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Zusammenfassung

Ovarialfollikel von Sédugetieren werden im weiblichen Eierstock bei verschiedenen Arten
entweder vor oder nach der Geburt gebildet. Beim ersten Stadium von Ovarialfollikeln handelt
es sich um ruhende Primordialfollikel. Diese bestehen auseiner primare Eizelle, die in der
Prophase | der ersten meiotischen Teilung verharrt und von Granulosazellen umgeben ist. Die
Anzahl der Primordialfollikel, die im Eierstock gebildet werden, kann zwischen Hunderten,
Tausenden oder sogar Millionen liegen, wobei es bei den verschiedenen Arten Unterschiede
gibt. Es wird angenommen, dass die Hochstzahl feststent und diese Population ruhender
Primordialfollikel als Eizellreservoir fir die kunftige Fruchtbarkeit dient. Die Follikulogenese
in den Eierstocken umfasst die Aktivierung ruhender Primordialfollikel und die Entwicklung
zu Primar-, Sekundéar- und Antralfollikeln bis hin zur Ovulation der Eizelle. Die Regulierung
der ovariellen Follikulogenese ist fir die weibliche Fruchtbarkeit von entscheidender
Bedeutung. Viele Studien, die Uberwiegend an Nagetieren durchgefiihrt wurden,
konzentrierten sich auf die Aufklarung der molekularen Mechanismen, die an der Entwicklung
von Ovarialfollikeln und Eizellen beteiligt sind. Bei groReren Tiermodellen gibt es daher noch
grolle Wissenslucken. Dies gilt insbesondere fir die fruhe Follikelentwicklung, vom
primordialen bis zum sekundédren Stadium, fur die die molekularen Mechanismen bei
Séaugetieren noch nicht vollstandig gekléart sind.

Anhand der Hauskatze (Felis catus) als Modellorganismus stellten wir die Hypothese auf, dass
die Entwicklung vom primordialen zum priméren und vom priméaren zum sekundaren Follikel
durch spezifische Signalwege reguliert wird und daher auch durch spezifische
Genexpressionsmuster charakterisiert ist. Durch eine Reihe von Experimenten wollten wir die
Transkription und Proteinexpression wahrend der friihen Follikelentwicklung beschreiben. Die
Eierstocke von Hauskatzen stammten aus Tierheimen, in denen routinemaiiige Ovarektomien
durchgefuhrt wurden. Mit Hilfe mechanischer Sektion wurden Follikel friher
Entwicklungsstadien aus den Eierstocken von Hauskatzen isoliert, d.h. Eizellen mit den sie
umgebenden somatischen Zellen. Wir sammelten primordiale, primére und sekundare Follikel.
Vor der Isolierung der Ribonukleinsdure (RNA) wurden die Follikelproben fir jeden Typ
gepoolt, um die Anzahl der Follikel pro Probe zu erhéhen. Fir die RNA-Sequenzierung
wurden Bibliotheken vorbereitet und kundenspezifische Index-Primer ermdglichten es uns, die
Bibliotheken fir die Sequenzierung zu poolen.

In unserer ersten Veroffentlichung stellten wir die Analyse der RNA-Sequenzierungsdaten vor,
die Gene aufzeigte, die wéhrend der frihen Follikelentwicklung bei dieser Spezies signifikant
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unterschiedlich exprimiert wurden. Wir haben spezifische molekulare Mechanismen
identifiziert, die an der Regulierung der frihen Follikelbildung beteiligt sein kdnnten. So
fanden wir zum Beispiel heraus, dass die Phosphatidylinositol-3-Kinase und die Proteinkinase
B (PI3K/AKT) sowie die Signalwege des transformierenden Wachstumsfaktors  (TGF-B) an
der frihen Follikelentwicklung bei der Hauskatze beteiligt sein kénnten. Daruiber hinaus haben
wir festgestellt, dass die extrazelluldre Matrix (ECM) des Eierstocks auch bei dieser Tierart an
beiden Entwicklungsiibergdngen beteiligt zu sein scheint. Zur Validierung verglichen wir die
Genexpressionswerte der RNA-Sequenzierungsergebnisse mit den Daten der quantitativen
Reverse-Transkriptions-Polymerase-Kettenreaktion ~ (QRT-PCR)  fir  zwei  Gene:
Knochenmorphogenetisches Protein 15 (BMP15) und Histon 1, H1t (HISTHLT). In den RNA-
Sequenzierungsdaten fanden wir heraus, dass die Gene von BMP15 und HISTHLT zwischen
den frihenEntwicklungsphasen signifikant unterschiedlich exprimiert wurden. Die gRT-PCR-
Daten stimmten mit diesen Ergebnissen tberwiegend Uberein, In der Analyse fir die erste
Veroffentlichung identifizierten wir auch Gene, die an der ovariellen Steroidbiogenese
wahrend der fruhen Follikelentwicklung beteiligt sind. In unserer zweiten Verdffentlichung
stellten wir die Hypothese auf, dass Signale von Gonadotropinen und Sexualsteroiden,
vermittelt Gber Rezeptoren, an der frithen Follikelbildung beteiligt sind und dass friihe Follikel
bei der Hauskatze eine Quelle flr Sexualsteroide sein kdnnten, so dass weitere Untersuchungen
zu diesem Thema durchgefuhrt wurden. Wir fihrten immunhistologische Untersuchungen an
Ovargewebeschnitten durch und untersuchten die Lokalisierung von Gonadotropinrezeptoren,
Sexualsteroidrezeptoren und steroidogener Enzyme. Wir detektierten Signale fir
Gonadotropin- und Sexualsteroidrezeptorproteine in den frihen Follikeln an unterschiedlichen
Stellen und in unterschiedlicher Intensitat. Im Vergleich zum Primordial- und Primarstadium,
in denen keine Proteinsignale fiir die analysierten steroidogenen Enzyme nachweisbar waren,
stellten wir fest, dass im Sekundarstadium Proteinsignale fiir einige von ihnen nachweisbar
waren. Obwohl alle friihe Follikelstadien auf der Ebene der Genexpression voll ausgestattet
sind, Sexualsteroide zu produzieren, ist aufgrund der Proteindaten anzunehmen, dass nur die
sekundaren Follikel eine potentielle Quelle fiir Sexualsteroide sind, nicht aber die friiheren
Stadien. Wir haben ebenfalls die Genexpression von drei steroidogenen Enzymen, dem
Androgenrezeptor, Progesteronrezeptoren und einem Cholesterintransporter mittels gRT-PCR
gemessen. Die Expressionswerte waren zu niedrig, um einen aussagekraftigen Vergleich mit
den Ergebnissen der RNA-Sequenzierung anzustellen, und flr keines der mittels qRT-PCR

untersuchten Gene wurde eine statistische Signifikanz fiir unterschiedliche Genexpressionen
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zwischen den Stadien ermittelt. In Zukunft konnte eine groRere Anzahl von Follikeln pro Probe
dieses Problem beheben.

Zusammenfassend l&sst sich sagen, dass wir zwei umfassende Studien vorgestellt haben, in
denen zum ersten Mal bei der Hauskatze potenzielle Schlisselgene, Signalwege und
molekulare Mechanismen untersucht wurden, die die friihe Follikelentwicklung regulieren
konnten. Wir tragen damit zu einem besseren Verstandnis der Prinzipien der frihen
Follikelentwicklung bei S&ugetierarten bei — ein Thema von groBlem Interesse fiir die
Reproduktionshiologie. Unsere Ergebnisse konnten in Zukunft auch fur die Gestaltung von in-

vitro-Experimenten zur Kultivierung friiher Follikel bei Hauskatzen nutzlich sein.
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Summary

Mammalian ovarian follicles are formed in the female ovary either before or after birth in
different species. The first type of ovarian follicles are a population of dormant primordial
follicles, which contain a primary oocyte arrested at prophase | of the first meiotic division
surrounded by granulosa cells. The number of primordial follicles that are formed in the ovary
can be anywhere between hundreds, thousands or even millions, which differs across species.
The peak number is suggested to be fixed and this population of dormant primordial follicles
serve as the oocyte reservoir for future fertility. Ovarian folliculogenesis involves the activation
of dormant primordial follicles and development into primary, secondary and antral follicle
stages towards the ovulation of the oocyte. The regulation of ovarian folliculogenesis is crucial
to female fertility. Many studies, predominantly performed in rodents, focused on elucidating
the molecular mechanisms involved in ovarian follicle and oocyte development. There are
therefore still major gaps in our knowledge for larger animal models. This is particularly true
for early follicle development, from the primordial primary to secondary stages, for which the

molecular mechanisms remain to be fully elucidated in mammals.

Using the domestic cat (Felis catus) as a model organism, we hypothesised that primordial to
primary and primary to secondary follicle development is regulated by specific signalling
pathways and characterized by specific gene expression patterns. Through a series of
experiments, we aimed to describe transcription and protein expression during early follicle
development. Domestic cat ovaries were obtained from animal shelters where routine
ovariectomies were performed. The mechanical dissection technique was used to isolate whole
early follicles, which consist of an oocyte and the surrounding somatic cells, from domestic cat
ovaries. We collected primordial, primary and secondary follicles. Prior to ribonucleic acid
(RNA) isolation, follicle samples were pooled for each type to increase the number of follicles
per sample. Libraries were prepared for RNA-sequencing and custom index primers allowed

us to pool the libraries prior to sequencing.

In our first publication, we presented the analysis of the RNA-sequencing data, which revealed
genes that were significantly differentially expressed during early follicle development in this
species. We identified specific molecular mechanisms which may be involved in the regulation
of early folliculogenesis. For example, we found that the phosphatidylinositol-3-kinase and
protein kinase B (PI3K/Akt) and the transforming growth factor beta (TGF-B) signalling
pathways were involved in early follicle development in the domestic cat. Additionally, we
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identified that the extracellular matrix (ECM) of the ovary was participating during both
developmental transitions in this species too. For validation purposes, we compared the gene
expression levels of the RNA-sequencing results to quantitative reverse transcription
polymerase chain reaction (QRT-PCR) data for two genes: bone morphogenetic protein 15
(BMP15) and Histone 1, H1t (HISTHLT). In the RNA-sequencing data, we found that BMP15
and HISTHLT were significantly differentially expressed during early follicular development.
The gRT-PCR data was mainly concordant with these results. During our analysis for the first
publication we also identified genes involved in ovarian steroidogenesis during early follicle
development. In our second publication, we hypothesised that gonadotropin and sex steroid
signalling is involved in early folliculogenesis and that early follicles are a source of sex
steroids in the domestic cat so further investigations were pursued. We immunostained ovarian
tissue sections and investigated the localisation of gonadotropin receptors, sex steroid receptors
and steroidogenic enzyme proteins. We found that gonadotropin and sex steroid receptor
protein signals were detected in different follicular locations in early follicles and at different
intensities during early follicle development in the domestic cat. In comparison to the
primordial and primary stages, when no protein signals were detectable for the analysed
steroidogenic enzymes, we found that protein signals for some of them were detectable by the
secondary stage. Although early follicles are fully equipped at the level of gene expression to
produce sex steroids, we conclude from the protein data that it is may be possible that only
secondary follicles are a source of sex steroids but not the earlier stages. We measured gene
expression levels for three steroidogenic enzymes, the androgen receptor, progesterone
receptors and a cholesterol transporter using gRT-PCR. The expression levels were too low to
make a conclusive comparison to the RNA-sequencing results and no statistical significance
was estimated for the expression of these genes during early folliculogenesis studied using
gRT-PCR. In the future, a larger number of follicles per sample may overcome this and provide

more insight into a smaller subset of genes.

In conclusion, we presented two in-depth studies which investigated in the domestic cat for the
first time potential key genes, signalling pathways and molecular mechanisms that may be
regulating early follicle development. We are contributing toward an improved understanding
of the principles of early follicle development in mammalian species — a topic of great interest
in reproduction biology. Our results may also be useful for designing in vitro experiments for

the culture of early domestic cat follicles in the future.
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Chapter 1: Introduction

1.1 The mammalian ovary

The mammalian ovary has been the subject of intense investigation for many years. Andreas
Vesalius in his thesis De humani corporis fabrica libri septem (Vesalius, 1543), may have been
the first to describe the ovarian components and the ovarian follicle — a structure containing
the female egg cell or oocyte (Shoham and Schachter, 1996). By the 17" century, the ovary’s
role as a producer of eggs had been extensively explored, with William Harvey writing in
Exercitationes de generatione: “Ovum esse primordium commune omnibus animalibus” (“the
egg is the common starting point for all animals”, (Harvey, 1662). Shortly after, Regnier De
Graaf described morphological and functional features of the female reproductive organs in De
mulierim organis generation inservientibus (De Graaf, 1672). Since then, this field of research

has immensely progressed because of conceptual advances and progress in methodologies.

Typically ovaries in female mammals are lined with a stromal epithelium layer (Hummitzsch,
2019). Directly beneath this outermost layer lies (Figure 1) a layer of dense connective tissue
known as the tunica albuginea (Hummitzsch et al., 2019). Underneath this, there is a
composition of surrounding fibroblasts, fibres of collagen and elastin (Figure 1) which make
up the ovarian cortex where the ovarian follicles are located (Hummitzsch et al., 2019). The
medullary region (Figure 1) under the cortex contains a network of blood and lymphatic
vessels (Hummitzsch et al., 2019). Ovarian follicles are the basic unit of the ovary which are
composed of morphologically unique and varying numbers of stage-specific somatic cells
surrounding the oocyte (Prasasya and Mayo, 2019). The structure of the ovarian follicle aids
in protecting the oocyte and providing the oocyte with essential molecules required to promote
follicle development (Prasasya and Mayo, 2019). Ovarian follicles also play a fundamental role
in steroid production necessary for the brain, skeletal and cardiovascular systems (Jamnongjit
and Hammes, 2006). The development of oocytes, termed oogenesis, involves a series of
processes including oocytogenesis, ootidogenesis and folliculogenesis (Lim and Choi, 2012).
Folliculogenesis, also known as ovarian follicle development, involves the activation of
primordial follicles and their development into primary, secondary, preantral and antral follicle
stages (described in detail in section 1.4) (Figure 1) (Prasasya and Mayo, 2019). Successful
development may lead to the release of the oocyte from the ovary during ovulation (Figure 1)
(Prasasya and Mayo, 2019). The regulation of ovarian folliculogenesis in mammalian species

is a topic of great interest in reproduction biology.
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Figure 1. The typical morphological features of the mammalian ovary and a basic overview
of ovarian folliculogenesis in mammals. Ovaries are composed of an outer germinal
epithelium, a tunica albuginea layer, an ovarian cortex and an inner stromal medulla. Ovarian
follicles can be found throughout the ovarian cortex. The ovarian cortex is avascular, the
medullary region is vascularised with branched networks of blood vessels. Ovarian follicles
contain an oocyte and are surrounded by stage-specific somatic cells. Folliculogenesis
includes the activation of primordial follicles and development into primary, secondary,
preantral (not shown) and antral stage follicles The preovulatory follicle releases the oocyte
from the ovary during ovulation. The somatic cells left behind then develop into a temporary
endocrine gland known as the corpus luteum (pictured here in three stages of its development).
The caption of this figure is based on information from two publications (Hummitzsch, 2019,
Prasasya and Mayo, 2019). Adapted from “Ovary Anatomy”, by BioRender.com (2022).
Retrieved from https://app.biorender.com/biorender-templates/t-6037f4d134362f00ac35c0e0-

ovary-anatomy
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1.2 The ovarian reserve in mammals

In mammals, ovarian follicle formation and the establishment of the ovarian reserve begins
before or immediately after birth (Monniaux et al., 2014). Foetal life is therefore a critical
period because it has direct implications for the female reproductive lifespan, which
corresponds to the number of ovarian follicles within the ovarian reserve (Kaipia and Hsueh,
1997, Monniaux et al., 2014, Maidarti, 2020). To fully appreciate the process of ovarian follicle
development it is worthwhile to know how female germ cells are formed. Briefly, the migration
of undifferentiated primordial germ cells (PGCs), not yet a sperm or egg cell, begins from the
embryonic yolk sac (Figure 2) through the dorsal mesentery of the hindgut toward the
embryonic genital ridge (Kanamori et al., 2019). The migratory process includes several phases
— separation, migration and colonisation of the genital ridge (Kanamori et al., 2019). Upon
receiving signals to differentiate into female germ cells, PGCs multiply in large numbers by
mitosis (Figure 2) and form oogonia (Kanamori et al., 2019). The colonisation of the genital
ridge up to the formation of oogonia is completed at different time points in different species.
For example, it occurs around 45 days post conception (dpc) in domestic cat prenatal ovaries
(Monniaux et al., 2014). In humans, it is completed at the end of 35 days of embryogenesis,
and in mice it is completed around ten dpc (Faddy et al., 1992, Monniaux et al., 2014). After
colonisation, oogonia within germ cell nests enter meiosis and progress to the diplotene stage
of the first meiotic prophase — where they become arrested in prophase | of meiosis | (Figure
2) and are termed primary oocytes (Wang and Pepling, 2021). Primordial follicle formation
occurs over a series of events, including oocyte germ cell nest breakdown and encapsulation
of the surviving oocytes (Figure 2) by pre-granulosa cells (Tanimoto et al., 2022).
Subsequently, this results in a large population of arrested primary oocytes contained inside
the primordial follicles which represents the female’s ovarian reserve (Tanimoto et al., 2022).
Over the female’s lifetime, a selection of dormant primordial follicles may be activated and

continue into ovarian follicle development (Tanimoto et al., 2022).

Ultimately, each primordial follicle has several possible fates: to remain dormant and die, to
activate and develop but later be lost by atresia, or to activate and successfully develop,
reaching the eventual point of ovulation (Figure 2) (Chen et al., 2020). How each follicle

responds to developmental signals is imperative to cellular life or death.
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Figure 2. The origin of the ovarian reserve and primordial follicle formation in mammals.
Beginning in the embryo, primordial germ cells migrate to the genital ridge where they
proliferate rapidly by mitosis, resulting in germ cell nests. The germ cell nests begin to break
down, with many germ cells undergoing apoptosis as pre-granulosa cells encapsulate
surviving primary oocytes. Primordial follicles are formed after germ cell nest breakdown.
Primordial follicles are surrounded by a layer of squamous granulosa cells. The primary
oocytes within ovarian follicles remain arrested at prophase I of the first meiotic division until
ovulation. The caption of this figure is based on information from three publications (Kanamori
et al., 2019, Wang and Pepling, 2021, Tanimoto et al., 2022). Originally created by me using
BioRender.com (2022).

18



1.3 Regulators of ovarian follicle development in mammals

Ovarian follicle development is regulated mainly by three organs, the hypothalamus, anterior
pituitary and the gonads, which make up the hypothalamic-pituitary-gonadal (HPG) axis
(Figure 3a) — a model describing the relationship between the external environment and the
reproductive organs (Harris, 1955). The HPG axis involves the release of two gonadotropins,
the follicle-stimulating hormone (FSH) and the luteinising hormone (LH), from the anterior
pituitary in response to gonadotropin-releasing hormone (GnRH) produced in the
hypothalamus (Figure 3a) (Harris, 1955). The gonadotropins are essential for ovarian
steroidogenesis, a molecular cascade that produces the ovarian steroids, 17-beta oestradiol and
progesterone (Figure 3b), critical for normal uterine function, establishment and maintenance
of pregnancy and mammary gland development (Drummond, 2006). In most mammals,
ovarian steroidogenesis occurs according to the two-cell, two-gonadotropin theory which
posits that two ovarian follicle somatic cells (Figure 3b), the granulosa and theca cells, work
together to make ovarian steroids (Armstrong et al., 1979). The theca cells respond to LH
signalling by increasing the expression of enzymes necessary for the conversion of cholesterol
(Figure 3b) to progesterone and androgens such as androstenedione and testosterone
(Drummond, 2006, Jamnongjit and Hammes, 2006). The granulosa cells respond to FSH
signalling by increasing the expression of enzymes necessary for the conversion of theca cell-
derived androgens (Figure 3b) into oestrogens such as, oestradiol and oestrone (Drummond,
2006, Jamnongjit and Hammes, 2006).

In turn, the process of follicle development is regulated by the pituitary gonadotropins, FSH
and LH, which may be generally divided into three phases including the gonadotropin-
independent phase, the gonadotropin responsive phase and the gonadotropin-dependent phase
(Orisakaetal., 2021, McGee and Hsueh, 2000, Orisaka et al., 2009). Early follicle development
may occur independently of FSH and LH stimulation as demonstrated in studies using FSH
deficient mice (Abel et al., 2000) and women lacking gonadotropins (Goldenberg et al., 1976).
Follicle development from the preantral stage to the early antral stage is controlled by
intraovarian regulators (Cattanach et al., 1977) and may be stimulated by FSH (McGee and
Hsueh, 2000). Studies in bovine and human have shown that supplementing in vitro cultures
with a low dose of FSH is beneficial to preantral follicle development (McLaughlin and Telfer,
2010, McLaughlin et al., 2018). Follicle growth and maturation beyond the early antral stage
including follicle recruitment, selection and ovulation, is dependent on FSH and LH

(gonadotropin-dependent phase) (Kumar et al., 1997). In a study using human ovarian tissue

19



transplanted into hypogonadal mice, it was shown that the transplanted follicles with two layers
of granulosa cells did not form antral cavities suggesting follicle dependence (Oktay et al.,
1998).

For the most part however, the key genes, signalling pathways and molecular mechanisms
which regulate early follicle development remain elusive in mammals. Past studies in mice and
human found that the phosphatase and tensin homolog deleted on chromosome
10/phosphatidylinositol-3-kinase/protein kinase B (PTEN/PI3K/AKkt) signalling pathway may
play an important role in early follicle development regulation (Hsueh et al., 2015, John et al.,
2008, Castrillon et al., 2003, Gallardo et al., 2008, Reddy et al., 2008, Zheng et al., 2012,
Jagarlamudi et al., 2009, Li et al., 2010, Grgndahl et al., 2013, Novella-Maestre et al., 2015,
Wang et al., 2016). Members from the TGF-B-family such as the anti-Mullerian hormone and
bone morphogenetic proteins (BMPs) have been implicated as essential regulators of early
folliculogenesis in rodent and human studies (Durlinger et al., 1999, Carlsson et al., 2006,
Durlinger et al., 2001, Durlinger et al., 2002, Wang et al., 2014, Nilsson and Skinner, 2003,
Nilsson et al., 2007, de Castro et al., 2016, Kedem et al., 2011). Ovarian follicles are also
suggested to be under the influence of the ovarian microenvironment too, as demonstrated in a

mouse study in recent years (Nagamatsu et al., 2019).

In summary, we suggest that ovarian follicle development is regulated by a complex series of
extraovarian and intraovarian ligands functioning in an endocrine, autocrine and/or paracrine
manner. Apart from the well-studied mouse model, the principles of mammalian ovarian

folliculogenesis remain very poorly understood overall.
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Figure 3. The HPG axis and the two-cell, two-gonadotropin theory. (a) The HPG axis
involves the GnRH produced in the hypothalamus which stimulates the release of FSH and LH
from the anterior pituitary. The gonadotropins trigger the production of androgen, oestrogen,
and progesterone in the ovary which can exert an inhibitory effect on the hypothalamus and
pituitary by downregulating the release of GnRH. (b) Steroid production in ovarian follicles
occurs via the two-cell, two-gonadotropin model where ovarian steroids are synthesised from
cholesterol through interactions between granulosa and theca cells. LH binds to the luteinising
hormone/choriogonadotropin receptor (LHCGR) and stimulates the expression of the
steroidogenic enzymes necessary for androgen production in theca cells. Cholesterol is
transported by steroidogenic acute regulatory protein (StAR) from the outer to the inner
mitochondrial membrane where it is converted to pregnenolone by the cholesterol sidechain
cleavage enzyme (CYP11A1). Pregnenolone diffuses into the smooth endoplasmic reticulum
and is converted to progesterone by the 3-beta-hydroxysteroid dehydrogenase enzyme
(HSD3B). Progesterone is then converted to androstenedione by 17-alpha-hydroxylase/17, 20-
desmolase (CYP17A1). In granulosa cells, FSH signals via the follicle-stimulating hormone
receptor (FSHR) which stimulates the expression of enzymes necessary for oestrogen synthesis.
Androstenedione produced by theca cells diffuses into granulosa cells and is converted to
testosterone by the enzyme 17-beta-hydroxysteroid dehydrogenase (HSD17B) or to oestrone
by aromatase (CYP19Al1l). The CYP19Al1l enzyme uses testosterone to produce 17-beta-

oestradiol. However, HSD17B can also produce 17-beta-oestradiol using oestrone as a
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substrate. Abbreviations: cyclic adenosine monophosphate (CAMP), adenosine triphosphate
(ATP), 17-beta-hydroxysteroid dehydrogenase 1 (HSD17B1l), 17-beta-hydroxysteroid
dehydrogenase 2 (HSD17B2), 17-hydroxypregnenolone (17-OH-pregnenolone) and
dehydroepiandrosterone (DHEA). The caption of this figure is based on information from five
publications (Harris, 1955, Drummond, 2006, Armstrong et al., 1979, Jamnongjit and
Hammes, 2006, Wagner, 2020). Graphic (a) was adapted from “Hypothalamic-Pituitary-
Organ Axis (Layout)”, by BioRender.com (2022). Retrieved  from
https://app.biorender.com/biorender-templates/t-61f81089524a7e00a0a48701-hypothalamic-

pituitary-organ-axis-layout. Graphic (b) was originally created by me using Inkscape Project.

(2020). Inkscape. Retrieved from https://inkscape.org.
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1.4 Ovarian follicle development in the domestic cat

In the domestic cat, primary oocyte formation takes place during a well-defined period, with
the onset occurring at approximately 40-50 days of foetal development, possibly completing 8
days after birth (Bristol-Gould and Woodruff, 2006). The activation of dormant primordial
follicles (Figure 4) begins around 40 days after birth in the domestic cat (Monniaux et al.,
2014).

In general, cat ovarian follicles resemble those described in other mammalian species in terms
of cell type present during development however, the ultimate size of the follicle is proportional
to the size of the animal (Griffin et al., 2006). For example, domestic cat primordial follicles
contain on average a single layer of 4-10 squamous granulosa (Ariel et al., 2016) and the follicle
and oocyte measure at 40 um (Jewgenow and Goritz, 1995) and 20-30 pum (Bristol-Gould and
Woodruff, 2006) in diameter, respectively (Figure 4). In mice the diameter of a primordial
follicle is 17 um, in pig 34 um and similar to the domestic cat it is 44 pm in human (mean
values) (Griffin et al., 2006). Primary follicles in the domestic cat contain on average a single
layer of cuboidal granulosa cells and the follicle and oocyte measure at 50 um (Jewgenow and
Goritz, 1995) and 30-40 um (Bristol-Gould and Woodruff, 2006) in diameter, respectively
(Figure 4). Secondary follicles vary in size ranging between 100-400 um (Bristol-Gould and
Woodruff, 2006) with the oocytes ranging between 40-75 pum (Bristol-Gould and Woodruff,
2006) or in later stages 70-90 um (Jewgenow and Pitra, 1993). The oocyte in early secondary
follicles is surrounded by a transparent, extracellular coat called the zona pellucida (Figure 4)
and multiple layers of granulosa cells that are surrounded by newly recruited theca cells
(Bristol-Gould and Woodruff, 2006). The zona pellucida assists in species-specific sperm-egg
binding, induction of the acrosome reaction and post-fertilisation secondary blockage of the
polyspermy (Sinowatz et al., 2001, Wassarman et al., 1998, Wassarman, 1982). By this stage,
the theca cell layer is well-established opposite the basement membrane and separates the
surrounding layer of granulosa cells from the ovarian stroma (Bristol-Gould and Woodruff,
2006). Small antral follicles can be similar in diameter to late-stage preantral follicles, but they
greatly increase in size as follicular fluid begins to accumulate (Bristol-Gould and Woodruff,
2006). Large antral follicles contain intact mural and cumulus granulosa layers, many theca

cell layers, a large antral space and an oocyte (Bristol-Gould and Woodruff, 2006).

Development of the antral and pre-ovulatory follicle begins after puberty when the two
gonadotropin hormones, FSH and LH, become involved (Figure 4) (Bristol-Gould and
Woodruff, 2006). Puberty in the domestic cat occurs between 4-12 months of age, but this
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varies depending on breed, photoperiod (light and dark exposure) and body weight (Jemmett
and Evans, 1977, Lofstedt, 1982, Bristol-Gould and Woodruff, 2006). Until ovulation, the
primary oocyte within developing ovarian follicles is arrested at prophase | of the first meiotic
division (Laisk et al., 2019). At ovulation, the secretion of FSH and LH triggers the exit from
prophase arrest, and primary oocytes complete the first meiotic division (Laisk et al., 2019).
The molecular mechanisms which regulate early follicle development in the domestic cat,

including primordial follicle dormancy and activation, are for the most part unknown.
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Figure 4. The ovarian reserve and folliculogenesis in the domestic cat. The formation of
primordial follicles begins 45 dpc and lasts until 40 dpc in the domestic cat. The boundary
between the violet and pink bars corresponds to the stage at which most primordial follicles
have been formed. At 40 dpc, dormant primordial follicles can be activated by specific signals
to begin folliculogenesis. However, until puberty occurs at around 4-12 months of age,
activated follicles can only grow until the early antral stage. At puberty, the input of
gonadotropins allows for the progression beyond the early antral stage through to ovulation.
The boundary between the pink and green bars corresponds to the first occurrence of complete
follicular development culminating in ovulation. The bars indicate (1) meiosis initiation and
formation of primordial follicles (violet bar), (2) folliculogenesis before puberty (pink bar),
and (3) folliculogenesis and occurrence of ovulation after puberty (green bar). Before birth,
age is indicated as dpc and after birth, age is indicated as days, months, or years. The caption

of this figure is based on information from three publications (Bristol-Gould and Woodruff,
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2006, Monniaux et al., 1997, Monniaux et al., 2014). Originally created by me using

BioRender.com.

1.5 Importance of studies on early follicle development in the domestic cat

Of the 37 wild cat species, many are threatened and face extinction in all or part of their native
habitat such as, the cheetah (Acinonyx jubatus), Asian golden cat (Catopuma temminckii),
black-footed cat (Felis nigripes), Iberian lynx (Lynx pardinus), leopard (Panthera pardus),
Amur tiger (Panthera tigris), lions within the Indian population (Panthera leo) and snow
leopard (Panthera uncia) to name a few (CITES-Appendix I)!. For critically endangered
populations that are managed in captivity but whose individuals struggle to mate naturally or
have infertility issues, assisted reproductive techniques (ARTS) are required as a reproductive
support (Zahmel et al., 2022). This includes techniques such as in vitro maturation (IVM) of
oocytes, in vitro fertilisation (IVF) and embryo transfer into a surrogate mother (Zahmel et al.,
2022).

The most critical limiting factor is the lack of mature and developmentally competent oocytes
suitable for current ARTs. One solution could be to use the oocytes present in the large
population of dormant primordial follicles instead. Two methods essential to this outcome are
in vitro activation (IVA) of primordial follicles and in vitro growth (IVG) of early follicles. In
the mouse, the promise of these methods has been dramatically demonstrated through the live
birth of “Eggbert” who was conceived from primordial follicles cultured within ovarian tissue
pieces in vitro (Eppig and O'Brien, 1996). Unfortunately, Eggbert did not develop normally
and died prematurely. As a consequence, the same investigators modified their procedure,
adding and removing various factors at different time points of culture which remarkably
resulted in the birth of 59 normal pups (O'Brien et al., 2003). Since Eggbert, the recapitulation
of early follicle development in vitro has progressed in larger animal models such as, bovine
(Gupta et al., 2008, Gupta and Nandi, 2012), porcine (Wu et al., 2001), non-human primates
(Xuetal., 2009, Xu et al., 2011) and humans (Hovatta et al., 1997, Hovatta et al., 1999, Picton
and Gosden, 2000, Telfer and McLaughlin, 2012, Xiao et al., 2015).

This is a promising step forward in the establishment of novel in vitro methods for species

conservation. It also highlights that minor changes based on an insight into the molecular

1 Accessed on the 26™ of October 2022
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mechanisms which regulate early follicle development can have a large impact on the success
of in vitro experiments. For endangered felid species, the most relevant model organism to
investigate early folliculogenesis is the domestic cat (Rojo et al., 2015). Several studies have
already gained some insights into factors and molecular mechanisms which may regulate early
folliculogenesis in the domestic cat (Fujihara et al., 2016, Fujihara et al., 2018, Jewgenow and
Pitra, 1993) but this knowledge is far from complete. There are still major gaps in our
fundamental knowledge on how early follicle development is regulated in this species.
Furthermore, the successes observed in the rodent model are yet to be accomplished in the

domestic cat.

The domestic cat is also considered a suitable model for humans as cat oocytes share similar
features to human oocytes that are not present in the rodent model (Rojo et al., 2015). Studying
ovarian follicle biology in model organisms may benefit human ARTSs that are used a form of
treatment prior to gonadotoxic chemotherapy and radiotherapy (Nicosia et al., 1985, Wallace
et al., 1989, Byrne et al., 1992, McVie, 1999). Currently, the fertility preservation options for
post-pubertal and adult cancer patients includes the cryopreservation of ovarian tissue, oocytes
and embryos, although oocyte cryopreservation tends to be avoided in pre-pubertal cancer
patients because of concerns about the immaturity of the HPG axis (Reichman et al., 2012,
Hanson and Franasiak, 2020). In that case, the only option for pre-pubertal cancer patients and
older patients that cannot delay chemotherapy is the cryopreservation of autologous ovarian
tissue prior to treatment (Resetkova et al., 2013, Kim et al., 2018). The re-transplantation of a
patient’s ovarian tissue of course runs the risk of reseeding malignant cells (Dolmans et al.,
2013). Therefore, there is an urgent need for alternative methods as the number of people
requiring fertility preservation increases (Rodriguez-Wallberg et al., 2019). Developing
alternative methods such as IVA and IVG could benefit this group of patients in the future —
even though at present, the technique is still in its infancy and much more research in animal

models is required first.

1.6 Focus of the study

Early ovarian folliculogenesis includes the activation of dormant primordial follicles from the
ovarian reserve and their development into primary and secondary stages in mammalian
species. The exact molecular mechanisms which regulate early follicle development remain to
be fully elucidated. For the domestic cat model, we hypothesised that early follicle

development could be characterised by specific molecular mechanisms during primordial,

26



primary and secondary follicle development. We expected that gene expression levels of
specific proteins could serve as developmental biomarkers. The aim of this thesis was therefore
to (1) identify potential key genes and by this the signalling pathways that characterise early
follicle development in the domestic cat; (2) discover candidate genes for follow-up studies;
and (3) by contrasting the signalling pathways of the domestic cat with the mouse model (and
maybe humans) take a first step towards identifying general principles of follicle development
in mammals.

The domestic cat is an attractive medium-sized model to study early ovarian folliculogenesis.
Ovaries can be readily obtained from veterinary clinics from routine ovariectomies performed
in animal shelters, and follicles can be easily accessed in ovarian tissue through cost-effective
techniques such as mechanical dissection. Not only is the domestic cat an extremely popular
companion animal for people, it is also the most relevant model organism to endangered wild
felids and can be used as a model organism for humans too. Therefore, the results presented

here may have wider practical implications for future ARTs in a variety of species.
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Chapter 2: Signalling pathways and mechanistic cues highlighted by
transcriptomic analysis of primordial, primary, and secondary ovarian
follicles in domestic cat

2.1 Summary

In this study, published in “Scientific Reports”, we hypothesised that early follicle development
could be characterised by specific molecular mechanisms in the domestic cat (Kehoe et al.,
2021). Our goal was to characterise gene expressions, signalling pathways and molecular
mechanisms during primordial to primary and primary to secondary development in adult, non-

pregnant domestic cats.

To do so, we mechanically isolated early ovarian follicles, 60 primordial (< 45 um) follicles,
15 primary (55-70 pum) follicles and 3 secondary (85—110 pum) follicles. Samples were lysed,
snap frozen in liquid nitrogen (LN2), and then stored in -80°C freezer for a brief period. Next,
selected samples were thawed and pooled per follicle type to provide us with 180 primordial
follicles per tube, 45 primary follicles per tube and 9 secondary follicles per tube. Total RNA
was extracted, complementary deoxyribonucleic acid (cDNA) generated and sequencing
libraries created with custom index primers that were tagged to each library preparation to

allow for demultiplexing. Libraries were quantified, normalised and then sequenced.

The data was analysed using DESeq?2 through contrasts of follicle types to produce two lists of
genes that were differentially expressed: primordial versus primary and primary versus
secondary. This allowed us to identify significant changes in gene expression during primordial
to primary and primary to secondary development, respectively. Functional annotation and
enrichment analysis allowed us to identify the top gene ontology (GO) terms that were
associated with biological processes implicated to play an important role during early follicle
development in the domestic cat. We found the PI3K/Akt, TGF-f and hypoxia-inducible factor
(HIF) 1 signalling pathways were involved during early folliculogenesis in the domestic cat.
We also identified the ECM in this list too. We presented differential gene expression patterns
for a subset of matrix metalloproteinase (MMP) genes which are suggested to interact with the
ECM. We also compared the gene expression levels of the RNA-sequencing and gRT-PCR
data for two genes: BMP15 and HISTHLT whose gene expression patterns analysed by gRT-
PCR were mainly concordant with the RNA-sequencing data.
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The results from this publication have led to the description of early follicle developmental
regulation in the domestic cat. Similarities amongst genes, signalling pathways and biological
processes were discussed with reference to published work. The publication also highlighted
some open research questions which could be pursued in the future.

2.2 Author contributions

Shauna Kehoe: Collection of ovarian follicle samples, characterisation and imaging of ovarian
follicles, isolation of RNA, generation of RNA-sequencing libraries, quality control checks of
RNA-sequencing libraries, documentation of experiments, experimental design of RNA-
sequencing analysis pipeline, writing scripts in R, analysis, preparing the manuscript, gRT-
PCR (unpublished data), and discussing data.

Beate C. Braun and Katarina Jewgenow: Project design, supervision, discussing data, and
preparing the manuscript.

Beate C. Braun: gRT-PCR and analysis.

Susan Mbedi: Contributed reagents, materials, and advice during RNA-sequencing library
preparation and quality control checks.

Paul R. Johnston: Experimental design of RNA-sequencing analysis pipeline and writing
scripts in R.

All authors were involved in correcting the manuscript.
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In vitro growth (IVG) of dormant primordial ovarian follicles aims to produce mature competent
oocytes for assisted reproduction. Success is dependent on optimal in vitro conditions complemented
with an understanding of oocyte and ovarian follicle development in vivo. Complete IVG has not been
achieved in any other mammalian species besides mice. Furthermore, ovarian folliculogenesis remains
sparsely understood overall. Here, gene expression patterns were characterised by RNA-sequencing
in primordial (PrF), primary (PF), and secondary (SF) ovarian follicles from Felis catus (domestic cat)
ovaries. Two major transitions were investigated: PrF-PF and PF-SF. Transcriptional analysis revealed
a higher proportion in gene expression changes during the PrF-PF transition. Key influencing factors
during this transition included the interaction between the extracellular matrix (ECM) and matrix
metalloproteinase (MMPs) along with nuclear components such as, histone HISTIH1T (H1.6).
Conserved signalling factors and expression patterns previously described during mammalian ovarian
folliculogenesis were observed. Species-specific features during domestic cat ovarian folliculogenesis
were also found. The signalling pathway terms “PI3K-Akt"”, “transforming growth factor-f receptor”,
“ErbB”, and “HIF-1"” from the functional annotation analysis were studied. Some results highlighted
mechanistic cues potentially involved in PrF development in the domestic cat. Overall, this study
provides an insight into regulatory factors and pathways during preantral ovarian folliculogenesis in
domestic cat.

Artificial reproductive technology (ART) such as, germ cell cryopreservation and in vitro embryo production
can potentially contribute to species conservation when populations decline to a critically small size'. However,
in practice, the inadequate number of oocytes that are acquired from later ovarian follicle stages limits current
applications within endangered species conservation breeding programs?. First and foremost, improving female
gamete yield is essential in order to progress. Studies involved in optimising these techniques could potentially
be applied to human oncofertility and fertility preservation in the future also®.

Within the ovary, an oocyte is found inside an ovarian follicle?. Ovarian follicles from various developmental
stages are contemporaneously present within adult animal ovaries beginning from PrF, PF, SE, to antral follicular
stages. Each follicle stage is characterised by cell-specific morphological and physiological features of the oocyte
and the surrounding follicular cells*. The activation, growth, and development of an ovarian follicle, a process
termed ovarian folliculogenesis, is finely regulated by cell-to-cell interactions and coordinated gene expression
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Figure 1. Microscope images of domestic cat preantral ovarian follicles. (a) PrF (<45 pm), (b) PF (55-70 pum),
(c) SF (85-110 um with a visible zona pellucida).

in the oocyte and surrounding granulosa cells (GCs)*. Oocyte recovery for in vitro applications can be achieved
by isolating granulosa-oocyte-complexes from later antral follicles however, the majority of oocytes (=90%)
are encapsulated in the earliest, dormant PrFs®. Therefore, harnessing oocytes from this larger resource could
potentially overcome current limitations in the field®. Nevertheless, the recapitulation of female germ cell devel-
opment from the early preantral stage is challenging and remains in its rudimentary stage for mammalian species.

At present, complete oogenesis originating from primordial germ cells has been achieved in mice”®. For
other species such as, ovine and feline, more advanced ovarian follicle stages have developed successfully in
culture®!®. Embryo production from oocytes derived from advanced preantral follicles developed by IVG has
been achieved in porcine, buffalo, ovine, and goat but inconsistently so''. Evidently, inadequate oocyte maturation
rates are especially accountable for this which demands considerable research. Overall, the key to improving the
success rate seems to lie within the sequential provision of essential nutrients and growth factors to the follicles
based on a profound knowledge on effective biomarkers for the particular ovarian follicular stage'>. Thus, RNA-
sequencing transcriptomic analysis could address fundamental questions surrounding ovarian folliculogenesis
and potentially identify genes and biological processes useful for developing IVG methods.

Mainly, elucidating molecular mechanisms during early folliculogenesis has focused on ovarian follicle gene
expression in transgenic murine models"*~'*. Transcriptomic profiling from laser capture microdissection (LCM)
of ovine GCs and oocytes has been performed along with gene expression profiling at a spatio-temporal level in
the same species'®!”. In bovine, transcriptome analysis of GCs from ovarian follicles has characterised differential
gene expression and has investigated gene expression during development of antral follicles'®'. Transcriptomic
profiling of human oocytes from PrFs and PFs isolated by LCM has revealed putative signalling factors associated
with the maintenance and activation of PrF dormancy®. Many studies in domestic animals and rodents are based
on early ovarian follicle samples obtained from juveniles (fetal or new born). This allows an exact determination
of major follicular stages during ontogenesis. In comparison to this, investigating ovarian folliculogenesis in the
adult mammalian ovary can provide insight into the mechanisms involved in maintenance of the ovarian reserve
and subsequently activation and developmental processes.

Overall, the aim of this study was to elucidate differential gene expression and biomolecular mechanisms
in early preantral follicles from the domestic cat using RNA-sequencing data. To do so, PrFs, PFs, and SFs
were isolated from domestic cat ovaries utilising a previously established ovarian follicle isolation method?!.
Two major developmental transitions were explored: PrF-PF and PF-SE Distinct differences in gene expression
levels between these two transitions were found. Functional annotation clustering analysis described biological
processes (BPs), cellular components (CCs), and molecular functions (MFs) associated with preantral ovarian
folliculogenesis in the domestic cat.

Materials and methods
All chemicals and materials were purchased from Merck KGaA, Darmstadt, Germany unless stated otherwise.

Sample collection. Ovaries were obtained from domestic cats after ovariectomy performed at animal shel-
ters in Berlin. After excision, ovaries were stored in HEPES-MEM medium, supplemented with 3 g/L BSA and
1 x Antibiotic Antimycotic Solution in 50 mL tubes (Sarstedt AG & Co. KG, Niimbrecht Germany) at 4 °C and
were processed within a 2-3 h time-frame. The collection of preantral ovarian follicles from domestic cat ovaries
has been described previously®!. In brief, ovaries were pressed through a cell dissociation sieve (60 mesh) in a
Dulbecco’s phosphate-buffered saline solution supplemented with BSA (DPBS-BSA—0.3 mg/mL) into a petri
dish (Thermo Fisher Scientific, Dreieich, Germany). This cell suspension was pipetted through a series of nylon
sieve 40 um, 70 um, and 100 um cell strainers (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ). Flushing
the 40 pm, 70 pum, and 100 pum sieves with 6 mL DPBS-BSA allowed for the enrichment of PrFs, PFs, and SFs,
respectively. It should be noted that in each flushed sieve suspension, ovarian follicles from other stages could be
found. Calibrated and siliconised glass pipettes (coated with Sigmacote) were utilised to collect ovarian follicles.
Collected ovarian follicles were measured with an inverse microscope with a 40 x objective (Axiovert 100, Jenop-
tic, Jena, Germany) equipped with an RI camera and software system (CooperSurgical Fertility and Genomic
Solutions, Germany) and ovarian follicle types were determined based on the following measured diameters:
PrF<45 pum, PF 55-70 um, and SF 85-110 um, respectively (Fig. 1). Regarding SFs, only those exhibiting a
visible zona pellucida were selected for sampling (Fig. 1c). Collected samples were lysed in 10 pL Lysis Buffer
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1 from the NucleoSpin RNA Plus XS kit (Macherey-Nagel GmbH & Co. KG, Berlin, Germany) which imme-
diately inactivated RNases. The samples were snap-frozen in liquid nitrogen and stored at — 80 °C until RNA
extraction. Sample collection for RNA-sequencing included three biological replicates of pooled follicle samples:
PrF (n=180 follicles from 3 individuals collectively (n=60 follicles each), N=3 samples), PF (n=45 follicles
from 3 individuals collectively (n=15 follicles each), N =3 samples), and SF (n=9 follicles from 3 individuals
collectively (n=3 follicles each), N = 3 samples), giving a total of 9 samples. For quantitative real-time PCR (qRT-
PCR), additional pooled follicle samples were collected, measured, and stored accordingly: PrF (n =180 follicles,
N =4 samples), PF (n=45 follicles, N =4 samples), and SF (n=9 follicles, N =4 samples).

RNA-sequencing. Total RNA was extracted with NucleoSpin RNA Plus XS (Macherey-Nagel GmbH &
Co) from the 9 samples following the manufacturer’s instructions. Total RNA sample integrity and concentra-
tion was measured by Agilent High Sensitivity RNA ScreenTape Assay (Agilent 2200 TapeStation system, Agilent
Technologies, Inc., Santa Clara, US). Sample concentrations for quantification were determined by Qubit 2.0
Fluorometer (Thermo Fisher Scientific Inc., Waltham, USA). During extraction, genomic DNA was removed
by gDNase during on-column DNA digestion. The purified RNA was dissolved in 20 uL RNase-free water and
stored at—80 °C. The cDNA was generated and amplified in 9 cycles with the SMART-Seq v4 Ultra Low Input
RNA Kit for Sequencing (Takara Bio, Inc. Mountain View, USA). Libraries were generated (Nextera XT DNA
Library Prep Kit, Illumina, San Diego, USA) and sample quality was checked by Agilent 2100 Bioanalyzer (Agi-
lent, Santa Clara, USA) and by Agilent High Sensitivity D1000 ScreenTape Assay (Agilent 2200 TapeStation
system). Custom index primers were tagged to the libraries to allow for multiplexing during RNA-sequenc-
ing. Libraries were quantified, normalised based on measurements determined by Qubit 2.0 Fluorometer, and
sequenced on the Illumina NextSeq 500 system (150 cycles). The raw RNA-Seq data was deposited and released
with the BioProject accession number of PRINA635095.

RNA-sequencing analysis. The analysis was performed in R (https://www.r-project.org/), R 3.4.4%2, with
Bioconductor (https://www.bioconductor.org/) packages. The analysis workflow, scripts, and a list of acquired
packages along with citations are available in the Github repository: https://github.com/kshauna/OvarianFol
licleTranscriptomics-DomesticCat.

Raw data consisted of paired-end, double-indexed cDNA library sequencing reads. The PhiX adapter-ligated
control was sequenced at a standard concentration of 5%. The de-multiplexed data received in fastq file format
was quality checked with FastQC?* and summarised with MultiQC*. Salmon? quantified transcripts from a
FASTA file containing the reference transcriptome and FASTQ files containing the sequence reads. Transcript
abundance, counts, and length were summarised by tximport®*. The DESeqDataSet under three factor levels
“type” determined differential gene expression for PrFs, PFs, and SFs with DESeq2%. Ovarian follicle type con-
trasts, PrF versus PF (PrF-PF) and PF versus SF (PF-SF), were designed. Differentially expressed genes (DEGs)
were estimated from the un-normalised, paired-end fragments by the Independent Hypothesis Weighting®®
method with an alpha=0.05, an adjusted P value <0.05, and absolute log? fold-change of 1 (Supplementary
Data S1). For quality control, the log fold-change shrinkage estimates of normalised data were visualised with
heatmaps of Euclidean distances and with a principal component analysis (PCA). To assign Entrez gene identi-
fiers (IDs) BioMart**° was employed. The Entrez IDs were input into the web-based portal “the database for
annotation, visualisation and integrated discovery” (DAVID) Bioinformatics Resources 6.8 (https://david.ncifc
rf.gov/)*"*2. The tool DAVID was chosen to: (1) identify major gene groups (functional classification); (2) to
elucidate enriched annotation terms (functional annotation chart and clustering, respectively); (3) and to pro-
vide an overview of gene annotations (functional annotation table)3!. Importantly, the last update, DAVID 6.8,
occurred in October 2016 and the data analysed here was submitted to DAVID 6.8 at the beginning of 2019.
Researchers interested in enrichment analysis should consider a combination of other tools such as gProfiler®,
Enrichr***, and/or Metascape®®*’. However, these portals and others such as, PANTHER®, InterMine***¢, and
GeneTrail2*! may be relying on old knowledge bases®. Here, the functional annotation and enrichment analysis
workflow is summarised as follows: analysis with DAVID 6.8 output gene ontology (GO)** and KEGG (Kyoto
Encyclopedia of Genes and Genomes) orthology (KO)* terms which were categorised into functional annotation
clusters. The functional annotation tool (FAT) was applied to the GO categories BP, CC, and MF which filtered
out broad GO terms based on measured specificity. Default categories were unselected and “GOTERM_BP_FAT",
“GOTERM_CC_FAT”, “GOTERM_MF_FAT”, and “KEGG_PATHWAY” were selected. An over-representative
hypergeometric test on the resulting GO and KO terms was performed and the clustering options within DAVID
were modified as follows: Similarity Term Overlap 3, Similarity Threshold 0.60, Initial Group Membership 3,
Final Group Membership 3, Multiple Linkage Threshold 0.50, and an Enrichment Threshold EASE 0.2. The GO
and KO terms with an arbitrary enrichment score (ES) > 0.1 were considered for further investigation. A false
discovery rate (FDR), Q value (Q), corrected for multiple testing of P values of the enriched terms. A Q<0.05
was considered as significant. For visualisation purposes the web-based portal Metascape (http://metascape.
org) was utilised®®. Metascape currently does not support the domestic cat but it does support human. As gene
annotation databases are primarily compiled for human genes it is useful to use human orthologs for model
organisms prior to analysis®. As a model organism, the domestic cat shares several female germ cell features to
humans: (1) the oocyte proper and the germinal vesicle diameter is equivalent; (2) oocytes reach metaphase II
(MII) stage of meiosis after 24 h in culture; and (3) the nuclear configuration is comparable*#**. Thus, g:Profiler
g:Orth orthology (https://biit.cs.ut.ee/gprofiler/orth)** converted the Felis catus Entrez IDs into Homo sapiens
Ensembl IDs (an orthologous species recognisable by Metascape). The “Express Analysis” in Metascape was
selected which automatically removed ontology terms that did not satisfy the minimal statistical criteria. The
analysis report produced functional annotation network cluster graphs and ontology enrichment bar plots which
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were summarised in an Excel workbook, PowerPoint presentation, and Zip folder format. Metascape performed
an additional gene annotation, membership search, and enrichment clustering on the gene list. Together, the
multi-test corrected Q values (DAVID) and P values (Metascape) were considered when ranking the enriched
terms. The DESeq2 function “plotCounts” plot RNA-sequencing normalised count data of selected genes on a
log scale for diagnostic purposes only. For comparison to qRT-PCR results, normalised counts were fit with a
negative binomial general linearised model and coefficients and intervals were extracted.

Gene expression by qRT-PCR. Total RNA extraction for qRT-PCR was performed as described previ-
ously. Reverse transcription of RNA into cDNA was performed as described by Hryciuk et al.*“. Intron-spanning
primers were designed according to gene sequences listed in GenBank (Supplementary Table S1). The cDNA
was diluted 1:10 and analysed with the CFX96 Real-Time PCR detection system utilising the SsoFast EvaGreen
Supermix (Bio-Rad Laboratories GmbH, Munich), at 98 °C and 8 s at different annealing temperatures. Quan-
tification of QRT-PCR products was performed with CFX Manager Software 3.1 (Bio-Rad Laboratories GmbH).
Serial dilutions of plasmid DNA carrying genes of interest sequences or of qRT-PCR products were utilised for
calibration with B-actin (BACT) as a reference gene®’. Statistical analysis was performed in R using R 3.4.4%% The
Kruskal-Wallis rank sum test determined P values of gene expression. The Wilcoxon rank sum test determined
post-hoc pairwise comparisons (P value adjustment: Benjamini-Hochberg). Sigma-Plot 10.0 (Systat Software
Inc., San Jose, CA, USA) allowed for the visualisation of qRT-PCR statistical results through box plots.

Ethics declarations. Domestic cat ovaries were obtained from animal shelters in Berlin after routine ova-
riectomy for the purpose of permanent contraception primarily from stray domestic cat individuals. The surgical
procedures were not related to the purpose of the experiment. The animal shelter agreed to donate the excised
ovaries which we utilised as samples. Castrations are compliant with the “Protection of Animals Act” in Ger-
many; no further guidelines had to be considered.

Results

RNA-sequencing. Raw data, 35 Gb, was obtained after Illumina NextSeq sequencing. FastQC analysis
estimated the total sequence distribution between samples (Supplementary Fig. S1a). Sequence length ranged
from 59.4 to 76 base pairs (bp) with a guanine-cytosine content of 48.94% on average. Fragment lengths were
distributed at approximately 300 bp. The percentage of mapped reads (% aligned) and mapped reads (millions)
(M aligned) was estimated with MultiQC (Supplementary Fig. Sla). Trimming of reads was not performed. Log
count distributions between samples before and after normalisation were visualised (Supplementary Fig. S1b).
The PCA of the nine samples explained sample variance by the first two principal components (PC1 versus PC2)
which accounted for 37% and 16% variation, respectively whereby, PC1 separated PrF from PF and SE, whereas
PC2 separated PF from SE. This emphasised the sample-to-sample relationships based on ovarian follicle type
(Supplementary Fig. S2a). The PC1 versus PC3 for all genes accounted for 37% and 12% variation, respectively
(Supplementary Fig. S2b). The inclusion of PC3 explained a reduced proportion of variation between the PF
and SF samples. Collectively, the first three PCs explained approximately 65% of total variation. The PC1 versus
PC2 for 500 genes accounted for 39% and 19% variation, respectively (Supplementary Fig. S2¢). A hierarchical
heatmap demonstrated that samples clustered together based on ovarian follicle type (Supplementary Fig. S3).
Clustering of all PrF samples was identified with a high degree of correlation. An outlier PF sample was observed
(sample_4_S4) but the remaining two samples were closely associated. All SF samples were highly correlated.
Opverall, the degree of correlation demonstrated a relationship between PF and SF follicle samples. These samples
were either less correlated or not correlated at all with the PrF samples (Supplementary Fig. S3). Additionally,
sample-to-sample relationships were visualised with hierarchical cluster dendograms (Supplementary Fig. S4).

Differential gene expression analysis. The highest number of DEGs was identified during the PrE-PF
transition. This included 2,226 DEGs comprised of 1,206 down-regulated and 1,020 up-regulated genes. The
lowest number of DEGs was found in the PF-SF transition whereby, the total 154 DEGs estimate included 122
down-regulated and 32 up-regulated genes (Fig. 2a, c). This revealed that the number of DEGs decreased when
comparing the PrF-PF and PF-SF transitions. The patterns of gene expression changes across all samples were
graphically depicted in heatmap format (Fig. 2b) and summarised with a diagram of ovarian follicle DEGs
(Fig. 2c). All differential gene expression lists were combined into one DEG database (Supplementary Data S1).
Collectively, 2,380 DEG transcripts including 1,328 down-regulated and 1,052 up-regulated genes were detected
in early preantral ovarian follicles in domestic cat.

Functional annotation clustering analysis. To focus the study, the following aims were established for
analysis of the domestic cat data: (1) identify signalling pathways conserved in mammalian ovarian folliculo-
genesis; (2) select signalling pathways that are most functionally annotated/enriched; (3) extract DESeq2 DEG
values for the genes associated with the respective pathways and plot transcript expression patterns for some
representatives of it. The main conserved pathways during ovarian folliculogenesis in mammals include: ade-
nylate cyclase; mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/Erk); phosphoi-
nositide-3-kinase/protein kinase B (PI3K-Akt); phospholipase C; janus kinase/signal transducers and activators
of transcription (JAKS/STATS); SMAD (Caenorhabditis elegans Sma gene and Drosophila Mad, Mothers against
decapentaplegic); and nuclear receptors*. Additionally, any over-represented BPs not explicitly defined as “sig-
nalling pathway” were taken into consideration.

From 2,226 DEGs within the PrF-PF transition 1,916 DAVID IDs (an internal gene ID defining a unique
gene cluster from a single gene entry) were identified resulting in 137 functionally annotated clusters
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Figure 2. Differential gene expression during preantral ovarian folliculogenesis in domestic cat. (a) The
estimated number of DEGs between ovarian follicle contrasts: primordial versus primary and primary versus
secondary with an adjusted P value of <0.05 and log? fold-change > 1 were visualised utilising MA plots whereby,
non-significant genes (values not satisfying the P value and log? fold-change threshold) are shown in black and
significant genes (values satisfying the P value and log? fold-change threshold) are shown in red, log? fold-
change is mapped to y and the normalised mean is mapped to x (transformed to log'® scale); (b) Patterns of
gene expression changes are shown on a heatmap with an adjusted P value of <0.01 and log? fold-change > 1. The
colour red represents relative increase in expression, blue represents relative decrease, and pale orange (in the
middle of the colour scale) represents no change. The columns are labelled with follicle type, respectively; (c) Pie
charts summarise the estimated number of DEGs between the primordial versus primary and primary versus
secondary contrasts with an adjusted P value of<0.05 and log? fold-change > 1.

(Supplementary Data S2). Significantly enriched terms included “extracellular region part” (Q=2.10E-07), “focal
adhesion” (Q=5.30E-05), “movement of cell or subcellular component” (Q=6.70E-04), and “cell morphogen-
esis” (Q=3.80E—03). The KO terms such as, “ECM receptor interaction” (Q=1.60E—06) and “focal adhesion”
(Q=1.80E-03) were significantly enriched also. Other enriched terms and pathways were involved in “cel-
lular response to growth factor stimulus” and the “phosphatidylinositol 3-kinase (PI3K)-Akt/Protein Kinase B
(Akt)” and “transmembrane receptor protein serine/threonine kinase” signalling pathways (Table 1). Addition-
ally, “platelet derived growth factor”, “integrin-mediated”, and “transforming growth factor (TGF)-p” signalling
were observed during the PrE-PF transition (Supplementary Data S3). Interestingly, “axonemal dynein complex
assembly” was identified in Annotation Cluster 32 and was coupled with “ciliary plasm” and “axoneme cellular
components” (Supplementary Data S2).

Functional annotation clustering of the 154 PF-SF DEGs resulted in 128 DAVID IDs in 27 clusters (Sup-
plementary Data S2). Identified terms included “reproductive process’, “cellular response to chemical stimu-

lus”, “ovulation cycle process”, and “epithelial cell proliferation” (Table 2). The KOs included terms involved in

“focal adhesion” and “inositol phosphate metabolism” along with “sphingolipid”, “phosphatidylinositol’, “thyroid
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Cluster | ES' | Description (DAIVD ID*) Count? | FC* | BH* FDR®
1 8.47 | Extracellular region part 427 1.3 | L.LIE-7 |2.1E-7
ECM-receptor interaction 31 34 |33E-7 | 1.6E-6
2 6.01 | Focal adhesion 49 23 |56E-6 |53E-5
PI3K-Akt signalling pathway 49 14 |21E-1 |22E1
3 5.23 | Focal adhesion 64 1.9 |9.9E-5 |1.8E-3
4 5.01 | Dilated cardiomyopathy 25 30 |13E-4 |1.8E-3
5 4.83 | Endopeptidase inhibitor activity 31 2.5 |3.9E-3 |4.6E-3
6 4.29 | Collagen metabolic process 14 35 |28E-2 |1.5E-1
7 4.01 | Movement of cell or subcellular component 182 14 |12E-3 |6.7E-4
8 3.68 | Glycosaminoglycan binding 27 2.1 |49E-2 |59E-1
9 3.07 | Epithelium development 115 14 |22E-2 |1.0E-1
Cellular response to growth factor stimulus 62 1.5 |8.7E-2 |9.7E-1
10 2o Transmembrane receptor protein serine/threonine kinase signalling pathway | 38 1.5 | 44E-1 |22E
11 291 | Meiotic cell cycle 36 22 |8.8E-3 |24E-2
12 2.7 Meiosis I 20 2.5 6.1E-2 |5.8E-1
13 2.62 | Embryonic morphogenesis 75 1.5 | 43E-2 |3.8E-1
14 2.6 | Cellular response to amino acid stimulus 15 3.1 |3.7E-2 |2.8E-1
15 2.59 | Cell morphogenesis 146 1.5 | 3.4E-3 |3.8E-3
16 2.56 | Negative regulation of cellular component movement 34 1.7 | L.6E-1 |3.1E0
17 2.56 | ECM structural constituent 12 2.8 |2.0E-1 |3.6E0
18 2.48 | Vasculature development 70 1.5 | 1.2E-1 |1.7E0
19 2.38 | Cilium organization 36 1.7 1.6E-1 |2.7E0
20 2.38 | Response to oxygen-containing compound 106 1.4 1.2E-1 | 1.6EO

Table 1. Functional annotation clusters identified during the PrF-PF transition in domestic cat using DAVID.
The top 20 categories grouped by similar GO and KO terms are listed. The full list containing 137 identified
clusters is found in Supplementary Data 2, “DAVID PrF-PF” lenrichment score, geometric mean of member’s
P values of the corresponding annotation cluster in -log10 scale of the annotation cluster; 2number of gene
counts, * Fold-change, “Benjamini-Hochberg value, and >false discovery rate (P value adjusted). *internal gene
ID defines a unique gene cluster belonging to a gene entry.

hormone’, “calcium’, “vascular endothelial growth factor (VEGF)”, “ErbB” and “hypoxia-inducible factor 1 (HIF-
1)” signalling pathways (Table 2). Additionally, “B-catenin’, “apelin”, “extra-nuclear estrogen”, “IL8 CXCR1”,
“RAS’, and “TXA2” signalling were identified. Lastly, “E2F”, “forkhead box O (FOXO)”, “Hedgehog”, “IL6 JAK
STAT3”, “insulin-like growth factor (IGF)”, “KIT”, “Notch”, and “Wnt” were identified though not significantly
enriched (Supplementary Data S3).

As described in the methods section, Metascape generated functional annotation network clusters and bar
plots of enriched ontology terms for visualisation. The results from Metascape were extracted for PrF-PF (Fig. 3
and Supplementary Fig. S5) and PF-SF (Fig. 4 and Supplementary Fig. S6), respectively. Based on Metascape
analysis, the functional annotation cluster and enrichment PrF-PF and PF-SF results were summarised in Excel
format, respectively (Supplementary Data S3 and S4, respectively). The following pathways, processes, and regu-
lators were selected for further analysis: PI3K-Akt; TGF-; erythroblastoma (ErbB); HIF-1 signalling pathways;
over-represented biological processes associated with the extracellular matrix (ECM); and potential structural
regulators of ovarian folliculogenesis such as, the dynein complex.

Selected RNA-sequencing transcript expression. Supplementary Data S3 and S4 identified which
genes were associated with the aforementioned selection, respectively. Several genes were selected (investigating
both the significant and non-significant differential expression gene lists), transcript expression levels were plot-
ted, and DESeq2 results were extracted for each (Fig. 5 and Table 3). Some genes were selected due to functional
implications related to ovarian folliculogenesis in other species. Whereas, others such as, bone morphogenetic
proteins (BMPs) and MMPs were selected due to the piling evidence describing the essential role of these factors
during mammalian ovarian folliculogenesis. For each numbered section below the following genes are listed in
order of decreasing “baseMean” values: (1) PI3K-Akt signalling pathway: TSC complex subunit 2 (TSC2); pyru-
vate dehydrogenase kinase 4 (PDK4); AKT serine/threonine kinase 2 (AKT2); epidermal growth factor (EGF);
regulatory associated protein of mTOR complex 1 (RPTOR); and PI3K subunit delta (PIK3CD) (Fig. 5a). Tran-
script expression increased for each of these genes except EGF during the PrE-PF transition (Table 3, Fig. 5a). In
contrast, the non-significantly differentially expressed gene EGF decreased sharply during the PrE-PF transition
only to increase sharply during the PF-SF transition (Fig. 5a). (2) TGF- signalling pathway: growth differen-
tiation factor 9 (GDF-9); BMP and activin membrane bound inhibitor (BAMBI); BMP15; twisted gastrulation
BMP signalling modulator 1 (TWSG1); SMAD specific E3 ubiquitin protein ligase 2 (SMURF2); BMP4; bone
morphogenetic protein receptor type 1B (BMPRI1B); and BMP binding endothelial regulator (BMPER) (Table 3,
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Cluster | ES' | Description (DAIVD ID*) Count®> | FC* | BH* FDR®
1 1.76 | Reproductive process 15 2.5 |5.8E-1 |3.1E0
2 1.73 | Phospholipase activity 4 8.0 |87E-1 |1.6El
3 1.7 | Cellular response to chemical stimulus 20 1.7 | 9.3E-1 |23El
4 1.52 | Ion binding 31 1.5 7.8E-1 | 1.8E1
Sphingolipid signalling pathway 5 52 |93E-1 |17E1
5 1.38 | Fc gamma R-mediated phagocytosis 4 6.1 |8.0E-1 |2.8El
Choline metabolism in cancer 3 3.7 |6.6E-1 |9.2El
Fc gamma R-mediated phagocytosis 4 6.1 |8.0E-1 |28El
6 1.31 | Leukocyte transendothelial migration 4 44 |53E-1 |5.3El
Focal adhesion 5 3.0 |5.5E-1 |6.3El
7 1.27 | Cell adhesion 17 2.5 |8.6E-1 |1.8E0
Sphingolipid signalling pathway 5 52 |9.3E-1 |L7ElL
Inflammatory mediator regulation of TRP channels | 4 55 |59E-1 |34El
Phosphatidylinositol signalling system 4 51 |6.1E-1 |4.0E1
N 125 Cholinergic synapse 4 47 |58E-1 |48El
Thyroid hormone signalling pathway 4 45 |54E-1 |52E1
Oxytocin signalling pathway 4 3.5 |57E-1 |7.3El
Inositol phosphate metabolism 3 53 |5.8E-1 |7.5E1
Calcium signalling pathway 4 29 |6.3E-1 |8.8El
9 1.25 | Cytosolic transport 4 54 |9.2E-1 |4.8El
10 1.24 | Extracellular region 34 14 |94E-1 |29E1
Sphingolipid signalling pathway 5 52 |[93E-1 |1.7E1
11 1.23 | VEGF signalling pathway 3 6.3 |54E-1 |6.3El
HIF-1 signalling pathway 3 39 |6.5E-1 |9.1E1
12 1.17 | Ovulation cycle process 3 87 |9.3E-1 |5.5El1
13 1.15 | Serine hydrolase activity 5 43 |7.6E-1 |3.1E1
14 1.14 | Regulation of angiogenesis 5 43 | 93E-1 |4.0E1
15 1.14 | Epithelial cell proliferation 6 3.3 |9.3E-1 |4.6El
ErbB signalling pathway 4 58 |6.7E-1 |3.1E1
16 1.12 | Focal adhesion 5 30 |5.5E-1 |6.3E1L
Proteoglycans in cancer 4 2.6 |6.6E-1 |9.3El
Serotonergic synapse 4 49 |57E-1 |44E1
Cholinergic synapse 4 47 |58E-1 |[4.8El
17 1.09 | Glutamatergic synapse 4 4.6 |53E-1 [49E1
Circadian entrainment 3 40 |64E-1 |89El
Retrograde endocannabinoid signalling 3 39 |6.5E-1 |9.1E1
18 1.09 | Somatodendritic compartment 7 32 |9.9E-1 |24E1
19 1.07 | Phosphorus metabolic process 22 1.6 | 9.3E-1 |4.3El
20 1.06 | Regulation of angiogenesis 5 43 |93E-1 |4.0E1

Table 2. Functional annotation clusters identified during the PF-SF transition in domestic cat using DAVID.
The top 20 categories grouped by similar GO and KO terms are listed. The full list containing 27 identified
clusters is found in Supplementary Data 2, “DAVID PF-SF”. *Internal gene ID defines unique gene cluster
belonging to a gene entry. Enrichment score, geometric mean of member’s P values of the corresponding
annotation cluster in — log10 scale of the annotation cluster. “Number of gene counts. *Fold-change.
“Benjamini-Hochberg value. *False discovery rate (P value adjusted).

Fig. 5b). Overall, the genes associated with the TGF-p signalling pathway demonstrated the most dynamic tran-
script expression. The highest “baseMean” value was estimated for GDF-9 however, this gene was not signifi-
cantly differentially expressed (Table 3). Transcript expression of GDF-9 was in a comparable range throughout
each ovarian follicle stage (Fig. 5b). BAMBI, BMP15, TWSGI, BMP4 and BMPRIB showed a significant increase
from PrF to PF (Fig. 5b). There was an oppositional pattern observed for SMURF2 and BMPER (Fig. 5b). Tran-
script counts of BMP4 and BMPI15 increases towards SF too but this was not significant (Fig. 5b). (3) ErbB
signalling pathway: Erb-B2 receptor tyrosine kinase 2 (ERBB2); SH3 domain containing kinase binding protein
1 (SH3KBPI); and ErbB factor neuregulin 2 (NRG2) (Fig. 5¢). A sequential decrease all the way until the SF
stage was observed for NRG2. In contrast, expression of ERBB2 and SH3KBP]I transcripts increases from PrF
to PF stage (Fig. 5¢, Table 3). (4) HIF-1 signalling pathway: phosphofructokinase, liver type (PFKL); hypoxia
inducible factor 1 subunit alpha inhibitor (HIFIAN); egl-9 family hypoxia inducible factor 2 (EGLN2); basic
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Figure 3. Functional enrichment analyses of differentially expressed genes (DEGs) during the primordial-to-
primary ovarian follicle transition in domestic cat. (a) The enrichment ontology cluster graph represents each
term as a circle, the size of the circle is proportional to the number of DEGs associated with that term, each
cluster is coloured uniquely meaning that circles of the same colour are associated with the same cluster. The
edges connect terms that have a similarity score of > 0.3 which influences the density of the edge line; (b) bar
chart of GO and KO terms coloured by P values. Metascape (http://metascape.org) was utilised for visualisation.

helix-loop-helix family member e40 (BHLHE40); and furin, paired basic amino acid cleaving enzyme (FURIN)
(Fig. 5d). Transcript counts for three of them (PFKL, HIFNAN, EGLN?2) increased significantly during PrF-PF
transition whereas the other two increased strongly in the PF-SF transition (Fig. 5d, Table 3). (5) Variable tran-
script expression patterns were found in the MMP group: MMP12, MMP21 and MMP7 expression decreased
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Figure 4. Functional enrichment analyses of differentially expressed genes (DEGs) during the primary-to-
secondary ovarian follicle transition in domestic cat. (a) The enrichment ontology cluster graph represents each
term as a circle, the size of the circle is proportional to the number of DEGs associated with that term, each
cluster is coloured uniquely meaning that circles of the same colour are associated with the same cluster. The
edges connect terms that have a similarity score of > 0.3 which influences the density of the edge line; (b) bar
chart of GO and KO terms coloured by P values. Metascape (http://metascape.org) was utilised for visualisation.

in PrF-PF then increased in PF-SF; MMP2 demonstrated an increase in expression in this transition; MMPI
had a comparable transcript expression throughout each stage and was not significantly differentially expressed;
and MMP9 showed a low but unchanged expression level too (Fig. 5e). (6) The dynein genes included: dynein
axonemal heavy chain 7 (DNAH?); dynein regulatory complex subunit 7 (DRC?); coiled-coil domain containing
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«Figure 5. Transcript expression plots of normalised counts for genes of interest from preantral ovarian follicles
in domestic cat (RNA-sequencing data). (a) Genes associated with the PI3K-Akt pathway from left-to-right:
TSC complex subunit 2 (TSC2); pyruvate dehydrogenase kinase 4 (PDK4); AKT serine/threonine kinase 2
(AKT?2); epidermal growth factor (EGF); regulatory associated protein of mTOR complex 1 (RPTOR); and
PI3K subunit delta (PIK3CD); (b) TGF-p pathway from left-to-right: growth differentiation factor 9 (GDF-

9); BMP and activin membrane bound inhibitor (BAMBI); bone morphogenetic protein 15 (BMP15); twisted
gastrulation BMP signalling modulator 1 (TWSGI); SMAD specific E3 ubiquitin protein ligase 2 (SMURF2);
BMP4; bone morphogenetic protein receptor type 1B (BMPRIB); and BMP binding endothelial regulator
(BMPER); (c) erythroblastoma (ErbB) pathway: Erb-B2 receptor tyrosine kinase 2 (ERBB2); SH3 domain
containing kinase binding protein 1 (SH3KBP1I); and ErbB factor neuregulin 2 (NRG2); (d) hypoxia-inducible
factor 1 (HIF-1) pathway: phosphofructokinase, liver type (PFKL); hypoxia inducible factor 1 subunit alpha
inhibitor (HIF1AN); egl-9 family hypoxia inducible factor 2 (EGLN2); basic helix-loop-helix family member

e40 (BHLHE40); and furin, paired basic amino acid cleaving enzyme (FURIN); (e) matrix metalloproteinase
(MMP): MMP12; MMP2; MMP1; MMP21; MMP7; and MMP?Y; (f) axonemal dynein complex: dynein
axonemal heavy chain 7 (DNAH?); dynein regulatory complex subunit 7 (DRC?); coiled-coil domain containing
63 (CCDC63); armadillo repeat containing 4 (ARMC4); dynein axonemal heavy chain 5 (DNAH5); and sperm
associated antigen 1 (SPAGI) in PrE PFE and SFs. Gene expression of negative binomial general linearised model
normalised data.

63 (CCDC63); armadillo repeat containing 4 (ARMC4); dynein axonemal heavy chain 5 (DNAH5); and sperm
associated antigen 1 (SPAGI) (Fig. 5f). All counts were highest in PrFs in comparison to PFs. Values between PF
and SF were comparable (Table 3).

gRT-PCR comparative analysis. The genes, BMPI5 and histone H1t (HISTIHIT), were compared to
the RNA-sequencing data by evaluating relative gene expression trends with qRT-PCR data. Diagnostic plots
with RNA-sequencing data of selected genes demonstrated an increase in BMP15 gene expression as ovarian
follicles developed from PrFs toward SFs (Supplementary Fig. S7a). A decrease in HISTHIT gene expression
was observed as ovarian follicles progressed from the PrF stage onward (Supplementary Fig. S7a). The negative
binomial general linearised model of normalised RNA-sequencing data showed a similar increase in BMP15
gene expression as the ovarian follicles developed (Supplementary Fig. S7b, above). Applying the same approach
to HISTHI1T, gene expression was detected in PrF only (Supplementary Fig. S7b, below). Analysis of BMP15 by
qRT-PCR revealed that gene expression was nearly undetectable in PrFs and PFs however, BMP15 gene expres-
sion was observed in SFs (Supplementary Fig. S7b, above right). The Kruskal-Wallis test detected significant
changes of gene expression throughout ovarian follicular development (P value=0.04627), but the subsequent
post-hoc test reported only a tendency for higher expression in SF compared to PrF and PFE. In contrast, a high
relative gene expression of HISTIHIT was found in PrFs which decreased considerably as ovarian follicles pro-
gressed toward PF and SF stages, the differences of PrF and PF as well as PrF and SF were confirmed as statisti-
cally significant (Supplementary Fig. S7b, below right).

Discussion

As far as we are aware, this is the first whole ovarian follicle transcriptomic analysis during primordial ovarian
follicle (PrF) development and early follicular growth during the primary (PF) to secondary (SF) ovarian fol-
licle transition in a non-rodent animal. In contrast to most gene expression studies performed on adult ovaries,
in this study the ovarian follicle is considered as a functional unit. There was no differentiation made between
oocytes and the surrounding ovarian follicular cells. This is primarily due to the fact that after isolation from
the ovarian cortex, dissection of oocytes from early ovarian follicles is impossible without any severe damage.
However, laser dissection microscopy (LCM) is an alternative method which may circumvent such problems
and has thus far, been executed in human?** and sheep!®!’. Nevertheless, the use of whole ovarian follicles as a
source for transcriptome analysis is essential to monitor follicular growth in vitro.

The initial RNA-sequencing analysis revealed a higher proportion of differentially expressed genes (DEGs)
during the activation of dormant ovarian follicles (PrE-PF: 2,226 DEGs) in comparison to the growth phase
(PF-SF: 156 DEGs) (Fig. 2). Analysing transcripts of early stages of human oocytes, 223 and 268 genes were
detected as significantly expressed in oocytes from PrFs and PFs, respectively®. The differences in differential
gene expression levels may be due to the use of whole ovarian follicles in comparison to the latter oocyte-specific
approach. Another group analysed oocytes and granulosa cells (GCs) of ovine ovarian follicles separately!’. In
this study, less than 200 DEGs in oocytes and GCs during the PrF-PF transition were detected. In contrast to
this data, a higher number of gene expression changes during the PF-SF transition were observed—around 500
DEGs in oocytes and 400 DEGs in GCs'. So far it is not clear if the discrepancies in the number of DEGs are
species-specific or due to the particular analytical approach such as, intact ovarian follicles versus laser dissected
ovarian follicles from tissue slices. Additionally, we must consider that in this study the ratio of expressed genes of
oocyte origin is decreasing with ovarian follicular growth. An intact PrF contains < 20 follicular cells per oocyte,
whereas, this ratio is shifted to 1:50 for PF and 1:200 SFs, respectively®’. To account for the number of ovarian
follicular cells the number of follicles per pool were adapted (PrF n= 180, PF n=45, and SF n=9). Therefore,
differential gene expression in PF-SF is mirroring more GC expression than oocyte expression, maybe leading
to alower number of detectable DEGs than in PrF-PF. In the future, it will be worthwhile to consider single cell
transcriptomics to investigate gene expression levels individually.
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PrF-PF PF-SF
Gene name symbol baseMean | FC padj | FC padj
PI3K-Akt pathway
TSC complex subunit 2 TSC2* 1221.48 -1.06 | 0.02 0.28 | 0.93
Pyruvate dehydrogenase kinase 4 PDK4* 711.73 —-1.53 | 0.02 0.66 | 0.77
AKT serine/threonine kinase 2 AKT2* 262.00 -1.34 | 0.04 0.41 | 0.87
Epidermal growth factor EGF 56.92 521 (012 | -3.18 | 0.75
Regulatory associated protein of mTOR complex 1 RPTOR* 54.76 -14 ]0.03 0.08 | 1.00
PI3K subunit delta PIK3CD* 53.64 —-3.31 | 0.00 —-0.10 | 0.99
TGF-f pathway
Growth differentiation factor 9 GDF-9 18,699.46 0.65 | 0.33 —1.00 | 0.48
BMP and activin membrane bound inhibitor BAMBI* 1734.87 -1.22 | 0.05 0.53 | 0.81
Bone morphogenetic protein 15 BMP15* 801.53 —2.83 |0.05 -3.11 |0.15
Twisted gastrulation BMP signalling modulator 1 TWSGI* 701.81 - 1.47 | 0.00 0.66 | 0.58
SMAD specific E3 ubiquitin protein ligase 2 SMURF2* 273.55 1.6 |0.01 -0.88 | 0.50
Bone morphogenetic protein 4 BMP4* 218.04 -12 |0.04 -0.35]0.88
Bone morphogenetic protein receptor type 1B BMPRIB* 33.97 —-3.83 | 0.00 1.23 1 0.72
BMP binding endothelial regulator BMPER* 27.34 3.03 003 | -191 |0.55
ErbB pathway
Erb-B2 receptor tyrosine kinase 2 ERBB2* 1288.61 -1.6 |0.00 0.38 | 0.87
SH3 domain containing kinase binding protein 1 SH3KBPI* 406.38 —-1.54 | 0.00 1.03 | 0.15
ErbB factor neuregulin 2 NRG2* 250.12 2.12 | 0.00 2.36 | 0.00
HIF-1 pathway
Phosphofructokinase, liver type PFKL* 4193.36 -14 ]0.01 0.05 | 1.00
Hypoxia inducible factor 1 subunit alpha inhibitor HIFIAN* 698.78 —-1.04 | 0.00 0.35 | 0.76
Egl-9 family hypoxia inducible factor 2 EGLN2* 496.63 -1.22 | 0.04 -0.30 | 0.93
Basic helix-loop-helix family member e40 BHLHE40* 265.23 0.01 | 0.90 | —2.99 | 0.03
Furin, paired basic amino acid cleaving enzyme FURIN* 76.47 -03 083 | -149 |0.04
Extracellular matrix
Matrix metalloproteinase 12 MMP12* 729.45 1.88 | 0.01 —1.46 | 0.23
Matrix metalloproteinase 2 MMP2* 316.92 -128 1004 | -1.02|0.35
Matrix metalloproteinase 1 MMPI 155.42 -0.07 |1 -0.38 | 0.97
Matrix metalloproteinase 21 MMP21* 44.25 3.06 | 0.01 -0.85 | 0.90
Matrix metalloproteinase 7 MMP7* 40.47 2.51 | 0.00 0.17 | 1.00
Matrix metalloproteinase 9 MMP9 10.73 -0.11 |1 0.05 |1
Axonemal dynein complex
Dynein axonemal heavy chain 7 DNAH7* 1381.74 1.51 | 0.04 -1.34 1033
Dynein regulatory complex subunit 7 DRC7* 1006.22 1.67 | 0.02 | -0.70 | 0.78
Coiled-coil domain containing 63 CCDC63* 689.57 2.74 | 0.00 -0.15 | 0.98
Armadillo repeat containing 4 ARMC4* 277.97 1.35 | 0.00 -0.71 | 0.48
Dynein axonemal heavy chain 5 DNAH5* 89.48 2.01 | 0.02 | —0.24 | 0.99
Sperm associated antigen 1 SPAGI* 54.02 1.66 | 0.02 0.37 | 0.94

Table 3. Transcript expression DESeq2 data from preantral ovarian follicles in domestic cat (RNA-sequencing
data). The transcript expression data was extracted from DESeq2 analysis and were summarised in order

of decreasing “baseMean” values. “PI3K-Akt pathway” genes: TSC2; PDK4; AKT2; EGF; RPTOR; and

PIK3CD. “TGF-p pathway” genes: GDF-9; BAMBI; BMP15; TWSG1; SMURF2; BMP4; BMPR1B; BMPER.
“ErbB pathway” genes: ERBB2, SH3KBP1, and NRG2. “HIF-1 pathway” genes: PFKL; HIFIAN; EGLN2;
BHLHE40; FURIN. “Extracellular matrix” genes: MMP12; MMP2; MMP1; MMP21; MMP7; and MMP9.
“Axonemal dynein complex” genes: DNAH7; DRC7; CCDC63; ARMC4; DNAH5; and SPAGI. “baseMean” is
the average of the normalised count values, dividing by size factors, taken over all samples; “FC” fold-change
is log2FoldChange, the effect size estimate. This value indicates how much the gene or transcript’s expression
seems to have changed between the contrasts reported on a logarithmic scale to base 2; “padj” is the adjusted P
value for multiple testing for the gene or transcript; PrF-PF and PF-SF denote primordial versus primary and
primary versus secondary DESeq2 contrasts; and * indicates differential gene expression significance with an
adjusted P value of <0.05 and log?2 fold-change >1.
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After differential gene expression analysis the gene lists were functionally annotated resulting in the iden-
tification of over-represented GO and KO terms. As described previously, conserved signalling pathways and
biological processes (BPs) that were over-represented were considered. This included the two signalling pathways
predominantly studied during ovarian folliculogenesis in other mammals: the PI3K-Akt and TGF- pathways.
Additionally, signalling pathways more ambiguously described though implicated in ovarian folliculogenesis
such as, ErbB and HIF-1 pathways were given attention too. The PI3K-Akt signalling pathway within the oocyte
is a key regulator of PrF activation and has been described during ovarian folliculogenesis in bovine, human,
ovine, and porcine®. Currently, it is one of the major non-gonadotrophic growth factor pathways regulating
ovarian follicles. As expected, the PI3K-Akt signalling pathway was identified during the PrF-PF transition in
domestic cat (Table 2). The TGF-p signalling pathway was identified in the PrF-PF data under the parent GO
term “transmembrane receptor protein serine/threonine kinase signalling pathway” (Table 2). Similarly to the
PI3K-Akt pathway, the TGF- signalling pathway has been studied during ovarian folliculogenesis in bovine,
human, ovine, porcine, rodents, and rhesus monkeys®. For the domestic cat, the development of ovarian follicles
in vitro with the supplementation of PI3K-Akt and TGF-f-associated factors has been investigated”>*. The studies
focused on the effect of epidermal growth factor (EGF), its receptor (EGFR), and the growth differentiation 9
factor (GDF-9) supplementation either in combination or alone. Signalling via EGF and EGFR up-regulates the
PI3K pathway*. In goat, EGF stimulates in vitro growth during the PrF-PF transition®® and in rat, it is implicated
in the growth of PrFs toward the SF stage®”. The TGF-p factor, GDF-9, has been shown to have a similar influence
on preantral ovarian follicles in several mammals. In vitro studies have implicated GDF-9 supplementation in PrF
activation and ovarian follicle viability in human®, goat®®, bovine®, and hamster®'. Additionally, GDF-9 has an
over-arching function within the PI3K pathway in rat preantral ovarian follicles®. Interestingly, for the domestic
cat, the culture of ovarian cortical slices in medium supplemented with EGF and/or GDF-9 have shown that
EGF but not GDF-9 improved follicle viability**. Medium containing GDF-9 not only had no beneficial influence
on ovarian tissues but negligibly impacted ovarian follicle viability>*. Interestingly, although the transcriptomic
data for GDF-9 was determined with a high “baseMean” value it was not significantly differentially expressed
(Table 3). Therefore, for the domestic cat it is likely to be more essential in later stages instead. This is the case
in the rat where GDF-9 supplementation in vitro promotes ovarian follicular growth only after the PF stage®>*.
Other functionally annotated factors have also been studied in other models during ovarian folliculogenesis. This
includes BMP4 which is also described in rats to function as an ovarian follicle survival factor promoting PrF
development® and in humans, where BMP4 is implicated in regulating ovulation via remodelling of the ovarian
extracellular matrix (ECM) by facilitating in cumulus-oocyte-complex and mural GC separation®. A compara-
tive analysis was performed on BMP15 with the qRT-PCR method. The RNA-sequencing transcript counts of
BMP15 were shown to increase from the PF stage onward (Supplementary Fig. S7). Similarly, BMP15 mRNA
increased in expression with ongoing follicular development (Supplementary Fig. S7). This supports previous
studies in other species such as, human and rat where increased BMP15 expression promotes GC proliferation
and theca layer development®’.

As mentioned, the ErbB and HIF-1 signalling pathways were included as mechanisms of interest. Currently,
there are no studies into the role of these pathways during ovarian folliculogenesis in the domestic cat. However,
there is evidence in other species of its involvement in ovarian follicle development. Briefly, the ErbB has recently
been found to be down-regulated in human oocytes during the PrF-PF transition®’. Previously, the ErbB factor
neuregulin 1 (NRG1) has been investigated in mural GCs and theca cells from rodent periovulatory follicles®-7°.
In the domestic cat, NRG2 transcript expression was observed along with other ErbB-associated factors such as,
ERBB2 and SH3KBPI (Table 3). In contrast to the rodent model, not only was a different variant found in the
domestic cat but a sequential decrease of NRG2 expression was observed all the way until the SF stage (Fig. 5¢).
Investigations into the HIF-1 pathway may also provide an alternative insight into preantral ovarian folliculo-
genesis in the domestic cat. Some factors identified had either similar or higher “baseMean” values than those
identified for the TGF-[ pathway (Table 3). For example, PFKL had the highest “baseMean” overall the factors
(excluding GDF-9) (Table 3). Interestingly, each HIF-1 signalling factor demonstrated a tendency to increase in
transcript expression during ovarian follicle development (Fig. 5d). In other species, increased HIF-1a expression
in GCs is implicated in regulating follicular growth and development in rats’’. Additionally, HIF-1 signalling
in bovine primary GCs is suggested to be involved in steroidogenesis and cell proliferation during follicular
development’. Although not extensively described here it will be interesting to study these pathways in relation
to domestic cat ovarian folliculgenesis in the future.

Noteworthy, “ECM-receptor interaction” and “focal adhesion” were identified within the same functional
annotation cluster as “PI3K-Akt signalling pathway” (Table 1). During the development of ovarian follicles
the ECM undergoes significant compositional remodelling. Upon the initial activation of PrFs, GCs become
cuboidal, forming a PE, and the ovarian follicle moves toward the medullar region and away from the cortical
region of the ovary”®. Previously, in vivo imaging windows in mouse ovaries have revealed that collagen fibers
can function as migration tracks for infiltrating tumor cells”. Additionally, 3D imaging analyses have revealed
that the inward movement of ovarian follicles is likely due to the stiffer cortical enclosure as compared with
the softer inner medulla’. Furthermore, this analysis demonstrated that ovarian follicles are in close contact
to each other”. Thus, the migration of activated PrFs and developing preantral ovarian follicles may occur
through a collective collaboration based on collagen fiber tracking, morphological reactions, and interactions
between neighbouring ovarian follicles. Regarding the ECM, degradation occurs via matrix MMPs. This allows
for continued enlargement of the developing ovarian follicle. In the ovary, MMP2 and MMP9 expression has
been observed in rat, sheep, mouse, rhesus macaque, horse, cow, and human; MMP1 and MMP13 in rabbit, rat,
horse, and rhesus macaque; and MMP7 mRNA in macaque pre-ovulatory GCs’®. In the domestic cat, MMP]1,
MMP2, MMP3, MMP7, MMP9, and MMP13 mRNA are detectable at every developmental stage, and the abun-
dance and expression of these enzymes was consistently dynamic’®. The domestic cat transcriptomic data also

Scientific Reports |

(2021) 11:2683 | https://doi.org/10.1038/s41598-021-82051-4 nature portfolio



www.nature.com/scientificreports/

demonstrated highly dynamic expression patterns throughout each MMP (MMP2, MMP7, MMP12, and MMP21)
with MMP2 showing a clear tendency to increase whereas, MMP7, MMP12, and MMP21 decrease during ovarian
folliculogenesis (Fig. 5e). Additionally, two MMP transcripts, MMP12 and MMP21, not previously described for
the domestic cat were identified. A higher level of transcript expression was observed for MMP12 than MMP21
(Fig. 5e). Additionally, the highest “baseMean” value overall was observed for MMP12 (Table 3) therefore, it
may be interesting to perform downstream mRNA analysis on this factor in the domestic cat. Subsequently, the
changes that occur within the ECM subsequently affect nuclear dynamics through changes in lamina composi-
tion, membrane tension, and nuclear pore size which regulates chromatin configuration and gene expression”.
Currently, these changes are not well understood for all species in respect to ovarian folliculogenesis. Screening
for factors involved in oocyte dormancy with RNA-sequencing revealed that microenvironmental compression
elicited a nuclear rotation response which was mediated by a motor protein called dynein in mice”. The inhibi-
tion of dynein significantly increased the number of growing follicles demonstrating its essential role in follicle
dormancy in cultured murine ovaries”. Differentially expressed genes of the axonemal dynein complex were
identified in the PrF-PF transition only (Supplementary Data S2). The heavy chain regions of the dynein complex
contain the motor domain which is capable of producing movement in vitro’®. In the transcriptomic data, the
DNAHS5 and DNAH? heavy chains transcripts were identified along with the regulatory DRC7 and structural fac-
tors CCDC63 and ARMC4 (Fig. 5f and Table 3). Thus, the two heavy chain transcripts, DNAH5 and DNAH7, from
the nine major phylogenetically classed dynein heavy chains may be involved in PrF dormancy and/or activation
in the domestic cat. This, of course, needs further investigation in the future. Additionally, very high expression
of histone HISTIHIT (H1.6) in PrFs was observed (Supplementary Fig. S7). H1 histones belong to the so-called
linker histones, meaning that they are not part of the histone-octomer-centre of nucleosomes but connect to the
ends of DNA that coils around such a centre leading to chromatin compaction. Furthermore, H1 also functions
through interactions with other proteins that will in turn modify chromatin or take part in DNA-based processes
like transcription”. Besides versions of H1 (H1.1 to H1.5) which are present in most somatic cells, other subtypes
exist’®, some of which are germ-line variants®. HISTIH1T was so far described as a testis-specific variant®!, but
could be detected in tumour cell lines, mouse embryonic stem cells and some normal somatic cells also®?. To
our knowledge, this is the first description of its presence in ovarian follicles, meaning that it could be present
in female germ cells. Male H1 germ variants like H1T appear after spermatogonia stop proliferating and before
transition proteins are detected and histones are replaced by protamines at late spermatid stages. H1T is the first
variant to be expressed in meiotic spermatocytes, the presence in later germ cell stage up to elongated spermatids
seems to be species-specific®. The dormant PrFs are arrested in meiosis I** and primary spermatocytes are in
prophase of meiosis I*%. It could be possible that H1T fulfils a specific function during this cell division phase,
for example, on chromatin structure. It is discussed that H1T supports the highly decondensed chromatin stage
in early spermatocyte®®. However, is has been shown that H1T repressed at least ribosomal DNA transcription
by condensing chromatin structure®?.

Conclusion

RNA-sequencing analysis of ovarian follicles in domestic cat contributed to the increasing knowledge on fac-
tors and processes which regulate the recruitment and growth of ovarian follicles. Many biological processes
were comparable to known data obtained for species such as; human however, species-specific features for the
domestic cat may be present. In this study, the analysis focused on signalling factors and pathways along with
mechanistic cues associated with the ECM and nuclear dynamics. Overall, the results are relevant to fundamental
ovarian follicle developmental biology with an outlook toward developing techniques such as, IVG of ovarian
follicles in the future.
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Chapter 3: Early preantral follicles of the domestic cat express
gonadotropin and sex steroid signalling potential

3.1 Summary

During the analysis of the first paper, we identified a GO term of interest related to steroid
metabolism, “steroid metabolic process”. We also found genes of interest which are known
drivers of ovarian steroidogenesis in ovarian follicles. We hypothesised that gonadotropin and
sex steroid hormone signalling may be contributing to early follicle development and that early
follicles could be a source of sex steroids in the domestic cat. The results were published in
“Biology of Reproduction" (Kehoe et al., 2022). The methodological approaches included (1)
the analysis of significant differential gene expression in candidate genes; (2)
immunohistochemistry to localise protein expression in the oocytes and somatic cells of early
follicles; and (3) measuring gene expression levels for genes of interest using gRT-PCR.

We verified gene expression in early follicles by examining the mean normalised gene count
for the FSH and LH gonadotropin receptors (FSHR and LHCGR, respectively), sex steroid
hormone receptors for progesterone, androgen and oestrogen and steroidogenic enzymes. We
also determined which genes were significantly differentially expressed as follicles developed
from primordial to primary and primary to secondary stages. Using the data obtained
previously, we also presented the GO terms of these genes. Similarities to published work
regarding gene expression patterns or localisation in cellular components were discussed. This
study was the first to describe both gene and protein expression for enzymes of steroidogenesis
(CYP11A1, CYP17A1, CYP19A1 and HSD3B1) as well as for sex steroid hormone receptors
including the androgen receptor (AR), oestrogen receptor 1 (ESR1), progesterone receptor
(PGR) and progesterone receptor membrane component 1 (PGRMC1) as well as the
gonadotropin receptors in early follicles of any carnivore species. We discussed how early
follicles exhibit gene expression of all enzymes necessary for sex steroid biogenesis and many
sex steroid receptors as well as receptors for FSH and LH. Some of the analysed genes were
significantly differentially expressed between development stages. Based on gene expression
data and the immunohistochemistry results for protein expression, we concluded that
gonadotropin and sex steroid reception may be contributing to the regulation of early follicle
development. Protein expression of some sex steroid biogenesis enzymes in secondary follicles
suggests that they could also be a source of sex steroids. The results illuminate which of the

discussed molecular mechanisms, such as ovarian steroidogenesis, steroid metabolism, sex
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steroid and gonadotropin signalling, operate during early folliculogenesis, a topic little
explored in many mammalian species, including the domestic cat. In conclusion, we proposed
suggestions for the next steps in the project that could optimise in vitro techniques such as IVG
in the domestic cat model.
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Chapter 4: General Discussion

The publications included in this thesis (Kehoe et al., 2021, Kehoe et al., 2022) identified active
genes, signalling pathways and molecular mechanisms relevant to development from
primordial to primary and primary to secondary ovarian follicles in the domestic cat. The gene
expression levels of some specific proteins that were studied could serve as developmental
biomarkers for early folliculogenesis in this species. Below, | highlight the contribution made
by both publications (Kehoe et al., 2021, Kehoe et al., 2022) toward identifying the general
principles of early follicle development in mammals. At the same time, | provide a critique of

the methodology while highlighting the next steps that could be taken in the future.

4.1 Molecular mechanisms during early ovarian folliculogenesis in the domestic cat

In the first publication (Kehoe et al., 2021), the most defining patterns within the data were
those of enriched GO terms such as “ECM receptor interactions” and “‘extracellular structure
organisation”. Enrichment is defined by the over-representation of specific biological
processes from our gene lists (Zhou et al., 2019, Huang et al., 2009, Sherman et al., 2022). In
the ovary, the ovarian cortex is considered to be stiffer than the medullary region which creates
a physical gradient that may be functional toward regulating follicle development (Woodruff
and Shea, 2011). The mammalian ECM is composed of fibrous proteins (such as, collagens
and elastin) and glycoproteins (Mouw et al., 2014). The structural re-organisation through
enzymatic digestion by MMPs can alter cell proliferation, steroidogenesis, survival and
differentiation (Bonnans et al., 2014). Along with the ECM-associated GO terms, gene
expression patterns for a range of MMPs including MMP1, MMP2*, MMP7*, MMP9,
MMP12*, and MMP21* were uncovered (Kehoe et al., 2021)2. Our results suggest that the
ECM and MMPs may play a role during early follicle development in the cat ovary. Previously,
gene expression levels had been determined for MMP1, MMP2, MMP3, MMP7, MMP9, and
MMP13 in primordial, primary and secondary follicles isolated from the domestic cat (Fujihara
et al., 2016). MMP1, MMP2, MMP9 and MMP13 proteins were localised in the follicular
compartments (Fujihara et al., 2016). When comparing both publications, there were similar
gene expression patterns for MMP1, MMP2, MMP7, and MMP9 (Kehoe et al., 2021, Fujihara

2 a * denotes significantly differentially expressed genes during primordial to primary development
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et al., 2016). In line with the hypothesis, ECM receptor interactions and the regulation of
extracellular structure organisation by MMPs may have a regulatory role during early follicle
development in the domestic cat. The results are consistent with previous observations made
by Fujihara et al. (2016) and together build on existing evidence that the ovarian architecture
may be involved in regulating early folliculogenesis in the domestic cat (Fujihara et al., 2016).
Whereas the exact interactions remain unknown, these results should provide guidance for
future gene and protein expression studies, where these results could be functionally examined
during IVG studies.

The results from the first publication also revealed biological processes that were rather
unexpected for this stage of folliculogenesis — ovarian steroidogenesis (Kehoe et al., 2021).
Until now, the extent to which gonadotropins and the steroidogenic pathway were involved in
early follicle development in the domestic cat was unknown. As described previously, ovarian
steroidogenesis is popularly depicted through the two-cell, two-gonadotropin theory where LH
stimulates theca cells to produce androgens, and FSH stimulates granulosa cells to produce
oestrogens (Armstrong et al., 1979). The theory implies that ovarian follicles must contain
theca cells to execute the signalling cascade (Hillier et al., 1994). This essentially excludes
primordial and primary follicles as they contain only a single layer of squamous or cuboidal
granulosa cells, respectively. Even so, our data still alluded to the molecular mechanism of
ovarian steroidogenesis during early follicle development in the domestic cat (Kehoe et al.,
2021).

In our second publication, we presented a variety of genes present in the early follicles of the
domestic cat that are known players in ovarian steroidogenesis and steroid receptor activity
(Kehoe et al., 2022). This included genes for the gonadotropin receptors, the cholesterol
transporter StAR, enzymes of steroidogenesis and metabolism and steroid receptors (Kehoe et
al., 2022). During primordial to primary follicle development, the genes for CYP11Al and
CYP17A1, respectively, HSD17B1 and 17-beta-hydroxysteroid dehydrogenase 7 (HSD17B7),
respectively, steroid sulfatase (STS), PGR, AR, and PGRMC1 were significantly differentially
expressed (Kehoe et al., 2022). Protein expression for FSHR, LHCGR, AR, PGR, and ESR1
was detected in the oocytes of primordial and primary follicles. In the granulosa cells of
primordial follicles, we detected protein expression for ESR1 and PGRMCL1 whereas in the
granulosa cells of primary follicles, protein expression for FSHR, LHCGR, ESR1, and
PGRMC1 was observed (Kehoe et al., 2022).
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During primary to secondary follicle development, the genes for CYP17Al and AR were
significantly differentially expressed (Kehoe et al., 2022). By the secondary follicle stage, we
could observe protein expression for both gonadotropin receptors, all analysed sex steroid
receptors and selected steroidogenic enzymes in the oocytes, granulosa and/or theca cells,
suggesting that steroidogenesis and steroid reception may be possible (Kehoe et al., 2022). In
line with the hypothesis, ovarian steroidogenesis and sex steroid receptor activity may be
functional in early follicles of the domestic cat. However, considering the tightly packed
structure of the ovarian microenvironment, one plausible explanation is that early follicles may
first need to move towards a more physically permissive space to take full advantage of
gonadotropin and sex steroid hormone stimulation being delivered by the ovarian vasculature
(Woodruff and Shea, 2011).

It is noteworthy that the results highlighted similarities and differences between studies
performed in other species. In humans, sex steroid receptors are expressed in the primordial
and primary oocytes isolated from adult ovaries, albeit at a low level (Markholt et al., 2012).
AR, for example, was expressed at a low level in the primordial follicle oocytes (Markholt et
al., 2012). Interestingly, in comparison to human foetal ovaries, AR was reported exclusively
in the primordial somatic cells (Fowler et al., 2011). In contrast, only the oocytes of primordial,
primary and secondary follicles expressed AR proteins in high amounts in the domestic cat
(Kehoe et al., 2022). PGRMC1 and progesterone receptor membrane component 2 (PGRMC2)
were expressed at a low level in the primordial and primary oocytes in adult humans (Markholt
et al., 2012). Expression of PGRMC1 messenger RNA was also reported in the oocytes,
granulosa and theca cells of immature rat ovaries (Peluso et al., 2006), whereas we reported
granulosa-specific protein expression of PGRMCL1 in primordial, primary and secondary
follicles in the domestic cat (Kehoe et al., 2022). Overall, the data contribute to a clearer
understanding of ovarian steroidogenesis and steroid receptor activity during early follicle
development in the domestic cat. Moreover, it highlights species-specific characteristics, which

could be explored more in-depth during IVG studies in the future.

In our first publication, we identified specific signalling pathways present during early follicle
development in the domestic cat (Kehoe et al., 2021). The PI3K/Akt signalling pathway was
profoundly involved during early follicle development (Kehoe et al., 2021). This was
demonstrated through obvious GO terms such as “PI3K/Akt signalling pathway” and more
implicit GO terms including the “transmembrane receptor protein kinase signalling pathway”

(Kehoe et al., 2021). Several key genes from the signalling pathways increased significantly in
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differential gene expression during primordial to primary development, including factors such
as the tuberous sclerosis complex 2 (TSC2), pyruvate dehydrogenase kinase (PDK), protein
kinase Akt-2 (AKT2), regulatory associated protein of mMTOR complex 1 (RPTOR), and PI3K
subunit delta (PIK3CD) (Kehoe et al., 2021). In line with the hypothesis, the PI3K/Akt
signalling pathway may be essential to early follicle development in the domestic cat. In other
species, the PI3K/Akt signalling pathway was reported to be crucial to ovarian folliculogenesis
in genetically modified mouse (Adhikari and Liu, 2009, Reddy et al., 2008, Reddy et al., 2010,
Zhang et al., 2014), bovine (Andrade et al., 2017) and human models (Grosbois and
Demeestere, 2018, Kawamura et al., 2013, Wagner, 2020). As one of the best studied
mechanisms in the ovary, these results build on existing evidence that the PI3K/Akt signalling
pathway may be a very important molecular mechanism during early follicle development in
mammalian species. The PI3K/Akt signalling pathway may be activated via several types of
receptor interactions with growth factors, integrins, receptor tyrosine kinases, cytokine
signalling and G-protein-coupled signalling (Hemmings and Restuccia, 2012). The response to
these interactions can dictate the activation of mechanisms including protein synthesis, cell
survival, apoptosis, migration and proliferation, meaning that activation of the PI3K/Akt
pathway during early follicle development can have widespread downstream effects

(Hemmings and Restuccia, 2012).

Other factors that are suspected to play an essential role during ovarian folliculogenesis in
mammals include members from the TGF-f superfamily such as TGF-fs, inhibins, activins,
BMPs and growth differentiation factors (GDFs) (Findlay et al., 2009). As far as | am aware,
the aforementioned factors that were investigated in early follicles of the domestic cat include
protein expression of the epidermal growth factor (EGF) and its receptor (EGFR) (Goritz et al.,
1996), protein expression of TGF-B types 1-3, TGF-R receptor type 2, growth differentiation
factor 9 (GDF-9), and BMP receptor type 2 (Bristol and Woodruff, 2004) and in vitro
supplementation effects of EGF and GDF-9 (Fujihara et al., 2014). In our first publication, we
also discussed the potential role of the TGF-R signalling pathway during early follicle
development in the domestic cat (Kehoe et al., 2021). Key TGF-i signalling pathway genes
increased significantly in differential gene expression during primordial to primary
development, including BMP and activin membrane bound inhibitor (BAMBI), BMP15,
twisted gastrulation BMP signalling modulator 1 (TWSG1), E3 ubiquitin protein ligase 2
(SMURF2), BMP4, BMP receptor type 1B, and BMP binding endothelial regulator (BMPER)

(Kehoe et al., 2021). Collectively, these results contribute toward a clearer understanding of
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two key signalling pathways, the PI3K/Akt and TGF-R signalling pathways, which may be
important to early folliculogenesis in the domestic cat. In the future, it may be important to
evaluate these ligands and their receptors in vitro to better judge the complexity of both signal
transduction systems and to enhance our perception of their interaction capabilities. Further
down the line, this may have a beneficial impact on ARTs for mammalian species, such as the
endangered feline species currently enrolled into captive breeding programs (Jewgenow and
Zahmel, 2020).

4.2 Leaving no stone unturned — honourable mentions

While every attempt was made to provide a broad insight into as many molecular mechanisms
as possible which may be involved in early follicle development in the domestic cat, there are
some more that deserve an honourable mention. Beginning with hypoxia, the reduction of
oxygen in tissues which induces reactive oxygen species - by-products of cellular aerobic
metabolism (Juan et al., 2021). During the ovarian cycle, the blood flow to the ovary can change
(Tan et al., 1996) which impacts the transport oxygen and other factors such as, hormones for
instance (Brown and Russell, 2014). Regions of the ovary such as, the ovarian cortex, are less
vascularised (Feng et al., 2017) which impacts the delivery of oxygen (Fraser, 2006). The
ovarian follicle is suggested to be adapted to function in low oxygen and past studies have
shown that hypoxia can even play a role in the regulation of follicle development (Lim et al.,
2021). For example, hypoxia was shown to induce the dormant state in mouse oocytes from
reconstituted ovaries that were derived from pluripotent stem cells (Shimamoto et al., 2019).
Still the follicular environment must compensate for periods demanding high oxygen levels for
metabolism (Lim et al., 2021). HIFs are transcription factors that play an essential role in
cellular response to low oxygen with emerging studies showing that HIF-1 is a significant
regulator of gene expression in ovarian compartments and plays a role in healthy follicle
development (Lim et al., 2021). We found several HIF-1 factors were significantly
differentially expressed during primordial to primary development including hypoxia inducible
factor 1 subunit alpha inhibitor (HIFLAN), phosphofructokinase liver type (PFKL) and Egl-9
family hypoxia inducible factor 2 (EGLN2) (Kehoe et al., 2021). Two other HIF-1 factors,
basic helix-loop-helix family member e40 (BHLHE40) and furin paired basic amino acid
cleaving enzyme (FURIN), were significantly differentially expressed during primary to
secondary follicle development (Kehoe et al., 2021). Additionally, GO terms suggested that

early follicles were experiencing a “response to oxygen-containing compound” (Kehoe et al.,
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2021). HIF-1 factors have not been extensively studied in early follicles however, a past study
in rats revealed that HIF-1 alpha (HIF-1a)) may participate in primordial follicle activation, as
the increase in HIF-1a coincided with the development of ovarian follicles (Zhang et al., 2015).
In the future, it would be worthwhile to examine the relationship between the HIF signalling

pathway and early follicle development in the domestic cat.

The data also contribute towards a clearer understanding of other signalling pathways and
molecular mechanisms that are not well-defined during early folliculogenesis in mammalian
species. This includes the vascular endothelial growth factor signalling pathway, which was
identified in our data through the enriched GO terms “regulation of angiogenesis” and
“vasculature development™ during the primary to secondary transition (Kehoe et al., 2021). In
the ovaries, angiogenesis is suggested to provide nutrition to the developing follicles, which is
why the vascular network must be constantly rebuilt (Nagamatsu et al., 2019).

Our data also provides insight into a biological process recently described in rodents, involving
the regulation of early follicle development via the dynein complex (Nagamatsu et al., 2019).
In our first study, we revealed key dynein complex genes, armadillo repeat containing 4
(ARMCX4), coiled-coil domain containing 63 (CCDCG63), dynein axonemal heavy chain 5
(DNAH5) and 7 (DNAH7), dynein regulatory complex subunit 7 (DRC7), and sperm associated
antigen 1 (SPAGL1), which were all significantly differently expressed during primordial to
primary follicle development (Kehoe et al., 2021). Much more future research will be required
to gain a better understanding of the potential regulatory role these mechanisms may have in

the domestic cat ovary.

Our publications did not discuss one of the major pathways responsible for mechanical stress:
the Hippo signalling pathway (Gershon and Dekel, 2020, Vo and Kawamura, 2021). In human
ovaries, ovarian tissue fragmentation leads to the disruption of Hippo signalling which
subsequently promotes follicular growth (Kawamura et al., 2013). Other signalling pathways
that were also not in the list of the most enriched biological processes included
Wingless/Integrated, insulin, Notch and Hedgehog pathways (Kehoe et al., 2021). Yet they are
found to play a role in follicle development at least in the mouse (Li et al., 2021)

4.3 The methodological challenges
Collecting early follicles by pressing ovaries through cell-dissociating mechanical sieves has

previously resulted in up to 1,500 follicles being recovered from a single cat ovary (Jewgenow
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and Goritz, 1995, Jewgenow et al., 1998). Similar results were sometimes observed in our
studies using this technique. Indeed, different numbers of follicles from different follicular
stages with a rough estimate of ~500-1,000 primordial follicles, <50 primary follicles and <20
secondary follicles per ovary could be observed. Surprisingly, on some occasions, very few
follicles were recovered from 5 recorded individuals, and there were not enough follicles
present to perform a sample collection of 60 primordial follicles, 15 primary follicles and/or 3
secondary follicles, the minimum number that should be collected. One possible explanation
could be that these ovaries were more rigid, perhaps from scar tissue present due to repeated
ovulations. Fortunately, it was not encountered too often as this technique is very time-
consuming, and, in the end, enough samples were collected for our experiments. Other isolation
methods for cat follicles are possible, including laser capture microdissection (LCM), using
needles and/or scalpel blades from the cortical tissue or enzymatic digestion of the surrounding
cortical tissue (Rojo et al., 2015, Nagashima et al., 2021). Methods such as LCM may not be
possible without causing some damage to primordial follicles, as squamous granulosa cells
very tightly surround cat oocytes (personal correspondence with Katarina Jewgenow).
Enzymatic digestion may also cause damage to follicular cells through the enzymatic depletion
of the surrounding somatic cells and degradation of the basement membrane (Demeestere et
al., 2002). While it is beyond the scope of this study to consider other isolation methods as our
method of choice successfully isolated whole follicle samples, it is worthwhile to highlight

which alternatives exist for possible future experimentation.

An important aspect for both studies was to obtain a high RNA yield from our follicle samples.
Initially, samples were collected in phosphate buffer saline solution supplemented with bovine
serum albumin (PBS-BSA) as described above, snap frozen in LN2, and then stored in the -
80°C freezer for a brief period. While this method is suitable to collect and store follicle
samples, we discovered downstream that RNA quality was low as measured by the RNA-
integrity number (RIN) (TapeStation). The gold standard RIN value suitable for RNA-
sequencing downstream is a RIN > 7 (a value of 10 indicates the highest possible RNA quality)
(Gallego Romero et al., 2014). Preliminary experiments revealed that when samples were lysed
in chaotropic ion Lysis Buffer (LB1) (NucleoSpin®) then snap frozen, better RIN values were
obtained (unpublished data). In these unpublished experiments, three replicates of 200
primordial follicle samples were collected per group, with three groups in total when three
solutions were tested: PSA-BSA, LBL1 lysis buffer, and an RNase inhibitor (RiboLock). Each

sample was collected into droplets of their respective solutions and snap frozen in LN2. After
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a brief period of storage at -80°C the samples were thawed for RNA isolation. PBS-BSA and
RiboLock had low RIN values that were < 5 on average, whereas LB1 achieved RIN values of
7 on average. With these results in mind, ovarian follicles were lysed in LB1 solution before
snap freezing in LN for both published studies (Kehoe et al., 2021, Kehoe et al., 2022).

The reliability of the data was affected by the unexpected qRT-PCR results in comparison to
the RNA-sequencing results (Kehoe et al., 2021, Kehoe et al., 2022). This may be because the
sample size (number of follicles from which RNA was isolated) was not sufficient. Values in
gRT-PCR were measured often at the detection limit; therefore, standard deviations can
become too large for the detection of a significant difference. With a larger number of follicles
per analysed sample pool, the corresponding qRT-PCR results from both published studies may
have been improved. As the collection of a sufficient number of follicles for further gqRT-PCR
would have taken too long, such a repetition was not done. Future studies examining the RNA-
sequencing data should consider that an increase in the number of ovarian follicles used per
sample for gRT-PCR analysis may strengthen the analysis downstream. One avenue for future
research includes testing a larger selection of genes that were significantly differentially
expressed - at least one or two genes per signalling pathway that we presented in our first study
(Kehoe et al., 2021). Further research into the expression of the proteins, which are important

because of their ability to carry biological functions, should also be considered.

4.4 Acknowledging the limitations

As no protein expression data were obtained in the first study, it was not possible to compare
gene expression patterns with protein level-patterns or to clarify protein localisation in the early
follicles of domestic cat. This provides an opportunity for future studies into the specific factors
we discovered. For example, it would be of great interest to explore protein expression patterns
of the newly described MMPs in early follicles of the domestic cat. If a particular MMP is
implicated to be conspicuously present in early follicles, then the main substrates of the enzyme
could be investigated too. For example, MMP1 was detected in early follicles of the domestic
cat using RNA-sequencing (Kehoe et al., 2021) and has been reported to be expressed at the
protein level of each stage (primordial, primary and secondary) too (Fujihara et al., 2016).
Fujihara et al., (2016) suggested that the effect of MMP1 expression levels on insulin growth
factor 1 (IGF1) and its binding protein could be investigated, as MMP1-induced degradation
of IGFBP3 may stimulate the release of IGF1, a factor known to influence ovarian follicles
(Fujihara et al., 2016, Giudice, 1992).
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It is beyond the scope of this study to describe the transcriptomics of the oocyte and somatic
cells, as we chose to study whole follicle samples instead (Kehoe et al., 2021). To date, studies
on early follicles are predominantly performed using the whole ovary (Herrera et al., 2005,
Fowler et al., 2009), with single cells collected using an animal-age-specific (Herrera et al.,
2005), using oocyte size-specific selection criterion (Markholt et al., 2012, Ernst et al., 2017,
Chen et al., 2022), or in our case using whole follicle samples (Kehoe et al., 2021, Kehoe et
al., 2022). These approaches preclude the ability to study cells in precise follicle stage-specific
populations because both animal-age and size-specific cells are heterogeneous concerning
follicle stages (Chen et al., 2022). In our case, it cannot provide insight into the potential
interactions between oocytes and somatic cells. In the future, it would be helpful for identifying
cell-specific molecular mechanisms if ovarian follicle cells could be sequenced separately by
combining techniques such as LCM and single-cell RNA-sequencing (Hwang et al., 2018).
Single-cell RNA-sequencing is a variation of RNA-sequencing where the source of total RNA
for sequencing comes from a single cell (Hwang et al., 2018). In mice, it has been used to
reveal which molecular mechanisms are present in the primordial follicle oocytes and somatic
cells separately (Chen et al., 2022). Future studies could consider that it may be possible to
perform similar transcriptomic analyses for each cell — this would represent another

opportunity for further research into early folliculogenesis in the domestic cat.

Due to our methodological choices, the results also cannot confirm the impact of specific
epigenetic modifications, or “tags,” such as DNA methylation and histone modification, which
can alter DNA accessibility and chromatin structure, thereby regulating patterns of gene
expression (Sadakierska-Chudy and Filip, 2015). In oocytes, developmental competence is
influenced by epigenetic factors that control gene expression and chromatin configuration in
germinal vesicles, for instance the oocyte’s nucleus that is arrested in prophase of meiosis I by
the primary follicle stage (Laisk et al., 2019) in mouse (Zuccotti et al., 2002), domestic pig
(Wu et al., 2006) and domestic cattle (Lodde et al., 2007). There are many kinds of histone
modifications, including methylation, acetylation, phosphorylation, ubiquitination and
sumoylation, which may influence ovarian folliculogenesis and female fertility (Sadakierska-
Chudy and Filip, 2015). In mice, the loss of E2 SUMO-conjugating enzyme Ube2i in oocytes
during folliculogenesis will lead to infertility (Rodriguez et al., 2019). To the best of my
knowledge, the only epigenetic tag that has been studied in ovarian follicles (at the preantral
and antral stage) in the domestic cat ovary is histone methylation (Phillips et al., 2012, Phillips

et al., 2016). In the first study, histone lysine methylation changes were investigated through
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immunostaining of preantral and antral follicles (Phillips et al., 2012). The second study
interrogated nuclear versus cytoplasmic regulation on the previously identified histone tags
again in preantral and antral follicles (Phillips et al., 2016). Further research is needed to

establish epigenetic profiles during early folliculogenesis in the domestic cat.

While it is not the topic of this thesis, it is worthwhile to note that other “omics”-tools could be
employed to measure the downstream consequences of activating signalling and metabolic
pathways in the future (Jones et al., 2021). After transcriptomics, proteomics is the next step in
the study of biological systems. Proteomics is the large-scale study of proteins which may be
detected using immunoassays or mass spectrometry (Chandramouli and Qian, 2009).
Proteomic profiles have already been elucidated in immature rat ovaries during primordial
follicle development (Wang et al., 2009) and in mouse ovaries during primordial follicle
activation and early follicle development (Xiong et al., 2019). In the domestic cat, proteomics
was used to elucidate whether nuclear proteins in the germinal vesicle contribute to oocyte
competence acquisition (Lee et al., 2018). To achieve this in the future, protein lysates will
have to be prepared from early follicle samples for quantitative proteomic analysis downstream
(Lee etal., 2018).

4.5 Conclusion

My studies provide insight into genes, signalling pathways and molecular mechanisms that
may be key to regulating early follicle development in the domestic cat. Our characterisation
of gene expression patterns by RNA-sequencing and additional protein localisation of
gonadotropin receptors, sex steroid receptors and enzymes of steroidogenesis during early
folliculogenesis sets the foundation for follow-up studies. As the first of their kind, these
studies represent an effort to address the gap in our knowledge for this species and to deepen
our understanding for other mammals too. Overall, the result of this thesis is consistent with
concepts which suggest that early follicle development may require a combination of signals
from the surrounding ovarian architecture in addition to hormonal cues and paracrine

signalling.

4.6 Future perspectives

The next few years: Understanding temporal gene expression known to influence early follicle

development could provide a biological basis for supplementing culture media in the future
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(Jones et al., 2021). The recapitulation of such a complex process may require the asynchronous
delivery of specific factors in an ordered cascade as originally described with “Eggbert” (Eppig
and O'Brien, 1996, O'Brien et al., 2003). This may not be so simple, as recent studies on bovine
oocytes revealed that the addition of PTEN/PI3K/Akt stimulators and inhibitors were
deleterious to follicle quality (Maidarti et al., 2020, Maidarti, 2020) This emphasises how a full
understanding of the requirements of follicular development is integral because if primordial
follicles are inappropriately activated, DNA and gene expression may be compromised, which
could lead to a decrease in oocyte quality, with potential ramifications in downstream ARTSs
(Amoushahi and Lykke-Hartmann, 2021, Maidarti, 2020).

Within the next decade? The ultimate goal of understanding primordial follicle activation and
early follicle development in the domestic cat is to recapitulate this process in vitro so that we
can learn how to generate a larger number of oocytes for assisted reproduction. Techniques
that are established in the domestic cat model could be adapted for ARTSs for endangered felid
species in the future (Wildt et al., 1986). The work in progress includes: (1) slow freezing of
ovarian cortex containing the dormant primordial follicles which has been successfully
performed in the domestic cat (Wiedemann et al., 2013, Bosch et al., 2004), although feline
oocytes may be more sensitive to cryopreservation protocols than other species (Fassbender et
al., 2007, Kvist et al., 2006); (2) recapitulation of primordial follicle activation and early follicle
growth in vitro through our acquaintance with potential in vivo molecular mechanisms (Kehoe
etal., 2021, Kehoe et al., 2022); (3) production of developmentally competent oocytes during
IVM which is considered as an established method in cats today with a success of 50-70%
(Sowinska et al., 2020, Morselli et al., 2017); (4) IVF of oocytes which has been successfully
established in the domestic cat over the last 30-40 years (Herrick et al., 2007, Pope et al., 2006b,
Wolfe and Wildt, 1996) and is the basis for in vitro embryo production or vitrification of feline
oocytes and embryos (Colombo et al., 2020, Pope et al., 2012, Ochota et al., 2017) - in vitro
produced embryos can be cultured up to the blastocyst stage (Herrick, 2019, Zahmel et al.,
2021); (5) and the transfer of embryos into a surrogate mother, currently not a standard method
in the domestic cat, which has led to the production of several litters of live kittens (Pope et al.,
2012, Pope et al., 2006a).

Collectively, these efforts aim to contribute toward establishing ARTSs for critically endangered
felid species (Jewgenow and Zahmel, 2020, Swanson, 2003) where there is a critical need to
overcome mating difficulties and address infertility issues that some individuals face in

captivity (Wildt et al., 2010, Comizzoli et al., 2018). This will also aid the maintenance of
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genetic diversity through the preservation of heterozygosity to avoid inbreeding depression and
support the persistence of genomic adaptability to environmental changes in the future (Wildt
et al., 2010, Comizzoli et al., 2018). The Felid Gamete Rescue Project established in the
Department of Reproduction Biology at the Leibniz Institute for Zoo & Wildlife Research aims
to explore and improve current ARTs after gonads are collected from deceased individuals
(Zahmel et al., 2019). Some achievements to date include IVM followed by intracytoplasmic
sperm injection which has led to successful fertilisation and embryonic development up to the
blastocyst stage in lion (Panthera leo) (Fernandez-Gonzalez et al.,, 2015), and the
cryopreservation of lion oocytes for the first time when the oocytes survived vitrification,
successfully matured in vitro and cleaved after IVF (Zahmel et al., 2021). Future studies into
IVG methods of early follicles could consider the results presented in this thesis as a basis for

initial experimentation if there are some spare ovarian cortex tissue pieces available.

While both publications have provided new insight into molecular mechanisms which may be
key regulators of early follicle development in the domestic cat, there is still much more to be
uncovered and many more questions yet to be answered. Although the remarkable feats
conquered in the field of ARTs for the rodent model are yet to be achieved for the domestic
cat, the next decade of research may bring paramount breakthroughs for this species. And with

that deliver a renewed hope for the charismatic family of wild Felidae.

73



Acknowledgements

To begin with, 1 would like to express deep gratitude to Professor Dr Katarina Jewgenow and
PD Dr Beate C. Braun for their supervision over the years. Thank you for teaching me about
ovarian follicles and the fascinating world reproductive biology! Thank you encouraging me
and for always being there to answer my questions. | have learnt so much from both of you and

am very grateful for your patience. | have been an extremely lucky doctoral student.

This work would not have been possible without the help and support of many people. Special
thanks to the Department of Reproduction Biology at the Leibniz Institute for Zoo and Wildlife
Research, particularly Stefanie Jansch and Dr Jennifer Zahmel who also taught me how to
isolate and characterise ovarian follicles. | extend my thanks to Anke Schmidt who was happy
to answer the many questions | asked before starting the experimental work. To Dorina
Meneghini, who discussed the theory and logic behind sequencing analysis with me. To Dr
Daniel Forster, who had no problem answering my many e-mails about the custom index
primers. To Jun-Prof Dr Emanuel Heitlinger, thank you for coming over my office one day to
help iron out the kinks in the R script | was writing. All of you provided me with invaluable
information that greatly benefitted the project. To our support from the Berlin Center for
Genomics in Biodiversity Research, particularly Susan Mbedi, Sarah Sparmann, Dr Camilla
Mazzoni, Dr Paul R. Johnston and Maximilian Driller, who guided me through the sequencing
pipeline. 1 have learnt so much! To Susanne Auls, Dr Pascal Kroh, and Dr Mohammad
Bashawat who gave me so much advice about how to navigate bureaucracy in a foreign
language. You supported me immensely and | am deeply grateful for your selflessness. A
special thanks to Dr Michat Hryciuk, Dr Pascal Kroh and my cousin Dr Michael O’ Sullivan
for proof-reading my thesis. | greatly appreciate that you all took the time to read this work! |
thank all my supervisors in the past too including Dr Andrew Flaus, Dr Laura Barkley,
Professor Dr Gilles Bedoux, Professor Dr Jacco van Rheenen and Dr Sander Steenbeek, Dr

Joost Koedam, Professor Dr Joost Sluijter and Dr Daniela Panakova.

To my friends, thank you for patience during this time! To my sister, Cliodhna, who makes me
feel like an academic rockstar! Thank you for making me realise that accomplishments should
be celebrated. Thank you for all the phone calls during my study breaks and for being the
person who brings me back down to earth. I cannot wait to road trip Ireland with you and to be
fully present in our sisterhood! To my Mum and Dad — Thank you for supporting me throughout

my studies. Thank you for always being a phone call away and for reminding me that home is

74



always there. Both of you have instilled in me a strong work ethic and independence which has
gotten me this far (let’s see where it leads next!). In your unique way you have done so much
to make sure that | was living a balanced life while | pursued a career in science. From driving
across Ireland unannounced to deliver soup and sandwiches during my Bachelor exams to
sending Irish care packages all the way to France, the Netherlands and Germany as | continued

to explore each exciting opportunity. This thesis is dedicated to you.

75



List of Publications

Kehoe, S, Jewgenow, K, Johnston, PR et al. Signalling pathways and mechanistic cues
highlighted by transcriptomic analysis of primordial, primary, and secondary ovarian follicles
in domestic cat. Sci Rep 11, 2683 (2021) https://doi.org/10.1038/s41598-021-82051-4

Kehoe S, Jewgenow K, Johnston PR, Braun BC. Early preantral follicles of the domestic cat
express gonadotropin and sex steroid signaling potential. Biol Reprod. 2022 Jan
13;106(1):95-107. doi: 10.1093/biolre/ioab192. PMID: 34672344,
https://doi.org/10.1093/biolre/ioab192

76


https://doi.org/10.1038/s41598-021-82051-4
https://doi.org/10.1093/biolre/ioab192

References

ABEL, M. H.,, WOOTTON, A. N., WILKINS, V., HUHTANIEMI, I., KNIGHT, P. G. & CHARLTON,
H. M. 2000. The effect of a null mutation in the follicle-stimulating hormone receptor gene on
mouse reproduction. Endocrinology, 141, 1795-803.

ADHIKARI, D. & LIU, K. 2009. Molecular mechanisms underlying the activation of mammalian
primordial follicles. Endocr Rev, 30, 438-64.

AMOUSHAHI, M. & LYKKE-HARTMANN, K. 2021. Distinct Signaling Pathways Distinguish.
Front Cell Dev Biol, 9, 708076.

ANDRADE, G. M., DA SILVEIRA, J. C., PERRINI, C., DEL COLLADO, M., GEBREMEDHN, S.,
TESFAYE, D., MEIRELLES, F. V. & PERECIN, F. 2017. The role of the PI3K-Akt signaling
pathway in the developmental competence of bovine oocytes. PL0oS One, 12, e0185045.

ARIEL, O., YAQ, S., KEARNEY, M. T., JOUDREY, S. D. & AL-BAGDADI, F. 2016. Morphometric
and Ultrastructure studies of Primordial Follicles and Expression of Estrogen-dependent Genes
in the Ovaries of Domestic Cats. J Microsc Ultrastruct, 4, 46-54.

ARMSTRONG, D. T., GOFF, A. K. & DORRINGTON, J. H. 1979. Regulation of follicular estrogen
biosynthesis. Ovarian follicular development and function, 169-182.

BONNANS, C., CHOU, J. & WERB, Z. 2014. Remodelling the extracellular matrix in development
and disease. Nat Rev Mol Cell Biol, 15, 786-801.

BOSCH, P., HERNANDEZ-FONSECA, H. J., MILLER, D. M., WININGER, J. D., MASSEY, J. B.,
LAMB, S. V. & BRACKETT, B. G. 2004. Development of antral follicles in cryopreserved cat
ovarian tissue transplanted to immunodeficient mice. Theriogenology, 61, 581-94.

BRISTOL, S. K. & WOODRUFF, T. K. 2004. Follicle-restricted compartmentalization of transforming
growth factor beta superfamily ligands in the feline ovary. . Biol Reprod., Mar;70(3):, 846-59.

BRISTOL-GOULD, S. & WOODRUFF, T. K. 2006. Folliculogenesis in the domestic cat (Felis catus).
Theriogenology, 66, 5-13.

BROWN, H. M. & RUSSELL, D. L. 2014. Blood and lymphatic vasculature in the ovary: development,
function and disease. Hum Reprod Update, 20, 29-39.

BYRNE, J., FEARS, T. R., GAIL, M. H., PEE, D., CONNELLY, R. R., AUSTIN, D. F., HOLMES, G.
F., HOLMES, F. F., LATOURETTE, H. B. & MEIGS, J. W. 1992. Early menopause in long-
term survivors of cancer during adolescence. Am J Obstet Gynecol, 166, 788-93.

CARLSSON, I. B., SCOTT, J. E., VISSER, J. A., RITVOS, O., THEMMEN, A. P. & HOVATTA, O.
2006. Anti-Mdillerian hormone inhibits initiation of growth of human primordial ovarian
follicles in vitro. Hum Reprod, 21, 2223-7.

CASTRILLON, D. H., MIAO, L., KOLLIPARA, R., HORNER, J. W. & DEPINHO, R. A. 2003.
Suppression of ovarian follicle activation in mice by the transcription factor Foxo3a. Science,
301, 215-8.

CATTANACH, B. M., IDDON, C. A., CHARLTON, H. M., CHIAPPA, S. A. & FINK, G. 1977.
Gonadotrophin-releasing hormone deficiency in a mutant mouse with hypogonadism. Nature,
269, 338-40.

CHANDRAMOULL, K. & QIAN, P. Y. 2009. Proteomics: challenges, techniques and possibilities to
overcome biological sample complexity. Hum Genomics Proteomics, 2009.

CHEN, Y., YANG, W.,, SHI, X., ZHANG, C., SONG, G. & HUANG, D. 2020. The Factors and
Pathways Regulating the Activation of Mammalian Primordial Follicles. Front Cell Dev Biol,
8, 575706.

CHEN, Y. Y., RUSSO, D. D., DRAKE, R. S.,, DUNCAN, F. E., SHALEK, A. K., GOODS, B. A. &
WOODRUFF, T. K. 2022. Single-cell transcriptomics of staged oocytes and somatic cells
reveal novel regulators of follicle activation. Reproduction, 164, 55-70.

COLOMBO, M., ZAHMEL, J., JANSCH, S., JEWGENOW, K. & LUVONI, G. C. 2020. Inhibition of
Apoptotic Pathways Improves DNA Integrity but Not Developmental Competence of Domestic
Cat Immature Vitrified Oocytes. Front Vet Sci. , Oct 16;7:588334.

COMIZZOLI, P.,PAULSON, E. E. & MCGINNIS, L. K. 2018. The mutual benefits of research in wild
animal species and human-assisted reproduction. J Assist Reprod Genet, 35, 551-560.

77



DE CASTRO, F. C., CRUZ, M. H. & LEAL, C. L. 2016. Role of Growth Differentiation Factor 9 and
Bone Morphogenetic Protein 15 in Ovarian Function and Their Importance in Mammalian
Female Fertility - A Review. Asian-Australas J Anim Sci, 29, 1065-74.

DE GRAAF, R. 1672. De mulierum organis generationi inservientibus tractatus novus: demonstrans
homines & animalia caetera omnia, quae vivipara dicuntur, haud minus quam ovipara ab ovo
originem ducere. 334.

DEMEESTERE, I, DELBAERE, A., GERVY, C., VAN DEN BERGH, M., DEVREKER, F. &
ENGLERT, Y. 2002. Effect of preantral follicle isolation technique on in-vitro follicular
growth, oocyte maturation and embryo development in mice. Hum Reprod, 17, 2152-9.

DOLMANS, M. M., LUYCKX, V., DONNEZ, J., ANDERSEN, C. Y. & GREVE, T. 2013. Risk of
transferring malignant cells with transplanted frozen-thawed ovarian tissue. Fertil Steril, 99,
1514-22.

DRUMMOND, A. E. 2006. The role of steroids in follicular growth. Reprod Biol Endocrinol, 4:16.

DURLINGER, A. L., GRUUTERS, M. J., KRAMER, P., KARELS, B., INGRAHAM, H. A,
NACHTIGAL, M. W., UILENBROEK, J. T., GROOTEGOED, J. A. & THEMMEN, A. P.
2002. Anti-Miillerian hormone inhibits initiation of primordial follicle growth in the mouse
ovary. Endocrinology, 143, 1076-84.

DURLINGER, A. L., GRUNTERS, M. J.,, KRAMER, P., KARELS, B., KUMAR, T. R., MATZUK,
M. M., ROSE, U. M., DE JONG, F. H., UILENBROEK, J. T., GROOTEGOED, J. A. &
THEMMEN, A. P. 2001. Anti-Miillerian hormone attenuates the effects of FSH on follicle
development in the mouse ovary. Endocrinology, 142, 4891-9.

DURLINGER, A. L., KRAMER, P., KARELS, B., DE JONG, F. H., UILENBROEK, J. T.,
GROOTEGOED, J. A. & THEMMEN, A. P. 1999. Control of primordial follicle recruitment
by anti-Mullerian hormone in the mouse ovary. Endocrinology, 140, 5789-96.

EPPIG, J.J. & O'BRIEN, M. J. 1996. Development in vitro of mouse oocytes from primordial follicles.
Biol Reprod, 54, 197-207.

ERNST, E. H.,, GRONDAHL, M. L., GRUND, S., HARDY, K., HEUCK, A., SUNDE, L., FRANKS,
S., ANDERSEN, C. Y., VILLESEN, P. & LYKKE-HARTMANN, K. 2017. Dormancy and
activation of human oocytes from primordial and primary follicles: molecular clues to oocyte
regulation. Hum Reprod, 32, 1684-1700.

FADDY, M. J., GOSDEN, R. G., GOUGEON, A., RICHARDSON, S. J. & NELSON, J. F. 1992.
Accelerated disappearance of ovarian follicles in mid-life: implications for forecasting
menopause. Hum Reprod, 7, 1342-6.

FASSBENDER, M., HILDEBRANDT, T. B., PARIS, M. C., COLENBRANDER, B. & JEWGENOW,
K. 2007. High-resolution ultrasonography of xenografted domestic cat ovarian cortex. J Reprod
Dev, 53, 1023-34.

FENG, Y., CUI, P., LU, X., HSUEH, B., MOLLER BILLIG, F., ZARNESCU YANEZ, L., TOMER,
R., BOERBOOM, D., CARMELIET, P., DEISSEROTH, K. & HSUEH, A.J. 2017. CLARITY
reveals dynamics of ovarian follicular architecture and vasculature in three-dimensions. Sci
Rep, 7, 44810.

FERNANDEZ-GONZALEZ, L., HRIBAL, R., STAGEGAARD, J., ZAHMEL, J. & JEWGENOW, K.
2015. Production of lion (Panthera leo) blastocysts after in vitro maturation of oocytes and
intracytoplasmic sperm injection. Theriogenology. , 83(6), 995-9.

FINDLAY, J. K., KERR, J. B., BRITT, K., LIEW, S. H., SIMPSON, E. R., ROSAIRO, D. &
DRUMMOND, A. E. 2009. Ovarian physiology: follicle development, oocyte and hormone
relationships. Anim. Reprod., 6, 16-19.

FOWLER, P. A, ANDERSON, R. A., SAUNDERS, P. T., KINNELL, H., MASON, J. I., EVANS, D.
B., BHATTACHARYA, S., FLANNIGAN, S., FRANKS, S., MONTEIRO, A. &
O'SHAUGHNESSY, P. J. 2011. Development of steroid signaling pathways during primordial
follicle formation in the human fetal ovary. J Clin Endocrinol Metab, 96, 1754-62.

FOWLER, P. A., FLANNIGAN, S., MATHERS, A., GILLANDERS, K., LEA, R. G., WOOD, M. J.,
MAHESHWARI, A., BHATTACHARYA, S., COLLIE-DUGUID, E. S., BAKER, P. J,
MONTEIRO, A. & O'SHAUGHNESSY, P. J. 2009. Gene expression analysis of human fetal
ovarian primordial follicle formation. J Clin Endocrinol Metab, 94, 1427-35.

FRASER, H. M. 2006. Regulation of the ovarian follicular vasculature. Reprod Biol Endocrinol, 4, 18.

78



FUJIHARA, M., COMIZZOLI, P., KEEFER, C. L., WILDT, D. E. & SONGSASEN, N. 2014.
Epidermal growth factor (EGF) sustains in vitro primordial follicle viability by enhancing
stromal cell proliferation via MAPK and PI3K pathways in the prepubertal, but not adult, cat
ovary. Biol Reprod., Apr 25;90(4):86.

FUJIHARA, M., YAMAMIZU, K., COMIZZOLI, P., WILDT, D. E. & SONGSASEN, N. 2018.
Retinoic acid promotes in vitro follicle activation in the cat ovary by regulating expression of
matrix metalloproteinase 9. PLoS One, 13, e0202759.

FUJIHARA, M., YAMAMIZU, K., WILDT, D. E. & SONGSASEN, N. 2016. Expression pattern of
matrix metalloproteinases changes during folliculogenesis in the cat ovary. Reprod Domest
Anim, 51, 717-25.

GALLARDO, T. D., JOHN, G. B., BRADSHAW, K., WELT, C., RENO-PERA, R., VOGT, P. H,,
TOURAINE, P., BIONE, S., TONIOLO, D., NELSON, L. M., ZINN, A. R. & CASTRILLON,
D. H. 2008. Sequence variation at the human FOXO3 locus: a study of premature ovarian
failure and primary amenorrhea. Hum Reprod, 23, 216-21.

GALLEGO ROMERQO, 1., PAI, A. A., TUNG, J. & GILAD, Y. 2014. RNA-seq: impact of RNA
degradation on transcript quantification. BMC Biol, 12, 42.

GERSHON, E. & DEKEL, N. 2020. Newly Identified Regulators of Ovarian Folliculogenesis and
Ovulation. Int J Mol Sci, 21.

GIUDICE, L. C. 1992. Insulin-like growth factors and ovarian follicular development. Endocr Rev, 13,
641-69.

GOLDENBERG, R. L., POWELL, R. D., ROSEN, S. W., MARSHALL, J. R. & ROSS, G. T. 1976.
Ovarian morphology in women with anosmia and hypogonadotropic hypogonadism. Am J
Obstet Gynecol, 126, 91-4.

GORITZ, F., JEWGENOW, K. & MEYER, H. H. 1996. Epidermal growth factor and epidermal growth
factor receptor in the ovary of the domestic cat (Felis catus). J Reprod Fertil., 117-24.
GRIFFIN, J., EMERY, B. R., HUANG, I., PETERSON, C. M. & CARRELL, D. T. 2006. Comparative
analysis of follicle morphology and oocyte diameter in four mammalian species (mouse,

hamster, pig, and human). J Exp Clin Assist Reprod, 3, 2.

GR@NDAHL, M. L., BORUP, R., VIKESA, J., ERNST, E., ANDERSEN, C. Y. & LYKKE-
HARTMANN, K. 2013. The dormant and the fully competent oocyte: comparing the
transcriptome of human oocytes from primordial follicles and in metaphase Il. Mol Hum
Reprod, 19, 600-17.

GROSBOIS, J. & DEMEESTERE, I. 2018. Dynamics of PI3K and Hippo signaling pathways during
in vitro human follicle activation. Hum Reprod, 33, 1705-1714.

GUPTA, P. S. & NANDI, S. 2012. Isolation and culture of preantral follicles for retrieving oocytes for
the embryo production: present status in domestic animals. Reprod Domest Anim, 47, 513-9.

GUPTA, P. S., RAMESH, H. S., MANJUNATHA, B. M., NANDI, S. & RAVINDRA, J. P. 2008.
Production of buffalo embryos using oocytes from in vitro grown preantral follicles. Zygote,
16, 57-63.

HANSON, B. M. & FRANASIAK, J. M. 2020. Ovarian tissue cryopreservation is standard of care in
prepubertal patients, but does it have to be? Fertility and Sterility, 114, 277-278.

HARRIS, G. W. 1955. Neural control of the Pituitary Gland., London: Edward Arnold.

HARVEY, W. 1662. Exercitationes de generatione animalium. Quibus accedunt quaedam de partu: de
membranis ac humoribus uteri: & de conceptione., 388.

HEMMINGS, B. A. & RESTUCCIA, D. F. 2012. PI3K-PKB/Akt pathway. Cold Spring Harb Perspect
Biol, 4, a011189.

HERRERA, L., OTTOLENGHI, C., GARCIA-ORTIZ, J. E., PELLEGRINI, M., MANINI, F., KO, M.
S., NAGARAJA, R., FORABOSCO, A. & SCHLESSINGER, D. 2005. Mouse ovary
developmental RNA and protein markers from gene expression profiling. Dev Biol, 279, 271-
90.

HERRICK, J. R. 2019. In Vitro Culture of Embryos from Domestic Cats. Methods Mol Biol. , 2006:229-
246.

HERRICK, J. R.,BOND, J. B., MAGAREY, G. M., BATEMAN, H. L., KRISHER, R. L., DUNFORD,
S. A. & SWANSON, W. F. 2007. Toward a feline-optimized culture medium: impact of ions,
carbohydrates, essential amino acids, vitamins, and serum on development and metabolism of

79



in vitro fertilization-derived feline embryos relative to embryos grown in vivo. Biol Reprod,
76, 858-70.

HILLIER, S. G., WHITELAW, P. F. & SMYTH, C. D. 1994. Follicular oestrogen synthesis: the ‘two-
cell, two-gonadotrophin' model revisited. Mol Cell Endocrinol, 100, 51-4.

HOVATTA, O., SILYE, R., ABIR, R., KRAUSZ, T. & WINSTON, R. M. 1997. Extracellular matrix
improves survival of both stored and fresh human primordial and primary ovarian follicles in
long-term culture. Hum Reprod, 12, 1032-6.

HOVATTA, O., WRIGHT, C., KRAUSZ, T., HARDY, K. & WINSTON, R. M. 1999. Human
primordial, primary and secondary ovarian follicles in long-term culture: effect of partial
isolation. Hum Reprod, 14, 2519-24.

HSUEH, A. J., KAWAMURA, K., CHENG, Y. & FAUSER, B. C. 2015. Intraovarian control of early
folliculogenesis. Endocr Rev, 36, 1-24.

HUANG, D. W., SHERMAN, B. T. & LEMPICKI, R. A. 2009. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat Protoc, 4, 44-57.

HUMMITZSCH, K., IRVING-RODGERS, H. F., SCHWARTZ, J. & RODGERS, R. J. 2019. Chapter
4 - Development of the Mammalian Ovary and Follicles, Academic Press.

HWANG, B., LEE, J. H. & BANG, D. 2018. Single-cell RNA sequencing technologies and
bioinformatics pipelines. Exp Mol Med, 50, 1-14.

JAGARLAMUDI, K., LIU, L., ADHIKARI, D., REDDY, P., IDAHL, A., OTTANDER, U., LUNDIN,
E. & LIU, K. 2009. Oocyte-specific deletion of Pten in mice reveals a stage-specific function
of PTEN/PI3K signaling in oocytes in controlling follicular activation. PLoS One, 4, e6186.

JAMNONGIIT, M. & HAMMES, S. R. 2006. Ovarian steroids: the good, the bad, and the signals that
raise them. Cell Cycle, 5, 1178-83.

JEMMETT, J. E. & EVANS, J. M. 1977. A survey of sexual behaviour and reproduction of female cats.
J Small Anim Pract, 18, 31-7.

JEWGENOW, K. & GORITZ, F. 1995. The recovery of preantral follicles from ovaries of domestic
cats and their characterisation before and after culture. Animal Reproduction Science, 39, 285-
297.

JEWGENOW, K., PENFOLD, L. M., MEYER, H. H. & WILDT, D. E. 1998. Viability of small
preantral ovarian follicles from domestic cats after cryoprotectant exposure and
cryopreservation. J Reprod Fertil, 112, 39-47.

JEWGENOW, K. & PITRA, C. 1993. Hormone-controlled culture of secondary follicles of domestic
cats. Theriogenology, 39, 527-35.

JEWGENOW, K. & ZAHMEL, J. 2020. Preservation of female genetic resources in feline species.
Theriogenology, 156, 124-129.

JOHN, G. B., GALLARDO, T. D., SHIRLEY, L. J. & CASTRILLON, D. H. 2008. Foxo3 is a PI3K-
dependent molecular switch controlling the initiation of oocyte growth. Dev Biol, 321, 197-
204.

JONES, A., BERNABE, B. P., PADMANABHAN, V., LI, J. & SHIKANOV, A. 2021. Capitalizing on
transcriptome profiling to optimize and identify targets for promoting early murine
folliculogenesis in vitro. Sci Rep, 11, 12517.

JUAN, C. A., PEREZ DE LA LASTRA, J. M., PLOU, F. J. & PEREZ-LEBENA, E. 2021. The
Chemistry of Reactive Oxygen Species (ROS) Revisited: Outlining Their Role in Biological
Macromolecules (DNA, Lipids and Proteins) and Induced Pathologies. Int J Mol Sci, 22.

KAIPIA, A. & HSUEH, A. J. 1997. Regulation of ovarian follicle atresia. Annu Rev Physiol, 59, 349-
63.

KANAMORI, M., OIKAWA, K., TANEMURA, K. & HARA, K. 2019. Mammalian germ cell
migration during development, growth, and homeostasis. Reprod Med Biol, 18, 247-255.

KAWAMURA, K., CHENG, Y., SUZUKI, N., DEGUCHI, M., SATO, Y., TAKAE, S., HO, C. H.,
KAWAMURA, N., TAMURA, M., HASHIMOTO, S., SUGISHITA, Y., MORIMOTO, Y.,
HOSOI, Y., YOSHIOKA, N., ISHIZUKA, B. & HSUEH, A. J. 2013. Hippo signaling
disruption and Akt stimulation of ovarian follicles for infertility treatment. Proc Natl Acad Sci
USA, 110, 17474-9.

KEDEM, A, FISCH, B., GAROR, R., BEN-ZAKEN, A., GIZUNTERMAN, T., FELZ, C., BEN-
HAROUSH, A., KRAVARUSIC, D. & ABIR, R. 2011. Growth differentiating factor 9 (GDF9)

80



and bone morphogenetic protein 15 both activate development of human primordial follicles in
vitro, with seemingly more beneficial effects of GDF9. J Clin Endocrinol Metab, 96, E1246-
54.

KEHOE, S., JEWGENOW, K., JOHNSTON, P. R. & BRAUN, B. C. 2022. Early preantral follicles of
the domestic cat express gonadotropin and sex steroid signaling potential. Biol Reprod, 106,
95-107.

KEHOE, S., JEWGENOW, K., JOHNSTON, P. R., MBEDI, S. & BRAUN, B. C. 2021. Signalling
pathways and mechanistic cues highlighted by transcriptomic analysis of primordial, primary,
and secondary ovarian follicles in domestic cat. Sci Rep, 11, 2683.

KIM, S., LEE, Y., LEE, S. & KIM, T. 2018. Ovarian tissue cryopreservation and transplantation in
patients with cancer. Obstet Gynecol Sci, 61, 431-442.

KUMAR, T. R., WANG, Y., LU, N. & MATZUK, M. M. 1997. Follicle stimulating hormone is
required for ovarian follicle maturation but not male fertility. . Nat Genet, 15, 201-204.
KVIST, K., THORUP, J., BYSKOV, A. G., HOYER, P. E., MBLLGARD, K. & YDING ANDERSEN,
C. 2006. Cryopreservation of intact testicular tissue from boys with cryptorchidism. Hum

Reprod, 21, 484-91.

LAISK, T., TSUIKO, O., JATSENKO, T., HORAK, P., OTALA, M., LAHDENPERA, M.,
LUMMAA, V., TUURI, T., SALUMETS, A. & TAPANAINEN, J. S. 2019. Demographic and
evolutionary trends in ovarian function and aging. Hum Reprod Update, 25, 34-50.

LEE, P. C., WILDT, D. E. & COMIZZOLLI, P. 2018. Proteomic analysis of germinal vesicles in the
domestic cat model reveals candidate nuclear proteins involved in oocyte competence
acquisition. Mol Hum Reprod, 24, 14-26.

LI, J., KAWAMURA, K., CHENG, Y., LIU, S., KLEIN, C., DUAN, E. K. & HSUEH, A. J. 2010.
Activation of dormant ovarian follicles to generate mature eggs. Proc Natl Acad Sci U S A, 107,
10280-4.

LI, L., SHI, X., SHI, Y. & WANG, Z. 2021. The Signaling Pathways Involved in Ovarian Follicle
Development. Front Physiol, 12, 730196.

LIM, E. J. & CHOI, Y. 2012. Transcription factors in the maintenance and survival of primordial
follicles. Clin Exp Reprod Med, 39, 127-31.

LIM, M., THOMPSON, J. G. & DUNNING, K. R. 2021. HYPOXIA AND REPRODUCTIVE
HEALTH: Hypoxia and ovarian function: follicle development, ovulation, oocyte maturation.
Reproduction, 161, F33-F40.

LODDE, V., MODINA, S., GALBUSERA, C., FRANCIOSI, F. & LUCIANO, A. M. 2007. Large-
scale chromatin remodeling in germinal vesicle bovine oocytes: interplay with gap junction
functionality and developmental competence. Mol Reprod Dev, 74, 740-9.

LOFSTEDT, R. M. 1982. The estrous cycle of the domestic cat. . Comp Cont Educ Pract Vet, 52-58.

MAIDARTI, M. 2020. The Effect of Manipulating PI3K Pathway Components on Primordial Follicle
Activation and DNA Damage Response in Bovine Ovarian Follicles In vitro. Degree of Doctor
of Philosophy, University of Edinburgh.

MAIDARTI, M., ANDERSON, R. A. & TELFER, E. E. 2020. Crosstalk between PTEN/PI3K/Akt
Signalling and DNA Damage in the Oocyte: Implications for Primordial Follicle Activation,
Oocyte Quality and Ageing. Cells, 9.

MARKHOLT, S., GRONDAHL, M. L., ERNST, E. H.,, ANDERSEN, C. Y., ERNST, E. & LYKKE-
HARTMANN, K. 2012. Global gene analysis of oocytes from early stages in human
folliculogenesis shows high expression of novel genes in reproduction. Mol Hum Reprod, 18,
96-110.

MCGEE, E. A. & HSUEH, A. J. 2000. Initial and cyclic recruitment of ovarian follicles. Endocr Rev,
21, 200-14.

MCLAUGHLIN, M., ALBERTINI, D. F., WALLACE, W. H. B., ANDERSON, R. A. & TELFER, E.
E. 2018. Metaphase Il oocytes from human unilaminar follicles grown in a multi-step culture
system. Mol Hum Reprod, 24, 135-142.

MCLAUGHLIN, M. & TELFER, E. E. 2010. Oocyte development in bovine primordial follicles is
promoted by activin and FSH within a two-step serum-free culture system. Reproduction, 139,
971-8.

MCVIE, J. G. 1999. Cancer treatment: the last 25 years. Cancer Treat Rev, 25, 323-31.

81



MONNIAUX, D., CLEMENT, F., DALBIES-TRAN, R., ESTIENNE, A., FABRE, S., MANSANET,
C. & MONGET, P. 2014. The ovarian reserve of primordial follicles and the dynamic reserve
of antral growing follicles: what is the link? Biol Reprod, 90, 85.

MONNIAUX, D., HUET, C., BESNARD, N., CLEMENT, F., BOSC, M., PISSELET, C., MONGET,
P. & MARIANA, J. C. 1997. Follicular growth and ovarian dynamics in mammals. J Reprod
Fertil Suppl, 51, 3-23.

MORSELLI, M. G., LUVONI, G. C. & COMIZZOLI, P. 2017. The nuclear and developmental
competence of cumulus-oocyte complexes is enhanced by three-dimensional coculture with
conspecific denuded oocytes during in vitro maturation in the domestic cat model. Reprod
Domest Anim. , 82-87.

MOUW, J. K., OU, G. & WEAVER, V. M. 2014. Extracellular matrix assembly: a multiscale
deconstruction. Nat Rev Mol Cell Biol, 15, 771-85.

NAGAMATSU, G., SHIMAMOTO, S., HAMAZAKI, N., NISHIMURA, Y. & HAYASHI, K. 2019.
Mechanical stress accompanied with nuclear rotation is involved in the dormant state of mouse
oocytes. Sci Adv, 5, eaav9960.

NAGASHIMA, J. B., HILL, A. M. & SONGSASEN, N. 2021. development of mechanically and
enzymatically isolated cat ovarian follicles. Reprod Fertil, 2, 35-46.

NICOSIA, S. V., MATUS-RIDLEY, M. & MEADOWS, A. T. 1985. Gonadal effects of cancer therapy
in girls. Cancer, 55, 2364-72.

NILSSON, E., ROGERS, N. & SKINNER, M. K. 2007. Actions of anti-Mullerian hormone on the
ovarian transcriptome to inhibit primordial to primary follicle transition. Reproduction, 134,
209-21.

NILSSON, E. E. & SKINNER, M. K. 2003. Bone morphogenetic protein-4 acts as an ovarian follicle
survival factor and promotes primordial follicle development. Biol Reprod, 69, 1265-72.

NOVELLA-MAESTRE, E., HERRAIZ, S., RODRIGUEZ-IGLESIAS, B., DIAZ-GARCIA, C. &
PELLICER, A. 2015. Short-Term PTEN Inhibition Improves In Vitro Activation of Primordial
Follicles, Preserves Follicular Viability, and Restores AMH Levels in Cryopreserved Ovarian
Tissue From Cancer Patients. PLoS One, 10, e0127786.

O'BRIEN, M. J., PENDOLA, J. K. & EPPIG, J. J. 2003. A revised protocol for in vitro development of
mouse oocytes from primordial follicles dramatically improves their developmental
competence. Biol Reprod, 68, 1682-6.

OCHOTA, M., WOJTASIK, B. & NIZANSKI, W. 2017. Survival rate after vitrification of various
stages of cat embryos and blastocyst with and without artificially collapsed blastocoel cavity.
Reprod Domest Anim, 52 Suppl 2, 281-287.

OKTAY, K., NEWTON, H., MULLAN, J. & GOSDEN, R. G. 1998. Development of human primordial
follicles to antral stages in SCID/hpg mice stimulated with follicle stimulating hormone. Hum
Reprod, 13, 1133-8.

ORISAKA, M., MIYAZAKI, Y., SHIRAFUII, A., TAMAMURA, C., TSUYOSHI, H., TSANG, B. K.
& YOSHIDA, Y. 2021. The role of pituitary gonadotropins and intraovarian regulators in
follicle development: A mini-review. Reprod Med Biol, 20, 169-175.

ORISAKA, M., TAJIMA, K., TSANG, B. K. & KOTSUJI, F. 2009. Oocyte-granulosa-theca cell
interactions during preantral follicular development. J Ovarian Res, 2, 9.

PELUSO, J. J., PAPPALARDO, A., LOSEL, R. & WEHLING, M. 2006. Progesterone membrane
receptor component 1 expression in the immature rat ovary and its role in mediating
progesterone's antiapoptotic action. Endocrinology, 147, 3133-40.

PHILLIPS, T. C., WILDT, D. E. & COMIZZOLI, P. 2012. Increase in histone methylation in the cat
germinal vesicle related to acquisition of meiotic and developmental competence. Reprod
Domest Anim, 47 Suppl 6, 210-4.

PHILLIPS, T.C., WILDT, D. E. & COMIZZOLI, P. 2016. Incidence of methylated histones H3K4 and
H3K79 in cat germinal vesicles is regulated by specific nuclear factors at the acquisition of
developmental competence during the folliculogenesis. J Assist Reprod Genet, 33, 783-94.

PICTON, H. M. & GOSDEN, R. G. 2000. In vitro growth of human primordial follicles from frozen-
banked ovarian tissue. Mol Cell Endocrinol, 166, 27-35.

POPE, C. E.,, GOMEZ, M. C. & DRESSER, B. L. 2006a. In vitro embryo production and embryo
transfer in domestic and non-domestic cats. Theriogenology, 66, 1518-24.

82



POPE, C.E., GOMEZ, M. C. & DRESSER, B. L. 2006b. In vitro production and transfer of cat embryos
in the 21st century. Theriogenology, 66, 59-71.

POPE, C. E., GOMEZ, M. C., KAGAWA, N., KUWAYAMA, M., LEIBO, S. P. & DRESSER, B. L.
2012. In vivo survival of domestic cat oocytes after vitrification, intracytoplasmic sperm
injection and embryo transfer. Theriogenology, 77, 531-8.

PRASASYA, R. D. & MAYO, K. E. 2019. Chapter 2 - Regulation of Follicle Formation and
Development by Ovarian Signaling Pathways, Academic Press.

REDDY, P., LIU, L., ADHIKARI, D., JAGARLAMUDI, K., RAJAREDDY, S., SHEN, Y., DU, C.,
TANG, W., HAMALAINEN, T., PENG, S. L., LAN, Z. J., COONEY, A. J., HUHTANIEMI,
I. & LIU, K. 2008. Oocyte-specific deletion of Pten causes premature activation of the
primordial follicle pool. Science, 319, 611-3.

REDDY, P., ZHENG, W. & LIU, K. 2010. Mechanisms maintaining the dormancy and survival of
mammalian primordial follicles. Trends Endocrinol Metab, 21, 96-103.

REICHMAN, D. E., DAVIS, O. K., ZANINOVIC, N., ROSENWAKS, Z. & GOLDSCHLAG, D. E.
2012. Fertility preservation using controlled ovarian hyperstimulation and oocyte
cryopreservation in a premenarcheal female with myelodysplastic syndrome. Fertil Steril. ,
1225-8.

RESETKOVA, N., HAYASHI, M., KOLP, L. A. & CHRISTIANSON, M. S. 2013. Fertility
Preservation for Prepubertal Girls: Update and Current Challenges. Curr Obstet Gynecol Rep,
2,218-225.

RODRIGUEZ, A., BRILEY, S. M., PATTON, B. K., TRIPURANI, S. K., RAJAPAKSHE, K.,
COARFA, C., RAJKOVIC, A., ANDRIEUX, A., DEJEAN, A. & PANGAS, S. A. 2019. Loss
of the E2 SUMO-conjugating enzyme. Development, 146.

RODRIGUEZ-WALLBERG, K. A, MARKLUND, A., LUNDBERG, F., WIKANDER, I,
MILENKOVIC, M., ANASTACIO, A., SERGOUNIOTIS, F., WANGGREN, K.,
EKENGREN, J., LIND, T. & BORGSTROM, B. 2019. A prospective study of women and girls
undergoing fertility preservation due to oncologic and non-oncologic indications in Sweden-
Trends in patients' choices and benefit of the chosen methods after long-term follow up. Acta
Obstet Gynecol Scand, 98, 604-615.

ROJO, J. L., LINARI, M., MUSSE, M. P. & PELUFFO, M. C. 2015. Felis catus ovary as a model to
study follicle biology in vitro. J Assist Reprod Genet, 32, 1105-11.

SADAKIERSKA-CHUDY, A. & FILIP, M. 2015. A comprehensive view of the epigenetic landscape.
Part I1: Histone post-translational modification, nucleosome level, and chromatin regulation by
ncRNAs. Neurotox Res, 27, 172-97.

SHERMAN, B. T., HAO, M., QIU, J., JIAO, X., BASELER, M. W., LANE, H. C., IMAMICHI, T. &
CHANG, W. 2022. DAVID: a web server for functional enrichment analysis and functional
annotation of gene lists (2021 update). Nucleic Acids Res.

SHIMAMOTO, S., NISHIMURA, Y., NAGAMATSU, G., HAMADA, N., KITA, H., HIKABE, O.,
HAMAZAKI, N. & HAYASHI, K. 2019. Hypoxia induces the dormant state in oocytes through
expression of. Proc Natl Acad Sci U S A, 116, 12321-12326.

SHOHAM, Z. & SCHACHTER, M. 1996. Estrogen biosynthesis--regulation, action, remote effects,
and value of monitoring in ovarian stimulation cycles. Fertil Steril, 65, 687-701.

SINOWATZ, F., KOLLE, S. & TOPFER-PETERSEN, E. 2001. Biosynthesis and expression of zona
pellucida glycoproteins in mammals. Cells Tissues Organs, 168, 24-35.

SOWINSKA, N., ZAHMEL, J., NIZANSKI, W., HRIBAL, R., FERNANDEZ-GONZALEZ, L. &
JEWGENOW, K. 2020. Meiotic Status Does Not Affect the Vitrification Effectiveness of
Domestic Cat Oocytes. . Animals (Basel).

SWANSON, W. F. 2003. Research in nondomestic species: experiences in reproductive physiology
research for conservation of endangered felids. . ILAR J., 44(4), 307-316.

TAN, S. L., ZAIDI, J.,, CAMPBELL, S., DOYLE, P. & COLLINS, W. 1996. Blood flow changes in
the ovarian and uterine arteries during the normal menstrual cycle. Am J Obstet Gynecol, 175,
625-31.

TANIMOTO, R., YOSHIDA, K., IKEDA, S. & OBATA, Y. 2022. Insights into in vivo follicle
formation: a review of in vitro systems. Histochem Cell Biol, 157, 333-345.

83



TELFER, E. E. & MCLAUGHLIN, M. 2012. Strategies to support human oocyte development in vitro.
Int J Dev Biol, 56, 901-7.

VESALIUS, A. 1543. Andreae Vesalii Bruxellensis, scholae medicorum Patauinae professoris De
humani corporis fabrica libri septem.

VO, K. C. T. & KAWAMURA, K. 2021. In Vitro Activation Early Follicles: From the Basic Science
to the Clinical Perspectives. Int J Mol Sci, 22.

WAGNER, M. 2020. The Human Ovary: A characterization of cell types and adverse ovarian side
effects of chemotherapy. Doctoral Degree (Ph.D.), Karolinska Institutet.

WALLACE, W. H., SHALET, S. M., HENDRY, J. H., MORRIS-JONES, P. H. & GATTAMANENI,
H. R. 1989. Ovarian failure following abdominal irradiation in childhood: the radiosensitivity
of the human oocyte. Br J Radiol, 62, 995-8.

WANG, L. Q., LIU, J. C., CHEN, C. L., CHENG, S. F,, SUN, X. F., ZHAO, Y., YIN, S., HOU, Z. M.,
PAN, B., DING, C., SHEN, W. & ZHANG, X. F. 2016. Regulation of primordial follicle
recruitment by cross-talk between the Notch and phosphatase and tensin homologue
(PTEN)/AKT pathways. Reprod Fertil Dev, 28, 700-12.

WANG, N., ZHANG, P., GUO, X., XIE, J., HUO, R., WANG, F., CHEN, L., SHEN, J., ZHOU, Z.,
SHI, Q., ZHAO, B. & SHA, J. 2009. Comparative proteome profile of immature rat ovary
during primordial follicle assembly and development. Proteomics, 9, 3425-34.

WANG, X. & PEPLING, M. E. 2021. Regulation of Meiotic Prophase One in Mammalian Oocytes.
Front Cell Dev Biol, 9, 667306.

WANG, Z. P., MU, X. Y., GUO, M., WANG, Y. J., TENG, Z., MAO, G. P., NIU, W. B., FENG, L. Z.,
ZHAO, L. H. & XIA, G. L. 2014. Transforming growth factor-p signaling participates in the
maintenance of the primordial follicle pool in the mouse ovary. J Biol Chem, 289, 8299-311.

WASSARMAN, P. M. 1982. Fertilization in Yamada, K. (ed): Cell Interactions and Development.
Molecular Mechanisms. , New York, Wiley.

WASSARMAN, P. M., LIU, C., CHEN, J., Ql, H. & LITSCHER, E. S. 1998. Ovarian development in
mice bearing homozygous or heterozygous null mu- tations in zona pellucida glycoprotein gene
mZP3. Histol Histopathol, 13, 293-300.

WIEDEMANN, C., ZAHMEL, J. & JEWGENOW, K. 2013. Short-term culture of ovarian cortex
pieces to assess the cryopreservation outcome in wild felids for genome conservation. BMC Vet
Res, 9, 37.

WILDT, D. E., COMIZZOLI, P., PUKAZHENTHI, B. & SONGSASEN, N. 2010. Lessons from
biodiversity--the value of nontraditional species to advance reproductive science, conservation,
and human health. Mol Reprod Dev, 77, 397-4009.

WILDT, D. E., SCHIEWE, M. C., SCHMIDT, P. M., GOODROWE, K. L., HOWARD, J. G,
PHILLIPS, L. G., OBRIEN, S. J. & BUSH, M. 1986. Developing animal model systems for
embryo technologies in rare and endangered wildlife. Theriogenology, 25, 33-51.

WOLFE, B. A. & WILDT, D. E. 1996. Development to blastocysts of domestic cat oocytes matured
and fertilized in vitro after prolonged cold storage. J Reprod Fertil, 106, 135-41.

WOODRUFF, T. K. & SHEA, L. D. 2011. A new hypothesis regarding ovarian follicle development:
ovarian rigidity as a regulator of selection and health. J Assist Reprod Genet, 28, 3-6.

WU, C., RUI, R,, DA, J., ZHANG, C,, JU, S, XIE, B., LU, X. & ZHENG, X. 2006. Effects of
cryopreservation on the developmental competence, ultrastructure and cytoskeletal structure of
porcine oocytes. Mol Reprod Dev, 73, 1454-62.

WU, J., EMERY, B. R. & CARRELL, D. T. 2001. In vitro growth, maturation, fertilization, and
embryonic development of oocytes from porcine preantral follicles. Biol Reprod, 64, 375-81.

XIAQ, S., ZHANG, J., ROMERO, M. M., SMITH, K. N., SHEA, L. D. & WOODRUFF, T. K. 2015.
In vitro follicle growth supports human oocyte meiotic maturation. Sci Rep, 5, 17323.

XIONG, J., WU, M., ZHANG, Q., ZHANG, C., XIONG, G., MA, L., LU, Z. & WANG, S. 2019.
Proteomic analysis of mouse ovaries during the prepubertal stages. Exp Cell Res, 377, 36-46.

XU, M., FAZLEABAS, A. T., SHIKANOV, A., JACKSON, E., BARRETT, S. L., HIRSHFELD-
CYTRON, J., KIESEWETTER, S. E., SHEA, L. D. & WOODRUFF, T. K. 2011. In vitro
oocyte maturation and preantral follicle culture from the luteal-phase baboon ovary produce
mature oocytes. Biol Reprod, 84, 689-97.

84



XU, M., WEST-FARRELL, E. R.,, STOUFFER, R. L., SHEA, L. D., WOODRUFF, T. K. &
ZELINSKI, M. B. 2009. Encapsulated three-dimensional culture supports development of
nonhuman primate secondary follicles. Biol Reprod, 81, 587-94.

ZAHMEL, J., FERNANDEZ-GONZALEZ, L., JEWGENOW, K. & MULLER, K. 2019. Felid-gamete-
rescue within EAZA - efforts and results in biobanking felid oocytes and sperm. Journal of Zoo
and Aquarium Research,, 7(1), 15-24.

ZAHMEL, J., JANSCH, S., JEWGENOW, K., SANDGREEN, D. M., SIMONSEN, K. S. &
COLOMBO, M. 2021. Maturation and fertilization of African lion (Panthera leo) oocytes after
vitrification. Cryobiology, 98, 146-151.

ZAHMEL, J., SKALBORG SIMONSEN, K., STAGEGAARD, J.,, PALMA-VERA, S. E. &
JEWGENOW, K. 2022. Current State of In Vitro Embryo Production in African Lion (Animals
(Basel), 12.

ZHANG, H., RISAL, S., GORRE, N., BUSAYAVALASA, K., LI, X., SHEN, Y., BOSBACH, B.,
BRANNSTROM, M. & LIU, K. 2014. Somatic cells initiate primordial follicle activation and
govern the development of dormant oocytes in mice. Curr Biol, 24, 2501-8.

ZHANG, Z. H., CHEN, L. Y., WANG, F., WU, Y. Q., SU, J. Q., HUANG, X. H., WANG, Z. C. &
CHENG, Y. 2015. Expression of hypoxia-inducible factor-1a during ovarian follicular growth
and development in Sprague-Dawley rats. Genet Mol Res, 14, 5896-909.

ZHENG, W., NAGARAJU, G,, LIU, Z. & LIU, K. 2012. Functional roles of the phosphatidylinositol
3-kinases (PI3Ks) signaling in the mammalian ovary. Mol Cell Endocrinol, 356, 24-30.
ZHOU, Y., ZHOU, B., PACHE, L., CHANG, M., KHODABAKHSHI, A. H., TANASEICHUK, O.,
BENNER, C. & CHANDA, S. K. 2019. Metascape provides a biologist-oriented resource for

the analysis of systems-level datasets. Nat Commun, 10, 1523.

ZUCCOTTI, M., PONCE, R. H., BOIANI, M., GUIZZARDI, S., GOVONI, P., SCANDROGLIO, R.,
GARAGNA, S. & REDI, C. A. 2002. The analysis of chromatin organisation allows selection
of mouse antral oocytes competent for development to blastocyst. Zygote, 10, 73-8.

85



	Artikel_S_30.pdf
	Signalling pathways and mechanistic cues highlighted by transcriptomic analysis of primordial, primary, and secondary ovarian follicles in domestic cat
	Materials and methods
	Sample collection. 
	RNA-sequencing. 
	RNA-sequencing analysis. 
	Gene expression by qRT-PCR. 
	Ethics declarations. 

	Results
	RNA-sequencing. 
	Differential gene expression analysis. 
	Functional annotation clustering analysis. 
	Selected RNA-sequencing transcript expression. 
	qRT-PCR comparative analysis. 

	Discussion
	Conclusion
	References
	Acknowledgements


	Artikel_S_49.pdf
	Early preantral follicles of the domestic cat express gonadotropin and sex steroid signaling potential
	Introduction
	Materials and methods
	Results
	Discussion
	Authors' contributions
	Supplementary material
	Data availability statement
	Conflict of interest





