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Abstract
Fallopian tube (FT) (also known as oviduct in mouse) is a tubular structure that connects the
ovary with the uterus. It is an important part of the female reproductive tract (FRT), as it
provides the site for fertilisation inside its lumen. There are two separate events around the
process of fertilisation, which are known as pre- and post-fertilisation event. The prefertilisation event requires the successful transfer of the healthy and viable gametes into the
site of fertilisation to form an embryo. Whereas, the post-fertilisation event entails with embryo
survival and successful embryo transport into the uterus for implantation. All these processes
require an efficient function of every epithelial cell of FT lumen because they are in direct
contact with the gametes and the embryo. Studies showed the faulty function of this epithelium
leads to multiple reproductive disorders such as infertility, ectopic pregnancy and ovarian
cancer. Clinical examination revealed that the FT epithelium of BRCA1/2 germline mutated
patients who are more susceptible to ovarian cancer consist of the secretory cell only
precancerous lesions. Thus in requirement of understanding this disease biology, there is a
need to understand the healthy FT epithelial homeostasis first. Therefore, in my thesis, first I
identified secretory cells as the stem/progenitor cells of mouse FT epithelium by using lineage
tracing approach. This secretory cells can self-renew and differentiate into the ciliated cell to
maintain the FT epithelial homeostasis. Upon identification of a stem/progenitor cell
population, there is a need to identify the signalling pathways that are involved in the process
of stem/progenitor cell self-renewal and differentiation. In the same chapter (Chapter 2), we
also identified the Wnt/β-Catenin signalling pathway that guides the secretory cell self-renewal
and stemness. We have provided evidence for the Wnt/β-Catenin signalling involvement in
ciliated cell differentiation process (Chapter 3). We showed the role of Wnt/β-Catenin
signalling pathway is indispensable for ciliated cell differentiation in mouse oviduct epithelium.
Cells in the FRT are highly sensitive to ovarian steroid hormones such as estrogen and
progesterone. Fluctuations in these hormones level during the oestrous/menstrual cycle also
alter the morphology of the FT epithelial cells. In chapter 4, we showed the effect of ovarian
hormone estrogen for a single epithelial cell fate determination. Our result showed estrogen
could induce ciliated cell differentiation in mouse oviduct epithelium. However, the underlying
mechanism of this estrogen-mediated ciliated cell differentiation has been remained unclear.
We showed in the absence of the Wnt/β-catenin signalling pathway, estrogen do not induce
any ciliated cell differentiation in the mouse oviduct epithelium. Overall, my thesis first time
identified a stem/progenitor cell population in the mouse oviduct epithelium. Later we also
defined the requirement of Wnt/β-catenin signalling pathway for the process of these
stem/progenitor cell self-renewal and differentiation in mouse oviduct epithelium. In addition,
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we also proved in mouse oviduct signals from the Wnt pathway are the link between estrogen
and ciliated cell differentiation process.
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1. Introduction:
Reproduction is an essential biological process that is required for the survival of all
mammalian species. This process entails the interaction between female and male gametes
to form the first form of life, the zygote, which eventually develops into an embryo. This whole
process of gamete interaction, known as fertilisation, takes place in the fallopian tube, a part
of the female reproductive tract (FRT) in mammalian species. The fallopian tube (FT) (in mice,
referred to as oviduct) is a narrow tubular structure that serves its purpose by providing an
optimum environment for fertilisation and early embryo development. These two functions are
mainly divided into two separate events during the process of fertilisation. The first part is
considered as a pre-fertilization event when the female gamete travels from the ovarian side,
and the male gamete travels from the uterine side to meet at the site of fertilisation named the
ampulla. Whereas, the second event is considered as the post-fertilisation period where the
newly formed embryo spends its initial 3-4 days in the FT lumen and then is transported into
the uterus for implantation (1). In both events, the FT epithelium plays a crucial role as it is in
direct contact with the gametes and the embryo. The FT epithelium is pseudostratified and
mainly consists of two cell types: ciliated and secretory cells. Both of these cell types have
their unique functions for a successful pregnancy, where ciliated cells transport the gametes
and the embryo. On the other hand, secretory fluids secreted from the secretory cells create
an optimum environment for gamete and embryo survival. The existence of two other cell
types named peg/intercalated cells and basal/reserve cells were also described in the
literature (2-4). However, many studies have now identified that the peg cells are exhausted
secretory cells that have lost a considerable amount of apical cytoplasm as secretion into the
FT lumen and the basal cells are not epithelial cells but T lymphocytes (5-7).
Other than the FT epithelium, the contraction of smooth muscle cells is also essential for
successful gamete transport. Interestingly, FT epithelium here also plays an indirect role by
secreting Prostaglandin E (PGE) and Prostaglandin F (PGF) that eventually regulate smooth
muscle contraction (8). Overall, the importance and significance of FT epithelium in
reproductive functions highlight the need for in-depth investigations into the FT epithelial
biology and the underlying mechanisms of its maintenance during homoeostasis and disease.
2. Aims:
Studies presented in this thesis aim to,
2.1. Identify the stem/progenitor cell population in the fallopian tube epithelium.
2.2. Role of Wnt/β-catenin signalling and ovarian hormones to maintain fallopian tube
epithelial homeostasis.
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2.3. To Understand the role of Wnt pathway genes and the interplay of ovarian hormones
to maintain fallopian tube epithelial homeostasis and disease biology.
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CHAPTER 1: The role of Wnt signalling and ovarian
hormones to maintain fallopian tube epithelial
homeostasis and to develop ovarian cancer

4

PhD Thesis

Arnab Ghosh

1.1 Preface:
The fallopian tube is a tubular structure that gives passage for the gametes to get fertilised
and the early embryo to spend its early days before implantation. To serve these crucial
functions, the lumen of this tube requires a functioning epithelial layer that can maintain itself
for the process of regeneration. This maintenance process in other organs epithelia requires
a resident stem/progenitor cell population with supporting niche factors. However, the firm
existence of such a stem/progenitor cell population in the tubal epithelium is lacking. Thus, in
this chapter, I cited extensive literature in support of a stem/progenitor cell population and
supporting niche exists in the tubal epithelium. I have also discussed the role of ovarian
hormones and Wnt signalling in the maintenance of the fallopian tube epithelium.
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1.2 Abstract:
The fallopian tube (FT) is an integral part of the female reproductive tract that provides an
optimum environment for fertilisation and early embryonic development. An actively
proliferating epithelium lines the FT, and synchronised function of individual FT epithelial cells
is crucial as they are in direct contact with the gametes and the embryo. Thus, for optimum
cellular function, a resident stem/progenitor cell population is needed to maintain epithelial
homeostasis. However, the existence of a resident stem/progenitor cell population in the FT
epithelium is yet to be confirmed. Multiple studies have shown the presence of a putative
stem/progenitor cell population in the fimbriae region of the fallopian tube, where these cells
have the properties of clonogenicity and differentiation in vitro. In this chapter first, I will
discuss different research outcomes in support of stem/progenitor cell exists in the FT
epithelium. Whereas, in the latter part, I will consider the niche factors, such as the different
molecular signalling pathways, that are involved in maintaining these resident stem/progenitor
cell population. Then, I will correlate these niche factors with ovarian hormones by discussing
signalling pathway modulation by ovarian hormones that eventually influences FT epithelial
homeostasis. In the end, I will elaborate on alterations of these factors and their influence on
FT epithelial homeostasis to develop different pathological conditions, such as infertility,
ectopic pregnancy, and ovarian cancer.
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Introduction:
Under the stimulation of the hypothalamus-pituitary axis, every month the ovaries produce
and release a mature oocyte that moves through the fallopian tube (FT) to be fertilised by
sperm. Fertilisation occurs inside the fallopian tube lumen where FT epithelial cells play a
critical role in transportation and survival of the gametes and the embryo during the early
stages. This process of transportation is primarily regulated by the ciliated cells, whereas, the
job of secretory cells is to produce nutrients and immune-protective agents to ensure the
survival of the gametes and the early embryo in this foreign environment. As this process is
vital for the reproductive success of a species, there is a strong evolutionary pressure to make
these processes robust and respond to any cellular damage with efficient repair systems.
Thus, similar to other organ’s epithelium, the FT epithelium also needs a continuous process
of renewal and differentiation to maintain cellular homoeostasis. For such maintenance, the
existence of a resident stem/progenitor cell population is crucial. However, the presence of
any resident stem/progenitor cell populations in the tubal epithelium was not confirmed for a
long time. In this review, we first cited extensive literature supporting the existence of a
resident stem/progenitor cell population in the tubal epithelium. Later on, we considered a
possible niche and external factors that affect stem/progenitor cell fate determination. We
recognised ovarian hormones as one of the external factors as it is well known the female
reproductive tract (FRT) is highly sensitive to ovarian hormones. Finally, in the last section,
we discussed how both of these factors influence each other to alter cell fate that may result
in different tubal diseases, such as infertility, ectopic pregnancy, or ovarian cancer.
The existence of fallopian tube stem/progenitor cells:
During every oestrous/menstrual cycle, the tubal epithelium undergoes tremendous wear and
tear upon exposure to the pro-inflammatory cytokines released by the ruptured follicle during
ovulation (9). Therefore, the tubal epithelium must have the regenerative potential to repair
and remodel itself to restore its normal functioning. Similar to most other epithelia, the tubal
epithelium might be equipped with a population of stem/progenitor cells that is responsible for
this tissue homeostasis. Despite the requirement for such a stem/progenitor cell population to
maintain this epithelial homeostasis, the existence of such a cell population is still elusive in
FT epithelium.
Early in 1935, during the examination of mouse FT histological tissue slides, Espinasse made
an observation that if the secretory and ciliated cells are the differentiated cells then how the
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FT epithelium maintains itself. Especially, those non-ciliated secretory cells that undergo
nuclear displacement and are possibly lost due to nuclear extrusion and cytoplasmic bulging
(2). To explain how this epithelium maintains itself, he proposed that these cells do not detach
completely from the FT epithelium; rather they move back to their original position and
maintain the cellular homeostasis (2). Many years later, other researchers showed the
existence of two other cell types peg/intercalated cells and basal/indifferent/reserve cells,
which are responsible for maintaining the FT epithelial and stromal homeostasis (3; 10; 11).
Interestingly, subsequent studies from other research groups disproved that by showing rather
the basal cells are lymphocytes, and the peg cells are the exhausted secretory cells, and they
do not contribute to the FT epithelial homeostasis, (3; 6; 7; 12). After many years, another
study using electron microscope showed occasional FT epithelial cells featured for both
secretory and ciliated cells that suggests these two cell types fate are not restricted rather they
might be interchangeable (5).
In recent studies, different research groups have shown the existence of a putative
stem/progenitor cell population in the distal end of the FT (commonly known as fimbriae) in
vitro. In these studies long-term label retention and side population enrichment assays
showed, candidate epithelial cell populations have stem-like activities which were
distinguished by mast–stem cell growth factor receptor KIT-positive (13) and -negative (14)
expression. In culture, the Kit-ve label-retaining cells, that are also negative for oestrogen or
progesterone receptors, formed organoids that can self-renew and contained mature epithelial
cells similar to the distal and proximal FT. Interestingly, these organoids are also positive for
another endometrial marker protein progestogen-associated endometrial protein (PAEP; also
known as glycodelin), that is also expressed by in vivo FT epithelium (14). In human similar in
vitro study showed, CD44 and integrin α6 positive basally located cells in fimbriae could grow
clonally, self-renew themselves and differentiate into secretory and ciliated cell types (15).
This finding was further confirmed in vitro by another study in 2015, where the researcher
isolated epithelial cell adhesion molecule-positive (EpCAM+ve) cells from the human fallopian
tube that can develop into 3D organoids, and differentiate into ciliated cells in the presence of
different growth factors (16). However, the exact behaviour of these epithelial cells under in
vivo conditions was not studied. That needs further validation with lineage-tracing studies with
an in vivo model. The major roadblock for these lineage tracing studies is the lack of molecular
markers that could mark the stem-like cell population in vivo.
Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), a member of the Wnt
signalling pathway is popular among multiple organs for its specific expression to mark adult
stem cells. Lineage tracing studies revealed Lgr5+ve cells are the stem cell for intestine, colon,
8
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hair follicle and stomach (17-19). Expression analysis to mark stem cell with Lgr5 in FT
epithelium showed it does not express in adult mouse fimbriae, but it expresses highly in
human fimbriae (20). Lineage tracing study with Lgr5 showed these cells contribute to
epithelial homeostasis in vivo in mouse FT epithelium (20). This suggests the existence of yet
undiscovered stem/progenitor cell population in mouse FT epithelium requires more lineage
tracing approach with different markers.
Pathways involved in maintaining fallopian tube epithelial homeostasis
Successful maintenance of homoeostasis needs supplementation of different growth and
niche maintaining factors secreted either by the adjacent epithelial cell itself or by surrounding
stromal cells. These factors eventually enrich the stem cell population upon the need for
regeneration and go on to differentiate into different cell lineages. However, identification of a
specific epithelial stem cell niche or involving molecular signalling pathways is still elusive for
the FT epithelium. In a recent study, researchers cultivated the FT epithelial cells on a feeder
layer of mouse embryonic fibroblasts in the presence of different growth factors like EGF
(epidermal growth factor), IGF (insulin-like growth factor) and regulators of TGF-β/BMP (bone
morphogenetic protein), Wnt/β-catenin, and Notch pathways. Their results showed a
population of stem cells in the FT epithelium that are Pax8+ve can give rise to both secretory
and ciliated cells under in vitro conditions (21). Similar results were also observed in two other
studies where human and mouse FT epithelium alone could develop 3D organoids containing
secretory and ciliated cells in the presence of epidermal growth factor (EGF), fibroblast growth
factor 10 (FGF10), Wnt3a, Rspondin 1, noggin, Rock inhibitor, transforming growth factor-β
(TGF-β) receptor kinase IV inhibitor, nicotinamide, B27 and N2 supplements (16; 22).
Collectively, these studies showed the need for activation of multiple molecular signalling
pathways to maintain and activate the FT stem cell population to divide and differentiate into
different lineages (16; 22).
The exact signalling pathway involved in the FT epithelial homeostasis was not known until
one study showed Lgr5, a Wnt pathway member is highly expressed in human but not in adult
mouse fimbriae. Interestingly, in the mouse FT epithelium, Lgr5 expression can only found in
the embryonic and neonatal days (20). Overall, this Lgr5 expression confirms the possible
involvement of Wnt signalling for stem cell niche maintenance in this epithelium. However, a
later study provided direct evidence for this Wnt signalling pathway involvement for FT
epithelial homeostasis upon transducing TCF-eGFP reporter in human FT epithelial organoid
cells. Their result showed an abundance of GFP expressing organoids, which confirms the
activation of Wnt/β-catenin signalling pathway (16) in these organoids. The functional
requirement of this signalling pathway in mouse FT epithelium was revealed by treating FT
9
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epithelial organoids with PKF118–310, an inhibitor for TCF/β-catenin mediated Wnt signalling.
This inhibitor treatment reduced the number and size of the organoids significantly compared
to the no treatment control group (22). Other than Wnt signalling pathway role of Notch
signalling in the FT epithelial homeostasis was also studied in two separate studies where
human and mouse FT epithelial organoids number and size reduces upon Notch inhibitor DBZ
treatment (16; 22). However, possibilities for the participation of other signalling pathways in
these processes cannot be overruled, and thus it requires a more extensive study with different
knock-in or -out mouse models.
Ovarian hormones in the maintenance of the FT epithelial homeostasis:
During ovulation, oocytes are drawn into the FT lumen by fimbriae that sweep over the ovary
and collect the oocyte (23). Additionally, follicular fluid from the ovary during oocyte ejection
can also be transported with the oocyte in the tubal lumen during this time. This fluid contains
different pro-inflammatory cytokines and ovarian steroid hormones, specifically estrogen and
progesterone (24). Estrogen has three subtypes named oestrone, oestradiol and oestriol, in
which oestradiol (E2) is the most potent. Progesterone (P4) belongs to the progestogens
family where it is the most potent among all. To influence the FT epithelial homeostasis, these
hormones bind to specific receptors expressed by the epithelial cells. E2 binds to the estrogen
receptor expressed on the nucleus which has two subtypes, estrogen receptor alpha
(ESR1/ER-α) and estrogen receptor beta (ESR2/ER-β). Progesterone binds to the
progesterone receptor (PR) and activates multiple downstream molecular cascades involving
different complex signalling molecules to determine the cell fate. In the FT epithelium, ERα and PR are expressed in all cells (25-27), whereas, ER-β is specifically expressed in ciliated
cells

(28). Thus, fluctuations of these hormone’s levels

during stages of the

oestrous/menstrual cycle modulate changes in tubal epithelial cell morphology (29). During
the proestrus/follicular phase, when the level of E2 is high, secretory cell proliferation and
differentiation are also at the peak (30). Direct evidence of E2 mediated ciliated cell
differentiation was shown in a previous report where E2 increases the number of ciliated cells
in the neonatal mouse FT (31). In contrast, P4 inhibits E2 mediated secretory cell growth and
differentiation during the diestrus/luteal phase of the oestrous/menstrual cycle (32; 33). This
whole cyclic fluctuation of hormone levels ensures the exact ratio of secretory vs ciliated cells
in the tubal epithelium for optimum physiological functioning (34; 35).
Moreover, during the diestrus/luteal phase E2 also contracts the smooth muscle which
decreases the size of the lumen and increases the chance of the oocyte is coming in contact
with the ciliated cells for transportation along the tube. During this phase, the number of ciliated
cells also increase with an increased ciliary beating so the gametes can have a smooth
10
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passage through the tubal lumen. Simultaneously, increased growth and number of secretory
cells by the influence of E2 ensures enough secretion for the next P4 dominated stage. Thus,
during the P4 dominant stage, the active secretory cells start secreting nutrients and immuneprotective substances to ensure the survival of the gametes and the early embryo inside the
FT lumen. Post-secretion these secretory cells reduce in size and become smaller than the
size of the ciliated cells which increases the chance for the ciliated cells to facilitate the
transportation of the gametes and the early embryo. In addition, P4 dominance is also linked
with an increase in luminal size due to smooth muscle relaxation which eventually allows a
smooth passage for the early embryo into the uterus for implantation. Progesterone also
reduces ciliary beating in the tubal epithelium. However, this test was only carried out in vitro
which does not mimic exactly in vivo conditions (31).
The interplay between ovarian hormone and Wnt signalling to maintain the FT epithelial
homeostasis:
Similar to FRT, the mammary gland is also sensitive to ovarian steroid hormones. A study
showed that signals from systemic steroid hormones estrogen and progesterone regulate
mammary stem cell dynamics in vivo (36). This study also suggested that the local paracrine
signals act as a link between mammary stem cell function and the systemic steroid hormones
(36). Among locally acting paracrine signalling pathways Wnt has been found to control
multiple tissue stem cell function (37), which is also a key component in mammary stem cell
niche. Multiple studies found these local Wnt signals are connected with systemic estrogen
hormone to regulate the mammary stem cell function (38; 39), but the exact mechanism
between this relationship has remained unclear. Recent work, uncover this relationship by
developing organoids where treatment with estrogen and progesterone induced expression of
Wnt pathway genes such as Wnt4 and R-spondin1 in the luminal cells which are important for
mammary stem cell self-renewal. Moreover, the author also demonstrated in the absence of
exogenous Wnt; hormone treatment supports mammary stem cell expansion only in the
presence of luminal cells. Together, it shows systemic steroid hormone signalling induces
local Wnt signalling pathway to restrict luminal differentiation and promote stem cell selfrenewal (38) in the mammary gland.
Being part of the FRT, fallopian tube epithelial cells are sensitive to systemic steroid hormones
like estrogen and progesterone. Fluctuations of these hormone’s level during stages of the
oestrous/menstrual cycle can modulate changes in FT epithelial cell morphology (29). Thus
similar like mammary epithelium signals from Wnt pathway possibly link between systemic
steroid hormonal signalling and FT epithelial homeostasis. This link was first shown by a study
in 2016, where upon over-activation of Wnt/β-catenin signalling the number of secretory cells
11
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increased, which further increased when E2 was administered externally (30). In 2017, a
similar link of Wnt signalling was established between the systemic estrogen signalling and
ciliated cell motility in mouse FT epithelium. In this study, the authors showed E2 binds to ERalpha to activate the downstream Wnt/β-catenin signalling cascade for optimum ciliary beating
inside the FT lumen. They also showed ablation of ER- alpha can disrupt ciliary beating and
end up in transportation failure (40). Overall, both findings confirm signals from Wnt pathway
links between ovarian steroid hormones and FT epithelial homeostasis. However, a more indepth study is required to unravel the complex interplay between the ovarian hormones and
the Wnt/β-catenin signalling pathway to maintain the FT epithelial homeostasis.
Understanding of which will give us a better insight into the FT related diseases like infertility,
ectopic pregnancy or ovarian cancer.
Role of FT epithelial stem/progenitor cells, ovarian hormones and altered Wnt
signalling to develop high-grade serous ovarian carcinoma (HGSC):
High-grade serous ovarian carcinoma (HGSC) is one of the four histological subtypes of
ovarian cancer; the other three include endometroid, mucinous and clear cell carcinoma (41).
Among all, HGSC is the most common and deadly subtype which is mainly epithelial (90%) in
origin. HGSC is the deadliest because of its aggressive nature and late diagnosis. By the time
it gets diagnosed, it has already metastasised to all over the peritoneal cavity which leads to
the five-year survival rate of only 30-50 per cent with unfavourable prognosis (42; 43). In
Australia, HGSC is the ninth most commonly diagnosed cancer in females. The obstacle to
developing a successful early diagnostic or therapeutic approach against HGSC is that the
origin of this cancer is still obscure.
Studies have been showed both the ovary and fallopian tube could be the site of origin of
HGSC (44-47). Numerous clinical reports also support this finding by showing precancerous
lesions located in the fallopian tube epithelium of BRCA-mutated and aged women, who are
more susceptible to developing HGSC (48). The histological analysis revealed these lesions
are composed of a continuous chain of secretory cells without interruption of a single ciliated
cell (30). Thus these lesions in the FT are categorised as secretory cell expansions/outgrowths
(SCE/SCOUTs) and serous tubal intraepithelial neoplasia/carcinoma (STINs/STICs) (49).
Histopathological examinations of these SCE/SCOUTs/STINs/STICs lesions showed they
share many historical and molecular features with HGSC. This was proved by engraftment of
transformed cells from these lesion into immunocompromised mice peritoneum leads to the
development of HGSC (50). This findings of HGSC originate from FT secretory cells were
further supported by studies where whole genome expression analysis human tissue sample
showed HGSC are similar to the FT epithelium. Further, RNAi-loss-of function analysis
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revealed expression of Paired Box 8 (PAX8), a transcription factor, is essential for proliferation
and survival of these cancerous cells which is exclusively expressed in the FT secretory
epithelium (51; 52). Moreover, in vivo mouse models provide direct evidence of such FT
epithelial cell conversion to HGSC, by showing the development of full-blown HGSC upon
mutating Brca1/2, Tp53 and Pten genes specifically in the FT secretory cells (47). Collectively,
these findings suggest that deregulated signalling in the fallopian tube secretory cells induces
HGSC. Wnt signalling pathway plays a critical role in FT epithelial homeostasis. Thus
alteration of this pathway gene may develop these precancerous lesions for HGSC. This was
confirmed by a study in 2016, where upon over-activation of Wnt/β-catenin signalling pathway
in secretory cells of mouse FT developed similar lesions like SCE/SCOUT in human patients.
Risk of cancer is determined by multiple factors such as genetic and environmental/lifestyle
factors and their complex interplay (53; 54). The risk for HGSC is a befitting example of such
multi-factor involvement. HGSC early symptoms are mostly vague, and it is mostly diagnosed
at later stages. Women with germline BRCA1/2 mutation are most susceptible to develop
HGSC; however only ~50% of these women are ending up developing HGSC (55). A large
study involving 31,658 Catholic nuns revealed these women are more susceptible to breast,
ovarian and uterine cancers compared to the general population (54). This study suggests a
possible role of unopposed ovarian steroid hormone exposure for a long time as a contributing
factor for the development of these cancers. A study showed the administration of external E2
has derogatory effects on these precancerous lesions in mouse FT epithelium (30). It
increased the number of lesions with more secretory cells possibly by inducing further top up
the activation of Wnt pathway genes (33). Overall, these results conclude that either
unopposed E2 in post-menopausal women or altered Wnt pathway genes in the fallopian tube
epithelium alone or together can change the epithelial cell fate to develop precancerous
lesions that eventually fall on the ovaries to develop HGSC. However, further investigation is
required to understand the molecular cascades that influence the interplay between the
ovarian hormones and Wnt/β-catenin signalling genes to develop these pre-cancerous lesions
in the FT epithelium.
Role of altered Wnt signalling and ovarian hormones in ectopic pregnancy and
infertility:
Over- and under-expression of Wnt pathway genes is known to be responsible for alterations
in multiple organ epithelial homeostasis such as intestine, colon, hair follicle and stomach (1719). As it pertains to the fallopian tube, ovarian hormones, specifically E2, influence epithelial
homeostasis by modulating the Wnt/β-catenin pathway. Any alteration in this signalling
pathway or hormonal imbalance can cause different pathological conditions in the FT. Studies
13
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have established that FT ciliary motility is crucial for fertilisation and successful implantation,
failure of which can lead to subfertility with a condition known as Kartagener’s disease or
immotile cilia syndrome. This condition can be caused either due to altered Wnt pathway gene
expression or hormonal imbalance. In a recent study, researchers showed how E2 mediated
Wnt/β-catenin signalling pathway modulation is required for mouse FT ciliary motility. They
also showed inhibition of this E2 signalling could lead to reduced ciliary movement in mouse
FT epithelium (40). Inversely, progesterone inhibits the E2 mediated effect and reduces ciliary
motility. Thus, it is evident that unsynchronised rise in ovarian hormones during the phases of
the oestrous/menstrual cycle can lead to faulty gamete and embryo transport which eventually
can result in different pathological conditions, such as infertility or ectopic pregnancy.
Moreover, this altered Wnt/β-catenin signalling pathway can also develop pathological
conditions with high numbers of secretory cells due to overactivation of Wnt/β-catenin
signalling pathway (30) which causes excessive fluid secretion to block the luminal passage
for the transfer of the early embryo into the uterus causing ectopic pregnancy.
1.3 Conclusion:
Understanding the mechanism of the healthy FT epithelial homoeostasis is essential for the
successful resolution of the molecular events involved in HGSC transformation. In particular,
a clear insight is required regarding how the putative adult stem/progenitor cell or
comparatively less differentiated cells in the distal FT respond to the tissue microenvironment
with the presence of different stimuli such as inflammation, genotoxic stress or pathogenic
invasion. It is still unclear whether these differentiated cells are dedifferentiated and subject to
acquiring mutations followed by malignant transformation or whether there is the existence of
an adult stem cell niche that once deregulated leads to malignancy. Intending to address these
issues, the focus of my study is to understand cellular dynamics and identify a possible stem
cell niche in the healthy mouse FT. This may help us to solve a critical problem regarding the
origin of HGSC.
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Chapter 2: In vivo genetic cell lineage tracing reveals that
oviductal secretory cells self-renew and give rise to
ciliated cells
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Preface:
HGSC is the deadliest subtype of ovarian cancer and supposedly, originates from the FT
epithelial cells. Previous literature showed these cells acquire genetic alterations to develop
precursor lesions in the FT epithelium, which eventually shreds off on the ovaries to form fullblown HGSC. It is currently unclear how these alterations in a few FT cells lead to HGSC.
This is primarily due to our lack of understanding of the FT biology.

In the chapter, I

investigated the developmental basis of the FT epithelium and defined the role of Wnt
signaling during these processes. Additionally, I provided proof of how the understanding of
these developmental processes holds a clue for understanding the pathogenesis of HGSC.
In this chapter, we include a research article entitled “In vivo genetic cell lineage tracing
reveals that oviductal secretory cells self-renew and give rise to ciliated cells” which
was featured as one of the cover articles in the journal Development. In this study, we first
investigate for a resident stem/progenitor cell population in this FT epithelium that can selfrenew and differentiate to another cell type. Then inducing mutation in this stem/progenitor
cell population, we were able to develop precursor lesions for HGSC successfully.
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Chapter 3: The indispensable role of β-catenin for ciliated
cell differentiation in the mouse oviductal epithelium.
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Preface:
In the last chapter, we identified secretory cells act as stem/progenitor cells for the mouse
oviduct epithelium, and highlighted the significance of Wnt/β−catenin signalling pathway to
maintain its stemness. Interestingly, we also find high Wnt activity in the ciliated cells for the
adult oviduct epithelium. However, the functional requirement for high Wnt activity in ciliated
cells was not confirmed. Thus, in this chapter, we affirm the presence of this Wnt activity in
the ciliated cells of adult cycling and aged oviduct. Confirmation for the presence of a high
number of Wnt-active ciliated cells in this oviduct epithelium compels us to study the functional
requirement of such signalling in these cells. To do so, in this chapter we developed β-catenin
(Ctnnb1) gene ablated organoids where the absence of Wnt/βCatenin signalling inhibits
differentiation of ciliated cells in these organoids. Overall, this finding confirms the
indispensable role of β−catenin for the ciliated cell differentiation in mouse oviduct.
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Abstract:
The oviduct/FT is an integral part of the female reproductive tract that provides a site for
fertilisation and early embryonic development. During the process of fertilisation, the epithelial
cells of the oviduct provide a nutrient-rich environment and help in the transport of the
gametes. Whereas, after fertilisation, it serves a similar role for the embryo before implantation
during the initial 3-4 days. The oviduct epithelial cells are consist of secretory and ciliated
cells. Secretory cells secrete the nutrient-rich secretion, and ciliated cells transport the
gametes and the early embryo by continuous ciliary beating. Thus, maintenance of optimum
cell number for both population is crucial for a successful pregnancy. Our recent study
identified the secretory cell as the stem/progenitor cells, and Wnt/β-catenin signalling pathway
as the niche maintaining factor for these stem cell population. Although, the exact underlying
mechanism to support the differentiation process in this epithelium is still not known. Here in
this study, we identified the Wnt/β-catenin pathway is crucial for the ciliated cell differentiation
in mouse oviduct epithelium. We also showed the absence of a single regulatory protein βcatenin from this pathway could end up with a complete absence of a differentiation process
in this epithelium. In addition, we also revealed multiple pathways involvement for the stem
cell niche maintenance in the mouse oviduct epithelium. As the secretory cells can still divide
upon ablation of β-catenin.
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Introduction:
Mouse oviducts are two connecting tubes spanning from the ovaries to the uterus. This tubal
structure claims its importance by playing an essential role during fertilisation. Anatomically,
the three distinct parts of oviduct include (i) the infundibulum, closer to the ovary; (ii) the
ampulla, at the middle and (iii) the isthmus, near to the uterus, and each of this portions serve
different purposes during the process of pre- and post-fertilization. The infundibulum opens to
the ovary with finger-like projections known as fimbriae. During ovulation, these fimbriae
sweep over the ovarian surface to collect the newly released ova and transport it through the
oviduct lumen to the ampulla (56). Due to the need for rapid and fluent transportation of the
ova, the fimbriated infundibulum consists of a higher number of ciliated cells compared to
other portions of the oviduct epithelium where secretory cells are more in number. The isthmus
section has an increased number of secretory cells that prepare an ambient environment by
secreting nutrient rich and immunoprotective secretions for the sperm to travel through from
the uterine side to the ampulla for fertilisation (29; 40). After fertilisation within the ampulla, the
newly formed embryo spends its first 3-4 days in the oviduct lumen before implanting into the
uterine lining (1). During this time, the oviduct epithelium needs to ensure the survival of the
embryo by producing a nutrient-rich secretion and immunoprotective agents to protect it from
the maternal immunity (29; 57).
During this whole process of pre- and post-fertilization, an optimum number of ciliated cells
require for the transportation of the gametes and the embryo. Faulty ciliary beating or reduced
number of ciliated cells may lead to gamete transportation failure resulting in infertility,
whereas, inability to transport the embryo into the uterus leads ectopic pregnancy. Ectopic
pregnancy claims a considerable number of maternal deaths worldwide. Thus, the optimum
number and function of these ciliated cells are essential for successful fertilisation leading to
a successful pregnancy (57).
In the last chapter, I have provided evidence that ciliated cells differentiate from secretory cells
in mouse oviduct epithelium. There we also showed the Wnt/β-catenin signalling plays a
crucial role in secretory cell self-renewal and ciliated cell differentiation. Interestingly, in adult
mouse oviduct, the fimbriated infundibulum consists of more Wnt-active ciliated cells
compared to other parts, but the specific function of this signalling pathway in the mature
ciliated cell is still unknown. To define the function of Wnt signalling in secretory to ciliated cell
dynamics, we first showed Wnt activity is higher in ciliated cells compare to secretory cells in
mouse oviduct at all stages of life. We also revealed this signalling pathway is essential for
ciliated cell differentiation by developing organoids from Ctnnb1 gene (Ctnnb1 gene translates
to β-catenin protein) ablated mouse oviduct epithelium. Also, we showed that in the absence
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of Wnt signalling, secretory cells can still divide to form organoids. This organoids however
devoid of physiologically normal cell morphology and also failed to retain stemness for longterm. Overall, our results have shown for the first time the importance of Wnt/β-catenin
signalling pathway in maintaining the lineage diversity of the mouse oviduct epithelium.
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Results:
Wnt/β-catenin signalling activity is higher in ciliated cells compared to secretory cells
in post-pubertal and aged mouse oviducts
In chapter 2, we observed that Wnt activity is more prominent in ciliated cells compared to
secretory cells in P21 mature mouse oviduct. However, cell-specific Wnt-activity during
adulthood is still unexplored. Here, we decided to study the cell-specific Wnt/β-catenin
signalling activity in mouse oviduct epithelium during the post-pubertal period and old age that
includes all the stages of the oestrous cycle. To do that, we collected TCF-GFP mouse oviduct
at all stages of the oestrous cycle (estrus, metestrus, diestrus) along-with aged P>365 and
pre-pubertal stage P21. The TCF-GFP mouse model is a well-established model of Wnt
signalling where green fluorescent protein (GFP) is fused to histone protein 2B (H2B),
downstream from six copies of TCF/LEF elements. With this combination, GFP expression
will be nuclear in Wnt-active cells only, allowing us to track and visualise Wnt activity in real
time. Immunostaining for GFP and cell-specific markers PAX8 and AC-TUB showed that
Wnt/β-catenin signalling is always active in ciliated cells of the post-pubertal and aged mouse
oviduct (Fig. 1A and 1B). As the expression of TCF/LEF directly relates to activation of the βcatenin protein, this result highlighted a possible role of β-catenin mediated active Wnt
signalling in ciliated cell differentiation within the mouse oviduct. However, the exact function
of this Wnt-activity in these ciliated cells is yet to be confirmed.
Mouse organoids developed from oviductal epithelial cells accurately mimic the tissue
architecture of mouse oviduct in vivo
To understand the exact role of the Wnt/β-catenin signalling pathway in the ciliated cells of the
mouse oviduct epithelium, we first needed a model where we could track single epithelial cell
fate without intervention from the stromal cells or any other factors in vivo. Thus, we developed
organoids from single oviductal epithelial cells that could accurately mimic the in vivo tissue
architecture and protein expression (Fig. 2A, 2B and 2D). To visualise doxycycline-induced
gene expression activity under secretory cell-specific Pax8 promoter in our organoid model,
we developed epithelial organoids from Pax8rtTA;tetOH2BJGFP mouse oviduct. Upon doxycycline
administration, these organoids showed intermittently arranged GFP+ve secretory cells (Fig.
2C). However, as this GFP is not lineage labelled and becomes diluted with each cell division
following doxycycline withdrawal, we maintained doxycycline throughout the entire culture
period. Presence of doxycycline during the whole culture period also confirmed that it did not
induce any unwanted effects on organoid growth. Further, immunostaining for oviduct
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epithelial cell-specific markers, such as β-catenin, Ck8, Pax8 and Ac-Tub on these organoids
confirmed that they accurately mimic the tissue in vivo.
Conditional deletion of β-catenin from secretory cells inhibits ciliated cell
differentiation in the adult mouse oviduct
We developed mouse oviduct epithelial organoids from Pax8-rtTA;tetO-Cre;Ctnnb1fl/fl (from
here onwards referred to as β-catenincKO) mouse model. In this mouse model, the Ctnnb1
gene is ablated specifically from the Pax8+ve secretory cells upon doxycycline administration.
To investigate the role of Wnt/β-catenin signalling in adult mouse oviductal ciliated cells, we
developed epithelial organoids from β-catenincKO mouse oviduct (Fig. 3A). For successful
deletion of Ctnnb1 gene from Pax8+ve secretory cells we maintained doxycycline in organoid
culture media during the whole culture period- from 24 hours post-seeding until day 21). To
confirm successful ablation of the Ctnnb1 gene from these organoids, we performed
immunostaining for β-catenin, a downstream target protein of the Wnt signalling pathway. Our
results showed a complete absence of β-catenin doxycycline-treated groups (Fig. 3D).
Observational analysis of organoid growth between the doxycycline-treated and untreated
groups showed similar organoid growth of organoids between two groups (Fig. 3B and 3C).
However, immunostaining for cytokeratin 8 (Ck8), an epithelial marker, showed cells in Ctnnb1
ablated organoids lost their apico-basal polarity which is a key feature of epithelial cell
organisation within a tissue (Fig. 3D).
To investigate for the presence of secretory and ciliated cells in these Ctnnb1 gene ablated
organoids, we performed immunostaining for secretory cell-specific marker Pax8 and ciliated
cell-specific marker Ac-TUB. The result showed there were fewer Pax8+ve secretory cells and
an absence of ciliated cells in these gene ablated organoids (Fig. 4A). Conversely, the
presence of regular secretory and ciliated cell arrangement was observed in untreated mutant
organoids (Fig. 3D). To further confirm the existence of any immature ciliated cells devoid of
mature cilia, we undertook immunostaining for FOXJ1, a transcription factor that expresses in
ciliated cells before the appearance of cilia (Fig. 4B) (Blatt et al., 1999), on this Ctnnb1 gene
ablated organoids. As expected not a single cell from this Ctnnb1 gene ablated organoid
expressed FOXJ1, the early ciliated cell differentiation marker (Fig. 4A). Overall, our data
confirmed the Wnt/β-catenin signalling requirement for ciliated cell differentiation in adult
mouse oviduct.
Ctnnb1 gene deleted secretory cells can still divide to form organoids, but it fails to
retain stemness in long-term culture:

65

PhD Thesis

Arnab Ghosh

In chapter 2, we showed that Wnt/β-catenin signalling requires for the secretory cell selfrenewal process. However, when we ablated the Ctnnb1 gene from the secretory cells,
interestingly, secretory cells were still able to divide but with less frequency (Fig. 3B and 3C).
This data also showed the possibility of other signalling pathway involved in the secretory cell
division process. Interestingly, these Ctnnb1 gene deleted organoids failed to grow after
passage 2 (Fig. 4C), which shows even though the secretory cells can divide, but they cannot
retain their stemness for a long time. Overall, this data confirms that Wnt/β-catenin signalling
may be dispensable for secretory cell division, but it is indispensable to retain the stemness.
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Discussion:
In my last chapter (Chapter 2) and work from other group have shown that secretory cells are
the stem/progenitor cells for the human and mouse oviductal epithelium. The Wnt/β-catenin
signalling is required to maintain stemness in these epithelial cells (16). However, till date no
study has shown the effect of Wnt/β-catenin signalling on ciliated cell differentiation. Except in
one study where the claimed increase ciliated cell differentiation in mouse oviduct epithelial
organoids after adding Wnt agonist RSPO1 in the media (22). Although, they did not contribute
any direct evidence in support of their claim of Wnt-mediated ciliated cell differentiation in
mouse oviduct epithelium. In our study we first time demonstrated the role of the Wnt/β-catenin
signalling pathway in ciliated cell differentiation by developing organoids from a genetic knock
out mouse model. Cell fate tracing experiments in vivo with genetically knock out mouse
models cannot rule out the influence of surrounding stroma or external factors on the epithelial
cell fate determination. Whereas, in our study, we removed such interaction by developing
pure epithelial organoids and chase their fate upon ablation Ctnnb1 gene from a single
secretory cell. Overall, we provide direct evidence of a common signalling pathway involved
in stem/progenitor cell renewal and differentiation processes. Previous recommendation
suggests use of Wnt inhibitors as a therapeutic option to treat clinical conditions with
uncontrolled secretory cell division. Interestingly, our study shows that this suggested
treatment plan could also affect the differentiation process which would eventually disrupt the
entire epithelial homeostasis process.
In my previous chapter (Chapter 2), we showed essential role of Wnt/β-catenin signalling
pathway for the secretory cell division in mouse oviduct epithelium. Here in this chapter, we
find secretory cells can still divide and form organoids even in the complete absence of Ctnnb1
gene. This shows there is more than one pathway involved in this secretory cell division
process in the oviductal epithelium. Previous studies proved in mouse and human organoid
that Wnt/β-catenin signalling is required for preserving stemness in oviduct epithelium (16;
22). In our study, we also find that after ablation of Ctnnb1 gene these organoids failed to
retain their stemness by not growing beyond passage 2. This shows Wnt/β-catenin signalling
can be dispensible for the secretory cell division, but it is indispensable for preserving
stemness in these cells.
Apico-basal polarity is a key feature of healthy epithelial cell arrangement inside a tissue. And
defects in such organisation forms the hallmark for multiple disease conditions including
cancer (58). Our Ctnnb1 gene ablated organoid cells showed similar defect by completely
loosing its apico-basal polarity, rather they show more of a stretched and flattened
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morphology. This confirms epithelial cells in the Ctnnb1 gene ablated organoids are not
healthy and mimicking for a perfect disease condition in vivo.
Overall, this study opens up an avenue to understanding the critical processes of oviduct
epithelial lineage diversity. This will eventually help to develop more targeted lineage-specific
therapeutics that will affect single cell lineages and should not affect the epithelial lineage
diversity. In addition, our study also highlights the complex multiple pathway involvement in
stem/progenitor cell renewal processes. Thus, targeting single signalling pathways cannot
successfully be used to treat pathological conditions such as ovarian cancer that involve
uncontrolled stem/progenitor cell division. Furthermore, our Ctnnb1 gene ablated organoids
with epithelial cells devoid of apico-basal polarity can be used as an ideal model to study
different oviduct disease including infections and infertility.
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Material and methods:
We have used similar techniques for experiemnts listed in chapter 3 and 4. Therefore, the
material method section of these chapters is presented together.
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Figures:
(A)
Post-puberty
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GFP/AC-TUB/DAPI

Pre-puberty

GFP/PAX8/DAPI

(B)

Figure 1: All-time Wnt activity is higher in ciliated cell compare to secretory cells in mouse oviduct

epithelium
(A) Immuno-colocalization of GFP (Red) and Ac-TUB (Green) ciliated cell marker on mouse oviduct
tissue collected from pre-pubertal, post-pubertal and aged TCF-GFP moue. White arrowhead marker
GFP+veAC-TUB+ve (Wnt-active ciliated cells) cells at all stages. (B) Immuno-colocalization of GFP (Red)
and Ac-TUB (Green) ciliated cell marker on mouse oviduct tissue collected from pre-pubertal, postpubertal and aged TCF-GFP moue. n=3 independent mice.
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β-catenin/DAPI

CK8/DAPI

Organoid

Oviduct tissue

(D)

Figure 2: Development of mouse oviduct epithelial organoids that exactly mimics tissue architecture and
protein expression in vivo
(A) The growth pattern of mouse oviduct epithelial organoids. The black box marked oviduct location in
the female reproductive tract. The white arrow marked invagination formed inside organoid. (B)
Organoids abundance at low magnification (10X). (C) Nuclear GFP (Green) in PAX8+ve cells are showing
secretory cell arrangement inside the organoid. (D) Histology and immunostaining showed organoid
expresses all the marker proteins PAX8 (Red), Ac-TUB (Green), β-catenin (Green), CK8 (Red) exactly
the way in vivo tissue expresses. n=3 independent mice.
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Figure 3 Development and characterisation of Ctnnb1 gene ablated mouse oviduct epithelial
organoids.
(A) Animated experimental plan for developing Ctnnb1 gene ablated and control mouse oviduct
epithelial organoid. The black box marked oviduct location in the female reproductive tract. (B)
Organoids abundance at low magnification (10X). (C) The number of organoids per well showed less
number of organoids in the Ctnnb1 gene ablated group compare to the control group. (D) Brightfield
image and immunostaining for β-catenin (Green) confirmed successful ablation of Ctnnb1/β-catenin
gene, whereas CK8 (Red) expression showed this Ctnnb1 gene ablated organoid lost the apico-basal
polarity and showed a stretched morphology. n=3 independent mice.
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Figure 4 Ctnnb1 gene ablated mouse oviduct epithelial organoids did not differentiate into ciliated cells
and failed to retain their stemness in the long-term.
(A) Immunostaining for PAX8 (Red) showed the presence of secretory cells, but the absence of AcTUB (Green) and FOXJ1 (Red) confirms no ciliated cell differentiation in Ctnnb1 gene ablated mouse
oviduct epithelial organoid. Whereas, control expresses all the markers PAX8 (Red), Ac-TUB (Green)
and FOXJ1 (Red). (B) Immunostaining for FOXJ1 (immature and mature both ciliated cell marker)
protein expression in mouse oviduct tissue. The white arrowhead marks FOXJ1+ve cells in mouse
oviduct tissue. (C) Whole well image of two consecutive passages show Ctnnb1 gene ablated
organoids failed to grow after passage three. n=3 independent mice.
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Chapter 4: Estrogen actions on the oviductal epithelium are
mediated through β-catenin signalling.
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Preface:
Our findings in chapter 2 and 3 have established the crucial role of the Wnt/β-catenin pathway
for the process of oviduct epithelial homeostasis. However, being part of the female
reproductive tract, the oviduct epithelial cells are also highly sensitive to the ovarian hormones,
estrogen (E2) and progesterone (P4). Thus, understanding the effect of these ovarian
hormones and their partnering molecular signalling cascades for the process of the oviduct
epithelial homeostasis is essential to reveal the mechanisms underlying multiple pathological
conditions. To investigate that, in this chapter, first we showed how E2 regulates the oviduct
epithelial homeostasis, and then we proved that without the Wnt/β-catenin signalling pathway
E2 do not impose any effect on this epithelial homeostasis process.
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Abstract:
The epithelial lining of the oviduct has critical importance because of its role in fertilisation.
This epithelium consists of two cell types, secretory and ciliated cells. Both of these cell types
have their unique function in the process of fertilisation. Where secretory cell secretes nutrientrich secretions and immune-protective agents to ensure the survival of the gametes and the
early embryo. The ciliated cells transport the gametes and the embryo by its constant ciliary
beating. Thus for the optimum cell function, this epithelium requires an effective homeostasis
process. In chapter 2, we showed secretory cells are the stem/progenitor cells in this
epithelium that involves Wnt/β-catenin signalling pathway for its renewal and differentiation
process. However, the involvement of other signalling pathways or external factors, such as
hormonal influence, was not studied. As the female reproductive tract (FRT) is highly sensitive
to ovarian hormones, thus being a part of the FRT, these ovarian hormones also influence the
oviduct epithelial homeostasis. To investigate this first, we developed 3D organoid structures
from a single oviduct secretory cell that can accurately mimic the epithelial architecture in vivo.
To study the effect of estrogen (E2) on these epithelial organoids, we exposed them to E2
@100nM/ml. Our result showed E2 induces secretory cell proliferation and ciliated cell
differentiation simultaneously in these organoids. To understand the molecular signalling
pathway involvement for this hormone-mediated cell fate determination, we first ablated
Ctnnb1 gene from the secretory cells of the oviduct epithelial organoids and then exposed
them to E2 @100nM/ml. Interestingly, we find that in the absence of Ctnnb1/β-catenin gene
E2 do not induce any proliferation or differentiation on these oviduct epithelial organoids.
Overall, this confirms the Wnt/β-catenin pathway is crucial for E2-mediated effect on the
oviduct epithelial cells.
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Introduction:
The oviduct is a tubular structure between the ovary and the uterus that gives passage for the
oocyte to travel into the uterus after ovulation. Post-mating this tube also serves as the site
for fertilisation where the sperm moves from the uterine side to fertilise the ovulated oocyte
(29; 40). After fertilisation, the newly formed embryo spends the first 3-4 days inside the
oviduct lumen, and then it is transported into the uterus for implantation (1). These events
before and after fertilisation are vital to ensure a successful pregnancy. Precisely, before
fertilisation, if the gametes failed to transport to the site of fertilisation, then there will be no
embryo formation which causes infertility in women. Another reason for infertility is embryonic
death after fertilisation which may be due to lack of nutrients or exposure to the maternal
immune system during the initial days inside the oviduct lumen. Now, if everything before and
after fertilisation goes right, but the embryo failed to transport into the uterus for implantation,
can cause a lethal condition known as ectopic pregnancy. Interestingly, all of these conditions
are connected by a common cause which is an impaired epithelial function of the oviduct
because these epithelial cells are in direct contact with the gametes and the early embryo
(24). Thus, the synchronised function of these cells can avoid any clinical conditions and
ensure a successful pregnancy.
Multiple studies have shown the ovarian hormones also influence the process of homeostasis
in the female reproductive tract epithelium. To be specific, oestradiol (E2) and progesterone
(P4) are two potent ovarian hormones that influence this homeostasis process the most.
During ovulation, an oocyte is released from the ovary and travels through the oviduct. With
it, follicular fluid containing E2 and P4 also comes in contact with the oviduct epithelial cells.
Previous studies showed E2 and P4 mediated changes in epithelial cell morphology during
the stages/phases of the oestrous/menstrual cycle. To be more specific, these studies showed
when E2 is dominant proliferation and differentiation increase in these epithelial cells. In
contrast, during the P4 dominated stages/phases this epithelium shows an opposite effect
from E2 dominated phase/stage (30; 32; 33). Direct evidence of such influence was provided
in a recent study where reduction of the ciliary beating was confirmed upon deletion of
estrogen receptor 1 (ER-alpha) (40). During normal physiological conditions E2 binds to the
estrogen receptor which has two subtypes, estrogen receptor 1 (ER-alpha) and estrogen
receptor 2 (ER-beta). Similarly, progesterone binds to the progesterone receptor (PR) and
activates downstream molecular cascades to induce its hormonal effects on epithelial
homeostasis. However, the specific downstream pathways that are connected with these
hormones to cause this effect are yet to be confirmed. Interestingly, one study showed E2
binds to the ER-alpha and activates the Wnt/β-catenin signalling pathway as a downstream
cascade to induce ciliary motility in the oviduct epithelium (40). However, more in-depth
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studies are required to reveal this interplay between ovarian hormones and molecular
signalling pathways to better understand the process of oviduct epithelial homeostasis.
In this chapter, we first showed ovarian hormone E2-mediated epithelial fate determination by
developing organoids from mouse oviduct epithelium. Our result showed E2 induces ciliated
cell differentiation upon activation of the Wnt/β-catenin signalling pathway. To understand the
relationship between E2 and the Wnt/β-catenin signalling pathway in this ciliated cell
differentiation process, we first developed the Ctnnb1/β-catenin gene deleted organoids and
then exposed them to E2 continuously. Our finding showed E2 could not induce any effect on
oviduct epithelial cells in the absence of Wnt/β-catenin signalling pathway. This confirms the
indispensable role of the β-catenin protein for estrogen-mediated ciliated cell differentiation in
the mouse oviduct.
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Results:
Oviduct epithelial organoids developed from a single secretory cell:
In continuation of chapter 2 and 3 that oviduct organoid developed from a single epithelial cell,
now we want to see which cell type among the secretory and ciliated cells has the potency to
develop these organoids. To do so, we used a mouse model Pax8rtTA; tetOH2BJGFP where
Green Fluorescent Protein (GFP) is expressed in oviduct secretory cells only upon
doxycycline administration. This GFP is not lineage labelled and is only expressed upon
doxycycline administration under the expression of the secretory cell marker PAX8. Either
doxycycline withdrawal or no PAX8 expression can stop GFP expression which can be further
diluted with each cell division to lower intensity. In our experiment, when we administered
doxycycline 24 hours of post epithelial cell seeding, we observed GFP-labelled cells. As we
maintain doxycycline in the media throughout the whole culture period, we found almost all
epithelial cells in a single organoid were GFP-labelled at high intensity during the initial culture
days. However, during the late culture days, we observed cells in these organoids expressed
low-intensity GFP, and some had no GFP. These cells are possibly ciliated cells differentiated
from GFP+ve secretory cells that are no longer PAX8+ve. This finding confirms that organoids
develop from a single secretory cell which at a later stage differentiates into ciliated cells.
Oviduct epithelial organoids treated with ovarian hormone showed altered epithelial
cell composition:
Multiple studies have demonstrated E2-induced ciliated cell differentiation in mouse and
human oviduct epithelium. These studies claimed there is increased ciliated cell differentiation
in the E2 dominated the proliferative stage of the menstrual cycle in humans and the oestrus
stage of the oestrous cycle in pigs (59; 60). However, direct evidence of such a claim provided
by another study showing E2-mediated ciliated cell differentiation in the neonatal rat oviduct
(26). Now, to determine the effect of E2 on epithelial cell fate determination without any
external influence from surrounding stromal cells, we developed epithelial organoids from
wildtype mouse oviduct and exposed them to 100nM of E2 from day 5 to day 21. We selected
day five post-seeding as our first day of exposure because at this point the organoids are
formed but not fully developed or differentiated. To confirm the E2 binding efficiency, we
performed immunostaining for ER-alpha on untreated organoids. Results showed these
organoids express ER-alpha similar to mouse oviduct tissue (Fig. 2B). Now, to investigate if
E2 exposure increases ciliated cell number in our treated organoids or not, we performed
immunostaining for the secretory cell marker PAX8 and ciliated cell marker Ac-TUB. Results
showed ciliated cell number increases significantly with estrogen treatment compared to the
no hormone-treated control group (Fig. 2D). However, we also observed a similar increase in
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the number of secretory cells in the E2 exposed group (91.63±8.37%) compared to the no
hormone-treated control group (66.41±7.59%) (Fig. 2E). Overall, our results confirmed E2
induces ciliated cell differentiation in mouse oviduct epithelial organoids.
The requirement of active Wnt/β-catenin signalling for E2-mediated ciliated cell
differentiation in mouse oviduct:
E2 induced ciliated cell differentiation in the mouse oviduct epithelium has been confirmed,
but the molecular signalling pathway for this induction is yet to be established. In chapter 3,
we proved that the Wnt/β-catenin signalling pathway is crucial for the ciliated cell differentiation
in mouse oviduct epithelium. Interestingly, our present findings show E2 exposure can also
increase ciliated cell differentiation in this oviduct epithelium. Connecting both results, we
hypothesised that possibly E2 recruits the Wnt/β-catenin signalling pathway as a downstream
cascade for ciliated cell differentiation in the mouse oviduct. To investigate this, we first
collected oviducts from TCF-GFP mice during the E2 dominated oestrus stage and P4
dominated the diestrus stage. In this mouse model, a green fluorescent protein (GFP) is fused
to histone protein 2B (H2B) downstream from the six copies of TCF/LEF elements. Using this
combination, GFP expression will be nuclear in Wnt-active cells only, allowing us to track and
visualise Wnt activity in real time. To check if E2 is involved with the Wnt/β-catenin signalling
pathway for ciliated cell differentiation, we performed immunostaining for GFP and the ciliated
cell marker Ac-TUB on these mouse oviducts. Results showed a high number of Wnt-active
ciliated cells in the mouse oviduct during the E2 dominated oestrus stage compared to the P4
dominated diestrus stage. Overall, this result confirms the involvement of the Wnt/β-catenin
signalling pathway in E2 mediated ciliated cell differentiation in the mouse oviduct.
Lack of ciliated cell differentiation in response to E2 in Ctnnb1/β-catenin gene ablated
organoids, confirms the indispensable role of β-catenin for E2-mediated effects on
oviduct epithelium:
Now, to understand how estrogen involves the Wnt/β-catenin signalling pathway in ciliated cell
differentiation in the mouse oviduct, we developed Ctnnb1/β-catenin gene ablated organoids
from β-catenincKO mouse oviduct epithelium and then exposed them to E2. To confirm the E2
binding efficiency of these organoids, we check for ER-alpha expression in Ctnnb1/β-catenin
gene ablated organoids by immunostaining. Results showed these organoids expressed ERalpha which confirms their E2 binding ability upon treatment. To study the long-term effect of
E2 on these organoids, we exposed them to 100nM of E2 from day 5 to day 21 post-seeding.
Interestingly, our immunostaining results for cell-specific makers like PAX8 and Ac-TUB
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showed E2 could not induce ciliated cell differentiation in the absence of the Ctnnb1/β-catenin
gene.
Furthermore, the comparison between E2 treated and untreated groups of Ctnnb1/β-catenin
gene ablated organoids also shows no change in Pax8+ve secretory cell number after exposure
to E2. Now, to confirm the complete absence of ciliated cell differentiation in these E2 exposed
Ctnnb1/β-catenin gene ablated organoids, we performed immunostaining for FOXJ1, a marker
of immature ciliated cells. Results confirmed the complete absence of ciliated cell
differentiation in these treated mutant oviduct epithelial organoids. Overall our data proves the
essential role of the Wnt/β-catenin signalling pathway for E2-mediated ciliated cell
differentiation in the mouse oviduct.
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Discussion:
In this chapter, we confirmed the stemness of secretory cells in mouse oviduct epithelium by
developing organoids from a single secretory cell. Studies claimed epithelial organoids
developed from single EpCAM+ve epithelial cells that are secretory cells, and later those
secretory cells differentiate into ciliated cells in these organoids (16; 22). However, it requires
proof with lineage tracing approach that a single secretory cell can develop fully differentiated
organoid structure in vitro. In our study for the first time, we provide evidence in support of
such claim by developing complete 3D organoids from a single GFP-labelled secretory cell.
Unlike to other genetically labelled models, in our system, GFP is expressed in real-time
exclusively in Pax8+ve secretory cells upon exposure to doxycycline. However, this GFP diluted
with each cell division either after cessation of Pax8 expression or withdrawal of doxycycline.
Thus, in our organoid culture, we maintained doxycycline during the whole culture period and
found that during early culture days almost all the cells in these organoids express highintensity GFP. Whereas, at later days few of the epithelial cells in these GFP+ve organoids
express low GFP or no GFP. This shows a single Pax8+ve secretory cell can develop an
organoid and during early culture days, it consists of secretory cells only with high GFP
expression. Interestingly, in later days Pax8-ve ciliated cells start differentiating which do not
express GFP. The complete absence of GFP confirms the presence of such fully differentiated
ciliated cells in these organoids. In contrast, low GFP expressing cells in these organoids show
the presence of secretory to ciliated transitioning cells that lowly express Pax8 and the mature
ciliated cell marker Ac-TUB. Overall, this study provides for the first time direct evidence for
stemness of single secretory cells that can develop complete organoid structures with all the
features of oviduct tissue in vivo.
Previous studies showed E2-mediated ciliated cell differentiation in pig and human oviduct
epithelium during the oestrus/follicular phase of the oestrous/menstrual cycle (59; 60). Direct
evidence for this event was produced by a study where E2 induced ciliated cell differentiation
in the neonatal rat oviduct (26). However, it is unclear whether this E2-mediated effect has a
direct effect on these epithelial cells or an indirect effect by the surrounding stromal cells. Here
in this study, for the first time, we provide direct evidence that this E2 binds to epithelial cells
to induce ciliated cell differentiation in the mouse oviduct. By showing this, we also proved
that without any pre-existing mutational burden, E2 does not induce secretory cell proliferation
only to form ovarian cancer precursor lesions in aged menopausal women.
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Material and methods:
Mouse genetics and husbandry:
All mice used in this study were maintained on the mixed genetic background (C57BL/6J;
129SvEv) and were housed in the standard housing condition with ad libitum access to food
and water. Experiments involving animal models were approved by the Animal Care and
Ethics Committee of the University of Newcastle, Australia. The parental mice strains
Pax8rtTA (61), tetOCre (62), tetOH2BJGFP (63), Ctnnb1fl/fl (64) that were used in the crosses
are hereafter called Pax8-rtTA, tetO-Cre, HGFP and Ctnnb1cko/β-catenincko respectively.
Pax8-rtTA;tetO-Cre double mutant mice were generated as a parental line for further
generation of doxycycline-regulated mouse models by the direct crossing of Pax8-rtTA with
tetO-Cre mice. Now, to label the secretory cells, we bred Pax8-rtTA mice with HGFP mice to
generate Pax8-rtTA;HGFP mice. For ablation of the Ctnnb1/β-catenin gene from secretory
cells, we bred Pax8-rtTA;tetO-Cre mice with HGFP or Ctnnb1fl/fl mice to generate Pax8rtTA;HGFP, and Pax8-rtTA;tetO-Cre;Ctnnb1fl/+ mice respectively.
Epithelial isolation and organoid culture:
Oviducts from adult female mice were collected for epithelial isolation. Briefly, both oviducts
were placed on a clean petridish containing dulbecco phosphate buffer saline (DPBS) to
remove excessive vascular and connective tissues. The oviduct was then uncoiled under a
stereomicroscope and microdissected into distal and proximal parts (distal oviduct was
considered as fimbriae to infundibulum where the tissue is visually transparent enough). Distal
and proximal parts were then minced into 1-2 mm small pieces and digested separately in
enzyme solution (10 mg/ml Pronase from Streptomyces griseus (Roche, cat. no.
10165921001) and 0.5 mg/ml DNase) at 4°C for 13-14 hours. Enzymatic digestion was
stopped by adding 5% v/v fetal bovine serum (FBS) (Interpath, Vic, Australia) in the enzyme
solution and the epithelium was then squeezed out from the oviductal pieces by using fine
needles under a stereomicroscope. Isolated epithelial tubes were collected back in the
collection tube and broken down into a single cell suspension by repeated pipetting. Then the
epithelial cells were washed twice with DMEM-F12 media containing 5% FBS, 1% L-glutamine
(Sigma) and 1% penicillin-streptomycin (Lonza, Vic, Australia). After washing the cells were
incubated in a 10 cm cell culture plate with the above mentioned DMEM-F12 media in an
incubator at 37°C with 5% CO2 for differential attachment. After 2 hours of incubation, all
contaminated fibroblasts and RBC were attached on the plate surface whereas the epithelial
cells were still free floating in the media. Media was then collected in a 15 ml tube and
centrifuged at 1500 rpm for 5 minutes to collect the epithelial cells. Now, the epithelial cells
were resuspended in 70% Matrigel and placed as a 50 µl drop in each well of a 24-well cell
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culture plate. The matrigel with cells was allowed to solidify by keeping the pate at 37°C for
20 minutes. Then each well of the culture plate was overlaid with 75% fallopian tube epithelial
(FTE) culture media (Dulbecco’s modification of Eagle’s medium/Ham’s F-12 50/50 mix media
(DMEM-Ham’s F12) without L-glutamine (Mediatech, cat. no. 15-090) with 2% Ultroser G
serum substitute (USG; Pall, cat. no. 15950-017) and 1% penicillin-streptomycin (Lonza, Vic,
Australia)) and 25% WNT3A-RSPO3-NOGGIN conditioned media (WRN-CM) prepared from
L-WRN cells (ATCC® CRL-3276™) by following the previously described protocol (65). This
media was further supplemented with several signalling and growth factors including mouse
epidermal growth factor (EGF; 100 ng/ml; Sigma), human fibroblast growth factor 10 (FGF 10,
100ng/ml; Peprotech), nicotinamide (1mM; Sigma) and TGFBR1 kinase inhibitor IV (SB431542; 0.5 µM; Selleckchem). ROCK inhibitor (Y-27632; 9 µM; TOCRIS) was only added to
the media during the first three days of culture and passaging. Media was changed every three
days and replaced with fresh pre-warmed media containing all growth factors. After 14 days
or 21 days of culture, organoids were passaged or harvested for further processing.
Hormone and doxycycline treatment:
Media for organoid culture was changed every three days with fresh pre-warmed media
containing all growth factors. Organoids were exposed to hormones on day five post-seeding
including 100nM of E2. Doxycycline was added in the media at 1µg/ml after 24-hours postseeding and maintained throughout the culture duration.
Long-term organoid culture:
Epithelial organoids were passaged after 14 days interval. For passaging, the organoids were
collected by dissolving the Matrigel in ice cold DPBS and dissociated into single cell
suspension using TrypLE express (Gibco). Further, this epithelial single cell suspension was
seeded after following the exact protocol mentioned above.
Organoid imaging and analysis:
During organoid development, the images were captured by JuLiTM Stage Real-Time Cell
History Recorder (NanoEnTek) and the average diameter expansion rate was quantified by
ImageJ software (NIH). Whole well organoid imaging was done using a Nikon SMZ25
microscope with an attached Nikon DS-Fi2 camera.
Histology and immunofluorescence (IF) staining:
Tissues were fixed in 4% (w/v) paraformaldehyde at 4°C overnight. Whereas, organoids were
fixed in 4% (w/v) paraformaldehyde at room temperature for 30 minutes before processing for
paraffin embedding and sectioning. For histology and IF staining 6 µm sections were
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deparaffinised followed by rehydration and antigen retrieval at 98°C for 30 minutes in EDTA
buffer, pH 8.0. Afterwards, blocking sections were incubated with primary antibodies at 4°C
overnight. The primary antibodies used were rabbit anti-Pax8 (1:400; catalog number 103361-AP; Proteintech), mouse anti-Acetylated-Tubulin (1:1000; catalog number T7451, clone 611B-1, Sigma-Aldrich), rabbit anti-HFH4 (1:1000; catalog number ab235445, Abcam), rabbit
anti-ERα (1:1000, Santa Cruz Biotechnology), rat anti-keratin 8 (1:250, Developmental
Studies Hybridoma Bank) and chicken anti-GFP (1:1000; catalog number Ab13970, Abcam).
The secondary antibodies used were Alexa 488/594 conjugated anti-rabbit/mouse/rat/chicken
IgG (1:250, Jackson ImmunoResearch Labs) for IF.
Imaging and analysis:
IF images were captured using an Olympus FV10i confocal microscope and Olympus DP72
microscope respectively. Further, captured images were quantified using ImageJ software
(NIH).
Statistical analysis:
Statistical analysis was performed using GraphPad Prism 7.04 software (one-way ANOVA
and non-parametric t-test). All analysed replicate values are presented as Mean ±SEM, and
the p values less than 0.05 were considered as statistically significant.
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Figures:
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Figure 1: Development of mouse oviduct epithelial organoids from a single secretory cell of mouse oviduct
epithelium
(A) Growth pattern of mouse oviduct epithelial organoids from single GFP+ve secretory cells. Nuclear GFP
(Green) in PAX8+ve cells showing secretory cell arrangement inside the organoid. (B) Immunostaining
showed organoids express all the marker proteins β-catenin (Green), PAX8 (Red) and Ac-TUB (Green)
exactly the same way they are expressed in vivo tissue. n=3 independent mice.
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Figure 2: Ovarian hormone oestradiol (E2) increases the number of secretory and ciliated cells in
mouse oviduct epithelial organoids.
(A) Animated experimental plan for developing mouse oviduct epithelial organoids in the presence of
E2. Black box marks the oviduct location in the female reproductive tract. (B) Expression of ERα
confirms successful E2 binding on these mouse oviduct epithelial organoids. (C) Brightfield image
shows increased mucosal folds in E2-exposed organoids (white arrow). (D), (E) Immunostaining and
cell counting analysis for secretory cell-specific marker PAX8 and ciliated cell-specific marker Ac-TUB
show increased secretory and ciliated cell number in the E2-exposed group. n=3 independent mice.
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Figure 3: Wnt activity is more restricted to the ciliated cells compared to the secretory cells during the
phases of the oestrous cycle in the mouse.
(A), (B) Immuno-colocalization of GFP (Red) and Ac-TUB (Green) ciliated cell marker on mouse
oviduct tissue at oestrus and diestrus phases of the oestrous cycle shows Wnt activity is higher in
ciliated cells compared to secretory cells. White arrowheads mark GFP+veAc-TUB+ve (Wnt-active
ciliated cells) cells at all stages. (C) Brightfield image and immunostaining for β-catenin (Green)
confirmed successful ablation of the Ctnnb1/β-catenin gene, whereas CK8 (Red) expression showed
these Ctnnb1/β-catenin gene ablated organoids lost their apico-basal polarity and showed a stretched
morphology. n=3 independent mice.
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Figure 4: Ovarian hormone oestradiol (E2) does not induce any effect in Ctnnb1/β-catenin gene
ablated organoids.
(A) Animated experimental plan for developing mouse Ctnnb1/β-catenin gene ablated organoids in the
presence of E2. Black box marks the oviduct location in the female reproductive tract. (B) Expression
of ERα on Ctnnb1/β-catenin gene ablated organoids confirms successful binding of E2 in these
organoids. The white arrowheads mark ERα expressing cells. (C) Brightfield image shows Ctnnb1/βcatenin gene ablated organoids have no phenotypic changes upon exposure to E2. (D)
Immunostaining for the secretory cell-specific marker PAX8 and ciliated cell-specific marker Ac-TUB
shows no phenotypic changes between the E2-exposed and control group of the Ctnnb1/β-catenin
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gene ablated organoids. (E), (F) FOXJ1 expression confirms complete absence of ciliated cell
differentiation in Ctnnb1/β-catenin gene ablated organoids. n=3 independent mice.
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Conclusion
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Preface:
This chapter concludes the findings in chapter 2, 3 and 4 in context with the current
understanding about the oviduct epithelial homeostasis and its contributions in ovarian cancer.
Finally, it discusses the significances of all the chapters and concludes with suggesting future
directions to treat age-related gynaecological complications.
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The existence of a stem cell population in the oviduct epithelium and their contribution to
ovarian cancer was not confirmed for a long time. Here, in this study, we first successfully
identified the secretory cells as the stem/progenitor cells in the mouse oviduct epithelium that
can self-renew and differentiate to the ciliated cells. In order to prove that, first we revealed
that these secretory cells retain their stemness and differentiation capacity during
development and adulthood. Our, lineage tracing approach showed secretory cells are the
first appears in the oviduct epithelium during the post-natal development process, and it keeps
dividing until its form a mature epithelial structure. Whereas, on the post-natal day four first
ciliated cell differentiates from these pre-existing secretory cells of the mouse oviduct.
Showing this our study first time gives an insight into the mouse oviduct epithelial development
process. Moreover, using the same lineage tracing approach, we proved in adult oviduct
epithelium these secretory cells retain their stemness and repopulate the epithelium upon the
need for regeneration. On top of that, they also differentiate to the ciliated cells during the
whole adulthood to maintain the lineage diversity and homeostasis in this epithelium.
Further, in our study, we functionally characterised these stem/progenitor cells with their
resident niches and involving signalling pathways. We identified the crucial role of Wnt/βcatenin signalling pathway for the stem/progeintor cell renewal and differentiation potency by
using transgenic mouse models. This study not only gives the insight into the oviduct epithelial
homeostasis, but it also revealed that over-activation of β-catenin protein in secretory cells
could develop precursor lesions of high grade serous ovarian carcinoma (HGSC).
Interestingly, the aetiology of these lesion formation was not confirmed before, and our study
showed induction of a single gene mutation in a critical signalling pathway could develop these
pre-cancerous lesions in the mouse oviduct epithelium.
After characterisation of the stem/progenitor cell population and identifying a niche, we were
focused on characterising the differentiated cell population that is the ciliated cells. Our interest
was to identify the involving molecular signalling pathway/s responsible for the ciliated cell
differentiation and maintenance of the lineage diversity. We revealed that the same Wnt/βcatenin signalling pathway that is responsible for maintaining stemness in the secretory cells
are also crucial for the ciliated cell differentiation. Using transgenic mouse models and
developing organoids from these mouse oviduct epithelium, that accurately mimics the tissue
architecture in vivo; we were able to track a single cell fate upon ablation of a key regulatory
gene Ctnnb1 from this critical Wnt/β-catenin signalling pathway. Interestingly, we found this
pathway is indispensable for the ciliated cell differentiation but can be dispensable for the
secretory cell division which somehow contradicts our first finding. However, this Ctnnb1 gene
ablated secretory cells are failed to retain their stemness for a long time that supports our first
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finding and revealed possibilities for multiple signalling pathways involved in secretory cell
division.
Oviducts are the part of the FRT, and it is well documented that cells are in the FRTs are
highly sensitive to the ovarian hormones, such as estrogen (E2) and progesterone (P4). Thus
in the last part of my thesis, we want to investigate the effect of these ovarian hormones on
oviduct epithelial homeostasis. Multiple studies already claimed about proliferation and
differentiation capacity of E2 on oviduct epithelium. However, till, date it was not confirmed
that either this effect was due to direct binding of E2 on the epithelial cells or it was guided via
an indirect way from the surrounding stromal cells. In our study, we proved E2 binds directly
on to the epithelium to induce its effect on the epithelial homeostasis. On top of that, we
contradict a previous dogma that E2 only can induce proliferation of secretory cells and has a
minimal impact on the ciliated cell differentiation. Here, we revealed E2 could do both
secretory cell proliferation and ciliated cell differentiation simultaneously. This changes the
perspective of looking to E2 as a sinister that ensures secretory cell fate commitment in aged
women to develop ovarian cancer precursor lesions. Our finding, confirms that E2 does not
induce secretory cell fate commitment without any pre-existing mutational burden; instead, it
can only worsen the effect of this mutational load (30).
Finally, observing E2-mediated ciliated cell differentiation effect on mouse oviduct epithelium,
we hypothesised that possibly E2 involves Wnt/β-catenin signalling pathway to induce its
impact on the ciliated cell differentiation. In order to prove that, we exposed the Ctnnb1 gene
ablated mouse oviduct epithelial organoids to E2. Our finding reveals E2 does not impose any
effect on the mouse oviduct epithelial cells in the complete absence of β-catenin protein. It
confirms E2 utilises Wnt/β-catenin signalling pathway to induce its effect on the oviduct
epithelial cells like secretory cell proliferation and the ciliated cell differentiation. This finding
opens up a new avenue for therapeutics where clinical conditions caused by unopposed E2
in post-menopausal women. In this women treatment with β-catenin specific inhibitors will help
to avoid multiple post-menopausal gynaecological complications.
Overall, my thesis broadens the understanding of the oviduct epithelial homeostasis and its
contribution towards high grade serous ovarian carcinoma. My thesis also showed E2 is
required to maintain the perfect balanced homeostasis in oviduct epithelium, and it can only
disrupt this homeostasis in the presence of a pre-existing mutation. This findings open up a
new avenue to treat unopposed E2-mediated pathological conditions in aged postmenopausal women by showing β-catenin as a key regulatory protein for the E2-induced
function.
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