zou et al., 2009; 

Pacchiarotti et al., 2010).

 Recent studies have reported the isolation of germline stem cells from OSE of 

postmenopausal women and women with premature ovarian failure which express 

developmental embryonic markers including Oct-4, VASA, Nanog, c-Kit and Sox-2 

(Virant-Klun et al., 2009; Virant-Klun et al., 2011). These cells are capable of developing 

embryoid body-, oocyte- and blastocyst-like structures in culture (Virant-Klun et al., 2008; 

Virant-Klun et al., 2011). In addition, germline stem cells have been isolated from ovarian 

9



cortical tissue of women of reproductive age (White et al., 2012). In some reports, the 

germline stem cells have a smaller volume than the surrounding somatic cells and are 

referred to as very small embryonic-like stem cells (VSELs) (Parte et al., 2011; Virant-Klun 

et al., 2011; Bhartiya et al., 2012). The topic of de novo oocyte generation in the adult 

ovary is still a controversial one, and it remains to be seen if the presence of germline stem 

cells can be demonstrated clearly enough to convince the many skeptics. 

 1.2 Stem Cell Antigen 1: Structure and Function

 Stem cell markers are surface antigens that allow researchers to identify and isolate/

enrich for cells that display the functional properties of stem or progenitor cells. Molecular 

stem cell markers, which are used to identify stem cells but not always to isolate then, often 

play  a role in maintaining the characteristics of stem cells, or “stemness”. For example, 

expression of the classic embryonic stem cell marker NANOG, a transcription factor named 

after Tír na nÓg the mythical land of the ever young, is required to maintain both human 

and mouse embryonic stem cells in an undifferentiated state (Calloni et al., 2013). Surface 

stem cell markers, are expressed on the surface of cells and can be used, in combination 

with functional tests of stemness, to isolate or enrich for cells that behave like stem cells. 

For example Stem Cell Antigen-1 (SCA-1, also known as LY6A), is cell-surface protein 

that is used to isolate murine hematopoietic stem cells (Spangrude et al., 1988; Okada et al., 

1992) and is a focus of this thesis. 

 SCA-1 is a 18-kDa mouse glycosyl phosphatidylinositol-anchored cell surface 

protein (GPI-AP) that  is encoded by two strain-specific alleles of the Ly6 gene which are 
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members of the Ly6 gene family (LeClair et al., 1986; Palfree and Hämmerling, 1986; 

McGrew and Rock, 1991; Holmes and Stanford, 2007). The function of SCA-1 is not well 

understood, but other proteins encoded by members of the Ly6 gene family localize to lipid 

rafts in the plasma membrane (Stefanová et al., 1991) and because of this localization, are 

thought to play  critical roles in cell signalling by excluding or concentrating key signalling 

molecules (Horejsí et al., 1999; Simons and Toomre, 2000; Holmes and Stanford, 2007), as 

well as regulating receptor recycling and degradation (Le Roy and Wrana, 2005). Like 

other GPI-APs, SCA-1 may regulate cell signalling via receptor-ligand binding or other 

protein-protein interactions although no SCA-1 specific ligand has been identified (Holmes 

and Stanford, 2007).

 SCA-1 is perhaps best known as a hematopoietic stem cell marker in mice 

(Spangrude et al., 1988; Okada et al., 1992). Outside of the hematopoietic system it is 

expressed in a mixture of mouse stem, progenitor and differentiated cell types, including 

cells in the dermis, uterus, brain and mammary gland (Miles et al., 1997; Ma et al., 2002a; 

Ma et al., 2002b; Hanson et al., 2003).

 SCA-1 null mice appear to be phenotypically  normal, with no reported defects in 

fertility (Stanford et al., 1997). With age, potential defects in stem/progenitor cell 

populations of various organs become apparent, though there are no reported defects found 

in the ovary (Holmes and Stanford, 2007). It has been proposed that the loss of SCA-1 

favours differentiation signals at the expense of self-renewal which over time can lead to 

stem cell exhaustion (Holmes and Stanford, 2007). One example of this can be found in the 

muscle of SCA-1 deficient  mice. Young, SCA-1 deficient mice exhibit larger muscle fibers, 
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which may be a result of enhanced myoblast proliferation (Mitchell et al., 2005; Kafadar et 

al., 2009). With age, the size of the muscle fibers in these mice are decreased, perhaps 

because the increased myoblast proliferation in early life exhausted the muscle stem cell 

pool (Mitchell et al., 2005; Holmes and Stanford, 2007).

 A number of potential human SCA-1 orthologs have been identified, many  of which 

are encoded by genes that are localized to the region of chromosome 8 that is syntenic with 

the region where mouse Ly6 genes reside (Bamezai, 2004), but a human SCA-1 homolog 

has not been identified (Holmes and Stanford, 2007). In fact, the 500 kb region that 

contains the gene that encodes for Sca-1 was deleted during the speciation between mouse 

and rat (Holmes and Stanford, 2007). While there is no human equivalent to SCA-1, the 

fact that it identifies stem/progenitor cells in many different adult mouse tissues and 

cancers makes it a useful tool in understanding stem/progenitor cell biology.

 

1.3 Transforming Growth Factor Beta 1

 Transforming Growth Factor Beta 1 (TGFB1), which is a major focus of the 

research described in this thesis, is a member of the Transforming Growth Factor Beta 

(TGFB) superfamily, a structurally conserved but functionally  diverse group of proteins. 

These proteins are widely distributed throughout the body and are involved in numerous 

physiological processes during both pre- and postnatal life (Massagué, 1992). 

 

1.3.1 The TGFB Superfamily

 Members of the TGFB superfamily  have been further classified into several 
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subfamilies. These include the prototypic TGFB subfamily  (comprising TGFB1, TGFB2, 

and TGFB3), the bone morphogenetic protein (BMP) subfamily, the growth and 

differentiation factor (GDF) subfamily, the activin/inhibin subfamily, the glial cell-derived 

neurotrophic factor (GDNF) subfamily, as well as several additional members such as anti-

Müllerian hormone and NODAL. 

 In addition to the ligands, there are five type II TGFB receptors and seven type I 

TGFB receptors which exist as dimers on the cell surface and interact upon ligand binding 

(Attisano and Wrana, 2002; Derynck and Zhang, 2003). Once a ligand binds to the type II 

receptor, it  activates the type I receptor through phosphorylation to activate the kinase 

domain (Attisano and Wrana, 2002; Derynck and Zhang, 2003). Each of the ligands in the 

TGFB superfamily interact  with these receptors and combinations of ligand-receptor 

interactions result in activation of different signalling pathways within the cell such as the 

Smad and MAPK pathways (Derynck and Zhang, 2003). As a result, the TGFB superfamily 

regulates a number of processes such as the establishment of the body plan and tissue 

differentiation through regulation of cell proliferation, differentiation and migration 

(Attisano and Wrana, 2002; Derynck and Zhang, 2003).

 

1.3.2 TGFB1 In The Ovary

  In the rodent and human ovary  the expression of TGFB1 is first detected in 

preantral follicles and continues to be present through the subsequent stages of follicular 

development (Knight and Glister, 2006). In rodents and humans, the three prototypic TGFB 

isoforms (TGFB1, TGFB2 and TGFB3) are produced by  theca, granulosa and OSE cells 
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(Berchuck et al., 1992; Knight and Glister, 2006). The type I and type II TGFB receptors 

are ubiquitously expressed in most  cell types in the ovary, including the OSE (Berchuck et 

al., 1992). 

 Since OSE cells secrete TGFB1, and express the components required for TGFB 

signalling, the OSE may be controlled by autocrine TGFB1 signalling (Berchuck et al., 

1992). TGFB1 may also act in a paracrine manner as OSE cells come into contact with 

TGFB1 that is secreted by  the granulosa or theca cells and diffused through the ovarian 

stroma (Knight and Glister, 2006). In addition, TGFB1 is present  in the follicular fluid 

(Fried and Wramsby, 1998; Fried et al., 1998; Ouellette et al., 2005), and since at ovulation 

OSE cells are exposed to follicular fluid, this is an additional means by which the OSE may 

be exposed to ovarian TGFB1. 

 Regardless of the source, like activin and inhibin, TGFB1 is a known regulator of 

normal OSE cell function. TGFB1 inhibits OSE cell proliferation in vitro (Berchuck et al., 

1992; Ismail et al., 1999; Choi et al., 2001), which may  prevent the overproliferation of 

OSE cells during ovulatory  wound healing. Interestingly, exactly how TGFB1 inhibits OSE 

cell proliferation is unknown, although it does not trigger apoptosis in vitro (Havrilesky  et 

al., 1995). Previous studies have suggested that it may cause a decrease in cyclin-dependent 

kinase levels which would result in a cell cycle arrest  in the G1 to S-phase stage of DNA 

replication (Massagué, 1992). TGFB1 can counteract the growth stimulatory effect of TGF-

alpha or epidermal growth factor (EGF) on OSE (Vigne et al., 1994; Nilsson et al., 2001). 

TGFB1 also decreases the expression of the Kit ligand and Keratinocyte Growth Factor 

(KGF) mRNA, both of which code for proteins that, when increased in OSE cells, have a 
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stimulatory  effect on cell proliferation (Ismail et al., 1999; Nilsson et al., 2001). While it is 

proposed that the role of TGFB1 during ovulation is to control the proliferation rate of the 

OSE, little is known about the effect of TGFB1 on other aspects of OSE cell function.

 

1.3.3 The Epithelial-to-Mesenchymal Transition

 TGFB1 is a prototypic inducer of the epithelial-to-mesenchymal transition (EMT), 

which is a phenotypic shift where closely associated, stationary epithelial cells take on a 

more mesenchymal phenotype and gain the ability to migrate (Zavadil and Böttinger, 2005; 

Lee et al., 2006; Savagner, 2010). This process plays an important role during embryonic 

development and tissue regeneration and repair in the adult (Lee et al., 2006; Savagner, 

2010). 

 As epithelial cells undergo EMT, they lose the characteristics of epithelial cells and 

gain molecular, morphological and/or functional characteristics found in mesenchymal 

cells. Epithelial cells are normally found in one cell thick layers of cells which are arranged 

in an orderly fashion by regularly spaced cell junctions. In the OSE, which is one cell layer 

thick and therefore considered a simple epithelium, these cell junctions are made up of 

desmosomes, junctional proteins (Siemens and Auersperg, 1988), integrins (Kruk et al., 

1994; Cruet et al., 1999) and cadherins (Sundfeldt et al., 1997). The cell junctions allow 

epithelial cells to enclose 3D structures, like an ovary in the case of the OSE. Besides 

maintaining the cell layer, the cell junctions inhibit movement of cells away from the 

monolayer. Epithelial sheets are polarized and the apical and basal surfaces of the sheet 

have different functions, or, as seen in the OSE, adhere to different substrates.
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 In contrast to epithelial cells, mesenchymal cells form irregular structures that are 

not uniform in composition or cell density. The cell-to-cell adhesions are less strong than 

those seen in epithelial layers, which allows for the increased migration that is 

characteristic of mesenchymal cells (Savagner, 2010). Rather than the apical-basal polarity 

seen in epithelial cell layers, mesenchymal cells tend to have front to back leading edge 

polarity and have a more elongated and extended cell shape (Lee et al., 2006).

 Experimentally, the occurrence of an EMT can be detected by an increase in the 

proteins typically  expressed in mesenchymal cells along with a decrease in the expression 

of proteins associated with epithelial cells. In addition, a change in cell morphology, 

namely the detection of loosely  associated elongated cells, and functional tests that detect 

an increased ability to migrate, invade and resist anoikis are also used. The proteins, 

morphological characteristics and functional traits commonly used to detect an EMT are 

summarized in Table 1.2.

 The signalling pathways that initiate the EMT involve the activity  of many different 

members of the TGFB superfamily. When TGFB1 binds to a type II receptor, the type I 

receptor is activated through phosphorylation (Derynck and Zhang, 2003). The kinase 

domain on the receptor is then activated and it mediates the phosphorylation of SMAD3 

(Derynck and Zhang, 2003). Phosphorylated SMAD3 then binds to SMAD4 and recruits to 

the promotor region of epithelial or mesenchymal genes, either an epithelial repressor or a 

mesenchymal activator, respectively (Fuxe et al., 2010). Once recruited, these complexes 

repress the expression of epithelial genes, like E-cadherin and/or promote the expression of 

mesenchymal genes like Vimentin (Figure 1.2). 
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Proteins That Increase

SNAIL

SLUG

TWIST

FIBRONECTIN

VIMENTIN

N-CADHERIN

Proteins That Decrease

E-CADHERIN

CYTOKERATIN

OCCLUDIN

DESMOPLAKIN

Functional Markers

Elongation of cell shape

Increased cell scattering

Increased migration

Increased invasion

Resistance to anoikis

Table 1.2: Markers of the epithelial-mesenchymal transition
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Figure 1.2: A schematic diagram of SMAD-mediated TGFB1 signaling. When TGFB1 
binds to its receptor, it triggers the phosphorylation of SMAD3. Phospho-SMAD3 then 
recruits SMAD 4. The phospho-SMAD3/SMAD4 complex recruits either epithelial 
repressors (EpR) or Mesenchymal Activator (MeA) transcription factors and translocates to 
the nucleus where they bind to and repress the promotors of epithelial genes or activate the 
promoters of mesenchymal genes, respectively. Adapted from Fuxe et al., 2010.



 During the postovulatory repair process, OSE cells undergo an EMT which can be 

triggered in vitro by EGF and collagen, both of which are present at the ovulation site 

(Salamanca et  al., 2004). Similarly, embedding OSE cells in collagen gels or other 3D 

matrices, which mimics the environment to which OSE cells are exposed when they  are 

displaced by ovulation, can also trigger an EMT (Kruk and Auersperg, 1992; Kruk et al., 

1994; Ohtake et al., 1999). In addition, TGFB1, a prototypic inducer of the EMT, is an 

autocrine and paracrine regulator of OSE cell function (Berchuck et al., 1992; Knight and 

Glister, 2006) and can induce an EMT in OSE cells in vitro (Zhu et al., 2010). The EMT 

seen at the time of ovulation is thought to facilitate the repair of the ovulatory wound 

(Ahmed et al., 2006) and is a part of normal OSE physiology. 

1.3.4 EMT And Stem Cells

 In recent years, the EMT has been proposed to regulate stemness in both normal and 

cancerous tissues. Mani et al. (2008) provided the first reported evidence of the link 

between the EMT and stem cells using the stem cell hierarchy in the mammary gland as a 

model system. The mammary gland is a tree-like structure with hollow branches. These 

branches have an inner layer of luminal epithelial cells that face the lumen and are enclosed 

by an outer layer of myoepithelial cells. Ductal luminal cells line the ducts of the mammary 

gland while lobular luminal cells form secretory acinar structures at the end of the branches 

and, with pregnancy, become alveolar cells to produce milk. A stem/progenitor cell 

hierarchy has been demonstrated in this tissue. In simple terms, at the top of the hierarchy 

are the mammary stem cells (MaSCs), which are capable of reconstituting complete and 
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functional mammary glands in cleared mammary fat  pads (Asselin-Labat et al., 2008). The 

MaSCs give rise to luminal progenitor cells, which produce only  the inner layer of luminal 

epithelial cells, and myoepithelial progenitor cells, which give rise to only the outer layer of 

myoepithelial cells of the ducts (Asselin-Labat et al., 2008). 

 In human immortalized mammary  epithelial cells (HMLEs), EMT, when induced by 

treatment with TGFB1 or overexpression of the EMT-associated transcription factors 

SNAIL and TWIST, resulted in most, if not all of the HMLEs adopting a 

CD44highCD24low phenotype that is characteristic of MaSCs and also breast cancer stem 

cells (Mani et al., 2008). In addition, these EMT-induced CD44highCD24low cells had a 

greater capacity for mammosphere formation, which is another indicator that they exhibit 

characteristics of MaSCs. MaSCs isolated from mouse or human mammary glands, or 

human mammary carcinomas express markers of mesenchymal cells (Mani et al., 2008) 

which further strengthens the link between the EMT and stem cells in both normal and 

cancerous tissues. These findings are in agreement with results from a research group in 

France who reported similar results around the same time as Mani et  al. (Morel et al., 

2008). Similarly, another research group recently determined that EMT caused by RANK 

overexpression also resulted in an increase in the number of CD44highCD24low human 

MaSCs and promoted tumourigenesis and metastasis (Palafox et al., 2012).

 Recently  this correlation between EMT and the generation of MaSCs has been 

strengthened by a report that mouse MaSCs generated by  EMT can reconstitute complete 

and functional mammary glands in cleared mammary fat pads (Guo et  al., 2012). In these 

experiments EMT was induced by  the overexpression of SLUG, a SNAIL-related 
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transcription factor. Interestingly, while the induction of EMT alone was enough to convert 

a luminal progenitor cell into a fully functional MaSC, it was not sufficient to convert a 

differentiated luminal cell into a MaSC (Guo et al., 2012). To convert differentiated luminal 

cells into MaSCs, overexpressing the stem cell transcription factor SOX9, in combination 

with overexpression of either SLUG or SNAIL was required (Guo et al., 2012). In addition 

co-expression of SLUG and SOX9 greatly increased the tumourigenic and metastatic 

potential of human breast cancer cells (Guo et al., 2012). While the bulk of the research 

thus far has been done in the mammary gland, there is emerging evidence that the link 

between EMT and stem cell regulation may translate to other epithelial stem cell 

populations, like in the intestine (Horvay et al., 2011). In addition, because an EMT is 

observed in the OSE surrounding the ovulatory wound site (Salamanca et al., 2004; Ahmed 

et al., 2006; Gotfredson and Murdoch, 2007), an EMT may be responsible for creating OSE 

cells with stem/progenitor cell capabilities.

 

1.4 Epithelial Ovarian Cancer

 Ovarian cancer is the most lethal gynaecological malignancy and the fifth leading 

cause of cancer-associated deaths in women. Over the past 20 years the overall cure rate 

has remained approximately  30% (Seton-Rogers, 2011). Only 20% of ovarian cancer 

patients are diagnosed when the tumours are limited to the ovary (stage 1) (Romero and 

Bast, 2012). At this stage, 90% of the patients can be cured by standard therapy  which 

includes cytoreductive surgery followed by platinum and taxane based chemotherapy 

(Romero and Bast, 2012). After the disease metastasizes to the pelvic organs (stage 2), 
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organs within the abdomen (stage 3) or organs outside the peritoneal cavity (stage 4) it  is 

much harder to cure (Romero and Bast, 2012). 

 In the vast majority (70%) of patients, the standard treatment results in a reduction 

in their tumour burden, and in half of those patients that initially  respond to the treatment, 

no evidence of the disease can be detected up to 5 months after the treatment is finished 

(Romero and Bast, 2012). Unfortunately, all too often, a small number of chemoresistant 

cancer cells survive the treatment and are the source of chemoresistant tumours that 

eventually lead to the death of the patient. Therefore late diagnosis and the persistence of 

drug-resistant cancer cells have contributed to the lack of improvement in the cure rate.

 Epithelial ovarian cancer (EOC) accounts for approximately  90% of ovarian 

cancers. Currently there are two proposed tissues of origin for EOC, the OSE and the 

fallopian tube epithelium (FTE), specifically the fimbria (Fig. 1.3). Historically, the OSE 

was thought to be the sole source of EOC tumours, but in 2001 the FTE was proposed to be 

the source of hereditary EOC (Piek et al., 2001). Hereditary  EOC, which will be discussed 

in greater detail below, represents 10% of EOC cases and occurs in women with germline 

mutations in the Breast Cancer-1, early onset (BRCA1) gene (Weberpals et al., 2008). 

When the ovary and fallopian tubes were removed prophylactically in 12 BRCA1 mutation 

carriers, 11 of the 12 specimens had hyperplastic lesions in the FTE, specifically the 

fimbria, called serous tubal intraepithelial carcinomas (STICs) (Piek et al., 2001). None of 

the control specimens contained STICs (Piek et al., 2001). Subsequently, STICs were found 

in 70% of women with EOC irrespective of family history which led to the hypothesis that 

FTE is the source of some sporadic EOC tumours as well (Kindelberger et al., 2007). There 
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Fimbria

OSE

Figure 1.3: The proposed tissues of origin of epithelial ovarian cancer.  A hematoxylin 
and eosin stained 3 µm thick section of a paraffin embedded mouse ovary. The ovarian 
surface epithelium (OSE) and the fimbria are both hypothesized to be tissues of origin for 
epithelial ovarian cancer (indicated with arrows). The ovary  is the kidney shaped structure 
on the right and the fallopian tube (oviduct) is in the upper left portion of the image. Like 
the fimbria of the human fallopian tube, the infindibulum of the mouse oviduct has an 
exteriorized layer of epithelium that  is immediately adjacent  to the OSE. (Gamwell, 
unpublished results)



has since been a flurry of research activity, focused mainly  on demonstrating that the FTE 

is the sole source of EOC (Jarboe et al., 2008). Many of the arguments used for either 

perspective apply to both hypotheses and there is not a single piece of evidence that is 

100% in favour of only  the FTE or the OSE as the origin of EOC (reviewed in Auersperg, 

2013). Therefore, the current evidence would support origins of EOC from both the ovary 

and the FTE.

 

1.4.1 Ovulation Is An EOC Risk Factor

 Ovulation is the largest non-genetic risk factor for developing ovarian cancer and 

has been shown to have an impact on both the OSE and the FTE (Burdette et al., 2006; 

Murdoch et al., 2008; King et al., 2011). There are three major hypotheses linking events 

associated with ovulation to EOC risk. The tear and repair hypothesis states that over time 

the continuous damage and repair of the OSE triggered by  ovulation increases the 

likelihood of DNA replication errors leading to genomic instability (Fathalla, 1971). The 

gonadotropin hypothesis postulates that excessive gonadotropin exposure, specifically  FSH 

and LH which spike during ovulation, lead to increased proliferation of the OSE and/or 

inhibit apoptosis in damaged cells (Cramer and Welch, 1983; Konishi et al., 1999). Finally, 

the inflammation hypothesis, which combines and adds to the previous two hypotheses, 

states that inflammation induced by  ovulation may generate oxidative stress that is further 

exacerbated by cellular proliferation and the effects of FSH and LH, leading to DNA 

damage and replication error (Fleming et al., 2006). Ovulatory wounds are repaired in an 

ischemia-reperfusion associated manner and also recruit leukocytes to the wound site on the 
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surface of the ovary (Murdoch et al., 2008). Both processes generate inflammatory 

molecules to which OSE cells are exposed (Murdoch et al., 2008).

  There are several lines of epidemiological evidence to support the link between 

ovulation and EOC risk. Over the last  100 years, the incidence of EOC has increased 

(Fleming et al., 2006). At the same time the estimated average number of ovulations a 

women experiences has also increased (Fleming et al., 2006). Similarly, a significant 

correlation was found between the number of ovulations and EOC risk as women who had 

EOC had more ovulations during their reproductive lifetimes than women who did not have 

EOC (Purdie et al., 2003). 

 Further support for the link between ovulation and EOC can be found in non-

primate mammals. EOC is rare in non-primate mammals, likely because most animals do 

not normally  reach a high total ovulation number as they only  ovulate a few times a year, in 

response to mating, or in the presence of a male. The only species other than humans that 

frequently develop EOC are hens, specifically laying hens which are hyperovulated to 

produce eggs on a daily basis (Fredrickson, 1987). 

 Pregnancy, lactation and oral contraceptives decrease the risk of EOC, and all 

suppress ovulation (Risch et al., 1983; Nasca et al., 1984; Shu et al., 1989; Whittemore et 

al., 1992; Whittemore, 1993; Adami et al., 1994; Risch et al., 1994; Rodriguez et al., 1998; 

Riman et al., 2002). Each year of oral contraceptive use is associated with a 7% reduction 

in the relative risk of developing EOC. Interestingly, the use of progestin-only oral 

contraceptives, which do not suppress ovulation, provides more protection than combined 

oral contraceptive pills which do suppress ovulation (Risch, 1998). Each month of 
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pregnancy and breastfeeding reduces EOC risk by approximately 2.5% (Gwinn et al., 

1990). The difference in risk reduction seen with pregnancy, lactation, and different 

formulations of oral contraceptives implies that the protection afforded by pregnancy and 

oral contraceptive pills cannot be explained merely  by a reduction in ovulation. While the 

epidemiological evidence indicates that ovulation is a risk factor, and not the only  risk 

factor for EOC, more basic research into the impact of ovulation on the tissues of origin of 

ovarian cancer is needed.

1.5 Brca1 

 Hereditary EOC represents approximately 10% of cases, with the majority  of these 

women carrying germline mutations in the Breast Cancer-1, early onset (BRCA1) gene 

(Weberpals et al., 2008). BRCA1 mutation carriers have a 15-60% increased risk of 

developing ovarian cancer. In addition, in 40-72% of cases of non-hereditary or sporadic 

EOC, BRCA1 is inactivated through hypermethylation, loss of heterozygosity, or 

haploinsufficiency (Weberpals et al., 2008). Therefore BRCA1 dysfunction is seen in both 

hereditary  and sporadic forms of EOC. The consequence of BRCA1 dysfunction in 

sporadic EOC and the specific mechanisms underlying the increased risk of ovarian cancer 

in BRCA1 mutation carries are not well defined but a better understanding of the function 

and regulation of BRCA1 may provide some answers. 

 BRCA1 is a 220kD phosphoprotein that contains an N-terminal RING domain that 

has E3 ubiquitin ligase activity  and a C-terminal BRCT domain that facilitates phospho-

protein binding (Mueller and Roskelley, 2003). BRCA1 can interact with a variety of 
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different proteins, like tumour suppressors, DNA repair proteins and cell cycle regulators 

(Weberpals et  al., 2008). The majority of the mutations found in BRCA1 mutation carriers 

are found in the RING and BRCT domains, which indicates that they play a role in 

suppressing breast and ovarian cancer (Weberpals et al., 2008). 

 While BRCA1 is known to play a role in cell cycle regulation, cell signalling, and 

proliferation and differentiation pathways (Weberpals et al., 2008), it  is perhaps best known 

for its role in homologous recombination, which is a major mechanism for protecting the 

integrity  of the genome of proliferating cells (Roy et al., 2012). This form of high-fidelity 

DNA damage repair uses the undamaged sister chromatid to carry  out repair of the double 

stranded DNA breaks (Roy et al., 2012). 

 Expression levels of the BRCA1 protein are regulated by a variety of mechanisms. 

Most known modes of regulation are related to the cell cycle. BRCA1 expression is higher 

in replicating cells than in non-replicating cells (Gudas et al., 1996). Because of this, factors 

that alter the proliferation rate of cells have been proposed to directly  regulate BRCA1 

expression, though upon closer study  the alteration in BRCA1 expression was due to the 

altered proliferation rate and not a direct action of the factor. For example, estrogen has 

been shown to increase the levels of BRCA1 expression in human breast and ovarian 

cancer cell lines (Spillman and Bowcock, 1996; Romagnolo et al., 1998), but in these 

studies the increase in BRCA1 expression has been attributed to an increase in the 

proliferation rate of cells treated with estrogen, and not to a direct  effect of estrogen (Marks 

et al., 1997; Romagnolo et al., 1998). 

 BRCA1 expression levels have been shown to change depending on the cell cycle. 
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BRCA1 is degraded in a proteasome-dependent manner during the G1 phase of the cycle 

(Roy et al., 2012). When the cell starts DNA replication in preparation for cell division, 

BRCA1 levels rise, and stay high during the G2 phase, as the newly synthesized DNA is 

checked for errors and repaired (Roy et al., 2012). This pattern of BRCA1 expression is in 

keeping with its role in homologous recombination.

 Recent research by Wu et  al. (2012) has provided an additional way BRCA1 may  be 

regulated which links the EMT with epigenetic regulation of BRCA1 expression. In the 

presence of Wnt ligands, the EMT transcription factors Slug and Snail are upregulated in 

breast cancer cells. Slug or Snail then recruit LSD1, a histone demethylase, which binds to 

the BRCA1 promoter. LSD1 has been shown to suppress BRCA1 expression by removing 

methyl groups from histone H3 lysine 4 (H3K4) (Lu et al., 2011). 

1.5.1 Brca1 Mediated Regulation Of Stem Cells

 Recently  a new function for BRCA1 has been identified. BRCA1 was originally 

hypothesized to act as a stem/progenitor cell regulator by Foulkes (2004). This hypothesis 

gained support when BRCA1 knockdown in mammary epithelial cells was shown to 

increase the fraction of cells displaying stem cell markers (Furuta et al., 2005; Liu et al., 

2008; Lim et al., 2009; Proia et al., 2011), suggesting that loss of BRCA1 function 

enhances mammary stem cell characteristics. In addition, in the mammary gland and breast 

cancer cell lines, expression of CD44, CD113 and CD117 has been shown to be controlled 

by BRCA1 (Furuta et al., 2005; Liu et al., 2008; Lim et al., 2009; Proia et al., 2011). 

Current evidence suggests that loss of BRCA1 in mammary  tissue may result in the 
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accumulation of genetically  unstable breast stem cells, providing prime targets for further 

carcinogenic events (Furuta et al., 2005; Liu et al., 2008; Lim et al., 2009; Proia et al., 

2011). Determining if BRCA1 can control the differentiation of stem/progenitor cells in 

other tissues would provide further evidence that BRCA1 can act as a stem cell regulator.

  

1.6 Rationale and Specific Aims

RATIONALE

 Many lines of evidence suggest that  the OSE may contain a stem/progenitor cell 

population. The OSE is cyclically  ruptured during ovulation and then regenerates to heal 

the ovarian wound. This process of tissue homeostasis, as seen in other epithelial tissues, is 

typically maintained by the presence of stem or progenitor cells (Blanpain et al., 2007). 

Also, the OSE can adopt both a mesenchymal or an epithelial phenotype, indicating that 

OSE cells can alter their state of differentiation along pathways leading to fibroblast-like 

cells to heal ovulatory wound or aberrant epithelial phenotypes like FTE when trapped in 

inclusion cysts (Auersperg et al., 2001). Finally, it  has recently  been demonstrated that, 

shortly after birth, the OSE gives rise to granulosa cells found in follicles that  are active 

during adult life (Mork et al., 2012) and may be a source of oocytes in the adult  ovary 

(Johnson et al., 2004). It is therefore likely  the OSE contains at the very least a unipotent 

progenitor cell capable of replacing OSE lost during ovulation and we hypothesize 

that OSE progenitor cells can be identified by a surface marker. 

 The OSE surrounding the ovulatory  wound site are exposed to factors in the 

follicular fluid and undergo an EMT in response to the rupture (Salamanca et al., 2004; 
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Ahmed et al., 2006). It has been recently  demonstrated that  the EMT can increase the 

number of cells with stem cell characteristics in the mammary gland (Mani et al., 2008; 

Guo et al., 2012). We therefore hypothesize that factors in the follicular fluid and/or 

the induction of an EMT can regulate the MOSE progenitor cell population. 

 Finally, germline deleterious mutations in BRCA1 result in an increased risk for 

developing EOC and BRCA1 dysfunction is a hallmark of the majority of sporadic EOC 

tumours (Weberpals et al., 2008). Given that BRCA1 regulates the size of a mammary 

gland progenitor cell population (Furuta et al., 2005; Liu et al., 2008; Lim et al., 2009; 

Proia et al., 2011) we hypothesize that this tumour suppressor can also regulate 

progenitor cells in the OSE. To address these hypotheses we have the following specific 

aims.

SPECIFIC AIMS

AIM 1: To identify  cell surface stem cell markers that enrich for MOSE with stem/

progenitor cell characteristics.

AIM 2: To determine the effect  of ovulation on MOSE progenitor cells by characterizing 

their response to factors in the follicular fluid and the induction of an EMT.

AIM 3: To determine whether BRCA1 controls the number of MOSE progenitor cells.

 The results from these experiments will allow us to discover cell surface markers 

that identify progenitor cells in the OSE and to further characterize the ways in which the 

progenitor cells may  be regulated. By identifying and characterizing a progenitor cell 
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population in the OSE, we hope to gain insight into the aetiology of OSE derived ovarian 

cancer and provide a starting point for more in depth studies of the differentiation potential 

of the OSE.
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2.1 Abstract

 The ovarian surface epithelium, a single layer of poorly differentiated epithelial 

cells, covers the surface of the ovary  and is ruptured during ovulation. Little is known about 

the changes that occur in this layer before or during ovulation, and even less is known 

about the regenerative processes that occur after the surface is ruptured to release a mature 

oocyte. Recently, a population of mouse ovarian surface epithelial (MOSE) cells that 

exhibit progenitor/stem cell characteristics has been identified, though neither a genetic 

marker nor how these cells are regulated has been determined. We have identified a defined 

population of MOSE cells with progenitor cell characteristics that express the stem cell 

marker lymphocyte antigen 6 complex, locus A (LY6A; also known as stem cell antigen-1 

[SCA-1]). By testing the effect of factors found in the follicular fluid at ovulation on 

proliferation, sphere formation, and LY6A expression, we have determined that the size of 

the LY6A expressing (LY6A+) progenitor cell population is regulated by  at least two 

ovulation-associated factors present in the follicular fluid: transforming growth factor beta 

1 and leukaemia-inhibitory  factor. Our work has identified a population of LY6A+ MOSE 

progenitor cells on the surface of the ovary that may play a role in ovulatory  wound 

healing. 
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2.2 Introduction

 The ovarian surface epithelium (OSE) is a monolayer of squamous-to-cuboidal 

epithelial cells covering the surface of the ovary. Its only defined function in healthy 

ovaries is during the rupture-wound repair process associated with ovulation (Auersperg et 

al., 2001; Murdoch and Van Kirk, 2002). Little is known about the changes occurring in the 

OSE before or during ovulation, and even less is known about the regenerative processes 

that occur after the surface is ruptured to release the mature oocyte. Ovulation is induced by 

a surge of the gonadotropic hormone, luteinizing hormone, and is associated with extensive 

architectural remodelling of the follicular structure, the overlying extracellular matrix, and 

the layer of OSE cells. This remodelling culminates in apoptotic degradation of the 

monolayer of OSE cells at the apex of the ovulating follicle, extrusion of the ovum, and 

repair of the epithelial wound. OSE cells in close contact with the apical wall of the 

preovulatory follicle secrete enzymes that lead to localized OSE cell apoptosis (Osterholzer 

et al., 1985; Ackerman and Murdoch, 1993). It is hypothesized that the cells exfoliated from 

the dome of those follicles are replenished by progenitor cell replication and migration 

from the wound edges (Osterholzer et al., 1985; Burdette et al., 2006). Many studies have 

determined the effect of growth factors and hormones on the growth rate of OSE cells 

(Ismail et al., 1999; Wong and Leung, 2007), but how these findings apply to ovulatory 

wound closure is unknown.

 Like most epithelia, the OSE requires replacement throughout the lifetime of the 

individual. This process of tissue homeostasis is typically maintained by the presence of 

somatic progenitor cells (Blanpain et al., 2007). Progenitor cells are defined by  their ability 

34



to self-renew and differentiate along the lineages of their tissue of origin (Moore et al., 

2006). Many adult tissues contain progenitor cells for which the main function is to 

maintain tissue homeostasis by replacing cells damaged by  injury or age. Progenitor cells 

have been reported in bone marrow and brain and many epithelia, including lung, cornea, 

epidermis, intestine, prostate, and mammary gland (Blanpain et al., 2007).

 Despite several reports of putative stem/progenitor cells in the ovarian epithelium 

that may  support neo-oogenesis (Johnson et al., 2004; Bukovsky et al., 2008; Virant-Klun 

et al., 2008; White et  al., 2012), only one report to date suggests the presence of stem/ 

progenitor cells in the ovarian epithelium in the context of ovulatory wound repair (Szotek 

et al., 2008). In that recent report, Szotek et al. (Szotek et al., 2008) identified a population 

of mouse OSE (MOSE) cells that exhibits asymmetric label retention, colony formation, 

and enrichment by flow cytometric isolation of the side population (SP), but how these 

cells contribute to ovulatory wound repair was not determined. If a progenitor cell 

population does exist in the MOSE, no markers have been published, and the regulation and 

function of these progenitor cells during ovulation in the normal ovary  have not been 

determined.

 Using established stem/progenitor cell assays, we have identified a defined 

population of MOSE cells with progenitor cell characteristics. This population of putative 

progenitor cells expresses the stem cell marker lymphocyte antigen 6 complex, locus A 

(LY6A), also known as stem cell antigen-1 (SCA-1). This population is regulated by at  least 

two factors found in the follicular fluid at the time of ovulation, indicating an important role 

for these cells in facilitating ovulatory wound repair.

35



2.2 Materials and Methods

Experimental Animals

 FVB/N mice (Jackson Laboratory) were the source of MOSE cells for all 

experiments. The mice were housed under a 12L:12D photoperiod with free access to food 

and water. All animal experiments described in the present study were performed according 

to 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.

Isolation And Culture Of MOSE Cells

 To establish primary cultures of MOSE cells, ovaries were individually dissected 

from randomly cycling, 6-wk-old FVB/N female mice. For each primary culture, 10–20 

mice were used. The ovaries were rinsed twice with PBS (Hyclone), then incubated in 

0.25% Trypsin/PBS (0.5 ml/ovary; Invitrogen) in a 15-ml Falcon tube at 37°C at 5% CO2 

for 30 min to remove the MOSE layer. ‘‘MOSE media’’ (a-Minimum Essential Medium 

[Hyclone] supplemented with 4% heat-inactivated 3:1 donor bovine serum:fetal bovine 

serum [DBS:FBS; PAA Laboratories, Inc.], 5 U/ml of penicillin and 0.005 mg/ml of 

streptomycin solution [Sigma-Aldrich], 0.1 µg/ml of gentamicin [Invitrogen], and 1 µg/ml 

of insulin-transferrin-sodium-selenite solution [ITSS; Roche]) was added to inactivate the 

trypsin, and the tube was agitated gently  by hand to remove the MOSE cells from the 

ovaries. The supernatant containing the MOSE cells was centrifuged at 1000 rpm for 5 min, 

and the cells were resuspended in the appropriate medium. If freshly  isolated MOSE cells 
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were used, the cells were processed for the appropriate assay.

 Superovulation (SOV) was induced by i.p. administration of 5 IU of equine 

chorionic gonadotropin (eCG; Calbiochem), followed by  i.p. administration of 5 IU of 

human chorionic gonadotropin (hCG; Sigma) 46 h later (Nagy et al., 2003). To limit the 

contamination of MOSE cultures by blood, immune, and stromal cells exposed by the 

ovulatory wound, the mice were euthanized 72 h after hCG injection for MOSE cell 

isolation as described above.

 For primary cultures, the MOSE cells were plated on tissue-culture plates (Becton-

Dickinson) in MOSE medium at 37°C with 5% CO2. After 24 h, the medium and any 

floating cells were removed from the culture and replaced with fresh MOSE medium. The 

cultures were passaged (trypsin and gentle agitation at 90% confluency) two to four times 

before use in experiments. When passaging was not necessary, the medium was changed by 

half every 4 days. All in vitro MOSE experiments were carried out at  least  three times using 

a minimum of two different isolations of MOSE cells with a passage number of less than 

30.

SP Analysis

 The MOSE cells were released from tissue-culture dishes at  90% confluency  with 

trypsin and gentle agitation and then passed through a 40-µm cell strainer to achieve a 

single-cell suspension. They were then incubated for 10 min at  37°C with or without the 

drug pump inhibitor verapamil (7.5 µM), and the fluorescent dye Hoechst  33342 

(Invitrogen) was then added at a concentration of 5 µg/ml. The cells were incubated at 37°C 
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for 90 min, during which time the cells were gently mixed every 15 min to prevent cell 

clumping. After the 90-min exposure to the Hoechst dye, the cells were pelleted by 

centrifugation for 5 min at 300 × g, the Hoechst dye was removed, and the cells were 

resuspended in cold 2% DBS:FBS in PBS. Dead cells were labeled by the addition of 2 µg/

ml of propidium iodide, and cells that took up  this dye were gated out of the analysis. SP 

cells were identified and electronically gated on their characteristic light-scatter properties 

and singular Hoechst 33342 red versus blue fluorescence emission pattern after excitation 

with 100 mW of 355-nm ultraviolet light on a MoFlo cell sorter (Beckman Coulter, Inc.). 

SP fluorescence emissions were directed toward a 610-nm dichroic filter, then captured 

simultaneously  through both a 424/44-nm band-pass filter (blue) and a 575/26-nm (red) 

filter on a linearly  amplified fluorescence scale (Preffer et al., 2002). Main population (MP) 

cells, which due to retention of the dye have a higher red and blue fluorescence than the SP, 

were gated as shown in Figure 2.1A.

Follicular Fluid And Cytokines

 Bovine follicular fluid was collected and kindly provided as a gift from Dr. Marc-

André Sirard, (Université de Laval, Québec, PQ). Bovine ovaries were collected from a 

commercial slaughterhouse and transported to the laboratory in a thermoflask containing a 

warm, 0.9% saline solution supplemented with 100 000 IU/L penicillin, 100 mg/L 

streptomycin, and 250 µg/L amphotericin B (Sigma-Aldrich). The follicular fluid was 

collected by aspiration of five individual preovulatory follicles (diameter, 12–22 mm) with 

an 18-gauge needle attached to a 10-ml disposable syringe. The follicular fluid was 
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centrifuged at 1000 × g for 5 min to remove any cellular debris and stored at -80°C. 

Activated transforming growth factor beta 1 (TGFB1) levels were measured in the five 

bovine follicular fluid samples using a Quantikine Human TGFB1 ImmunoAssay (R&D 

Systems, Inc.) following the manufacturer’s protocol. The TGFB1 concentration in the 

samples was 1.3–4.8 ng/ml, which falls within the range found in human follicular fluid 

(Fried et al., 1998). Based on the volume of follicular fluid obtained (1–2 ml) and dilutions 

of follicular fluid previously reported in the literature (Doyle and Donadeu, 2009), the 

samples were diluted 1:10 in MOSE medium.

 The cytokines used were mouse insulin-like growth factor II (IGF2; 30 ng/ ml), 

human TGFB1 (10 ng/ml), and mouse leukaemia-inhibitory  factor (LIF; 20 ng/ml; all from 

Sigma-Aldrich), which are present in human follicular fluid at the following concentrations: 

IGF2, 75–83.7 ng/ml (Hsieh et al., 2009); TGFB1, 1.75–5.81 ng/ml (Fried et al., 1998); and 

LIF, 0.43–2.89 ng/ml (Arici et al., 1997). The concentration of LIF used in the present 

study was chosen taking into account its ability to inhibit the spontaneous differentiation of 

mouse embryonic stem cells (Nagy et al., 2003).

Proliferation Assays

 Cells were plated at a density of 1 × 104 cells/ml in MOSE medium, and viable cells 

were counted using a Vi-CELL XR Cell Viability Analyzer (Beckman Coulter, Inc.) at the 

reported time points. When follicular fluid or cytokines were used in the assay, cells were 

allowed to adhere to the tissue culture plate for 24 h before the treatments were added.
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Sphere Culture Conditions And Manipulations

 To assess the ability of individual cells to form spheres in culture, MOSE cells were 

released from tissue-culture plates at 90% confluency with trypsin or were removed from 

freshly dissected ovaries as described above. The cells were then passed through a 40-µm 

cell strainer and suspended as single cells in a 1:1 mixture of methylcellulose (to prevent 

cell aggregation) and ‘‘progenitor cell medium’’ (PCM; 1:1 Dulbecco modified Eagle 

medium:Ham F12, with a B27 supplement; Invitrogen) at  a density of 2 × 104 cells/ml per 

well of a 24-well tissue culture plate. Sphere formation and morphology were monitored 

weekly  using a dissecting microscope, and spheres were counted with the aid of a grid 

placed under the culture dish. Sphere-forming efficiency was calculated as the percentage 

of single cells capable of sphere formation. The diameter of the spheres was determined 

using a microscope fitted with a micrometer. To determine the effect of factors found in the 

follicular fluid at the time of ovulation on the sphere parameters (number, size, and 

morphology), IGF2 (30 ng/ml), TGFB1 (10 ng/ml), and LIF (20 ng/ml) were added to the 

PCM  before the addition of methylcellulose, 2 × 104 cells were plated at the above 

mentioned cell density  for each factor, and the sphere parameters were assessed after 28 

days in culture.

 For passaging, spheres were released from methylcellulose by dilution with an equal 

volume of medium and then pelleted using centrifugation for 5 min at  300 ×  g. After the 

sphere pellet was washed twice briefly with PBS, the spheres were dissociated with trypsin 

and gentle agitation. The dissociated spheres were then passed through a 40-µm cell 

strainer to achieve a single-cell suspension. These single cells were then placed back into 
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sphere-culture conditions for new sphere formation. To serially  passage the spheres, this 

process was repeated.

Magnetic Bead Assisted Cell Separation

 The MOSE cells were released from tissue culture plates at 90% confluency by 

nonenzymatic dissociation (MULTICELL Cell Stripper; Wisent  Bioproducts), passed 

through a 40-µm cell strainer, and then separated into LY6A-expressing (LY6A+) and non-

LY6A-expressing (LY6A-) fractions or KIT-expressing (KIT+) and non-KIT-expressing 

(KIT-) fractions using an anti-LY6A or an anti-KIT MicroBead kit with a MiniMAC 

separator and MS columns (Miltenyi Biotech) following the manufacturer’s protocol. The 

antibodies were added to a single-cell suspension and incubated at 4°C for 10 min. Excess 

antibody was washed away by  the addition of 5 ml of wash buffer (PBS [pH 7.2], 0.5% 

bovine serum albumin, and 2 mM ethylenediaminetetra-acetic acid), followed by  a 10-min 

centrifugation at 1500 rpm to remove the supernatant. The cells were resuspended in fresh 

wash buffer, and the magnetic beads were added. Following a 15-min incubation at 4°C, the 

cells were washed and then resuspended in 500 µl of wash buffer and applied to an MS 

column in a magnetic holder. To increase the purity of the positive fraction, the eluted cells 

were passed through a second column.

Gene Expression Analysis

 The RNA was extracted using an RNeasy Mini Kit (Qiagen) following the 

manufacturer’s instructions. RNA was quantified, and cDNA was made by  reverse 

41



transcriptase PCR (RT-PCR) from 1000 ng of RNA using the OneStep RT-PCR Kit 

(Qiagen). Gene expression was determined by relative quantitative PCR (Q-PCR) 

performed on an ABI 7500 FAST qRT-PCR machine (Applied Biosystems) using the Fast 

SYBR Green Master Mix (Invitrogen) following the manufacturer’s instructions. The real-

time thermal cycler program was 95°C for 10 min, followed by  40 cycles of 95°C for 10 

sec and 60°C for 30 sec. Primer pairs to amplify  murine Ly6a (forward [F], 5’- GAC CCT 

GGA GGC ACA CAG CC-3’; reverse [R], 5’-CAT GTG GGA ACA TTG CAG GAC 

CCC-3’), Kit (F, 5’-GAT CTG CTC TGC GTC CTG TT-3’; R, 5’-CTT GCA GAT GGC 

TGA GAC G-3’), Nanog (F, 5’-CCT GAT TCT TCT ACC AGT CCC A-3’; R, 5’-GGC 

CTG AGA GAA CAC AGT CC-3’), and Ppia (F, 5’-AGG GTG GTG ACT TTA CAC 

GC-30; R, 5’-GAT GCC AGG ACC TGT ATG CT-3’) were designed using OligoPerfect 

primer design software (Invitrogen). The expression level of Ppia mRNA was used as the 

endogenous control.

Flow Cytometry For LY6A Expression

 The MOSE cells were released from tissue-culture dishes at 90% confluency using 

nonenzymatic dissociation (MULTICELL Cell Stripper), a single-cell suspension was 

achieved by passing the cells through a 40-µm cell strainer, and the cells were incubated for 

30 min at 4°C with an anti-LY6A antibody conjugated to the allophycocyanin fluorophore 

(Miltenyi Biotech). After unbound antibody was washed away by the addition of 5 ml of 

wash buffer and centrifugation for 5 min at 300 × g, the percentage of cells with surface 

expression of LY6A was determined using a MoFlo cell sorter.
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Immunohistochemistry (IHC)

 Histological sections were deparaffinized and rehydrated, and then high temperature 

antigen retrieval was performed in sodium citrate buffer (pH 6; Antigen Unmasking 

Solution; Vector Laboratories) in a pressure cooker (Tender Cooker; Nordic Ware). 

Endogenous peroxidase activity was blocked by 3% hydrogen peroxide in methanol for 30 

min. LY6A expression was visualized with a monoclonal rat anti-LY6A primary antibody 

and a polyclonal goat anti-rat secondary antibody (BD553333 and BD554016, respectively; 

both from BD Biosciences) using a signal amplification kit (TSA Biotin System; 

PerkinElmer), following the manufacturer’s instructions. Developing was performed with 

diaminobenzidine (DAB) as a substrate (0.2% DAB, 0.001% H2O2; Sigma-Aldrich). 

Sections were counterstained with Harris hematoxylin (Fisher Scientific) and mounted with 

Permount (Fisher Scientific). Images were obtained with the ScanScope CS system and 

ImageScope software (both from Aperio).

Statistical Analyses

 Based on the number of conditions tested, a Student t-test or an ANOVA with a 

Tukey post-test was used to determine statistical significance (P < 0.05). Error bars indicate 

the SEM.
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2.3 Results

MOSE Contains A Verapamil-Sensitive SP

 Based on a previous report in the literature that the MOSE contains an SP identified 

by flow cytometry (Szotek et al., 2008), SP analysis was used to enrich for potential MOSE 

progenitor cells. The identification of an SP is based on differential exclusion of the DNA-

binding dye Hoechst 33342 (Challen and Little, 2006). Hoechst 33342 enters live cells, 

where it can be actively  pumped out by ATP-binding cassette transporters like the 

multidrug-resistant protein 1 (MDR1) and the ATP-binding cassette, subfamily  G, member 

2 (ABCG2) (Challen and Little, 2006). It is thought that stem/progenitor cells express a 

large number of these pumps to protect themselves from toxins and, therefore, are able to 

pump out the dye faster than non-stem cells (Challen and Little, 2006). This technique is 

especially useful when no genetic stem/progenitor cell markers are known, and it is 

routinely used to enrich for stem/progenitor-like cells in both normal and cancerous tissues 

(Goodell et al., 1996; Wulf et al., 2001; Preffer et al., 2002; Welm et al., 2002; Al-Hajj et 

al., 2003; Bhatt et al., 2003; Jonker et al., 2005; Haraguchi et al., 2006; Szotek et al., 2006; 

Ono et al., 2007; Szotek et  al., 2008; Hosonuma et al., 2011). On average, we found that the 

MOSE cells grown in culture contained an SP that constitutes approximately  3% of the 

whole MOSE cell population (Fig. 2.1A). Verapamil, a nonspecific drug pump inhibitor, 

abolished the SP phenotype, which indicated that the SP cells were correctly  gated (Fig. 

2.1B).

 A comparison of growth rates in culture was made between the SP, the MP, and the 

mixed MOSE cell population from which the SP and the MP were isolated, which 
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Figure 2.1: MOSE cells were analyzed by flow cytometry for the presence of an SP. 
A: The SP gate is denoted by the black box. A total of 4 × 104 events are shown. B: SP 
analysis of MOSE cells pretreated with the drug pump  inhibitor verapamil, with a black box 
indicating the same SP gate as shown in A. A total of 3 ×  104 events are shown. C: A 
comparison of the proliferation rates of MOSE, MP, and SP adherent cultures in MOSE 
medium. Error bars indicate the SEM. *P < 0.05 compared to MOSE and MP.



was kept on ice while the cell sort was being performed (Fig. 2.1C). On Day 7 of culture 

after sorting, the MOSE cells exhibited a 9-fold increase in cell number, and the MP 

showed a 6-fold increase in cell number, when compared to Day 1. The SP cells did not 

proliferate during the initial 7 days after sorting but eventually began to proliferate after 4 

wk. The difference in proliferation rate between the SP, the MP, and MOSE population 

suggests that the SP may be a distinct population of MOSE cells.

LY6A Surface Expression Marks MOSE Cells With Enhanced Sphere-Forming Ability

 To identify  potential genetic progenitor cell markers for the MOSE, Q-PCR was 

used to compare the mRNA expression levels of known stem/progenitor cell markers in the 

SP to the MP. LY6A, KIT (also known as CD117), and NANOG are critically involved in 

self renewal (Osawa et al., 1996; Storm et  al., 2007), and they  have been used as markers of 

hematopoietic stem cells (LY6A and KIT) (Welm et  al., 2002), breast stem cells (LY6A) 

(Welm et al., 2002), and embryonic stem cells (NANOG) (Noaksson et al., 2005). Whereas 

the MP and SP both expressed mRNAs for the stem/progenitor cell markers, the SP 

expressed significantly  higher levels of Ly6a and Kit mRNA (5-fold and 3-fold higher, 

respectively), and a trend toward higher levels of Nanog mRNA (2.5-fold higher) was 

found when compared to the MP (Fig. 2.2A). Based on these results, further investigation 

focused on LY6A and KIT as potential markers of a population of MOSE cells enriched 

with progenitor cell characteristics.

 To test whether surface expression of LY6A or KIT enriches for MOSE cells with 

progenitor cell characteristics, we used an established, quantifiable in vitro system for 
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Figure 2.2: Putative progenitor cells in MOSE cultures. A: The SP expresses 
significantly  higher levels of Ly6a and Kit mRNA when compared to the MP. A trend is 
observed toward higher levels of Nanog mRNA. Relative transcript levels were determined 
by  Q-PCR. *P < 0.05 compared to MP. B: Freshly isolated MOSE cells form spheres when 
placed in sphere-forming culture conditions. The spheres were dissociated and replated 
three times and evaluated for efficiency  of sphere formation, as indicated by the percentage 
of plated cells that  formed spheres. C: Morphology  of spheres changes with passage. 
Primary spheres have an irregular shape, whereas secondary  spheres are spherical and 
compact. Original magnification ×400. D: MOSE cells were sorted for LY6A and KIT 
expression, and the percentages of cells that formed spheres were determined. Error bars 
indicate the SEM. *P < 0.05 compared to LY6A-.



testing “stemness”. The capacity for sphere formation has been used to indicate the 

presence of cells with stem/progenitor cell characteristics in a variety of tissues (Reynolds 

and Weiss, 1996; Weiss et al., 1996; Dontu et al., 2003; Woodward et al., 2005; Liao et al., 

2007). To ensure that sphere formation was not an artifact of in vitro culture, we assessed 

the sphere-forming ability of freshly isolated MOSE cells. When 5 × 104 freshly isolated 

MOSE cells were placed directly into sphere-forming cultures, a small percentage (0.19% ± 

0.11%) formed spheres. These spheres could be passaged at least three times (2 × 104 cells 

plated each time), suggesting the presence of cells with self-renewal capacity  (Fig. 2.2B). 

Whereas the mean number of spheres formed tended to decrease with passaging (passage 2, 

0.53%; passage 3, 0.09%; and passage 4, 0.03%), the difference was not statistically 

significant. Primary spheres had an irregular shape, but  after one passage, the spheres were 

more uniform, with tightly associated cells (Fig. 2.2C). 

 Because enrichment of sphere-forming ability indicates an enrichment of cells with 

stem/progenitor cell characteristics, the sphere-forming assay was used to test  the putative 

progenitor cell markers LY6A and KIT. Cultured MOSE cells were separated based on 

surface expression of LY6A or KIT into LY6A+ and LY6A- fractions (0.89% and 99.1%, 

respectively) or KIT+ and KIT- fractions (2.3% and 97.7%, respectively) using magnetic 

bead assisted cell separation. The LY6A+ fraction expressed 240-fold higher levels of Ly6a 

mRNA compared to the LY6A- fraction, and the KIT+ fraction expressed 125-fold higher 

levels of Kit mRNA compared to the KIT- fraction. The fractions were resuspended as 

single cells (2.4 × 105 cells from each fraction were plated) and tested for sphere formation 

in methylcellulose. Spheres were quantified after 28 days. LY6A+ cells formed 18-fold 
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more spheres compared to all other fractions (Fig. 2.2D). The sphere-generating 

efficiencies of the KIT+ and KIT- MOSE fractions were not  statistically different. Taken 

together, these results indicated that the LY6A+ fraction is enriched for cells with stem/

progenitor cell characteristics.

LY6A+ MOSE Cells Are Present As Rare Cells On The Ovarian Surface In Vivo

 To visualize LY6A+ MOSE cells on the surface of the ovary in vivo, 

immunohistochemistry  (IHC) for LY6A expression was performed on ovaries excised from 

6-wk-old, normally  cycling mice. Occasional LY6A+ cells were found within the MOSE 

layer, with an average of less than one LY6A+ cell per section (Fig. 2.3A). LY6A+ MOSE 

cells did not appear to be associated with any particular underlying structure (i.e., follicle or 

corpus luteum) and tended to be more cuboidal (Fig. 2.3A) relative to the rest of the 

surface, which was covered by  squamous (LY6A-) epithelial cells (Fig. 2.3B). The oocytes 

of primordial follicles also appeared to stain for LY6A expression (Fig. 2.3A).

SOV In Vivo Increases The Proliferation Rate Of MOSE In Vitro

 To examine the effects of ovulation on the OSE, MOSE cells were isolated 72 h 

after hCG injection from SOV mice (SOV MOSE) and, at the same time, from mice that 

were cycling normally. Once the primary cultures were established (each primary culture 

was passaged twice), the proliferation rate of the SOV MOSE was compared to the control 

MOSE (Fig. 2.4A). SOV MOSE had a significantly  faster proliferation rate at Day  11 than 

the control MOSE (doubling time: SOV MOSE, 4.3 days; control MOSE, 6.5 days). To 
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Figure 2.3: Detection of LY6A+ cells on the  surface of the ovary. A: A rare cell in the 
ovarian surface epithelium expressing LY6A (brown staining, indicated by  arrow head) is 
shown following detection by  IHC. Oocytes in primordial follicles in the ovarian cortex 
also stain positively  for LY6A. B: An area of the same ovary section depicting MOSE 
cells where LY6A+ cells are not detected. Bar = 25µm. 
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Figure 2.4: The role of SOV on MOSE cell  proliferation and LY6A expression. A: The 
rate of proliferation of primary MOSE cells isolated from ovaries that  had been 
superovulated compared to primary MOSE isolated from normally  cycling mice (control). 
B: Proliferation of MOSE cells treated in vitro with eCG and hCG. C: Proliferation of 
MOSE treated with 10% bovine follicular fluid. D: Q-PCR detection of Ly6A transcripts 
in MOSE cells treated with 10% follicular fluid. Error bars indicate SEM. * indicates 
significant difference from control, P < 0.05 compared to control. 



determine if exposure to the SOV hormones caused the difference in proliferation rate, 

cultured MOSE cells were treated in vitro with eCG and hCG in the same sequence as used 

for the SOV in vivo. The hormones did not alter the proliferation rate of the MOSE (Fig. 

2.4B), nor did treatment with a range of concentrations of estradiol (data not shown), 

indicating that other aspects of SOV, like the follicular fluid, may be responsible for the 

longer-term effects on the proliferation rate.

Follicular Fluid Increases Ly6A MRNA Expression In MOSE

 Because follicular fluid is expelled and bathes the MOSE surrounding the ovulatory 

wound, we next studied the effect of follicular fluid on MOSE proliferation. We were 

unable to collect sufficient  murine follicular fluid, so MOSE cells were cultured with 

bovine follicular fluid collected from the preovulatory follicles of heifers. Each of the five 

follicular fluid samples was diluted 1:10 in MOSE medium and tested independently. After 

7 days, the cells were counted to assess proliferation, and RNA was extracted for Q-PCR 

analysis. Whereas treatment with 10% follicular fluid did not alter the growth rate of 

MOSE (Fig. 2.4C), it did significantly increase the expression of Ly6a mRNA by 50% (Fig. 

2.4D) indicating that  follicular fluid expelled during ovulation may regulate the size of the 

LY6A+ MOSE cell population or alter the expression level in those cells that already 

express LY6A.

Ovulation-Associated Factors Regulate The LY6A+ MOSE Fraction

 As a follicle grows, several proteins accumulate in the follicular fluid, including 

52



IGF2, TGFB1, and LIF (Arici et al., 1997; Fried et al., 1998; Ouellette et al., 2005; Knight 

and Glister, 2006; Hsieh et al., 2009). The effect of each of these factors on MOSE 

proliferation was determined after 7 days in adherent MOSE cell cultures. LIF increased 

proliferation by 1.8-fold during that period compared to control, whereas IGF2 had no 

effect and TGFB1 significantly decreased MOSE proliferation 2-fold (Fig. 2.5A).

 To determine the effect  of IGF2, TGFB1, and LIF on sphere formation, MOSE cells 

were plated in sphere-forming conditions with each factor added to the culture medium. For 

each factor, 2 × 104 MOSE cells were plated. The number of spheres was counted and 

compared to untreated controls. Despite opposing effects on cell proliferation, both TGFB1 

and LIF significantly  increased the number of spheres formed (by 6.4-fold and 3.6-fold, 

respectively) (Fig. 2.5B). LIF also stimulated the formation of significantly larger, more 

compact spheres when compared to untreated controls (average diameter, 75.6 and 58.5 

µm, respectively), whereas the addition of TGFB1 caused significantly smaller (average 

diameter, 45.5 µm), more loosely associated spheres (Fig. 2.5, C and D). Spheres that 

formed in the presence of IGF2 did not differ significantly in number, size, or morphology 

when compared to the controls.

 Because the LY6A+ MOSE fraction is enriched for sphere-forming cells, we 

investigated the effect of LIF and TGFB1 on LY6A expression. Interestingly, even though 

LIF caused an increase in the number of spheres formed, exposure to LIF for 1 wk in 

culture significantly  decreased Ly6a mRNA expression 2.5-fold (Fig. 2.5E). In comparison, 

TGFB1 increased Ly6a mRNA expression 6-fold (Fig. 2.5F) and almost tripled the 

percentage of LY6A+ MOSE cells, as determined by  flow cytometry  (Fig. 2.5G). These 
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Figure 2.5: Phenotypic changes in MOSE following treatment with IGF2, LIF or 
TGFB1. A-D: Following treatment  with IGF2, LIF or TGFB1, the proliferation of 
adherent MOSE (A), the sphere-forming capability of MOSE cells (B), the sphere 
morphology (C), and average sphere diameter were determined (D) were determined. E 
and F: Q-PCR analysis comparing Ly6a mRNA levels in adherent MOSE in MOSE media 
(control) to MOSE treated with LIF for 7 days (E) or TGFB1 for 7 days (F). G: The 
percentage of LY6A+ MOSE in adherent cultures treated with a range of TGFB1 doses for 
7 days as detected by  flow cytometry. H: Proliferation assay comparing the effect of 
TGFB1 and LIF on MOSE cells (MOSE), and MOSE cells sorted for LY6A expression. I: 
The percentage of LY6A+ MOSE that  are present 7 days after plating LY6A- MOSE in 
adherent cultures with or without treatment with TGFB1 or LIF. Error bars indicate SEM. 
* indicates significant difference from the relevant control group, P < 0.05 compared to the 
relative control group. 



data suggest  that TGFB1 may  act to increase the number of spheres formed by expanding 

the LY6A+ MOSE fraction. 

 To investigate this further, the effect of TGFB1 and LIF on the proliferation of 

LY6A- and LY6A+ MOSE cells was tested by placing both unsorted MOSE cells that were 

passed through the cell sorter without being gated and sorted LY6A- and LY6A+ MOSE 

cells into adherent  cultures and exposing them to TGFB1 or LIF. After 7 days, TGFB1 

significantly reduced proliferation in all cell populations, whereas LIF increased 

proliferation compared to controls (Fig. 2.5H). Because TGFB1 did not  increase the 

proliferation of the LY6A+ MOSE cells, this suggested that TGFB1 may expand the LY6A

+ MOSE fraction by causing LY6A- MOSE cells to express LY6A. To test this directly, 

LY6A- MOSE cells were cultured in MOSE medium and treated with TGFB1 or LIF for 7 

days, then reassessed by flow cytometry to determine the percentage of cells that express 

LY6A. Six percent of TGFB1-treated LY6A- cells expressed LY6A after 7 days of culture, 

whereas the percentage of control (untreated) or LIF-treated cells that expressed LY6A did 

not significantly differ from zero as determined by a one-sample t-test (Fig. 2.5I).

2.4 Discussion

 We have isolated a subpopulation of MOSE cells based on the verapamil-sensitive 

efflux of Hoechst dye and have reported, to our knowledge for the first time, that this 

subpopulation shows enhanced expression of LY6A, a stem cell maker. LY6A+ MOSE 

cells can be detected on the surface of the mouse ovary in vivo. When compared to LY6A- 

MOSE cells, LY6A+ MOSE cells have enhanced sphere-forming efficiency (an indication 
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of self-renewal and differentiation). These characteristics suggest that this cell population is 

enriched for progenitor cell activity. The behaviour of these putative MOSE progenitor cells 

is regulated by at least two factors found in follicular fluid, TGFB1 and LIF, indicating that 

they may play a role in ovulatory wound healing.

 Given the limited evidence for distinct subpopulations of cells in the OSE, we 

initiated the present study using methodologies that have been effective in isolating stem/ 

progenitor cells from other adult tissues. Initial experiments have shown that the MOSE 

contains a verapamil-sensitive SP, a phenotypic marker that has been used to identify many 

somatic and cancer stem cells (Goodell et al., 1996; Wulf et al., 2001; Preffer et al., 2002; 

Al-Hajj et  al., 2003; Bhatt et al., 2003; Jonker et al., 2005; Challen and Little, 2006; 

Haraguchi et  al., 2006; Szotek et al., 2006; Ono et al., 2007; Szotek et al., 2008; Hosonuma 

et al., 2011). The ability to efflux substances is thought to be protective against a variety  of 

chemicals, allowing somatic stem cells to survive long term in the body  (Rossi et al., 2008). 

The size of the SP we report is in keeping with the only other report  of a MOSE SP (Szotek 

et al., 2008). The SP cells proliferate at a slower rate, which is also consistent with the 

finding by Szotek et al. (Szotek et al., 2008) that label-retaining cells, which proliferate 

slowly, are enriched in the SP. The difference in proliferation rate between the MP and 

MOSE cells is likely because the MOSE cells were not passed through the cell sorter and 

were more robust than the MP when placed into culture.

 Although previous studies have identified a putative stem cell population in the 

OSE that may be involved in neo-oogenesis (Johnson et al., 2004; Bukovsky et  al., 2008; 

Virant-Klun et al., 2008; White et al., 2012), no indication regarding what role these cells 
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may play in ovulation has been reported. Similarly, Szotek et al. (Szotek et al., 2008) 

reported the presence of label-retaining cells juxtaposed to sites of ovulation, but their 

importance to ovulation or ovulatory wound repair was not  investigated. In the present 

study, we have attempted to isolate and characterize these cells to enable an examination of 

their role in ovulation. Herein, we have shown that a small subpopulation of MOSE cells 

expresses the genetic marker, LY6A, known as SCA-1 in the stem cell field. LY6A is the 

most commonly used genetic marker for enrichment for murine hematopoietic stem cells 

(Spangrude et al., 1991; Okada et al., 1992), and it has been used to prospectively  isolate 

murine progenitor or stem cells from such diverse tissues as vascular endothelium, bone, 

mammary  gland, prostate, skeletal muscle, heart, dermis, liver, and lung (reviewed in 

Holmes and Stanford, 2007). Whereas studies with transgenic mouse lines using the LY6A 

promotor to drive lacZ, green fluorescent protein (GFP), or enhanced GFP (eGFP) 

expression have shown that it is expressed in many tissues (Miles et al., 1997; Ma et al., 

2002a; Ma et al., 2002b; Hanson et al., 2003), the present study  is to our knowledge the 

first report of LY6A expression in the ovary, perhaps because the single cells seen on the 

surface of the ovary by IHC are easily missed when screening organs for X-gal staining or 

GFP or eGFP expression, or because the ovaries were not closely examined in the other 

studies. In addition to the MOSE, LY6A staining was seen in the oocytes of primordial 

follicles. LY6A expression has not been previously  reported in oocytes, and this 

observation raises the intriguing possibility of a connection between this progenitor 

population and neo-oogenesis, as proposed previously  (Johnson et al., 2004; Bukovsky et 

al., 2008; White et al., 2012).
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 The LY6A+ MOSE cells have a higher sphere-forming efficiency than LY6A- 

MOSE cells, suggesting that LY6A surface expression marks a population of cells with 

progenitor cell characteristics. The sphere-forming assay  tests the two fundamental 

properties of progenitor cells: the ability  to self- renew and the ability to differentiate. 

When spheres are formed from a single-cell suspension in methylcellulose, which prevents 

aggregation, all cells in the sphere originate from that single cell. By definition, progenitor 

cells are able to produce the differentiated progeny that make up the cell types within the 

sphere, so the number of spheres formed reflects the number of progenitor cells in the 

culture. Sphere formation was first used to isolate neural progenitor cells (Reynolds and 

Weiss, 1996; Weiss et al., 1996); it has since been used to isolate mammary  gland 

progenitor cells (Dontu et al., 2003; Woodward et al., 2005; Liao et al., 2007). The fact that 

not every  LY6A+ MOSE cell forms spheres indicates that there may be other, as-yet-

undiscovered progenitor cell markers that would more efficiently enrich for MOSE cells 

with progenitor cell characteristics.

 The MOSE cells, when taken directly off the surface of the ovary and placed into 

sphere culture conditions, have the ability  to form spheres that can be passaged at least 

three times. The ability to passage spheres suggests that the cells are undergoing 

asymmetric division, because within the mixed ball of cells, there remains at least one cell 

with the ability to produce spheres. If all the cells within a sphere could produce secondary 

spheres, a dramatic increase in sphere-forming efficiency would be expected; however, this 

was not seen.

 The MOSE requires repeated, localized replacement during the reproductive life 
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span of the ovary. It remains unclear how the MOSE regenerates in response to ovulatory 

wounding, but at  least two processes are possible: 1) Every cell in the MOSE has the same 

capacity to proliferate to close the wound, or 2) a small population of cells are stimulated to 

divide and produce differentiated daughter cells in response to some aspect of ovulation. 

Our results, and the work of others in rodents and nonhuman primates (Gaytán et al., 2005; 

Burdette et al., 2006; Szotek et al., 2006; Wright et al., 2008a), support the second process, 

and we propose that a small population of progenitor cells participates in wound repair 

following ovulation.

 We have shown that SOV, which causes a supraphysiological number of ovulation 

sites, causes a lasting increase in the proliferative capacity of the MOSE. This is consistent 

with the long-standing hypothesis that ovulation has a mitogenic effect  on the OSE and is 

therefore a risk factor for ovarian cancer (Fathalla, 1971). The gonadotropins responsible 

for SOV, estrogen, and 10% follicular fluid failed to directly  increase MOSE proliferation 

in vitro. Determining what is responsible for the increase in proliferation in primary 

cultures from SOV ovaries may provide information about the etiology of ovarian cancer.

 Both LIF and TGFB1, the levels of which are increased in follicular fluid in 

response to ovulation-inducing gonadotropins (Arici et  al., 1997; Fried et al., 1998; 

Ouellette et al., 2005; Knight and Glister, 2006), increased the proportion of cells that form 

spheres, but their mechanisms of action differ. In addition to promoting sphere formation, 

LIF increased proliferation of the total population of MOSE cells and also increased 

proliferation of sorted LY6A- and LY6A+ MOSE cells. This effect on proliferation explains 

why LIF, in addition to producing more spheres, also produced larger spheres. It  also 
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explains the reduced Ly6a mRNA expression compared to controls, because LIF expanded 

the LY6A+ sphere-forming population but also expanded the LY6A- MOSE cell 

population. This suggests the intriguing possibility that this growth factor is able to promote 

both the expansion of the MOSE progenitor cell population as well as the proliferation of 

their progeny during ovulatory wound repair. The decrease in Ly6a mRNA caused by LIF 

treatment may be a reflection of LY6A+ MOSE cells being diluted by the proliferative 

effects of LIF on the LY6A- cells, because the majority of cells in a mixed MOSE 

population do not express LY6A. Additionally, LIF may be acting to expand a population of 

sphere-forming MOSE cells that express a still undiscovered progenitor cell marker.

 The TGFB1 decreased proliferation of mixed MOSE cells, LY6A- MOSE cells, and 

LY6A+ MOSE cells; resulted in the production of smaller spheres; and increased both Ly6a 

mRNA and the proportion of MOSE cells expressing LY6A compared to control. It  also 

induced LY6A surface expression in LY6A- MOSE cells, something that LIF was not able 

to do. This indicates that TGFB1 increases both the number of spheres formed and the 

number of LY6A+ cells by  inducing LY6A expression in MOSE cells that previously did 

not express the marker.

 Given the opposing effects of LIF and TGFB1 on both proliferation and expression 

of LY6A in MOSE, it was not surprising that the application of a 1:10 dilution of bovine 

follicular fluid, containing both of these factors (and others), did not alter the proliferation 

of MOSE in vitro. A determination of the relative concentration of these and other factors in 

murine follicular fluid and an improved understanding of the time course of the response to 

these factors may improve our understanding of their putative roles in the modulation of 
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MOSE during ovulatory wound repair.

 Finally, TGFB1 is a prototypic inducer of the epithelial-to-mesenchymal transition 

(EMT), a process by which epithelial cells adopt a mesenchymal phenotype(Zavadil and 

Böttinger, 2005). The EMT plays an important role during development and wound 

healing; in fact, in response to ovulation, OSE cells surrounding the ovulatory wound adopt 

a mesenchymal phenotype (Auersperg et  al., 2001). Recently, TGFB1 and the EMT have 

been associated with the conversion of mammary epithelial cells into mammary stem cells 

(Mani et al., 2008; Guo et al., 2012), and the maintenance of naturally  occurring mammary 

stem cells requires the expression of transcription factors that are upregulated as a result of 

an EMT (Guo et al., 2012). Our results suggest that a similar process may be occurring in 

the OSE, and this process is the focus of current studies.

 In conclusion, the MOSE contains an LY6A+ population of cells that has enhanced 

progenitor cell characteristics (increased sphere-forming efficiency). This population is 

regulated by  two factors found in follicular fluid, TGFB1 and LIF. Our findings that 

TGFB1 can convert LY6A- MOSE cells into LY6A+ progenitor cells and that LIF can 

induce the expansion of LY6A+ MOSE progenitor cells while also stimulating proliferation 

of LY6A- MOSE cells provide a new perspective on how LY6A expression and ovulatory 

wound healing may be regulated.
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3.1 Abstract

 The ovarian surface epithelium (OSE) is a layer of epithelial cells lining the surface 

of the ovary. When the ovary ovulates, the OSE is ruptured and rapidly regenerates itself. 

This process, while not well understood, is associated with a local epithelial-to-

mesenchymal transition (EMT) in the OSE surrounding the wound site. Recently, Stem Cell 

Antigen-1 (SCA-1) has been identified as a surface marker that enriches for OSE cells with 

progenitor cell characteristics. In addition, TGFB1, a cytokine present at the ovulatory 

wound site, has been shown to expand the SCA-1 expressing (SCA-1+) OSE population. 

Because TGFB1 is a known inducer of the EMT, and because the EMT plays a role in 

expanding stem cell populations in other epithelia, we determined whether TGFB1 expands 

the SCA-1+ OSE progenitor cell population by triggering an EMT. Both treatment with 

TGFB1 and overexpression of the EMT master gene, SNAIL, caused the OSE cells to 

adopt a mesenchymal phenotype, but unlike TGFB1 treatment, SNAIL overexpression 

stimulated cell proliferation and did not expand the SCA-1+ OSE population nor did it alter 

the size distribution of the OSE. Interestingly, EMT induced by  SNAIL overexpression did 

increase sphere formation by OSE cells, which indicates that it increases the stem cell 

capabilities of the OSE. Our results suggest that  the EMT, which occurs in OSE at the 

ovulation site, may cause an increase in the number of OSE progenitor cells as a means to 

facilitate ovulatory wound repair.
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3.2 Introduction

 Each time the ovary ovulates, the ovarian surface epithelium (OSE) is ruptured. The 

resultant ovulatory wound is quickly healed, although the process controlling this is poorly 

understood. Recently, the presence of an OSE progenitor cell population has been reported 

in the literature (Szotek et  al., 2008; Gamwell et  al., 2012). The number of OSE with 

progenitor cell characteristics have been found to increase after ovulation (Szotek et al., 

2008), indicating that this progenitor cell population is controlled in some way by 

ovulation. In addition, OSE progenitor cells express the stem cell marker Stem Cell 

Antigen-1 (SCA-1, also known as LY6A) which to date is the only surface marker 

identified for this progenitor cell population (Gamwell et al., 2012), although a small cell 

size has recently been proposed as a marker of OSE cells with the ability  to produce 

oocyte-like cells (Parte et al., 2011; Virant-Klun et al., 2011; Bhartiya et al., 2012).

 The SCA-1 expressing (SCA-1+) OSE progenitor cell population is expanded by 

Transforming Growth Factor Beta 1 (TGFB1), a factor found in the follicular fluid at 

ovulation (Fried and Wramsby, 1998; Fried et al., 1998; Ouellette et al., 2005; Knight and 

Glister, 2006; Gamwell et al., 2012). We have previously shown that TGFB1 causes the 

OSE cells to assume a more stem-like phenotype, as seen by an increase in sphere 

formation, but it  also expands the SCA-1+ progenitor cell population by converting cells 

that do not exhibit surface expression of SCA-1 (SCA-1-) into SCA-1+ cells (Gamwell et 

al., 2012). Determining how TGFB1 controls this switch from SCA-1- to SCA-1+ could 

provide valuable insight into how this progenitor cell population is regulated and provide 

insight into how ovulatory wounds are healed.
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 TGFB1 is a well known inducer of the epithelial-to-mesenchymal transition (EMT) 

where polarized epithelial cells transition into migratory mesenchymal cells (Kalluri and 

Weinberg, 2009). As the EMT progresses, protein markers associated with epithelial cells, 

like E-Cadherin and cytokeratins are lost while expression of members of the family of 

EMT master genes (e.g. Snail, Slug, and Twist) and Vimentin is gained (Kalluri and 

Weinberg, 2009; Savagner, 2010). In the adult, the EMT often occurs during tissue repair 

and regeneration as it allows terminally differentiated epithelial cells to change their 

function to reconstruct tissues following injury  or inflammation (Kalluri and Weinberg, 

2009). In the OSE, an EMT occurs in response to ovulation with OSE cells near the wound 

site assuming a mesenchymal phenotype to enable them to migrate and proliferate to close 

the wound (Auersperg et al., 2001; Salamanca et al., 2004; Ahmed et al., 2006; Gotfredson 

and Murdoch, 2007).

 Recently, the EMT has been shown to promote stemness in mammary epithelial 

cells (Mani et al., 2008; Morel et al., 2008; Guo et al., 2012; Palafox et al., 2012). When 

mammary  epithelial cells are induced to undergo an EMT they not only  acquire 

mesenchymal characteristics, but they  also resemble mammary epithelial stem cells with 

the expression of epithelial stem cell markers and an increased ability  to form 

mammospheres and reconstitute functional mammary glands in cleared mammary fat pads 

(Mani et al., 2008; Morel et al., 2008; Guo et al., 2012; Palafox et al., 2012). 

 Because TGFB1 increases the ability  of OSE to form spheres, increases the 

expression SCA-1, a marker of OSE progenitor cells (Gamwell et al., 2012), and is a potent 

inducer of the EMT, we determined whether TGFB1 is able to expand the OSE progenitor 
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cell population through an EMT and specifically through the expression of the EMT master 

gene, Snail.

3.3 Materials and Methods

Experimental Animals

 FVB/N mice (Jackson Laboratory) were the source of mouse OSE (MOSE) cells for 

most of the experiments. The TgN(UbGFP)6752Dag mice (referred to as UbGFP mice, 

kindly  provided as a gift from Dr. Douglas Gray, Ottawa Hospital Research Institute, 

Ottawa, ON), express enhanced green fluorescent protein (eGFP) under the control of the 

human ubiquitin promotor (Tsirigotis et al., 2001) and were used as the source of eGFP+ 

donor MOSE cells. NOD.SCID mice (NOD.CB17-Prkdcscid/NcrCrl, Charles Rivers 

Laboratories, Wilmington, MA) were used as recipient animals in cell transfer experiments. 

The mice were housed with 12 hour light/dark cycle with free access to food and water. All 

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

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

protocols approved by the University of Ottawa Animal Care Committee.

MOSE Isolation, Culture And Manipulations

 MOSE isolation and culture have been previously described (Gamwell et al., 2012). 

Briefly, MOSE cells were isolated from 6-wk-old female mice using gentle trypsinization 

(0.25% Trypsin/0.5 ml PBS/ovary; Invitrogen, Burlington, ON). For each primary culture, 

10–20 mice were used. MOSE were grown in ‘MOSE media’ and maintained on tissue 
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culture plates (Becton-Dickinson, Mississauga, ON) as described (Gamwell et al., 2012). 

All in vitro MOSE experiments were carried out at least three times using a minimum of 

two different isolations of MOSE cells with a passage number of less than 20. 

 To test the effects of TGFB1 on RNA and protein expression, MOSE were treated 

with TGFB1 (10 ng/mL; human TGFB1, Sigma-Aldrich, Oakville, ON) for 7 days as 

previously  described (Gamwell et al., 2012). Cell morphology was assessed and 

documented using the EVOS XL Core microscope system (Advanced Microscopy Group, 

Bothell, WA). The effect of TGFB1 on proliferation was assessed by treating MOSE 

(10,000 cells/mL) with a range of TGFB1 concentrations (0, 1, 10, 50, and 100 ng/mL) and 

counting viable cells after 48 hours using a Vi-CELL XR Cell Viability Analyzer (Beckman 

Coulter, Brea, CA). When growth curves were performed, MOSE were plated (10,000 

cells/mL) and viable cells were counted using a Vi-CELL Analyzer 1, 2, 3, and 4 days after 

cells were plated.

In Vivo Repopulation

 MOSE cells were isolated from UbGFP mice as described above and, once 

established in short-term culture, the eGFP+ MOSE cells were sorted by magnetic beads 

into SCA-1+ and SCA-1- fractions. Briefly, MOSE were released from tissue culture plates 

by non-enzymatic dissociation (MULTICELL Cell Stripper, Wisent Bioproducts, Montreal, 

PQ), passed through a 40 µm cell strainer and then separated into SCA-1+ and SCA-1- 

fractions using an anti-SCA-1 MicroBead kit with a MiniMAC separator and MS columns 

(Miltenyi Biotec, Cambridge, MA) following the manufacturer's protocol and as previously 
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described (Gamwell et al., 2012). To increase the purity  of the positive fraction, the eluted 

cells were passed through a second column.

  The separated fractions were injected under the bursa of the ovaries of 6-8 week old 

recipient mice (5 female NOD.SCID mice, 40,000 cells/ovary) using a microsurgical 

procedure described previously (Clark-Knowles et al., 2007; Laviolette et al., 2010). 

SCA-1+ cells were transplanted to one ovary and SCA-1- cells were transplanted to the 

contralateral ovary of each mouse. The ovaries (with ovarian bursa and fat pad intact) along 

with the attached oviduct were removed after five weeks, fixed in formalin and paraffin-

embedded so eGFP expression could be detected by immunohistochemistry. Three 

micrometer sections were cut with a microtome and mounted on Superfrost Plus slides 

(Fisher Scientific, Nepean, ON).

Immunohistochemistry (IHC)

 Histological sections were deparaffinized and rehydrated and then high temperature 

antigen retrieval was performed in pH6 sodium citrate buffer (Antigen Unmasking 

Solution; Vector Laboratories, Burlington, ON) in a pressure cooker (Tender Cooker; 

Nordic Ware, Minneapolis, MN). Endogenous peroxidase activity was blocked by 3% 

hydrogen peroxide in ddH2O for 30 minutes and non-specific antibody binding was 

blocked with Protein Block, Serum-Free (Dako, Burlington, ON; all IHC reagents from 

Dako unless specified otherwise). A polyclonal rabbit eGFP primary antibody (Ab6556, 

AbCam, Toronto, ON) was diluted in Antibody Diluent with Background Reducing 

Components at a concentration of 1:200 and incubated on the tissues for 1 hour at room 
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temperature. After washing away  unbound primary antibody, the sections were incubated 

with the Anti-Rabbit  Envision+ System-HRP Labelled Polymer, washed and then immersed 

for 5 min in 250 ml of diaminobenzidine (DAB) chromogen solution (Sigma-Aldrich) with 

50 µl of 30% hydrogen peroxide. Sections were counterstained with Harris hematoxylin 

(Fisher Scientific) and mounted with Permount (Fisher Scientific). Images were obtained 

with the ScanScope CS system and ImageScope software (Aperio, Vista, CA).

Flow Cytometry

 The numbers of cells with surface expression of SCA-1 were determined using 

antibodies against SCA-1 and flow cytometric procedures as described in (Gamwell et al., 

2012). The relative volume of different populations of MOSE cells was estimated by 

comparing their forward scatter (FS), as the FS is determined to a large extent by the 

volume of the scattering particles (Tzur et al., 2011). 

Gap Closure Migration Assay

 Migration was assessed using a Gap Closure Migration Assay (Radius 24-Well Cell 

Migration Assay, Cell BioLabs, San Diego, CA) following the manufacturer’s directions. 

Prior to placing cells in the migration wells, cells were pretreated with MOSE media in the 

absence or presence of 10 ng/ml TGFB1 for 5 days. Cells (100,000/well) were then plated 

in 500 uL of MOSE media or MOSE media with 10 ng/ml TGFB1. The cells were allowed 

to attach for 24 hours and confluency was confirmed before the disc insert was removed, at 

which point the media was replaced. The control MOSE received MOSE media and the 
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TGFB1 treated MOSE received MOSE media with 10 ng/ml TGFB1 for the duration of the 

migration assay. Images were taken using the EVOS XL Core microscope system 

immediately after the insert was removed (0h) and after 33 hours. 

Gene Expression Analysis 

 RNA isolation and quantitative real-time PCR (Q-PCR) were carried out as 

described in Gamwell et al. (2012). The primer sequences used to detect Snail, Slug, Twist, 

Vimentin, E-Cadherin, Cytokeratin and Ppia (endogenous control) are listed in Table 3.1. 

The primer sequence used to detect Sca-1 has been previously described (Gamwell et al., 

2012).

Western Blot Analysis

 Protein was isolated using ProteoJET Mammalian Cell Lysis Reagent (Fisher 

Scientific) following the manufacturer’s directions. Lysates (60 ng) were run on precast 

NuPAGE 4-12% Bis-Tris gels (Invitrogen) and transferred to Immobilon-P membranes 

(Millipore, Billerica, MA). Blots were blocked with 5% milk in Tris-buffered saline with 

0.05% Tween 20 (TBST) for at least 1 hour at room temperature. Blots were then probed 

with antibodies against SNAIL (1:200, ab82849, AbCam), E-CADHERIN (1:5000, 610182, 

BD Transduction Laboratories, Mississauga, ON), and GAPDH (1:80,000, Ab8245, 

AbCam). For primary antibodies raised in mice, a rabbit anti-mouse secondary antibody 

was used (E-CADHERIN, 1:2500; BRCA1 and GAPDH, 1:20,000; Ab6728, Abcam). For 

primary antibodies raised in rabbits (SNAIL), a donkey anti-rabbit secondary antibody was 
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Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

Snail GTC TGC ACG ACC TGT GGA A CAG GAG AAT GGC TTC TCA CC

Slug TGC AAG ATC TGT GGC AAG G CAG TGA GGG CAA GAG AAA GG

Twist AGC TAC GCC TTC TCC GTC T TCC TTC TCT GGA AAC AAT GAC A

Vimentin CGC CCAG GCC AAG CAG GAG 
TC CGC TCC AGG GAC TCG TTA GTG C

E-Cadherin ATC CTC GCC CTG CTG ATT ACC ACC GTT CTC CTC CGTA

Cytokeratin 19 TGA CCT GGA GAT GCA GAT TG CCT CAG GGC AGT AAT TTC CTC

Ppia AGG GTG GTG ACT TTA CAC GC GAT GCC AGG ACC TGT ATG CT

Table 3.1: Primer Sequences



used (1:10,000, 711-035-152, Cedarlane, Burlington, ON). Both primary and secondary 

antibodies were diluted in 5% milk in TBST and incubated with the membranes for 1 hour 

at room temperature. Detection was performed with ECL Plus (GE LifeSciences, Baie 

d’Urfe, PQ) following the manufacturer’s protocol. Images were taken using a DE500 

MultiImage FC Light Cabinet and were analyzed using AlphaEase FC (both from Alpha 

Innotech Corporation, Johannesburg, SA).

Viral Production And Infection

 The pBp-SNAIL plasmid was obtained from AddGene (Cambridge, MA) and has 

been previously described (Yang et al., 2004). The CMV-driven puromycin resistance 

expression vector pLPCX (ClonTech, Mountain View, CA) was used as a control. The 

viruses were produced by cotransfection of 293T/17 cells (American Type Culture 

Collection, Manassas, VA) with the pBp-SNAIL or pLPX vectors along with pHIT60, a 

CMV-driven gag-pol expression plasmid (Soneoka et al., 1995) and pHIT123, a CMV-

driven ecotropic env expression plasmid (Soneoka et al., 1995). Transfections of 

15,000,000 293T/17 cells were carried out using polyethylenimine (PEI, 7.5mM, pH 7.4, 

Polysciences, Warrington, PA) and the following plasmid ratios 2:1.3:1.25 µg of pBp-

SNAIL/pLPCX:pHIT60:pHIT123. Virus was harvested by collecting media from the 

transfected cultures 48h post  transfection and 500 µL of the filtered virus containing media 

was used to infect two different MOSE primary cultures (200,000 cells). Transfections were 

carried out in duplicate in the presence of 10 µg/ml of polybrene (Sigma-Aldrich). 

Following infection, cells were selected with 4 µg/ml puromycin. The infected MOSE lines 
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are referred to as pLPCX (vector control, 4 lines total) and pBp-SNAIL (4 lines total).

Sphere Forming Assays

 MOSE cells were released from tissue culture plates at 90% confluency with 

trypsin, passed through a 40-µm cell strainer and suspended as single cells in a 1:1 mixture 

of methylcellulose (to prevent cell aggregation) and progenitor cell media (Gamwell et al., 

2012) at a density of 20,000 cells/ml per well of a 12-well tissue culture plate. The bottom 

of each well was coated with a thin layer of 1% agarose in progenitor cell media to prevent 

the cells from adhering to the bottom of the culture plate. Sphere formation and 

morphology  were monitored and documented using the EVOS microscope system and the 

number of spheres in 3 random fields per well was counted. 

Statistical Analyses

 Based on the number of conditions tested, a Student t-test or an ANOVA (one-way 

or two-way  depending on the experimental design) with a Tukey’s post-test was used to 

determine statistical significance (P<0.05). Error bars indicate the SEM.

3.4 Results

Transplanted SCA-1+ But Not SCA-1- MOSE Are Detected On The Surface Of The Ovary 5 

Weeks After Intrabursal Injection

 MOSE with surface expression of the stem cell marker SCA-1 are more stem-like 

than MOSE without expression of the marker (Gamwell et al., 2012). To confirm that 
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SCA-1 marks a MOSE progenitor cell population, we tested the repopulation potential of 

SCA-1+ MOSE and therefore their potential for self-renewal and/or proliferation in vivo. 

SCA-1+ and SCA-1- MOSE isolated from UbGFP mice express eGFP and can be identified 

when introduced into recipient mice that do not express eGFP. SCA-1+ or SCA-1- cells 

were injected between the surface of the ovary and the bursal membrane in contralateral 

ovaries. Five weeks after surgery, the presence of eGFP expressing cells was determined by 

IHC. Cells expressing eGFP could be detected on the surface of recipient ovaries where 

SCA-1+ cells had been introduced under the bursa (Figure 3.1D). eGFP-expressing cells 

could not be detected on the surface of ovaries that had been injected with SCA-1- MOSE 

(Figure 3.1C). These findings suggest that only SCA-1+ MOSE cells can attach and survive 

on the surface of the ovary.

TGFB1 Expands The FSlow MOSE Population, Which Is Enriched With SCA-1+Progenitor 

Cells

 TGFB1 expands the SCA-1+ progenitor cell population by converting SCA-1- 

MOSE into SCA-1+ MOSE (Gamwell et al., 2012). To expand on this result, MOSE cells 

were treated with a range of TGFB1 concentrations (0-10 ng/mL). The percentage of 

MOSE cells with surface expression of SCA-1 was found to increase in a dose-dependent 

manner as the concentration of TGFB1 increased (Fig. 3.2C, “All Cells”), but reached 

significance only at 10 ng/mL. At that concentration of TGFB1, the percentage of SCA-1+ 

MOSE almost tripled compared to control, untreated cells.

 Careful flow cytometric analysis revealed two populations of MOSE cells based on 
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Figure 3.1: Engraftment of SCA-1-expressing MOSE on the surface of the  ovary of a 
recipient NOD.SCID mouse. A: IHC for eGFP expression on a cross-section of an ovary 
from a UbGFP mouse. Brown staining, as seen in the MOSE, indicates eGFP expression. 
Inset shows the no primary antibody control. B: A cross-section from an uninjected ovary 
from a NOD.SCID mouse. C,D: IHC for eGFP expression on a cross-section of a 
NOD.SCID ovary  transplanted with 4 x 104 eGFP+ SCA-1- cells (C) or 4 x 104 eGFP+ 
SCA-1+ cells (D), collected 5 weeks after intrabursal injection. Brown staining indicates 
cells positive for eGFP. Inset in D shows eGFP expression in a cross-section of an ovary 
from a different NOD.SCID mouse transplanted with eGFP+ SCA-1+ cells. Scale bars 
= 25µm.
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Figure 3.2: Flow cytometric analysis of the effect of TGFB1 on the percentage of 
SCA-1+ and FSlow MOSE.  A: Representative Side Scatter (SS) vs. Forward Scatter 
(FS) flow cytometry profile of MOSE treated with increasing concentrations of 
TGFB1 for 7 days. FSlow  and FShigh indicates population of cells with a low or high FS 
respectively.  All Cells represents all live cells (including FSlow and FShigh). B: 
Graphical representation of the average percentage of FSlow cells in MOSE treated 
with increasing concentrations of TGFB1 for 7 days. # indicates p<0.05 compared to 
control (0 ng/mL TGFB1). C: Graphical representation of the average percentage of 
SCA-1+ MOSE in the All Cells, FSlow and FShigh gates indicated in A. * indicates 
p<0.05 compared to All Cells at a given concentration of TGFB1. ** indicates p<0.05 
compared to FSlow at a given concentration of TGFB1. *** indicates p<0.05 compared 
to control (All Cells, 0 ng/mL TGFB1).



forward scatter vs. side scatter (FS vs. SS, Fig. 3.2A[i]). One group clustered around a 

lower FS (FSlow) which indicated these cells had a smaller cell volume, compared to the 

second group  which had a higher FS (FShigh) and therefore larger volume. As the 

concentration of TGFB1 in the culture media increased, the percentage of cells falling 

within the FShigh gate decreased, while the percentage of cells within the FSlow gate 

increased (Fig. 3.2 A[i-iv]). The percentage of cells in the FSlow gate is represented 

graphically in Fig. 3.2B and was significantly increased at the two highest  concentrations of 

TGFB1. When the percentage of SCA-1+ cells within the FSlow gate, the FShigh gate and the 

“All Cells” gate were compared at each TGFB1 concentration, SCA-1+ cells were found to 

be enriched in the FSlow gate (Fig. 3.2C). The enrichment of SCA-1+ MOSE in the FSlow 

population was statistically significant compared to FShigh in untreated cells and at all 

TGFB1 concentrations. The FSlow population was also significantly  enriched compared to 

“All Cells” without TGFB1 and at the lowest TGFB1 concentration, with a strong trend for 

an increase at the two highest concentrations of TGFB1. 

 Interestingly, as the concentration of TGFB1 increased, the proportion of SCA-1+ 

MOSE in the FSlow and FShigh gates remained the same (Fig. 3.2c), while the proportion of 

SCA-1+ MOSE in the total population (All Cells) increased. Therefore it appears that 

TGFB1 not only increases the proportion of SCA-1+ MOSE (Fig. 3.2C, All Cells) but  it 

also alters the size distribution of MOSE cells as determined by FS. In addition, cells with a 

relatively small cell volume (as determined by FS) are more likely to be SCA-1+ compared 

to cells with a larger cell volume, regardless of the absence or presence of TGFB1.
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TGFB1 Induces A Reversible EMT In The MOSE

 We previously showed that treatment with TGFB1 expands the SCA-1+ MOSE 

progenitor cell population by converting a SCA-1- cells into SCA-1+ progenitor cells 

(Gamwell et al., 2012). In a variety  of tissues TGFB1 induces EMT, which is required for 

the remodelling of tissues during embryogenesis, during certain types of wound healing and 

during the acquisition of malignant traits by carcinoma cells (Ahmed et al., 2007). 

Recently, the EMT has been shown to generate cells with many of the properties of stem 

cells (Liao et al., 2007; Mani et al., 2008; Guo et al., 2012; Palafox et al., 2012). We 

therefore determined whether an EMT, triggered by TGFB1, was driving the conversion 

from a normal MOSE cell to a MOSE cell with stem-like characteristics. 

 To determine whether MOSE cells undergo an EMT in response to TGFB1 

treatment, MOSE cells were treated with 10 ng/ml of TGFB1. After 7 days the MOSE cells 

exhibited a mesenchymal phenotype (Fig. 3.3A) and upregulated Snail mRNA 5-fold (Fig. 

3.3B) while downregulating E-Cadherin and Cytokeratin 19 mRNA 2-fold and 4-fold 

respectively (Fig. 3.3C). There was no change in Slug, Twist, or Vimentin transcript 

abundance (Fig. 3.3B). The EMT was reversible as removing TGFB1 caused the mRNA 

levels of Snail and Cytokeratin 19 to return to that of untreated MOSE (Fig. 3.3D). In 

addition to the changes in mRNA abundance, TGFB1 treatment caused a 4-fold increase in 

SNAIL protein expression and a 2-fold decrease in E-CADHERIN protein levels as 

determined by western blotting and densitometric analysis (Fig 3.4A,B).

 When epithelial cells take on a mesenchymal phenotype they often gain the ability 

to migrate. To determine if MOSE induced to undergo an EMT gained the ability  to migrate 
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Figure 3.3: The effect of TGFB1 treatment on morphology and gene expression.  
A: Representative phase contrast images of MOSE cells grown in MOSE media (control) 
and in MOSE media with TGFB1 (10 ng/mL, 7 days). Original magnification is 20x. B, 
C: Q-PCR analysis comparing the expression of mRNAs commonly  upregulated (B) or 
downregulated (C) in mesenchymal cells compared to epithelial cells.  MOSE grown in 
MOSE media (Control) or in the presence of TGFB1 (10 ng/mL, 7 days) were compared. 
D: Q-PCR detecting the relative expression of Snail and Cytokeratin 19 mRNA in MOSE 
treated with 10 ng/mL TGFB1 for 7 days (TGFB1), MOSE treated with TGFB1 for 7 
days, and then grown in the absence of TGFB1 for 7 days (TGFB1 removed) as compared 
to MOSE cells grown in MOSE media (Control). *indicates p<0.05 compared to control.
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Figure 3.4: Protein expression analysis in TGFB1-treated MOSE. A: Western blot 
analysis of expression of SNAIL and E-CADHERIN in MOSE treated with TGFB1 (10 
ng/mL, 7 days) and control MOSE. GAPDH is used as a loading control. B: 
Densitometric analysis of three Western blots indicative of that shown in A. * indicates p 
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we compared the ability of TGFB1-treated and control MOSE cells to migrate into a gap. 

TGFB1 enhanced the ability of MOSE cells to migrate during a gap  closure migration assay 

(Fig 3.5A). This enhanced migration was not caused by an increase in proliferation because 

MOSE treated with 10 ng/ml TGFB1 for 48 hours were strongly growth inhibited, reducing 

the cell number by 60% compared to control (untreated) cells (Fig. 3.5B). Proliferation was 

also significantly inhibited at 1, 50 and 100 ng/mL of TGFB1.

Overexpression Of SNAIL Induces EMT In The MOSE 

 TGFB1 has a variety of effects on cells including cell growth, differentiation, 

apoptosis, and cellular homeostasis (Kalluri and Weinberg, 2009). To study the effect of 

EMT on the MOSE progenitor cell population, separate from any other effects of TGFB1, 

we overexpressed SNAIL in the MOSE cells using a Maloney-based retrovirus. SNAIL was 

chosen, rather than SLUG or TWIST, because only Snail mRNA was upregulated by 

TGFB1 while the other two transcription factors were not. SNAIL overexpression has been 

shown to be sufficient to induce an EMT in other epithelial cell types (Batlle et al., 2000; 

Cano et al., 2000). 

 Transduction with the control pLPCX puromycin resistance vector or the pBp-

SNAIL vector, resulted in puromycin resistant colonies in all 4 replicates. Cells were 

maintained in puromycin-containing media throughout the experiments. To confirm 

SNAIL overexpression, protein was isolated from the uninfected MOSE, the pLPCX 

infected MOSE and the pBp-SNAIL infected MOSE and the level of SNAIL was 

determined by western blotting. MOSE cells infected with the pLPCX vector express 
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Figure 3.5: The effect of TGFB1 treatment on migration and proliferation. A: Gap 
closure migration assay. Representative phase contrast images of MOSE immediately  after 
the wound (circle) was created (0h) and 33 hours later (33h).  MOSE were grown in 
MOSE media or MOSE media with TGFB1 (10 ng/mL) for 5 days prior to the migration 
assay and during the migration assay  Black bar indicates 250 µm. B: An equal number of 
MOSE cells were grown in a range of TGFB1 concentrations (0-100 ng/mL) until the 
relative number of viable cells was determined after 48 hours (h). * indicates p<0.05 
compared to control.



similar levels of SNAIL as uninfected MOSE while MOSE infected with the pBp-SNAIL 

expressed, on average, 2.6-fold higher levels of SNAIL protein when compared to the 

vector control (Fig. 3.6A,B). The increase in SNAIL protein coincides with a 2-fold 

decrease in E-CADHERIN levels (Fig 3.6A,B). 

 MOSE cells that overexpress SNAIL assumed a distinctive mesenchymal 

morphology, while cells infected with the vector control maintained an epithelial 

morphology  (Fig. 3.7A). Both the protein expression profile and the morphology of the 

pBp-SNAIL MOSE cells indicate that overexpression of SNAIL is sufficient to induce an 

EMT in the MOSE cells. In addition, MOSE cells that overexpress SNAIL had a 

significantly higher proliferation rate compared to uninfected and pLPCX-infected MOSE 

cells after 4 days in MOSE media (Fig. 3.7B).

SNAIL Overexpression Does Not Increase The Percentage Of SCA-1+ Or FSlow MOSE

 TGFB1 treatment caused an increase in the proportion of MOSE expressing 

SCA-1 (Fig. 3.2C), an increase in the percentage of cells in the FSlow gate (Fig. 3.2B), and 

induced an EMT in the MOSE, which included an increase in SNAIL expression (Fig. 3.3). 

We therefore used flow cytometry to determine if EMT, induced by  SNAIL overexpression 

rather than TGFB1 treatment, was sufficient to increase the number of SCA-1 expressing 

MOSE. Interestingly, overexpression of SNAIL did not alter the proportion of cells 

expressing SCA-1 as determined by flow cytometry  (Fig. 3.8A), nor did it alter the 

percentage of FSlow MOSE (Fig. 3.8B). 
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Figure 3.6: Protein expression analysis in SNAIL-overexpressing MOSE cells.  
MOSE cells were infected with Maloney-based retroviruses encoding for puromycin 
resistance (pLPCX) or puromycin resistance and SNAIL expression (pBp-SNAIL).  
Uninfected MOSE were used as a control. pLPCX and pBp-SNAIL infected MOSE were 
selected in 4 µg/mL puromycin for 4 weeks prior to protein collection.  A: Representative 
western blot analysis depicting SNAIL and E-Cadherin expression in control MOSE, 
pLPCX and pBp-SNAIL infected MOSE. GAPDH was used as a loading control. B: 
Densitometric analysis of four western blots indicative of that  shown in A. * indicates p < 
0.05 compared to control.
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Figure 3.7: The  effect of SNAIL overexpression on MOSE cell morphology and 
proliferation. A: Representative phase contrast  images of MOSE cells that overexpress 
SNAIL (pBp-SNAIL) and the vector control (pLPCX).  Original magnification is 20x. B: 
A 4-day  growth curve comparing the proliferation rate of uninfected MOSE (triangles, 
MOSE), vector control MOSE (squares, pLPCX) and SNAIL overexpressing MOSE cells 
(circles, pBp-SNAIL). * indicates p<0.05 compared to MOSE and pLPCX.
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Figure 3.8: The effect of SNAIL overexpression on SCA-1 surface expression, 
percentage of FSlow (small) cells, and sphere formation. A: Flow cytometric analysis 
for SCA-1 surface expression in uninfected MOSE, vector control MOSE (pLPCX) and 
SNAIL overexpressing MOSE (pBp-SNAIL). B: Graphical representation of the average 
percentage of FSlow cells in uninfected MOSE, vector control MOSE (pLPCX) and 
SNAIL overexpressing MOSE (pBp-SNAIL).  C: The number of spheres formed from 
single cells by uninfected MOSE, vector control MOSE and MOSE that overexpress 
SNAIL (pBp-SNAIL) after one week in methylcellulose.  The  data shown are means of 
the number of spheres counted in three random fields in each well, in three independent 
experiments.   * indicates p<0.05 compared to MOSE.
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SNAIL Overexpression Increases Sphere Formation 

 Since SNAIL overexpression did not increase the percentage of MOSE that express 

SCA-1 we next determined whether SNAIL overexpression increased sphere formation. 

Unlike expression of a stem cell marker, sphere formation is a functional test of stemness 

which has been used extensively to indicate the presence of cells with stem/progenitor cell 

characteristics in a variety of tissues (Reynolds and Weiss, 1996; Weiss et al., 1996; Dontu 

et al., 2003; Woodward et al., 2005; Liao et al., 2007). We have previously  shown that 

MOSE progenitor cells have the ability to form spheres and, when treated with TGFB1, 

show a more than 6-fold increase in the number of spheres that they are able to form 

(Gamwell et al., 2012). When SNAIL overexpressing cells, the vector controls and normal 

MOSE were placed into sphere-forming conditions, we found that the pBp-SNAIL MOSE 

formed 3-fold more spheres than uninfected MOSE or the vector controls (Fig. 3.8C). The 

results therefore suggest that SNAIL overexpression can increase stemness without any 

affect on SCA-1 expression. 

3.5 Discussion

 Exposure to TGFB1 caused MOSE to undergo an EMT as seen by a decrease in the 

expression of epithelial markers (E-Cadherin, Cytokeratin 19), an increase in the expression 

of mesenchymal markers (Snail), the adoption of a mesenchymal morphology and the 

acquisition of the ability  to migrate. In addition to inducing an EMT, TGFB1 increased the 

proportion of SCA-1+ MOSE and MOSE that fall within the FSlow gate. In comparison, 

SNAIL overexpression induced an EMT in the MOSE, as evidenced by changes in 
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morphology  and expression of genes associated with epithelial/mesenchymal cells but was 

not sufficient to increase the proportion of SCA-1+ MOSE although it was sufficient to 

increase the number of MOSE capable of forming spheres.

 SCA-1+ but not SCA-1- MOSE can attach and survive on the surface of the ovary 

for at least 5 weeks. While not a rigorous demonstration of repopulation ability, these 

results do indicate that SCA-1+ and SCA-1- MOSE have distinct functional characteristics, 

and that SCA-1+ cells have greater ability to attach and/or survive transplantation than 

SCA-1- cells. Moreover, the SCA-1+ cells survived through multiple rounds of natural 

ovulations. It remains unclear whether the SCA-1+ transplanted cells self-renewed and/or 

proliferated in association with ovulatory wound repair. This behaviour would best  be 

studied under conditions, not yet developed, where the endogenous epithelium could be 

removed or destroyed to allow more rigorous limiting dilution and repopulation 

experiments to be performed. 

 In agreement with our previous work we have found that TGFB1, which is present 

in the follicular fluid at ovulation (Fried et al., 1998; Knight and Glister, 2006), expands the 

SCA-1+ MOSE population. Interestingly, careful flow cytometric characterization of 

MOSE cells treated with TGFB1 revealed that there are distinct populations of MOSE that 

can be separated based on their forward scatter. FSlow MOSE, which have a smaller cell 

volume, have a higher proportion of SCA-1+ MOSE compared to FShigh MOSE. This 

indicates that the FSlow MOSE may be enriched with cells with progenitor cell 

characteristics as SCA-1 is a marker for MOSE progenitor cells (Gamwell et  al., 2012). 

With further characterization, FS could prove to be a useful method for isolating MOSE 
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progenitor cells.

 Recently, it has been proposed that both mouse and human OSE may contain cells 

referred to as “very small embryonic-like stem cells” (VSELs; reviewed in Bhartiya et al., 

2012). While it is still a controversial area of research, these VSELs are proposed to have 

the ability  to create or become oocyte-like cells (Parte et al., 2011; Virant-Klun et  al., 2011; 

Bhartiya et al., 2012) in keeping with the reports of other research groups that adult ovaries 

contain cells that are capable of neo-oogenesis (Johnson et al., 2004; Bukovsky et al., 2008; 

White et al., 2012). While our results indicate that MOSE with a low FS are enriched with 

cells that  express the MOSE progenitor cell marker SCA-1, further characterization of the 

FSlow MOSE is required before it is known if our findings support the existence of a cell 

type in the OSE capable of neo-oogenesis. 

 The EMT is a phenotypic shift where closely  associated, stationary epithelial cells 

take on a more mesenchymal phenotype and gain the ability to migrate (Radisky and 

LaBarge, 2008). This process plays an important role during embryonic development as 

well as tissue regeneration and repair in the adult (Radisky  and LaBarge, 2008). We found 

that TGFB1 treatment caused the normally  epithelial cobblestone morphology of the 

MOSE to change to a more scattered and elongated mesenchymal morphology. This 

morphological shift  was accompanied by an increase in Snail expression and a decrease in 

E-Cadherin and Cytokeratin 19; in essence, the MOSE cells began to express genes seen in 

mesenchymal cells (Snail) and lost the expression of genes normally expressed in epithelial 

cells (E-Cadherin, Cytokeratin 19). 

 One of the most striking characteristics of mesenchymal cells is their ability to 
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migrate. MOSE, in culture, are relatively stationary but in response to TGFB1 they gained 

the ability  to migrate. This increase in migration was not due to an increase in proliferation 

because TGFB1 inhibited MOSE proliferation. On the surface of the ovary, OSE cells 

undergo an EMT in response to ovulatory  wounding (Auersperg et  al., 2001; Salamanca et 

al., 2004; Ahmed et al., 2006; Gotfredson and Murdoch, 2007). Our results suggest that 

TGFB1, present in the follicular fluid and at the ovulatory wound site, may  trigger an EMT 

in the MOSE surrounding the wound to facilitate their migration to repair the wound. Given 

that EMT can also contribute to the invasiveness of tumour cells and can increase their 

metastatic potential, studying this localized EMT may provide some experimental evidence 

for the incessant ovulation hypothesis of ovarian cancer initiation, which suggests that the 

process of ovulation is a risk factor for ovarian cancer (Fathalla, 1971). 

 Growing evidence suggests a role for EMT in the regulation of progenitor or stem 

cell function. In normal mammary epithelial cells, EMT, when induced by treatment with 

TGFB1 or the overexpression of Snail, Slug, or Twist, expands a population of cells with 

characteristics of both mesenchymal cells and stem cells (Mani et al., 2008; Morel et al., 

2008; Guo et al., 2012; Palafox et al., 2012). Even more interesting is the observation that 

EMT expands the stem cell population that shares genetic markers with a breast cancer 

stem cell population (CD44highCD24low). Inducing EMT in breast cancer cells makes them 

more invasive, metastatic and increases the number of cells that have the breast cancer stem 

cell-associated CD44highCD24low expression pattern (Hugo et al., 2007; Blick et al., 2010). 

This implies that there may be a relationship between EMT and cancer stem cells.

 It was therefore interesting to find that, in addition to causing an EMT, TGFB1 can 
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convert SCA-1- MOSE to SCA-1+ progenitor cells (Gamwell et al., 2012). Because the 

EMT may  create cells with a stem/progenitor cell phenotype, we examined the hypothesis 

that EMT was responsible and sufficient for the TGFB1-mediated increase in MOSE 

progenitor cells. TGFB1 has a variety  of effects on cells. Depending on the context it can 

induce proliferation, apoptosis, cell cycle arrest or differentiation (Zavadil and Böttinger, 

2005). We therefore overexpressed SNAIL in the MOSE cells as a way of inducing an 

EMT without activating all the additional downstream pathways that  are triggered by 

TGFB1.

 SNAIL overexpression did induce an EMT in the MOSE, but it did not exactly 

phenocopy  the effects of TGFB1. SNAIL overexpression caused a downregulation of E-

CADHERIN, similar to what was seen when the MOSE were treated with TGFB1. 

Cobblestone patches of MOSE stretched into elongated mesenchymal cells when SNAIL 

was overexpressed but the elongation was much more dramatic than was seen with TGFB1 

treatment. Interestingly, SNAIL overexpressing MOSE proliferated faster than normal 

MOSE, which was in direct contrast to the inhibition of proliferation seen as a result of 

TGFB1 treatment. These differences indicate that, while SNAIL shares some critical 

functions associated with EMT (change in morphology, gene expression), it  also has some 

actions in MOSE that are quite distinct from TGFB1. While it  remains unclear how TGFB1 

increases SNAIL expression and at the same time inhibits proliferation, it is clear that there 

must be other pathways activated by  TGFB1 that are able to modulate the actions of 

SNAIL.

 The differences in the effects of SNAIL overexpression and TGFB1 treatment were 
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also evident when measures of stemness, like SCA-1 surface expression and sphere-

forming efficiency, were investigated. While TGFB1 triples the number of MOSE cells that 

express SCA-1, SNAIL overexpression did not alter the percentage of SCA-1+ MOSE 

cells. Similarly, while TGFB1 increases the population of FSlow MOSE, SNAIL did not alter 

the percentage of cells with low FS, further strengthening the interpretation that there are 

notable differences between the effects of EMT induced by TGFB1 and SNAIL 

overexpression.

 The differences seen in the effects of SNAIL and TGFB1 on MOSE cell 

morphology  and proliferation may account for the inconsistency in SCA-1 expression. The 

EMT induced by TGFB1 is reversible, as the levels of Snail and Cytokeratin 19 return to 

those of normal MOSE one week after TGFB1 is removed, while in MOSE infected with 

the pBp-SNAIL vector, SNAIL expression was high for more than four weeks. It  has been 

proposed that the EMT can be classified into three different subtypes (Kalluri and 

Weinberg, 2009). The first subtype, Type 1, is the EMT that occurs during implantation, 

embryo formation and organ development. Fibrosis or an invasive phenotype is not 

associated with this type of EMT and it generates mesenchymal cells that can undergo a 

mesenchymal to epithelial transition to generate secondary epithelia (Kalluri and Weinberg, 

2009).

 The second type of EMT, Type 2, is associated with wound healing and 

inflammation. It generates fibroblasts and, if the inflammatory triggers are not eventually 

attenuated, the fibrosis can continue and eventually damage the organ. Because tissue 

damage and inflammation are a consequence of ovulation, and in response the MOSE adopt 
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a fibroblastic mesenchymal phenotype (Auersperg et al., 2001; Salamanca et al., 2004; 

Ahmed et al., 2006; Gotfredson and Murdoch, 2007), MOSE are presumably capable of 

undergoing this type of EMT. 

 The third type of EMT occurs in neoplastic cells and gives them the ability to 

invade and metastasize. Even though the three proposed types of EMT have very different 

functional outcomes, it is currently  unclear what signals induce each of the three types or 

how to distinguish between them in an experimental setting. The fact that in the MOSE, 

EMT induced by TGFB1 and by SNAIL overexpression have very different  functional 

outcomes (Sca-1 expression, cell size, proliferation) provides further support to the idea 

that there may be further subtypes of EMT, even within the context of wound repair. 

 Interestingly, even though cells with the ability to form spheres are more prevalent 

in the SCA-1+ MOSE cell fraction (Gamwell et al., 2012), SNAIL overexpression caused 

an increase in the number of spheres formed without increasing the fraction of SCA-1+ 

cells. This indicates that, while SCA-1 is as of yet the only published MOSE progenitor cell 

marker, there may  be other pathways induced by SNAIL that increase the expression of 

other, as yet undiscovered, stem/progenitor markers in these cells. 

3.6. Conclusions

 Both TGFB1 and SNAIL overexpression induced an EMT in the MOSE cells, as 

evidenced by changes in morphology and expression of genes associated with epithelial/

mesenchymal cells. However, only TGFB1 treatment expands the SCA1+ progenitor cell 

population. Interestingly SNAIL overexpression increased the number of spheres formed by 
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the MOSE indicating that SNAIL increases the proportion of cells with stem characteristics, 

even though it did not alter the expression of SCA-1. These results suggest that the EMT 

seen in the OSE surrounding the ovulatory wound site in vivo may expand the OSE 

progenitor cell population through signalling pathways that include SNAIL-mediated 

actions in combination with other, yet  to be defined, downstream effects induced by 

TGFB1. 
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4.1 Abstract

 Ovulation is the primary non-heritable risk factor for ovarian cancer. Continuous 

ovulation, with its successive rounds of rupture and repair of the ovarian surface epithelium 

(OSE), may  render the OSE susceptible to malignant transformation. In addition, 

deleterious germline mutations in the Breast Cancer 1, early  onset (BRCA1) gene increase a 

woman’s risk of developing ovarian cancer. Recently, an OSE progenitor cell population 

expressing Stem Cell Antigen-1 (SCA-1, also known as LY6A) has been reported. This 

population appears to be regulated by ovulation as factors found in the follicular fluid, 

including TGFB1, have been shown to increase the size of the SCA-1+ population. BRCA1 

has been shown to control the size of the progenitor cell population in mammary 

epithelium, so we therefore hypothesized that  the SCA-1 expressing OSE progenitor cell 

population is regulated by BRCA1. Mouse OSE with inactivated Brca1 were more stem-

like as they had twice the percentage of side population cells, and expressed higher mRNA 

levels of the known stem cell markers CD44, CD117, CD133 and Sca-1 (2.5-, 10-, 5- and 

7-fold respectively) compared to OSE with functional Brca1. Inactivation of Brca1 also 

increased by 10-fold the number of OSE cells with surface expression of SCA-1 and 

increased the number of cells with the ability  to form spheres 4-fold. In addition, TGFB1 

and SNAIL-overexpression decreased BRCA1 protein expression 3-fold and 1.7-fold 

respectively compared to control. These results indicate that BRCA1 functions as a stem/

progenitor cell regulator in OSE cells, as decreasing the levels of BRCA1 either by TGFB1 

treatment or by direct inactivation of Brca1, expands the SCA-1+ OSE progenitor cell 

population. 
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4.2 Introduction

 The surface of the ovary is covered by a single layer of epithelial cells, called the 

ovarian surface epithelium (OSE). When an oocyte is ovulated, the OSE cells at the site of 

ovulation undergo apoptosis and then OSE cells surrounding the resultant wound 

proliferate to close the wound (Murdoch, 1998). In addition to their role during ovulation, 

the OSE is thought to be one of the tissues of origin of human ovarian tumours. When 

premalignant structures are found in the ovary they often involve hyperplasia or 

invaginations of the OSE (Bell and Scully, 1994; Tonary et al., 2000).

 A mouse OSE (MOSE) stem/progenitor cell population has recently  been reported 

(Szotek et al., 2008; Gamwell et al., 2012). MOSE progenitor cells may be controlled by 

ovulation as the number of MOSE with progenitor cell characteristics have been found to 

increase after ovulation (Szotek et al., 2008). Stem Cell Antigen-1 (SCA-1, also known as 

LY6A) is the only surface marker identified for this progenitor cell population (Gamwell et 

al., 2012), although recently cell size has been proposed as a marker of both MOSE 

progenitor cells (Chapter 3) and OSE cells with the ability to produce oocyte-like cells 

(Parte et al., 2011; Virant-Klun et al., 2011; Bhartiya et al., 2012).

 Transforming Growth Factor Beta 1 (TGFB1) expands the SCA-1 expressing 

(SCA-1+) progenitor cell population in MOSE. TGFB1 is a growth factor found in many 

tissues, including ovarian follicular fluid (Fried and Wramsby, 1998; Fried et al., 1998; 

Ouellette et al., 2005; Knight and Glister, 2006; Gamwell et al., 2012) and is therefore 

present at the ovulatory wound site. When exposed to TGFB1, MOSE assume a more 

progenitor-like phenotype, as seen by an increase in sphere formation (Gamwell et  al., 
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2012). This growth factor also expands the SCA-1+ progenitor cell population by 

converting cells that do not exhibit surface expression of SCA-1 (SCA-1-) into SCA-1+ 

cells (Gamwell et al., 2012), although the mechanism by which this conversion takes place 

is unknown.

 Ovulation is the primary non-heritable risk factor for ovarian cancer (Fleming et al., 

2006). The incessant ovulation hypothesis proposes that continuous ovulation, with its 

successive rounds of OSE rupture and repair, renders the OSE susceptible to malignant 

transformation (Fathalla, 1971; Fleming et al., 2006). Support for this hypothesis comes 

from the observation that intensive egg-laying hens frequently  develop ovarian carcinomas 

(Fredrickson, 1987; Barua et al., 2009). Epidemiological studies indicate that  circumstances 

that decrease the number of ovulations, i.e., pregnancy, use of oral contraceptives, duration 

of lactation and early menopause, substantially reduce ovarian cancer risk (reviewed in 

Fleming et al., 2006). Furthermore, although still controversial, some investigators have 

found an increased risk of ovarian cancer among women treated with ovulation induction 

drugs in assisted reproduction programs (van Leeuwen et al., 2011). 

 The risk generated by incessant ovulation may be associated with the formation of 

inclusion cysts that can develop  as a result  of the process of ovulation and the pinching off 

of deep epithelial clefts on the surface of the ovary  (Fleming et al., 2006). In mice, repeated 

rounds of ovulation are associated with a marked increase in MOSE invaginations, 

stratification and inclusion cysts (Tan et al., 2005; Burdette et  al., 2007). Because ovulation 

and factors in the follicular fluid, such as TGFB1, have been shown to expand the 

progenitor cell population in the MOSE (Szotek et al., 2008; Gamwell et  al., 2012), 
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understanding the consequence of ovulation on the OSE progenitor cell population may 

provide insight into the aetiology of ovarian cancer.

 The lifetime risk of developing ovarian cancer for women in the general population 

is 1 in 70 (Weberpals et  al., 2008). In women with deleterious germline mutations in the 

Breast Cancer 1, early onset (BRCA1) gene, that risk increases to 1 in 7 (Weberpals et al., 

2008). While BRCA1 mutations occur in only 5-10% of ovarian cancer patients, in 40-72% 

of ovarian cancers, BRCA1 is rendered dysfunctional through hypermethylation, loss of 

heterozygosity, or haploinsufficiency (Weberpals et al., 2008). Therefore BRCA1 

dysfunction is seen in both hereditary and sporadic forms of ovarian cancer. Although 

BRCA1 has been implicated in regulating a wide variety  of cellular functions, the specific 

mechanisms by  which BRCA1 mutation or dysfunction lead to ovarian cancer remains 

unexplained. 

 BRCA1 was originally  proposed to function as a breast stem cell regulator by 

Foulkes (2004). BRCA1 knockdown in mammary epithelial cells leads to an increase in the 

fraction of cells displaying stem cell markers (Furuta et  al., 2005; Liu et al., 2008; Lim et 

al., 2009; Proia et  al., 2011), suggesting that loss of BRCA1 function enhances mammary 

stem cell characteristics. Current evidence suggests that loss of BRCA1 in mammary tissue 

may result in the accumulation of genetically  unstable breast stem cells, providing prime 

targets for further carcinogenic events (Furuta et al., 2005; Liu et al., 2008; Lim et al., 

2009; Proia et al., 2011). The role of BRCA1 in the regulation of stem cells in other 

epithelial tissues, like the MOSE, has not yet been investigated. We explored the possibility 

that loss of BRCA1 in MOSE cells has an impact on the size of the MOSE progenitor cell 
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compartment and investigated the mechanism by which BRCA1 expression may  be 

regulated in the MOSE.

 

4.3 Materials and Methods

MOSE Isolation And Culture

 Brca1loxP/loxP [FVB;129-Brca1tm2Brn] mice, bearing loxP sites in introns 4 and 13 of 

the Brca1 gene were generously provided by Dr. Anton Berns through the Mouse Models of 

Human Cancers Consortium Mouse Repository (National Cancer Institute, Frederick, MD) 

and their use has been previously described (Clark-Knowles et al., 2007; Clark-Knowles et 

al., 2009). FVB/N mice (Jackson Laboratory, Bar Harbor, ME) were used as non-transgenic 

controls. All animal experiments described in this study were performed according to the 

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

Care with protocols approved by the University of Ottawa Animal Care Committee.

 MOSE cells were isolated from both strains and cultured as previously described 

(Gamwell et al., 2012). Briefly, MOSE cells were isolated from 6-week-old female mice 

using gentle trypsinization (0.25% Trypsin/PBS 0.5 ml/ovary; Invitrogen). For each 

primary culture, 10–20 mice were used. MOSE were grown in ‘MOSE media’ and 

maintained on tissue-culture plates (Becton-Dickinson, Mississauga, ON) as described 

(Gamwell et  al., 2012). All in vitro MOSE experiments were carried out at least three times 

using a minimum of two different isolations of MOSE cells with a passage number of less 

than 20. 

 In addition to MOSE from Brca1loxP/loxP and FVB/N mice, MOSE that overexpress 
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the transcription factor SNAIL (referred to as pBp-SNAIL) and the corresponding vector 

control (referred to as pLPCX) were used (Chapter 3). The production of these MOSE lines 

has been previously described (Chapter 3). Briefly, after Maloney-based rotroviruses were 

produced by cotransfection of 293T/17 cells (American Type Culture Collection, Manassas, 

VA) with the pBp-SNAIL or pLPX vectors (AddGene, Cambridge, MA and ClonTech, 

Mountain View, CA , respectively) along with pHIT60, a CMV-driven gag-pol expression 

plasmid (Soneoka et al., 1995) and pHIT123, a CMV-driven ecotropic env expression 

plasmid (Soneoka et  al., 1995), virus was harvested used to infect two different MOSE 

primary cultures (200,000 cells). Infections were carried out in duplicate and following 

infection, cells were selected with 4 µg/ml puromycin. The infected MOSE lines are 

referred to as pLPCX (vector control, 4 lines total) and pBp-SNAIL (4 lines total).

 To test the effects of TGFB1 on RNA and protein expression, MOSE were treated 

with TGFB1 (10 ng/mL; human TGFB1, Sigma-Aldrich, Oakville, ON) for 7 days as 

previously described (Gamwell et al., 2012) prior to isolation of RNA and protein. 

Adenovirus Administration

 Recombinant adenoviruses Ad5CMVeGFP (AdGFP) and Ad5CMVCre (AdCre) 

(Vector Development Laboratory, Houston, TX) were used to express green fluorescent 

protein (GFP) in the MOSE as a control (AdGFP) or to express Cre Recombinase to excise 

the portion of the Brca1 gene between the loxP sites (AdCre). For in vitro infections, 

500,000 MOSE cells were infected following an established protocol (Flesken-Nikitin et 

al., 2003; Clark-Knowles et al., 2007). All experiments were initiated following replating of 
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the cells 72 h after adenoviral infection.

DNA Extraction And Detection Of Recombination

 DNA extraction buffer (50 mM  KCl, 10 mM  Tris–HCl, 2 mM MgCl2, 0.1 mg/ml 

gelatin, 0.45% Nonidet, and 0.45% Tween-20) containing 40 µg/ml proteinase K (Roche, 

Mississauga, ON) was added to cells and incubated at 58°C overnight. DNA was 

precipitated using a standard protocol using saturated NaCl and isopropanol. The DNA 

pellet was washed with 75% ethanol, air dried, and resuspended in Tris– EDTA (50 mM, 

pH 6.8).

 Cre-mediated excision of exons 5–13 (referred to as Brca1Δ5–13) was detected by 

PCR amplification using primers that bind within intron 4 and intron 13. Amplification 

using primers that bind in intron 4 [Brca1int4fwd (5′ TAT CAC CAC TGA ATC TCT ACC 

G 3′)] and intron 13 [Brca1int13rev (5′ TCC ATA GCA TCT CCT TCT AAA C 3′)] yields a 

600 bp product when recombination has occurred, or no product when recombination has 

not occurred. Detection of any remaining unrecombined sequence following Cre exposure 

was performed using primers for exon 11 of Brca1, yielding a 592 bp product (Clark-

Knowles et al., 2007).

Flow Cytometric Analysis

 The percentage of MOSE that fall within the side population (SP) was determined 

by flow cytometry as previously described (Gamwell et al., 2012). The percentage of cells 

that exhibit surface expression of SCA-1 was determined using antibodies against SCA-1 
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and procedures as described in Gamwell et al. (2012).

Gene Expression Analysis

 RNA was extracted, cDNA was made and gene expression was determined by 

relative Quantitative PCR (Q-PCR) as previously  described (Gamwell et al., 2012). Primers 

against CD44, CD133, CD117, Brca1 and Ppia (endogenous control) are provided in Table 

4.1. Primers against Sca-1 were described in (Gamwell et al., 2012).

Western Blot Analysis

 Protein was isolated as described in (Chapter 3). Lysates (60 ng) were run on 

precast NuPAGE 4-12% Bis-Tris gels (Invitrogen, Burlington, ON) and transferred to 

Immobilon-P membranes (Millipore, Billerica, MA). All blots were blocked with 5% milk 

in Tris buffered saline with 0.05% Tween 20 (TBST) for at least 1 hour at room 

temperature. Antibodies against SNAIL (1:200, Ab82846, AbCam, Toronto, ON), BRCA1 

(2 µg/ml, MAB22101, R&D Systems, Burlington, ON) and GAPDH (1:80,000, Ab8245, 

AbCam) were used. For primary  antibodies raised in mice, a rabbit  anti-mouse secondary 

antibody was used (BRCA1 and GAPDH, 1:20,000; Ab6728, Abcam). For primary 

antibodies raised in rabbits (SNAIL), a donkey anti-rabbit secondary  antibody was used 

(1:10,000, 711-035-152, Cedarlane, Burlington, ON). Both primary  and secondary 

antibodies were diluted in 5% milk in TBST and incubated with the membranes for 1 hour 

at room temperature. Detection was performed with ECL Plus (GE LifeSciences, Baie 

d’Urfe, PQ) following the manufacturer’s protocol. Images were taken using a DE500 
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Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

Brca1 GCT GCA GCT GTG TGG GGG CTT CCC GAC ACC GGT AGC TGG AT

CD44 TCC TTC TTT ATC CGG AGC AC CTC CAT GTA ATG TAG AGA AGT TCT 
GAG

CD117 GAT CTG CTC TGC GTC CTG TT CTT GCA GAT GGC TGA GAC G

CD133 GAA GGA GCC CAG CTT AGA GG GGT CAT TCA CTC AAA GTA CCA TCC

Ppia AGG GTG GTG ACT TTA CAC GC GAT GCC AGG ACC TGT ATG CT

Table 4.1: Primer Sequences



MultiImage FC Light Cabinet and were analyzed using AlphaEase FC (both from Alpha 

Innotech Corporation, Johannesburg, SA).

 Sphere Formation

 The ability  of Brca1loxP/loxP and Brca1∆5-13 MOSE to form spheres was assessed 

following the procedures described in Gamwell et al. (2012). Briefly MOSE cells were 

suspended as single cells in a 1:1 mixture of methylcellulose (to prevent cell aggregation) 

and progenitor cell media (Gamwell et al., 2012) at a density of 20,000 cells/ml per well of 

a 12-well tissue culture plate. The bottom of each well was coated with a thin layer of 1% 

agarose in progenitor cell media to prevent the cells from adhering to the bottom of the 

culture plate. Sphere formation was monitored using a dissecting microscope, and spheres 

were counted with the aid of a grid placed under the culture dish.

 Statistical Analyses

 A Student t-test  was used to determine statistical significance (P<0.05). Error bars 

indicate the SEM.

4.4 Results

The Percentage Of Cells In The Side Population (SP) Increases When Brca1 Is Inactivated

 When Brca1loxP/loxP MOSE were infected with AdCre, Cre recombinase was 

expressed in the cells and mediated the excision of the regions of the Brca1 gene flanked by 

the loxP sites found in intron 4 and 13 (Clark-Knowles et al., 2007). This recombination 
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was detected by the production of a 600 bp PCR product  when primers that bind within the 

4th and 13th introns of Brca1 were used (Fig. 4.1, Brca1∆5-13, recombined). Any 

unrecombined DNA produced a 592 bp band when primers that bind within exon 11 were 

used (Figure 4.1, Brca1∆5-13, unrecombined). When Brca1loxP/loxP MOSE were infected with 

AdGFP, which encodes for GFP rather than Cre recombinase, the DNA is not recombined 

and a PCR product is detected only with exon 11 primers. The primers for intron 4 and 

intron 13 bind too far apart on the intact gene for amplification to occur (Fig. 4.1). 

 MOSE progenitor cells have been shown to be enriched in the SP identified by  flow 

cytometry  (Szotek et al., 2008; Gamwell et al., 2012). The SP phenotype is based on the 

exclusion of the DNA-binding dye Hoechst 33342 (Challen and Little, 2006) and has been 

used extensively to enrich for stem/progenitor-like cells in both normal and cancerous 

tissues (Goodell et  al., 1996; Wulf et al., 2001; Preffer et al., 2002; Welm et al., 2002; Al-

Hajj et al., 2003; Bhatt et al., 2003; Jonker et al., 2005; Haraguchi et al., 2006; Szotek et al., 

2006; Ono et al., 2007; Szotek et al., 2008; Hosonuma et al., 2011; Gamwell et  al., 2012). 

Because BRCA1 has been shown to control the size of the progenitor cell population in the 

mammary  gland (Furuta et al., 2005; Liu et al., 2008; Lim et al., 2009; Proia et al., 2011), 

we determined whether inactivation of Brca1 in MOSE cells increased the size of the SP. 

Inactivation of Brca1 caused a significant, 2-fold increase in the percentage of MOSE that 

fall within the SP gate (Fig. 4.2 A,B). This indicates that inactivation of Brca1 may  increase 

the proportion of cells with stem/progenitor cell characteristics.
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Brca1loxP/loxP Brca1∆5-13

Unrecombined

Recombined

Figure 4.1: Recombination at loxP sites in the Brca1 gene. PCR of genomic DNA 
extracted from Brca1loxP/loxP MOSE cells infected with AdGFP (Brca1loxP/loxP) or AdCre 
(Brca1∆5-13) to detect recombination at loxP sites within the Brca1 gene.
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Figure 4.2: Inactivation of Brca1 increases the size  of the side population. A: 
Representative flow cytometry  profile of Brca1loxP/loxP (control) MOSE or Brca1∆5-13

(inactivated Brca1) MOSE after staining with Hoechst 33342 dye.  SP indicates the side 
population and MP indicates the main population; the same gates were used for cells with 
and without BRCA expression. B: Graphical representation of the average percentage of 
side population cells in Brca1loxP/loxP and Brca1∆5-13 MOSE. * indicates p<0.05 compared 
to control.



Inactivation Of Brca1 Increases The Expression Of The Stem Cell Markers CD44, CD117, 

CD133 And Sca-1

 Because inactivation of Brca1 increased the proportion of cells within the SP, we 

next determined whether loss of BRCA1 increased the expression of the known stem/

progenitor cell markers CD44, CD117, CD113 and SCA-1. CD44, CD117 and CD133 are 

stem cell markers in a variety of tissues and are also ovarian cancer stem cell markers 

(Zhang et al., 2008; Meirelles et al., 2012; Steg et al., 2012) and SCA-1 is a MOSE 

progenitor cell marker (Gamwell et al., 2012) and is also a marker of progenitor cells in the 

hematopoietic system, mammary gland, bone, prostate, skeletal muscle, heart, dermis, liver 

and lung. 

 Q-PCR measurement of the mRNA levels of CD44, CD117, CD133 and Sca-1 in 

Brca1loxP/loxP and Brca1∆5-13 MOSE showed that inactivation of Brca1 significantly 

increased the mRNA levels of all these stem cell markers compared to control (Fig. 4.3, 

CD44: 3-fold, CD117: 10-fold, CD133: 5-fold, Sca-1: 7-fold).

Inactivation Of Brca1 Expands The MOSE Progenitor Cell Fraction 

 SCA-1 surface expression defines a population of MOSE progenitor cells that are 

regulated by factors found in the follicular fluid (Gamwell et al., 2012). Because 

inactivation of Brca1 caused an increase in the mRNA levels of Sca-1, we next determined 

the effect of Brca1 inactivation on surface expression of SCA-1 using flow cytometry. 

MOSE with inactivated Brca1 exhibited a 10-fold increase in the percentage of cells that 

express SCA-1 as compared to MOSE with intact Brca1 (Fig. 4.4A, N=1).
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Figure 4.3: Stem cell marker gene expression analysis in MOSE with inactivated 
Brca1. A-D:Relative expression of CD44 (A), CD117 (B), CD133 (C), and Sca-1 (D) 
mRNA levels in Brca1loxPloxP MOSE infected with AdGFP (Brca1loxP/loxP) or AdCre to 
inactivate Brca1 (Brca1∆5-13). mRNA levels are relative to non-transgenic MOSE 
(MOSE). *indicates p<0.05 compared to Brca1loxP/loxP.
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A

B

Brca1loxP/loxP Brca1∆5-13 

Brca1loxP/loxP Brca1∆5-13 

Figure 4.4: The effect of Brca1 inactivation on SCA-1 surface  expression and sphere 
formation. A: Flow cytometric analysis for SCA-1 surface expression in Brca1loxPloxP 

MOSE and Brca1∆5-13 MOSE (Brca1 inactivated) (N=1). B: The sphere forming efficiency 
of Brca1∆5-13 MOSE relative to Brca1loxPloxP MOSE. Spheres formed from single cells after 
1 week in methylcellulose (N=2).



 The capacity for sphere formation has been used to indicate the presence of cells 

with stem/progenitor cell characteristics in a variety  of tissues, including in the MOSE 

(Reynolds and Weiss, 1996; Weiss et al., 1996; Dontu et al., 2003; Woodward et al., 2005; 

Liao et al., 2007; Gamwell et al., 2012). In fact, the SCA-1+ MOSE population is enriched 

with cells with the ability to form spheres (Gamwell et al., 2012). We therefore tested 

whether the increase in the percentage of SCA-1+ MOSE caused by Brca1 inactivation 

resulted in an increase in the number of MOSE that  could form spheres. Brca1∆5-13 MOSE 

formed 4 times more spheres than Brca1loxP/loxP MOSE, which indicates that inactivation of 

Brca1 expression may cause an increase in the number of cells with stem-like 

characteristics.

TGFB1 Decreases Brca1 mRNA And Protein Expression

 When MOSE are treated with TGFB1, the number of cells with progenitor cell 

characteristics increases (Gamwell et  al., 2012). TGFB1 causes more MOSE to present 

SCA-1 on their cell surface and a higher proportion MOSE to form spheres (Gamwell et al., 

2012). Because inactivating Brca1 mimics the increase in SCA-1 expression and sphere 

formation seen when MOSE are treated with TGFB1, we determined whether TGFB1 

mediates its effects by decreasing Brca1 expression. We found that MOSE treated with 

TGFB1 (10 ng/mL, 7 days), had significantly  lower levels of Brca1 mRNA (Fig. 4.5A) and 

BRCA1 protein (Fig. 4.5B, C) as seen by Q-PCR and western blot, respectively. TGFB1 

caused a 3-fold decrease in both the mRNA and protein levels of BRCA1, indicating that 

TGFB1 regulates the expression of BRCA1 either directly or indirectly.
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Figure 4.5: The effect of TGFB1 on BRCA1 mRNA and protein expression. A: Q-PCR 
analysis of Brca1 mRNA levels of MOSE treated with 0 or 10 ng/mL of TGFB1 for 7 
days. B: Western blot  analysis of expression of BRCA1 in MOSE treated with TGFB1 (10 
ng/mL, 7 days) and control MOSE. GAPDH was used as a loading control. C: 
Densitometric analysis of three Western blots indicative of that  shown in B. * indicates p < 
0.05 compared to control.
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SNAIL Overexpression Decreases BRCA1 Expression

 TGFB1 can affect a variety of cellular processes including differentiation, 

proliferation, apoptosis and cellular homeostasis (Kalluri and Weinberg, 2009). It can also 

cause epithelial cells to adopt a mesenchymal phenotype, termed the epithelial-to-

mesenchymal transition (Lee et al., 2006). In the MOSE, TGFB1 induces an EMT, 

characterized by a shift  from an epithelial morphology  to a mesenchymal phenotype 

coupled with an increase in SNAIL expression and a decrease in E-CADHERIN and CK19 

expression (Chapter 3). 

  MOSE that overexpress SNAIL (pBp-SNAIL MOSE) no longer behave as 

epithelial cells but resemble mesenchymal cells in their morphology and gene expression 

(Chapter 3). These cells have been previously  described (Chapter 3) and are a useful tool to 

study EMT in isolation of the other effects of TGFB1. We therefore determined whether 

overexpressing SNAIL caused a decrease in BRCA1 expression by comparing, by western 

blot, the abundance of BRCA1 protein in pBp-SNAIL MOSE to the vector control pLPCX 

MOSE. SNAIL overexpression significantly decreased BRCA1 protein 1.7 fold (Fig. 

4.6A,B) which suggests that TGFB1 may  reduce BRCA1 expression through pathways 

associated with EMT.

4.5 Discussion

 We have shown that TGFB1 and SNAIL have the ability  to decrease the expression 

of the potent tumour suppressor BRCA1 in ovarian surface epithelial cells. Furthermore, 

the consequence of this downregulation, besides the obvious loss of the normal tumour 
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Figure 4.6: BRCA1 expression in MOSE that overexpress SNAIL A: Western blot 
analysis of expression of BRCA1 in MOSE that  overexpress SNAIL (pBp-SNAIL) and 
control MOSE (pLPCX). GAPDH is used as a loading control. C: Densitometric analysis 
of three Western blots indicative of that  shown in B. * indicates p < 0.05 compared to 
control.
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suppressor function of BRCA1, is an increase in the expression of genes associated with the 

ovarian cancer stem cell phenotype in the MOSE. In addition, inactivation of Brca1 

resulted in an expansion of the SCA-1+ MOSE progenitor cell population. 

 To our knowledge, this is the first report  that BRCA1 regulates the SP phenotype. 

SP cells are able to pump out Hoechst dye due to their relatively high level of expression of 

drug transporters like the ATP-binding cassette (ABC) transporter ABCG2/BCRP1 (breast 

cancer-resistance protein-1) (Challen and Little, 2006). SP cells have been found in several 

tissues and cell lines including in the MOSE (Szotek et  al., 2008; Gamwell et al., 2012). In 

the MOSE, the SP is enriched with stem/progenitor-like cells (Gamwell et al., 2012; Szotek 

et al., 2008). In addition, cancer stem-like cells have been found to be enriched in the SP in 

a variety of carcinomas including ovarian cancer (Szotek et al., 2006; Hu et al., 2010). The 

ability  of BRCA1 to regulate the size of the SP has implications in both the normal ovary 

and in ovarian cancer.

 In addition to increasing the proportion of cells that have the ability to efflux 

Hoechst dye, Brca1 inactivation increased the expression of the ovarian cancer stem cell 

markers CD117, CD133 and CD44 (Zhang et al., 2008; Baba et al., 2009; Kusumbe et al., 

2009; Meirelles et al., 2012). All three have been proposed to identify  ovarian cancer cells 

that exhibit tumour initiating or cancer stem cell properties. In addition, in the mammary 

gland and breast cancer cell lines, expression of CD44, CD113 and CD117 has been shown 

to be controlled by BRCA1 (Furuta et al., 2005; Wright et al., 2008b; Lim et al., 2009; 

Proia et al., 2011). Our findings that  Brca1 inactivation increases the mRNA levels of these 

cancer stem cell markers indicates that, similar to what is seen in the breast, BRCA1 
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controls the size of the MOSE progenitor cell population. Flow cytometric analysis would 

allow us to determine if Brca1 inactivation causes an increase in the proportion of MOSE 

that express the markers, rather than an overall increase in expression.

 Human OSE normally  do not express CD117 (KIT) unless the OSE are located 

within preneoplastic lesions like invaginations or inclusion cysts (Tonary et al., 2000). 

Similarly, a very small percentage of CD117-expressing MOSE can be identified using 

magnet-assisted cell sorting (Gamwell et al., 2012). The incidence of preneoplastic lesions 

is increased in mice in which Brca1 has been inactivated in the MOSE (Clark-Knowles et 

al., 2007). These inclusions cysts and invaginations are found more frequently in the 

ovaries of women considered to be at an increased risk for developing ovarian cancer, 

which includes those with germline Brca1 mutations (Salazar et al., 1996; Werness et al., 

1999; Schlosshauer et al., 2003; Finch et al., 2006). Our results suggest that inactivation of 

Brca1 in the MOSE may not only  cause an increase in the incidence of preneoplastic 

lesions (Clark-Knowles et  al., 2007), but may also increase the expression of the ovarian 

cancer stem cell marker CD117. 

 Brca1 inactivation caused an increase in Sca-1 mRNA levels, the number of 

SCA-1+ MOSE, and the number of MOSE with the ability  to form spheres. These results 

provide further support for the hypothesis that BRCA1 can act as a stem cell regulator 

(Foulkes, 2004) and show, for the first time, that BRCA1 may regulate progenitor cell 

populations in other epithelia in the body, notably in ovarian epithelial cells.

 Brca1 inactivation mimicked the effect of TGFB1 on the size of the MOSE 

progenitor cell population that we have previously reported (Gamwell et al., 2012). We 
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therefore hypothesized that TGFB1 expands the MOSE progenitor cell population by 

downregulating BRCA1. TGFB1 is present in the follicular fluid at ovulation and expands 

the SCA-1+ MOSE progenitor cell population, in part by converting SCA-1- MOSE into 

SCA-1+ MOSE (Gamwell et al., 2012). TGFB1 caused a decrease in both BRCA1 mRNA 

and protein, which indicates that in the MOSE, TGFB1 may exert its effects on the 

progenitor cell population through the downregulation of BRCA1. In fact, inactivating 

Brca1 is sufficient to mimic all the observed effects of TGFB1 on SCA-1 expression and 

sphere formation.

 TGFB1 has previously been shown to downregulate Brca1 mRNA in mammary 

epithelial cells (Gudas et al., 1996). In this study, the levels of Brca1 mRNA were linked to 

the cell cycle. Exponentially dividing cells were found to express the most Brca1 while 

senescent cells expressed almost undetectable amounts. These authors proposed that 

TGFB1 decreased Brca1 because it caused the cells to senesce (Gudas et al., 1996). Other 

groups have confirmed that Brca1 mRNA levels are controlled by  the cell cycle and have 

shown that TGFB1 inhibits Brca1 mRNA expression through an Rb-dependent pathway 

(Satterwhite et al., 2000). In that context, our findings that TGFB1 decreases BRCA1 

mRNA and protein in MOSE agree with the results of these studies, as TGFB1 also 

decreases the proliferation rate of the MOSE (Gamwell et al., 2012).

 In addition to its effects on the SCA-1+ MOSE population and proliferation, 

TGFB1 induces an EMT in the MOSE that coincides with an increase in SNAIL expression 

(Gamwell et al., 2012). Interestingly, unlike TGFB1 treated MOSE, SNAIL overexpressing 

MOSE have an increased proliferation rate compared to control MOSE (Chapter 3). The 
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finding in this study  that SNAIL-overexpressing MOSE had a lower level of BRCA1 

protein expression, despite a higher proliferation rate, goes against the long standing 

concept that Brca1 expression is higher in rapidly proliferating cells (Gudas et al., 1996) 

and suggests that the inverse association between cell cycle progression and BRCA1 

expression is not universal.

 Recently, SNAIL has been shown to decrease BRCA1 expression in mammary 

epithelial cells by  recruiting the chromatin demethylase, LSD1, and binding to the BRCA1 

promoter (Wu et al., 2012). Instead of TGFB1, members of the Wnt pathway were 

proposed to be the cause of the upregulation of SNAIL protein. We have shown that 

TGFB1 caused a significant upregulation of SNAIL expression in the MOSE (Gamwell et 

al., 2012) and that SNAIL was sufficient to cause the decrease in BRCA1 expression seen 

when MOSE were treated with TGFB1. Our results therefore indicate that a similar 

pathway could be responsible for controlling Brca1 expression in the MOSE. Should 

TGFB1 be shown to reduce BRCA1 expression in the MOSE by altering the methylation of 

histones in the Brca1 promoter, it would provide a mechanism by which BRCA1 may be 

rendered dysfunctional, a characteristic seen in the majority  of sporadic ovarian cancers 

(Weberpals et al., 2008).

 Our finding that TGFB1 and SNAIL, which have been shown to cause an EMT in 

the MOSE (Chapter 3), decrease BRCA1 expression provides preliminary experimental 

evidence in support of ovulation is a risk factor for ovarian cancer (Fathalla, 1971). Perhaps 

the EMT induced by ovulation in the MOSE surrounding the wound site causes a decrease 

in BRCA1 expression. The decreased BRCA1 expression would impair the ability  of the 
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MOSE to repair double stranded DNA breaks which could accumulate in the MOSE when 

they  proliferate to close the ovulatory wound (Burdette et al., 2006) or when they are 

exposed to reactive oxygen species and inflammatory  molecules as a consequence of the 

ovulatory wound (Murdoch and Martinchick, 2004). The accumulation of DNA damage 

could then result in the oncogenic transformation of the MOSE. Comparing the expression 

of BRCA1 in MOSE adjacent to ovulatory wounds sites to those distal to the ovulatory 

wound would confirm that  this relationship between ovulation-induced EMT and BRCA1 

expression occurs in vivo. 

4.6. Conclusions

  This work has shown, for the first time, that BRCA1 acts as a stem cell regulator in 

ovarian epithelial cells. Both TGFB1 and SNAIL, which induce an EMT in the MOSE 

(Chapter 3), decreased the expression of BRCA1, which suggests that the EMT observed in 

the OSE at the time of ovulation (Salamanca et al., 2004; Ahmed et al., 2006; Gotfredson 

and Murdoch, 2007), may result  in a decrease in BRCA1 expression. As a result, this study 

identifies a potential link between the incessant ovulation hypothesis and the BRCA1 

dysfunction that is associated with the majority of sporadic ovarian cancers. Further 

investigations into the consequence of ovulation on the OSE may  strengthen this link and 

further our understanding of the initiating events of this devastating disease. 
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CHAPTER 5: GENERAL DISCUSSION

 The focus of this thesis was to first identify and then characterize a putative stem or 

progenitor cell population in the OSE. Here we summarize the major findings of this thesis 

and then discuss our findings in the context of ovulatory wound healing and explore 

whether our results support the existence of a multipotent or a unipotent progenitor cell in 

the OSE. We will also discuss whether our findings support the hypothesis that new oocytes 

can be made in the adult ovary and finally discuss the implications of our results in the 

initiation of sporadic and hereditary EOC.

5.1 Summary of Findings

 We have identified a population of SCA-1+ MOSE cells that display progenitor cell 

activity. We have demonstrated that  the behaviour of these putative MOSE progenitor cells 

is regulated by TGFB1 and LIF, indicating that they may play a role in ovulatory wound 

healing. Specifically TGFB1 increased the proportion of SCA-1+ cells by converting 

SCA-1- cells into SCA-1+ cells while LIF induced proliferation in the SCA-1+ and SCA-1- 

MOSE populations. 

 Exposure to TGFB1 caused MOSE cells to undergo an EMT as seen by a decrease 

in the expression of epithelial markers, an increase in the expression of mesenchymal 

markers, the adoption of a mesenchymal morphology and the acquisition of the ability to 

migrate. In comparison, SNAIL overexpression induced an EMT in the MOSE, as 

evidenced by changes in morphology and expression of genes associated with epithelial/

mesenchymal cells but was not sufficient to increase the proportion of SCA-1+ MOSE, 
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although it was sufficient to increase the number of MOSE capable of forming spheres. 

 TGFB1 and SNAIL decreased the expression of the potent tumour suppressor 

BRCA1 in MOSE cells and inactivation of Brca1 was sufficient to cause an expansion of 

the SCA-1+ MOSE progenitor cell population. The results presented in this thesis not only 

identify a cell-surface marker for MOSE with progenitor cell characteristics, but also 

implicate TGFB1, acting through downregulation of BRCA1 and/or possibly  an EMT, as a 

key regulatory molecule for the progenitor cell population (summarized in Fig. 5.1).

5.2 General Discussion

5.2.1 Ovulation 

 At ovulation, the follicle ruptures, and OSE surrounding the wound site adopt a 

mesenchymal phenotype and begin to proliferate to heal the wound (Salamanca et  al., 2004; 

Ahmed et al., 2006). We observed an EMT in MOSE cells treated with TGFB1 in vitro. 

TGFB1 also increased the proportion of SCA-1+ MOSE and converted SCA-1- MOSE into 

SCA-1+ MOSE in vitro. This indicates that the EMT seen in response to ovulation may 

enhance the self-renewal of MOSE progenitor cells which would help the ruptured tissue to 

heal. To confirm that this happens in vivo, immunohistochemistry to detect EMT markers 

and SCA-1 should be performed at tightly controlled time points after ovulation. The 

proposed role of LIF and TGFB1 in ovulatory  wounding are summarized in Fig. 

5.2. 
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Figure 5.1: A summary of the major findings of this thesis. TGFB1 causes an increase in 
the number of SCA-1+ MOSE, induces an EMT in the MOSE and also decreases BRCA1 
expression.  The EMT  causes an upregulation of SNAIL expression which is sufficient to 
cause a down-regulation of BRCA1 expression but is not sufficient  to increase SCA-1 
expression. Inactivation of Brca1 is sufficient to increase SCA-1 expression.
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Figure 5.2: A hypothetical model of the mechanisms controlling ovulatory wound 
repair, based on the  major findings of this study. During ovulation, follicular fluid is 
expelled from the follicle and bathes the MOSE surrounding the ovulatory wound. TGFB1 
and LIF induce self-renewal of SCA-1+ MOSE progenitor cells while LIF also acts to 
stimulate proliferation in the MOSE. The data suggest  that LIF and TGFB1 act on the 
MOSE to drive ovulatory wound healing through regulation of a SCA-1+ progenitor cell 
population.



5.2.2 Multipotency

 The literature supports the presence of multipotent cells on the surface of the ovary. 

The OSE can differentiate into mesenchymal cells to heal ovulatory  wounds (Salamanca et 

al., 2004; Ahmed et al., 2006; Gotfredson and Murdoch, 2007) and can adopt aberrant 

epithelial phenotypes when trapped in inclusion cysts (Maines-Bandiera and Auersperg, 

1997; Okamoto et al., 2009; Pothuri et al., 2010; Auersperg, 2011). They may be a source 

of granulosa cells shortly after birth (Mork et al., 2012) and have even been proposed to 

have the capacity  to differentiate into oocytes (Johnson et al., 2004; Virant-Klun et al., 

2008; Virant-Klun et al., 2009; Parte et al., 2011). All of these proposed functions are in 

addition to the progenitor cell activity required to replace OSE lost during ovulation. 

Therefore, determining whether OSE cells have the capacity  to differentiate into oocytes, 

granulosa cells or FTE cells would be useful in defining the multipotency of OSE cells.

 In this thesis, we have provided evidence of the existence of a progenitor cell on the 

surface of the ovary. MOSE cells are capable of producing spheres that can be passaged 

without a significant decline in sphere numbers, which indicates that they can self-renew. 

SCA-1 surface expression marks a population of MOSE cells that are enriched with cells 

with this capability. SCA-1+ MOSE cells, but not SCA-1-MOSE cells are also capable of 

attaching to and surviving on the surface of the ovary through many  rounds of ovulation, 

which while it is not a robust test of repopulation, indicates that the SCA-1+ MOSE 

population contain cells with some progenitor cell activity. Therefore, while the literature 

suggests the presence of a multipotent  stem cell, from our work we can only conclude that 

the MOSE contains a unipotent progenitor cell. As SCA-1 is the first reported surface 
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marker for MOSE cells with progenitor cell characteristics, this thesis comprises the first 

step in defining a progenitor cell population, or perhaps with more research, a stem cell 

population, on the surface of the ovary.

5.2.3 Neo-oogenesis 

 While it was not our goal, some of the results presented in this thesis can be 

interpreted to support  the concept that the MOSE contains cells capable of producing 

oocytes. Using immunohistochemistry for SCA-1 expression, we demonstrated that there 

are rare cells on the surface of ovary that stain positive for SCA-1 expression. In the same 

experiments, primary oocytes appeared to stain positive for SCA-1 which implies that 

primary oocytes express SCA-1. Shared expression of a protein does not always indicate a 

shared origin, nor does it always demonstrate a lineage relationship. In addition, 

immunohistochemistry  in mouse ovaries, even with an antibody with high specificity, tends 

to produce background staining in the oocytes. While the positive staining seen in the 

MOSE has been confirmed by flow cytometry, the apparently positive staining of primary 

oocytes should be confirmed by another method before conclusions can be made about its 

validity.

 Our finding that SCA-1+ MOSE cells are enriched in the FSlow gate can also be 

interpreted to suggest that SCA-1+ MOSE cells are in some way linked to neo-oogenesis. 

Our work describing the FSlow MOSE population looked at the proportion of FSlow (small) 

cells that express SCA-1. We also observed that TGFB1 caused the percentage of FSlow 

MOSE to increase. A series of recent publications, mostly from affiliated research groups, 
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have reported the existence of cells with low forward scatter with embryonic stem cell-like 

characteristics referred to as VSELs that have the capacity to produce oocyte-like cells. 

VSELs have been reported in the murine bone marrow (Paczkowska et al., 2011), the 

human OSE (Virant-Klun et al., 2008; Virant-Klun et al., 2009; Parte et al., 2011), the 

subventricular zone of the murine brain (Zuba-Surma et al., 2009) and human umbilical 

cord blood (Danova-Alt et al., 2012). Interestingly  SCA-1 is reported to be a marker of 

murine VSELs (Zuba-Surma et al., 2009).

 While dead cells were gated out at the beginning of our analysis, it would be crucial 

to demonstrate that the FSlow MOSE are in fact alive and that they can survive in culture. 

Further characterization is needed to determine whether the FSlow MOSE, or SCA-1+ 

MOSE, are capable of forming oocytes in culture.

 In collaboration with Dr. Paul Dyce at Western University, we are testing to 

determine whether MOSE cells can be differentiated into oocytes in vitro. Dr. Dyce has 

previously  reported the differentiation of oocyte-like cells from fetal porcine skin stem cells 

(Dyce et al., 2006; Dyce et al., 2011a; Dyce et al., 2011b). Some of the oocyte-like cells 

were surrounded by cells that were capable of producing estrogen, which indicates that both 

granulosa and theca cells are present (Dyce et al., 2006). As it stands, the culture system is 

inadequate to support complete development of competent oocytes from fetal skin stem 

cells (Dyce et al., 2011b). 

 Preliminary  results indicate that when grown in oocyte differentiation conditions 

(Dyce et al., 2006; Dyce et al., 2011a; Dyce et al., 2011b), a small proportion of MOSE 

cells can form oocyte-like cells that express the pluripotency markers Oct-4 and Kit at 
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much higher levels than MOSE cells grown under normal MOSE conditions (Dyce 2012, 

unpublished results). In addition, the oocyte-like cells express the oocyte/meiosis-specific 

markers Gdf9 and Scp3. Interestingly, in oocyte-like cells derived from MOSE cells, SCP3 

is properly localized to the chromosomes, while in MOSE cells it is expressed in the 

cytoplasm (Dyce 2012, unpublished results). 

 The next goal in this collaboration is to compare the ability of SCA-1+ MOSE to 

form oocyte-like cells to that of SCA-1- MOSE as well as to compare the capacity for 

oocyte formation of FSlow and FShigh MOSE. As with most of the neo-oogenesis work, the 

ability  of a cell to be forced down a specific path of differentiation does not mean it 

normally makes the end product. Still, finding cell types that can be used to make viable, 

functional oocytes would have a huge impact on assisted reproductive techniques. 

5.2.4 The Initiation Of EOC 

 Hereditary EOC represents approximately  10% of EOC cases, with the majority of 

these women carrying germline mutations in the BRCA1 gene (Weberpals et al., 2008). In 

addition, in 40-72% of cases of sporadic EOC, BRCA1 is inactivated through 

hypermethylation, loss of heterozygosity, or haploinsufficiency (Weberpals et al., 2008). 

Therefore BRCA1 dysfunction is seen in both hereditary  and sporadic forms of EOC. Our 

results predict that in the OSE of BRCA1 mutation carriers, there are more progenitor cells 

than in women without germline BRCA1 mutations. 

 In both mutation carriers and the general population, ovulation causes OSE cells to 

replicate (Gaytán et al., 2005; Burdette et al., 2006), undergo an EMT (Salamanca et  al., 
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2004; Ahmed et al., 2006), and accumulate DNA damage (Murdoch et al., 2001; Murdoch 

and Martinchick, 2004; Gotfredson and Murdoch, 2007). Our results indicate that LIF may 

be one of the factors involved in stimulating OSE proliferation and that TGFB1, through 

the upregulation of SNAIL may induce an EMT. In addition we have shown that both 

TGFB1 and SNAIL downregulated BRCA1. Therefore, we would expect a lower level of 

BRCA1 expression and therefore a decreased capacity  for DNA repair, in OSE surrounding 

the ovulatory wound than in those distal to the wound site. In BRCA1 mutation carriers, 

who already  have a deleterious mutation in one BRCA1 allele (Weberpals et al., 2008), our 

work suggests that the EMT associated with ovulation may decrease the expression of 

BRCA1 from the intact and mutated alleles, further hindering DNA repair. This reduction 

in BRCA1 function could explain why these women develop EOC at  a younger age and are 

at a higher risk of developing this disease than the general population (Seton-Rogers, 2011). 

 On the surface of the ovary in response to ovulation a population of cells surround 

the wound site undergo an EMT (Ahmed et al., 2006). Our results indicate that this may 

lead to an increase in the number of progenitor cells and a decrease in BRCA1 activity  in 

the OSE. This is occurring when the cells are proliferating to heal ovulatory  wounds 

(Burdette et al., 2006) and are exposed to DNA damaging agents like reactive oxygen 

species and inflammatory molecules (Murdoch and Martinchick, 2004). This sets up a 

favourable environment for the accumulation of genetic mutations and malignant 

transformation. 

 While a human homologue to SCA-1 has not yet been reported, we found that 

BRCA1 regulated the expression of other stem cell markers, like CD44, CD117 and 
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CD113, which are expressed in humans and are reported markers of EOC tumour initiating 

cells (Zhang et al., 2008; Meirelles et al., 2012; Steg et al., 2012). Our work indicates that 

the regulation of stem cell marker expression in the MOSE may translate to addition 

markers beyond SCA-1. 

 

5.3 Conclusions

 Taken together, the results presented in this thesis suggest the presence of a 

progenitor cell population on the surface of the ovary  that plays a role in both ovulation and 

perhaps the initiation of ovarian cancer. These progenitor cells are enriched in the SCA-1+ 

MOSE population and are regulated by at least two ovulation-associated factors, LIF and 

TGFB1. TGFB1 may be acting through two different but interconnected pathways to 

regulate the MOSE: the EMT and downregulation of BRCA1. In summary, we have shown 

that the MOSE contains a SCA-1+ progenitor cell population that is expanded by  TGFB1 

and is normally controlled by BRCA1.
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