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RESUME

La détermination du sexe est un processus trés sophistiqué et ordonné ou les
gonades males et femelles se développent a partir d'une gonade bipotentielle
commune en fonction des voies de signalisation activées. Les gonades XY évoluent
en testicule favorisé par la voie SRY/SOXO9, alors que les gonades XX se développent
en ovaire sous linfluence de la voie RSPO1/WNT4/R-Caténine. Les génes
R-spondine (Rspo) codent pour un type de protéines sécrétées qui activent la voie
canonique WNT/B-caténine en inhibant la dégradation des récepteurs WNT. Apres
s'étre liee a ses récepteurs LGR4/5, RSPO1-LGR4/5 recrute les Ubiquitine-ligases
ZNRF3 et RNF43 pour libérer les récepteurs WNT de la dégradation provoquée par le
processus d'ubiquitination. Le signal WNT/B-caténine peut donc étre activé en continu.
Rspo1 est un régulateur important du développement des ovaires chez diverses
espéces. Dans la gonade de souris en développement, Rspo1 est principalement
exprimé dans les cellules de soutien femelle et les gonades mutantes Rspo7 XX
subissent une inversion de sexe en se développant en ovotesticules, des gonades
présentant a la fois des caractéristiques males et femelles. Les mécanismes
moléculaires et cellulaires a l'origine de cette inversion partielle du sexe sont peu
connus. Dans ce travail, nous avons développé un nouveau modéle murin permettant
une mutation conditionnelle de Rspo71. Nous avons montré que Rspo? est requis
dans la gonade de souris XX autour de E11,5 et que sa fonction n'est plus essentielle
pour la différenciation ovarienne a des stades ultérieurs. Nous avons mis en évidence
que la stéroidogenése ectopique est un événement précoce dans les modifications
phénotypiques des gonades XX Rspo? mutantes. Grace a [linhibition
pharmacologique du récepteur aux androgénes, nous avons identifié la voie de
signalisation des androgénes comme un acteur majeur de l'inversion sexuelle des
gonades XX Rspo1 mutantes.

Dans la deuxiéme partie de ce travail, nous avons étudié le phénotype des
doubles mutants Sox9°°Wnt4*°, dans lesquels aussi bien les voies male que femelle
sont altérées. Nous avons constaté que les gonades XX Sox9°Wnt4X° se
développaient sous la forme d'ovotesticules, ce qui indique que la perte de fonction
de Sox9 ne permet pas de sauver l'inversion sexuelle causée par la mutation Wnt4.
Nous avons également montré que les mutants XY Sox9°°Wnt4*° subissent une
phase de développement transitoire de type femelle avant que les gonades ne se
développent en ovotesticules. Ce résultat démontre que la perte de Wnt4 ne peut pas
sauver les étapes initiales de l'inversion sexuelle causée par la mutation Sox9.

Ces résultats révélent la fenétre d'action temporelle de Rspo? dans le
développement ovarien et mettent en évidence le réle masculinisant de la
signalisation androgénique dans le processus d'inversion sexuelle femelle-méale. Nos
travaux suscitent également de nouvelles réflexions sur les interactions entre les
voies male et femelle dans la détermination du sexe chez la souris.

Mots-clés: Inversion sexuelle, Androgen, Rspo1/Wnt4, Sry/Sox9



ABSTRACT

Sex determination is a highly sophisticated and ordered process where both male
and female gonads develop from a common bipotential gonad depending on different
activated signaling pathways. XY gonads develop into a testis promoted by the
SRY/SOX9 pathway, whereas XX gonads develop into an ovary through the action of
the RSPO1/WNT4/R-Catenin pathway. R-spondin (Rspo) genes encode one kind of
secreted proteins that activate the canonical WNT/B-Catenin pathway by inhibiting the
degradation of WNT receptors. After binding to its receptors LGR4/5, RSPO1-LGR4/5
recruit E3 Ubiquitin-Protein Ligases ZNRF3 and RNF43 to release WNT receptors
from being degraded by ubiquitination process, therefore WNT/B-Catenin signaling
can be activated continuously. Rspo7 is a major regulator of ovary development
across species. In the developing mouse gonad, Rspo1 is mainly expressed in the
female supporting cells, and Rspo? XX mutant gonads undergo female-to-male sex
reversal by developing into ovotestis, gonads with both male and female
characteristics. The molecular and cellular mechanisms behind this partial sex
reversal remain unclear. In this work, we have developed a new mouse model
allowing a conditional mutation of Rspo1. We have established that the critical window
for Rspo1 requirement in the developing XX mouse gonad is around E11.5, and that
Rspo1 function is dispensable for ovarian differentiation after this time point. We have
shown that ectopic steroidogenesis is an early event in the phenotypic changes of XX
Rspo1 mutant gonads. Through pharmacological inhibition of the androgen receptor
we have identified androgen signaling pathway as a major player in the
female-to-male sex reversal of XX Rspo1 mutant gonads.

In the second part of this work we have studied the phenotype of Sox9°“°Wnt4*°
double mutants where both the male and female pathway are impaired. We have
found that XX Sox9°“°Wnt4X° gonads develop as ovotestis indicating that the
additional deletion of Sox9 did not rescue the female-to-male sex reversal caused by
the Wnt4 mutation. We have also shown that XY Sox9°°Wnt4*° double knockout
mutants undergo a transient female-like developmental phase before the gonads
develop into ovotestis. This result demonstrates that Wnht4 deletion cannot rescue the
initial steps of the male-to-female sex reversal caused by the Sox9 mutation.

Together, these results reveal the timing of requirement of Rspo? in ovarian
development and highlight the pro-male role of androgen signaling in the XX
female-to-male sex reversal process. It also rises new thoughts on the interactions
between male and female pathway in mouse sex determination.

Key words: Female-to-male sex reversal, Androgen, Rspo1/Wnt4, Sry/Sox9
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CHAPTER 1: INTRODUCTION

1. Sex determination in vertebrates

Primary sex determination or gonadal sex determination is the process by which
the bipotential gonad makes its developmental decision to become a testis or an ovary.
Sex determination across vertebrate species can be divided into genetic sex
determination (GSD), environmental sex determination (ESD) and the joint-regulation
by GSD and ESD (Ezaz et al., 2006a; Holleley et al., 2015). Specifically, GSD can be
further divided into XY or ZW heteromorphic sex chromosomes systems, where XY
and ZZ animals can develop into males. In some rare species, who do not have sex
chromosomes, a conserved sex determination related gene can be found on an
autosome (Capel, 2017; DiTacchio et al., 2012; Otake and Kuroiwa, 2016). ESD
mainly includes temperature-dependent sex determination (TSD), hormone
susceptibility, and other environmental effects from population density, toxicants,
behavioural cues and nutrients. Birds and mammals in endotherms and snakes and
amphibians in ectotherms mainly exhibit the GSD-regulated sex determination
systems, whereas the sex of turtles, lizards and fish in ectotherm can be regulated by

both GSD and ESD systems (Fig. 1) (Capel, 2017; Ezaz et al., 2006b).
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Figure 1. Sex determination systems across the vertebrate phylogenetic tree:
genetic sex determination (GSD), temperature-dependent sex determination (TSD)
and hormone sensitivity. (Capel, 2017).



1.1 XY sex determination system in most mammals

In mammals, XY heteromorphic sex chromosomes provide a system where XX
individuals develop as females, whereas XY individuals develop as males. This
system mainly depends on the existence of a Y chromosome in the animal, and this
chromosome holds the male sex determining gene Sry, which encodes a transcription
factor that launches the testis development from the bipotential gonad (Koopman et
al., 1991; Sinclair et al., 1990). In the absence of a pro-male trigger from Y
chromosome, XX gonads develop as ovaries. The molecular mechanism study of XY
heteromorphic sex determination system started from the end of 1950s, when Y
chromosome was confirmed to be the key sex chromosome for testis development in
the Klinefelter syndrome (47,XXY male) and Turner syndrome (45,X female) patients
(Ford et al., 1959; JACOBS and STRONG, 1959). In the next few decades, searching
for the testis-determining factor (TDF) on Y chromosome became a focus of sex
determination study. In 1990, Goodfellow and Lovell-Badge identified a gene named
“sex determining region of the Y” (Sry), from a 35 kb region of the Y-chromosome
present in 4 XX male patients (Sinclair et al., 1990). Sry is conserved in mammals and
encodes an HMG-box domain containing protein. Sry was confirmed to be necessary
and sufficient for testis development by the study of XY females in both humans and
mice harboring mutations of SRY/Sry and the analysis of XX transgenic male mice
where a 14-kb fragment containing Sry had been inserted (Berta et al., 1990; Gubbay
et al., 1990; Koopman et al., 1991; Lovell-Badge and Robertson, 1990; Vilain et al.,
1992).

1.2 ZW sex determination system in birds

Sex determination of birds also depends on the constitution of sex chromosomes,
but unlike mammals, birds use a ZZ/ZW system. In the ZZ/ZW system, heterogametic
ZW individuals develop as females, while ZZ individuals develop as males. Z/W sex
chromosomes in birds originate from a different pair of autosomes than X/Y
chromosomes in mammals (Graves, 2016). Sex determination in birds thus depends

on the dosage of a gene named doublesex and mab-3 related transcription factor 1
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(Dmrt1) on the Z chromosome. ZZ males develop with two copies of Dmrt1, while ZW
develop as females with only one copy. Ectopically expressing Dmrt1 in ZW can
induce male development in chicken, whereas knockdown of Dmrt1 expression by
shRNA results in male-to-female sex reversal in ZZ animals (Lambeth et al., 2014;
Smith et al., 2009). Interestingly, despite the ZZ/ZW genetic system, the exposure of
ZZ|ZW chicken eggs to oestrogen or aromatase inhibitors at the critical period during
gonad formation leads to sex reversal (Hudson et al., 2005; Mdller et al., 2011). Most
of the egg-laying vertebrates are sensitive to oestrogen (Fig 1). Besides, the ZZ/ZW
chimaeras can develop as gynandromorphs: the side with a higher percentage of ZZ
cell develops into male with male sexual characteristics, while the other side with
more ZW cells develops into female (Arnold, 2004; Arnold et al., 2013; Zhao et al.,
2010).

1.3 Mixed sex determination system in fish

The sex determination system of fish is more complicated: some fish species use
the XX/XY male heterogametic system like the mammals but evolved independently,
such as medaka, pejerrey and rainbow trout; some species employ the ZZ/ZW system,
like the Chinese tongue sole; and many closely related species use both types of
systems, including ricefish, stickleback and tilapia (Cnaani et al., 2008; Mank and
Avise, 2009; Ross et al., 2009; Takehana et al., 2008). The male determination gene
in the XX/XY system also differs among species: Oryzias genus medaka, latipes and
curvinotus depend on the somatic sex determination Dmrt1 related gene (Dmy) on the
proto-Y chromosome (Matsuda et al., 2002; Nanda et al., 2002), whereas the male
development of indian ricefish Oryzias dancena depends on Sox3 (Takehana et al.,
2014). There are also some fish species such as Danio rerio or zebrafish raised in the
laboratory, who do not have sex chromosomes but instead several genes reported to
be able to determine the sexual fate (Anderson et al., 2012; Bradley et al., 2011).
Notably, the male development of wild zebrafish strains is strongly determined by the
ZZ/Z\WN system, in which the chromosome 4 with a male fate-linked single nucleotide

polymorphism (SNP) acts as the sex chromosome (Wilson et al., 2014). The sex
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determination of some fish species can also be co-regulated by both GSD and ESD
mechanisms. The main environmental sex-modifying elements include temperature,

visual cues and population density (see examples in 1.5 section).

1.4 Environmental sex determination (ESD)

As a classical ESD, temperature-dependent sex determination (TSD) has been
mostly studied in reptiles. The gender of their offspring depends on the incubation
temperature during the gonad formation period (Bull, 1980). A ~5 °C difference could
switch the gender of >90% offspring to male or female. Some species like the
red-eared slider turtle gives birth to female offspring at higher incubation temperature,
whereas the American alligator gives birth to male offspring at higher incubation
temperature. For some other species like the leopard gecko, almost all female
offspring are produced by the extreme temperature, and male can be produced with
different ratios when incubating at intermediate temperature (Quinn et al., 2011). The
mechanism behind the temperature-dependent sex determination is not well known
across species, but the sex determination in any species is not likely to be only
controlled by TSD. In between incubation temperature control and the determination
of sex, there must exist a threshold balancing the two opposite male and female
pathways and certain temperature serves as a trigger to break the threshold
genetically and tile to male or female development (Ezaz et al., 2009; Holleley et al.,
2016; Mork et al., 2014). It has been shown that in the red-eared slider turtle, the
histone H3 lysine 27 (H3K27) demethylase (KDM6B) is specifically expressed in the
gonads which were incubated at the male-determining temperature. Knocking out
Kdmé6b lead to male-to-female sex reversal, even though the eggs were incubated in
the male-determining temperature. KDM6B could eliminate the H3K27 trimethylation
near the promoter of sex determination gene Dmrt1 to promote the transcription of
Dmrt1. Dmrt1 overexpression could rescue the male-to-female sex reversal caused

by the loss of Kdmé6b (Ge et al., 2018).



1.5 Spontaneous sex reversal

The sex of fish can be regulated by XX/XY or ZZ/ZW and environmental factors,
and the sex development of fish shows very high plasticity. The laboratory zebrafish
belongs to gonochoristic species, but before final differentiation to male or female, all
larval fish show a transient hermaphrodite stage and produce oocytes (Dranow et al.,
2013; Orban et al., 2009). More interestingly, some fish species can exchange their
sex between male and female during the adult life. The exchange can be protandrous,
protogynous and bidirectional, which also depends on the environment,
developmental stage and social cues. In a social group, besides the fertile females,
there is only one dominant male and other males are all immature by suppression
from the dominant male. Removing or blocking the dominant male from view leads to
another fish developing into a dominant male. This new dominant male can come
from the immature male or from a mature female through sex reversal process,
depending on their size and social rank (Fishelson, 1970; Lntnesky, 1994; Warner and
Swearer, 1991). This sex exchanges during adult life are usually mediated by visual
and neuroendocrine systems (Capel, 2017). No matter the protogynous or
protandrous change, it is necessary to switch off the existing transcriptional network to

release the suppression of the opposite network (Liu et al., 2015b).

Although there is no functional sex reversal reported so far in mammals,
genetically induced sex reversal and some examples of seasonal plasticity show
some degree of plasticity in the gonads of mammals. The examples for genetically
induced sex reversal are presented in the introduction section 2.2 and 5. Female
moles (Talpa occidentalis) are one example for seasonal plasticity. Female moles only
breed as female, but during the non-breeding season, they become aggressive
through the abnormal secretion of sex hormones from the reversible masculinized
gonad and their external genitalia also show partially masculinization (Jimenez et al.,
1996; Jiménez et al., 1993, 2013). The lack of spontaneous sex reversal in adult
mammals is likely due to the more complexed reproductive system and the mutual

antagonism between male and female pathways.



2. Gonad formation in mouse

Gonads are the primary reproductive organs for male and female. In adulthood,
testes and ovaries are responsible for producing male and female gametes,
respectively. As endocrine tissues, testes and ovaries also produce sex hormones to
maintain the development of reproductive organs and structures and gametes from
fetal stage to adulthood. Gonadotropins luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) secreted from the pituitary can stimulate the
production of sex hormones in the gonads. LH promotes the production of
testosterone in testis and progesterone in ovary, and FSH can help the sperm

production in males and ovarian follicle maturation in females.

Around mid-gestation in mice, a pair of bipotential long and narrow gonads are
formed along the anteroposterior axis by the thickening of the coelomic epithelium of
the intermediate mesoderm. Right after the Primordial Germ Cells (PGCs) have
reached the gonad around E10.5, the bipotential gonads start sex determination with
the up-regulation of Sry in the XY supporting cells. At E12.5 the male and female
gonads can be morphologically distinguished: the testis exhibits a short rod-shape
with a prominent celomic vessel whereas the ovary is long and narrow and does not
exhibit a prominent vasculature. Endothelial cells of the testis and ovary originate from
the adjacent mesonephros (Martineau et al., 1997), but more endothelial cells migrate
into the testis than into the ovary to form the male specific celomic vessel. Supporting
cells (Sertoli cells and granulosa cells) can both secret Activin B (Rotgers et al., 2018),
which promotes vasculature formation. In testes, the specific vasculature is formed
around E12.5, whereas the presence of WNT4 and its down-stream target Fst inhibit
Activin B activity in the ovary (Yao et al., 2004). XX mutants for Wht4 or Fst exhibit
ectopic vasculature, and additionally deleting the /Inhbb gene (encoding a subunit of
Activin B) could rescue this phenotype (Yao et al., 2006). From E12.5 onwards the
testis is organized into testis cords where germ cells are surrounded by one layer of

supporting Sertoli cells. The interstitium between the testis cords contains the



steroidogenic Leydig cells and their progenitors. By contrast, the ovary does not show
a particular arrangement of the different cell types. The pre-granulosa cells
differentiated from the bipotential supporting cells are mixed with the interstitial cells
that will give rise to steroidogenic theca cells after birth, the germ cells and the less

abundant endothelial cells.

2.1 Gonad formation from genital ridge
2.1.1 Adreno-gonadal primordium formation

Adreno-gonadal primordium (AGP) is the common primordium for adrenal and
gonad, formed from the thickening of the celomic epithelium on the ventral side of the
mesonephros around E9.5 (Hatano et al., 1996; lkeda et al., 2014) (Fig. 2). AGP
contains Steroidogenic Factor 1 (SF1) expressing somatic progenitors (Hatano et al.,
1996; Morohashi, 1997) and primordial germ cells (PGCs). At E10.5, the somatic
progenitors with higher expression of SF1 in the rostral region of the AGP migrate and
give rise the adrenal primordium (AP) at the anterior pole of the mesonephros. PGCs
together with the rest of somatic progenitors form the long, narrow gonadal
primordium (GP) along the anteroposterior axis, also known as genital ridge
(Morohashi, 1997). Wilm’s tumor 1 (WT1) and SF1 are the only known transcription
factors involved in the separation of adrenal and gonadal primordia. WT1/SF1 double
positive AGP somatic progenitors switch off WT1 expression to form AP, whereas GP
somatic progenitors maintain the expression of both WT1 and SF1 (Kreidberg et al.,

1993; Luo et al., 1994; Vidal and Schedl, 2000).



2.1.2 Gonad formation
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Figure 2. Mouse adrenogonadal primordium (AGP) development. (A) Overview
of the development of the gonad and the adrenal gland (B) Transverse section views
of AGP at E9.75 and the separated gonadal primordium (GP) and adrenal primordium
(AP) at E11.0. (Nef et al., 2019)

After separation from the AGP around E10.5, the coelomic epithelium of the
gonadal primordium continues to proliferate until the flattened genital ridges become a
circle in cross section and separates from the mesonephros gradually to form the long,
narrow gonad (Brambell, 2006) (Fig. 2). Single-cell RNA-seq transcriptomic profile of
the somatic progenitors at E10.5 in XX and XY individuals did not reveal any sexual
dimorphism or cell-lineage-specific fate but rather an epithelial stem cell identity
(Stévant et al., 2018a). Around E11.5, the coelomic epithelium cells disconnected
from each other and from the basal basement membrane, allowing the cell-oriented
division or ingression of coelomic epithelium cells through epithelial-to-mesenchymal
transition (EMT) into the gonad to constitute the progenitors of supporting and

interstitial cells. The fate of these progenitors differs depending on the sex and stages.
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In XY, the proliferation of coelomic epithelium cell is higher than in XX, and cells
ingressed before E11.5 (18 ts) can give rise to supporting cells and interstitial
progenitor cells (Karl and Capel, 1998). After E11.5, the migrated coelomic epithelium
progenitor cells only give rise to interstitial progenitor cells. The ingression is gradually
blocked at E12.5 (Karl and Capel, 1998; Parma et al., 2006) with the decrease of
LGRS expression in the coelomic epithelium and the formation of tunica albuginea to
separate the gonad from coelomic epithelium. XX coelomic epithelium cells have
relatively lower proliferation rates at E11.5 and gradually migrate into the gonad to
give rise to both supporting cells and interstitial progenitor cells from around E11.5
until after birth (Karl and Capel, 1998; Mork et al., 2012a). The coelomic epithelium

later forms the ovarian surface epithelium (Nef et al., 2019).

2.1.3 Regulation of genital ridge formation

Genital ridge formation depends on the thickening and proliferation of the
coelomic epithelium. Any regulator affecting the initiation of coelomic epithelium
thickening or proliferation leads to smaller gonad or even failure of gonad formation.
Coelomic epithelium cells exhibit a molecular signature and express the GATA zinc
finger transcription factor GATA4, WT1 and SF1 (Nef et al., 2019). GATA4 deficiency
leads to a failure of the initiation of coelomic epithelium thickening so that coelomic
epithelium cells stayed in an undifferentiated monolayer without SF1 and LHX9
expression (Hu et al., 2013). SF1 regulates the formation and development of genital
ridge in a dose-dependent manner: the loss of one copy of Sff leads to a smaller
gonad, whereas complete knock out of Sff results in gonadal degeneration from
apoptosis around E12.5 (Nef et al., 2019). Wt1 (Kreidberg et al., 1993), the polycomb
factor M33 (Cbx2) (Katoh-Fukui et al., 2012), Cbp/p300-interacting transactivator with
Glu/Asp-rich carboxy-terminal domain 2 (Cited2) (Val et al., 2007), the insulin/IGF1R
signaling pathway (Pitetti et al., 2013a), the LIM homeobox protein 9 (Lhx9) (Birk et al.,
2000), the transcription factor Odd-skipped related 1 (Odd7) (Wang et al., 2005) and
the PBX Homeobox 1 (Pbx1) (Schnabel et al., 2003) can affect the development of

gonads through regulating Sf1 expression.



In addition, the transcription factors EMX2 and SIX1/4 can regulate the EMT
process and the ingression of coelomic epithelial cells by affecting their cell polarity
(Birk et al., 2000; Fujimoto et al., 2013; Kreidberg et al., 1993; Kusaka et al., 2010;
Luo et al., 1994; Miyamoto et al., 1997). The deletion of Numb and Numbl, encoding
inhibitors of NOTCH signaling, impairs the ingression and also the differentiation of
progenitors in the gonad (Lin et al., 2017). Finally, the pro-female fate genes Wht4
and Rspo1 promote the coelomic epithelium proliferation around E11.5. The double
knockout of Wht4 and Rspo1 leads to a reduction of the proliferation in the coelomic
epithelium of both XX and XY gonads. As a result, Wnt4;Rspo1 double mutant testes

are much smaller than their control counterparts at E18.5 (Chassot et al., 2012).
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2.2 Sex determination and supporting cells in XX and XY
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Figure 3. Gonadal cell lineage specification model during sex determination.
Bipotential supporting cells and steroidogenic progenitors are derived from common
gonadal somatic progenitor cells, as a result of epithelium ingression from E10.5.
Around E11.5, one subset of the progenitors differentiate into supporting cells, then
rapidly turn into Sertoli cells in XY, while XX supporting cells differentiate into
pre-granulosa cells, a transition-fate before their fully differentiation into granulosa
cells after birth. XX and XY supporting cells have similar transcriptional profiles before
sex determination. The other set of gonadal progenitors give rise to the steroidogenic
precursors around E12.5. In XY, part of the steroidogenic precursors differentiate into
fetal Leydig cells right away, whereas theca cells for XX and adult Leydig cells
differentiate at postnatal stages. A sub-population of steroidogenic precursors are
maintained to support life-time of steroidogenic cell differentiation. XX and XY
steroidogenic precursors do not have a strong sexual dimorphism unlike differentiated
supporting cells. (Nef et al., 2019).

2.2.1 Supporting cell progenitor

Around E11.5, XX and XY gonad have three main types of somatic cells. The
majority are supporting cells with high expression of WT1 and SF1 (lkeda et al., 1994;
Luo et al., 1994; Vidal and Schedl, 2000). The second largest population is one layer
of coelomic epithelial cells covering the gonad and expressing high WT1 and low SF1
(Ikeda et al., 1994; Luo et al., 1994; Vidal and Schedl, 2000). Finally, the interstitial

cells are less abundant and express high levels of NR2F2 (Rastetter et al., 2014), and

1



low levels of WT1 and SF1 (Gregoire et al., 2018). Supporting cells and interstitial
cells are derived from a single SF1 positive epithelial stem cell-like progenitor cell
population as shown by single-cell RNA-seq analysis. This study also established that
XX and XY supporting cell at E11.5 have similar transcriptional profiles (Fig. 3)
(Stévant et al., 2018a). ATAC-seq and H3K27ac ChIP-seq analyses of XX and XY
supporting cells also showed that XX and XY supporting cells have similar chromatin
landscapes before the initiation of sex determination (Garcia-Moreno et al., 2019a).
Before sex determination, XX and XY supporting cell are bipotential, meaning that
they both have the ability to differentiate into either Sertoli cells or pre-granulosa cells

and orchestrate the development of testis or ovary, respectively.

WT1 is essential to maintain the supporting cell lineage identity. Even after
differentiation into Sertoli cell or granulosa cell, the expression of WT1 is kept at a
high level, whereas SF1 expression is down-regulated after differentiation (Chen et al.,
2017). WT1 maintains the identity of differentiated supporting cell by inhibiting SF1
expression, thus blocking the steroidogenic differentiation pathway promoted by SF1
(Chen et al., 2017). Loss of WT1 before sex determination in both XX and XY gonads
resulted in failure of supporting cell progenitors to differentiate into Sertoli cells or
granulosa cells and most somatic genital ridge cells differentiated into steroidogenic
cells with high levels of SF1 expression (Chen et al., 2017). The deletion of WT1 in
testis at later stages also triggered the Sertoli cell trans-differentiation into
steroidogenic cells (Kashimada et al., 2011; Phillips and De Kretser, 1998; Yao et al.,
2006, 2004; Zhang et al., 2015). Therefore, WT1 function is required to maintain

supporting cell identity during the whole development of testes.
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2.2.2 Primary and secondary Sex determination
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Figure 4. SRY and SOX9 spatiotemporal expression pattern during male sex
determination. The left panels are lateral views, and right panels are transverse
section views. SRY expression (purple broken line) expands in a center-to-pole (left
panel) and ventral-to-dorsal pattern (right panel). SOX9 positive cells are depicted by
green circles. (Harikae et al., 2013a)

The process by which the bipotential gonad develops into testis or ovary based
on its sex chromosomes constitution is known as primary sex determination. In mice,
during the sex determination, Sry is the earliest differentially expressed gene in
somatic supporting cells between male and female gonad. In XY, Sry is first detected
in the gonadal central region around 12 tail-somite (ts) stage and its expression
expands to both pole ends by 18 ts. Sry is rapidly down-regulated in differentiated
Sertoli cells in the anterior and middle of the gonad until it completely disappears at
around 30 ts (Fig. 4) (Harikae et al., 2013a). Expression of SRY in the supporting cells
leads to the activation of its down-stream target Sox9, an autosomal gene encoding a

transcription factor of the SOX family. Once SOX9 expression is activated in the
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supporting cells, the Sertoli cell lineage is established, then Sry is no longer needed
and its expression decreases rapidly in those Sertoli cells. On the other hand, XX
gonadal supporting cells differentiate into FOXL2 positive pre-granulosa cells and
enter into mitotic arrest during the same period. The single-cell RNA-seq data of XX
and XY gonadal SF1-GFP+ cell show that the transition from supporting cell to
differentiated Sertoli cell is finished at E12.5, whereas the full differentiation of
pre-granulosa cells to granulosa cell is completed after birth around P6 (Stévant et al.,
2018a). In XY humans, the bipotential gonad progresses to testis organogenesis with
the expression of SRY in Sertoli cell precursors around 8 weeks after conception.
SRY initiates testis determination by activating SOX9, which in turn directs Sertoli cell
proliferation and organization into tubular cords with SF1/NR5A1 (steroidogenic
factor-1). The testis organogenesis can be recognized around week 10 by ultrasound
(Délot and Vilain, 2018). Unlike the situation in mouse, human SRY expression
persists in the sex cords at a low level throughout the embryonic period and beyond

(Hanley et al., 2000).

Later, sex hormones secreted by testis or ovary are necessary to establish and
maintain the sexual identity and fertility by promoting the development of secondary
sexual characteristics. This process is known as secondary sex determination (Nef et
al.,, 2019) and its dependence on gonadal sex was proven by Alfred Jost in 1950s
(Délot and Vilain, 2018; Stévant et al., 2018b). In his experiments, XX and XY rabbits
developed as females after removal of their undifferentiated gonads during embryonic
stages. Conversely, re-implanting testis in XX rabbits lead to the development of male

Wolffian ducts and the regression of female Millerian ducts (Jost, 1948, 1953).
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Figure 5. XX and XY internal reproductive ducts development Mullerian ducts
develop into female internal reproductive ducts including vagina, uterus and fallopian
tubes, and Wolffian ducts are degraded in the absence androgen signaling in XX.
Wolffian ducts develop into seminal vesicle, vas deferens and epididymis in XY, then
Mullerian ducts are degraded following the action of Anti Millerian Hormone (AMH)
secreted by Sertoli cells in the testes. (Délot and Vilain, 2018)

In mouse and human, all XX and XY have two sets of reproductive duct systems:
Wolffian ducts for male internal genital tracts and Mullerian ducts for female internal
genital tracts. Once the male pathway is established, Sertoli cells are fully
differentiated by expressing Sox9. The Sertoli cell starts to secret FGF9,
platelet-derived growth factor (PDGF), desert hedgehog (DHH) to recruit interstitial
cells and induce Leydig cells differentiation in the gonad. The testosterone secreted
by Leydig cells and anti-mullerian hormone (AMH) secreted by Sertoli cells help to
establish the male internal and external genitalia and induce the regression of
Mullerian duct, respectively. Without those hormones in XX, the Wolffian ducts
regress and the Millerian ducts develop into female genital tracts (Fig. 5).
Testosterone could further promote the development of the epididymis, vas deferens
and seminal vesicles at later stages. Leydig cell can also secret insulin-like 3 (INSL3)

to mediate the first phase of testicular descent to inguinal ring in mice. Part of
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cryptorchid patients also harbor INSL3 mutations. (Bogatcheva and Agoulnik, 2005).
Dihydrotestosterone (DHT), which is the final product from androgen metabolism by
the enzyme 5a-reductase and cannot be transformed into estrogen, promotes the
male external genitalia development locally. By week 14 of gestation in human or by
E17.5 in mouse, the male differentiation is complete, except the phallic growth and
inguinoscrotal descent. In XX, the Millerian duct will further develop into fallopian
tubes, uterus and upper vagina around 12 weeks of gestation for human and E17.5

for mouse (Délot and Vilain, 2018).

2.2.2 Sertoli cells function and regulatory pathway

Sertoli cells have different functions at different stages. In the fetal testes, Sertoli
cells are the first differentiated somatic cells. In turn, they direct the migration of
interstitial cells and differentiation of Leydig cells; they form testis cords by
surrounding the germ cells and also prevent the germ cells from entering into meiosis
(Mackay, 2000). Besides, Sertoli cells secret AMH to induce the degradation of
Mullerian ducts in XY individuals (Josso et al., 2001). During puberty, Sertoli cells
support spermatogenesis including the regulation of self-renewal and differentiation of
germ cell, meiosis, spermatozoa transformation and the consumption of residual
cytoplasm (Sharpe, RM, 1994). Sertoli cells serve as "nurse" cells for
spermatogenesis, therefore the number of the Sertoli cells decides the number of
germ cells going through spermatogenesis and the final production of sperm (Orth et

al., 1988).

- Sry regulation

Ever since the discovery of the Sry gene in 1990, our understanding of sex
determination has reached to a new genetic and molecular mechanism level. Any
gene affecting the expression of Sry leads to failure of the Sertoli cell specification and
male-to-female sex reversal. Sry expression is regulated by multiple factors. Wt1
regulates Sry expression and mutation of the +KTS WT1 isoform results in complete

male-to-female sex reversal in XY (Hammes et al., 2001). MAPK pathway positively
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regulates Sry expression in both mouse and human. Loss of MAP3K1 and MAP3K4
functions resulted in male-to-female sex reversal following a decrease of SRY
expression (Bogani et al., 2009; Granados et al., 2017; Pearlman et al., 2010; Warr et
al., 2012). GATA4, SF1 and CBX2 are also required for the expression of SRY and
their mutations were found in 46, XY female patients sequencing analysis results
(Biason-Lauber et al., 2009; Eggers et al., 2016). GATA4 mutation leads to a
decrease of SRY transcriptional level in human, more specifically, GATA4 cooperates
with WT1 (+KTS) to bind Sry promoter regulatory elements (Miyamoto et al., 2008). In
vitro, SF1 promotes the expression of SRY by directly binding to the SRY promoter,
which can be blocked by the cAMP-dependent protein kinase (PKA) phosphorylation
(de Santa Barbara et al., 2005). Chromobox protein homolog 2 (CBX2) mutated 46
XY female patient was found to exhibit the same phenotype as M33 mouse mutants,
which had affected SRY expression, leading to 50%-75% complete male-to-female
sex reversal. In vitro, CBX2 positively regulate SRY expression by directly binding to
its promoter (Biason-Lauber et al., 2009; Katoh-Fukul et al., 1998). Double knock out
of histone/lysine acetyl-transferases CBP/P300 complex led to complete sex reversal
in XY mice, owing to low levels of histone acetylation on the Sry promoter resulting in
reduced transcription (Carré et al., 2018). Another epigenetic regulatory factor for Sry
expression is the H3K9 demethylase Jmjd7a, which could directly de-methylate the
H3K9me2 at the Sry promoter and open it to be accessible to other transcription factor
(Kuroki et al., 2013). The insulin signaling is also very important for male
determination by affecting the expression of Sry. Triple knock out of Ir, Irr and Igf1rled
to a strong decrease of Sry expression and male-to-female sex reversal in mice (Nef

et al., 2003).

- Sox9 function in Sertoli cell specification

A well-known Sertoli cell specification marker is Sox9, the direct target of Sry.
Even through Sox9 is located on an autosome, its function in Sertoli cell and sex
determination can completely replace Sry. Sox9 is necessary and sufficient for male

development (Gregoire et al., 2011; Lavery et al., 2011a; Vidal et al., 2001). When
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Sox9 is deleted around E11.5, XY mice develop as complete females with ovaries
capable of producing fertile X/Y oocytes (Lavery et al., 2011a). Wt7-Sox9 transgenic
XX mice ectopically expressing Sox9 in the gonad before sex determination, develop
as complete males with testes lacking germ cells in the seminiferous tubules at adult
stages (Vidal et al., 2001). During this female-to-male sex reversal process, there is a
transient development of ovotestis in the transgenic XX mutant gonads before E16.5
(Gregoire et al., 2011). Mechanistically, mouse SOX9 (E12.5) and SRY (E11.5)
ChIP-ChIP experiments showed 907 common target genes can be bound by both
SOX9 and SRY (Li et al., 2014b). SRY and SOX9 are transcription factors belonging
to the same family, which uses the HMG domain to interact with DNA. It is well known
that SRY and SF1 could directly bind the TESCO enhancer of Sox9 and promote its
transcription (Sekido and Lovell-Badge, 2008). However, the deletion of TESCO did
not result in severe reduction of Sox9 expression and male-to-female sex reversal
(Gonen et al., 2017). More recently thanks to the next generation of sequencing
technique, through comparing the open chromosomal regions of supporting cells in
XX and XY gonads at E10.5, E13.5 and E15.5 (Garcia-Moreno et al., 2019a),
researchers found a distal enhancer responsible for the transcription of Sox9 with
binding sites for SRY and SOX9. Deletion of this enhancer in XY mice led to complete
sex reversal (Gonen and Lovell-Badge, 2019; Gonen et al., 2018).

At the beginning of the sex determination process, Sry is first expressed in the
center of the long and narrow gonad, hence the central supporting cells differentiate
first into Sertoli cells with SOX9 expression (Wilhelm et al., 2005). In order to
synchronize the more lateral supporting cells to differentiate, SOX9 activates the
expression of a secreted protein, FGF9, which can diffuse rapidly and in turn activates
Sox9 transcription (Hiramatsu et al., 2009a). Therefore, mutations of Fgf9 and its
receptor Fgfr2c lead to partial male-to-female sex reversal at the pole regions
(Bagheri-Fam et al., 2008, 2017; Colvin et al., 2001). Interestingly, this kind of sex
reversal phenotype can be rescued by additionally deleting Wnt4 (Jameson et al.,
2012a) or FoxI2 (Bagheri-Fam et al., 2017), which give us the hint that in order to

develop into testes or ovary, one pathway has to be activated to promote its own
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development and also needs to repress the other pathway during the sex
determination process (Jameson et al., 2012a). L-Pgds/PGD2 is another pathway
activated by Sox9 that can amplify the Sox9 transcription and also help SOX9 protein
translocation into the nucleus (Moniot et al., 2009). The function of Sox9 amplification
by FGF9 and PGD2 is mutually independent. Indeed, chimeric gonads containing XX
and XY (at least 90%) mixed supporting cells could develop into testes, indicating that
XX supporting cells can differentiate into Sertoli cells under the influence of a non-cell

autonomous signal derived from XY cells (Palmer and Burgoyne, 1991).

Besides Sox9, other SOX family members are also expressed in Sertoli cells.
SOX9 is essential to establish male development, hence when Sox9 is deleted before
sex determination around E11.5 by Sf7-Cre transgene, the XY gonad develops as an
ovary (Lavery et al., 2011a). However, when Sox9 was deleted by Amh-Cre around
E13.5 after the male pathway is well established, sex reversal was not observed
(Barrionuevo et al., 2009). Instead, this Sox9 mutant had seminiferous tubules
degeneration starting at the age of 5 months. Additional deletion of Sox8 leads to a
more severe phenotype where seminiferous tubules degenerated at two months old
and abundant steroidogenic cells expanded over the testes (Barrionuevo et al., 2009).
Surprisingly, in these Sox9 and Sox8 double knockout mutant gonads, part of the
Sertoli cells started to transdifferentiate into granulosa cells with FOXL2 expression
from E15.5, which probably leads to the degeneration of seminiferous tubules at later
stages (Georg et al., 2012). In some rare cases, the trans-differentiation resulted in a
decrease of AMH production and the retention of Mullerian ducts (Barrionuevo et al.,
2009). Single knock out of Sox8 in XY mice developed testes without any significant
defects (Barrionuevo et al., 2009; Georg et al., 2012). Therefore, after the sex
determination stage, Sox9 and Sox8 have a complementary effect on the
maintenance of Sertoli cell identity. It has also been reported that the overexpression
of Sox3 and Sox70 could result in female-to-male sex reversal in XX gonads (Polanco
et al., 2009; Schwarz, 2000). Sox70 is present in XX and XY bipotential gonads at a

low level and up-regulated in XY after the male differentiation starts. Sox70 can bind
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to Amh promoter and TESCO element of Sox9 to promote male development
(Polanco et al., 2009). Female-to-male sex reversal was also observed in 46 XX male
patient, who had a duplication of SOX70 at chromosome 22q13 site (Falah et al,,
2017). Another reported SOX family gene in gonad is Sox4, the deletion of which
does not result in sex determination defects but produces abnormally elongated
testes and ovary. In XY Sox4 mutants Sry and Sox9 expression are increased (Zhao
et al., 2017b), indicating that SOX family genes in the gonads could also mutually
inhibit each other. Sry expression is also maintained in the XY Sox9 mutant gonads
(Sf1-Cre) until E14.5, compared to the XY control gonads in which Sry expression
disappears at E12.5 (Lavery et al., 2012; Nicol and Yao, 2015). It suggests that Sox9

may have a negative feedback on Sry expression.

- Dmrt1 function in Sertoli cell development

Doublesex and mab-3 related transcription factor 1 (Dmrt1) is another Sertoli
marker, able to maintain the Sertoli cells identity at adult stages. Dmrt1 is expressed
in XX and XY gonads from E10.5, but it is maintained only in the Sertoli cells in XY
after sex determination. XX and XY germ cells also express Dmrt1 from E12.5 (Lei et
al., 2007a). Total knock out Dmrt1 mutants and Sertoli cell conditional knock out
Dmrt1 mutants from E11.5 show normal male sex determination but exhibit defects at
postnatal stages. In the P14 mutant testis (by Dhh-Cre or Sf1-Cre), Sertoli cells start
to transdifferentiate into granulosa cells (FOXL2 positive) inside the seminiferous
tubules (Matson et al., 2011). This result indicates that at postnatal and adult stages,
Dmrt1 is essential to maintain the Sertoli cell identity. Furthermore, ChlP-seq studies
showed that regions bound by SOX9 in E13.5 fetal testes, also contain binding motifs
for GATA4 or DMRT1 (Rahmoun et al., 2017). This suggests that after the sex
determination time point, the function of Sox9 in Sertoli cells can replaced by other
factors, such as Sox8 and Dmrt1. In mice, transgenic overexpression of Dmrt1 driven
by Wt1 promoter in XX gonads leads to female-to-male sex reversal. The XX
transgenic animals exhibited Sertoli-like cell and steroidogenic-like cell differentiation

in the gonads and had a masculinized genital tract (Zhao et al., 2015).
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2.2.3 Granulosa cells function and regulatory pathway

Granulosa cells, the female supporting cells, are an important component of
follicles and form the granulosa lutein cells after ovulation. Granulosa cells are able to
interact with the developing oocyte (Liu et al., 2015a), to orchestrate the differentiation
of theca cells and to produce estrogen from androgens under FSH regulation (Garzo
and Dorrington, 1984). Granulosa lutein cells can also produce progesterone
essential to maintain the pregnancy (YOSHIMI et al., 1969). In XX gonads, without
SRY expression, the supporting cells differentiate into pre-granulosa cells with high
level of FOXL2 expression. Pre-granulosa cells enter into mitotic arrest marked by the
expression of cyclin-dependent kinase inhibitor CDKN1b/p27 and the down-regulation
of Cyclin A1 (Gustin et al., 2016; Nef et al., 2005) after E11.5. This state of

pre-granulosa cell is maintained until around P6 (Stévant et al., 2018a).

XX coelomic epithelium exhibits relatively lower proliferation compared to the XY
coelomic epithelium and continues to express LGR4/5 (Karl and Capel, 1998; Parma
et al., 2006). Cells derived from the XX celomic epithelium can differentiate into
granulosa cells and interstitial cells. Two populations of granulosa cells can be
distinguished: medulla pre-granulosa cells enter the gonad from the sex determination
stage to perinatal stages (Rastetter et al., 2014; Zheng et al., 2014). During the
newborn to early postnatal periods (PO-7), the ovarian surface epithelial cells still keep
an undifferentiated state with the expression of RSPO1 and LGR4/5, and contribute
cells to form the cortical pre-granulosa population (Koizumi et al., 2015; Mork et al.,
2012a; Rastetter et al., 2014; Zheng et al.,, 2014). Medulla granulosa cells are
responsible to the first wave of folliculogenesis after puberty, whereas the cortical
granulosa cells are involved in the second wave of folliculogenesis during the adult life

(Mork et al., 2012a; Zheng et al., 2014).

Without Sry expression in the XX gonad during sex determination, the supporting
cells will continue to maintain relatively high levels of Wnt4 and Rspo?1 and

differentiate into granulosa expressing FOXL2. During this specification, the
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down-regulation of Sf1 by WT1 directly binding to its promoter is necessary. Wt1
deletion before or after sex determination results in granulosa cell trans-differentiating
into steroidogenic cells (Chen et al., 2017). The loss of the GATA4-FOG2 complex by
constitutively knocking out Dkk1”or Fog2’/Dkk1™” affects several aspects of early
ovarian differentiation such as the decrease of Wnt4 and Fst expression, but
masculinization is not induced (Manuylov et al., 2008). Besides having a function on
male sex determination (Nef et al., 2003), Insulin and IGF signaling play also
important roles for female development. Double knock out the insulin receptor (/nsr)
and the IGF type | receptor (/gf1r) lead to a delay of female development such that
gonads only start to express FOXL2 at E16.5 (Pitetti et al., 2013b). It has been
reported that the XX gonads at E11.0-11.25 stage have the full ability to respond to
SRY ectopic expression by activating SOX9 expression and developing into testes;
around E11.5, XX gonads still can be induced to express SOX9 but this expression
cannot be maintained and sex reversal does not take place. After E12.0-12.5, most
XX gonadal cells have lost the SRY-dependent SOX9 inducibility (SDSI). This is the

stage when many of the female specific genes start to emerge (Harikae et al., 2013b).

Compared to what is known about the differentiation of Sertoli cells, the study on
the female pathway has been delayed for around 10 years. It receives less focus,
because female pathway was thought be a pre-programed process after the
discovery of male sex determination gene SRY. In 1999, Wht4 was found to be
important for female development. Wnt4 deletion causes partial female-to-male sex
reversal with the formation of an ovotestis instead of an ovary (Vainio et al., 1999).
Since then, several studies have established that the WNT signaling enhancer
RSPO1, the WNT ligand WNT4 and the effector R-Catenin (encoded by Ctnnb1) are
essential components of a signaling pathway that promotes female gonadal
development (Chassot et al., 2014). Rspo1 and Whnt4 are expressed in the gonadal
somatic cells (Chassot et al.,, 2012, 2008a; Parma et al., 2006). Before sex
determination, there is no difference in the expression of Rspo7 and Wnt4 in mice

between XX and XY (Burger, 2002; Chassot et al., 2012; Munger et al., 2013; Parma
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et al., 2006; Stévant et al., 2017, 2018a). Right after SRY initiates the male pathway,
Rspo1 and Whnt4 are down-regulated in XY gonads whereas in XX gonads their
expressions are kept to establish the female pathway. In human, WNT4 expression is
found both in XX and XY gonads, whereas Rspo1 is only up-regulated in XX gonads
(Mamsen et al., 2017; Tomaselli et al., 2011). Any mutation of the three factors

(Rspo1/Whnt4/Ctnnb1) would result in female-to-male sex reversal in XX mice.

- WNT4 function in ovarian specification

Whnt4 is a critical gene for kidney development and Whnt4 total knock out mouse
embryos die several hours after birth because of kidney defects (Stark et al., 1994). In
the ovotestes of XX Wht4 mutants, the granulosa cells in the anterior part exit mitotic
arrest and prematurely differentiate (Maatouk et al., 2013). Indeed, these granulosa
cells loose P27 expression and co-express FOXL2 and AMH at E15.5-E17.5, similar
to the granulosa cells during folliculogenesis stages after birth (Maatouk et al., 2013).
Steroidogenic cell markers such as Hsd17b1, Hsd3b1 and Cpy17at are ectopically
expressed in the anterior part of the ovotestis (Heikkila et al., 2002, 2005). The
newborn XX Whnt4 mutant gonads produce high levels of testosterone, compared to
XX controls (Shan et al., 2010). Competitive inhibition of androgen action by flutamide
treatment (100 mg/kg) rescues the phenotype of ectopic epididymis development in
80% of XX mutants (Heikkila et al., 2005). Interestingly, Cyp27a1, encoding an
adrenal specific steroidogenic enzyme, is also found in the XX Whnt4 mutants,
indicating the potential contribution of adrenal cells to the steroidogenic cell
population in XX Wnt4 mutants (Heikkila et al., 2002). Germ cell proliferation in this
area around E14.5 is not affected but they rapidly die by apoptosis near birth (Chassot
et al., 2014; Vainio et al., 1999; Yao et al., 2004). The death of germ cell is related to
the activation of Activin signaling by the up-regulation of Inhbb expression (Liu et al.,
2010). Additional knockout of Inhbb rescued the apoptosis of germ cells in XX Wnt4
mutants (Liu et al., 2010). Around E17.5, testis cords with SOX9/AMH double positive
Sertoli-like cells can be observed in the anterior male part of the Wnt4 mutant

ovotestes, whereas the posterior part developed as a relatively normal ovary with
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mitotically arrested granulosa cells and meiotic germ cells (Maatouk et al., 2013;
Vainio et al., 1999). In addition, Wnt4 is important for Millerian duct development.
Loss of Wht4 led to the complete degeneration of Mullerian ducts, (Heikkila et al.,
2005; Vainio et al., 1999). Instead, the XX Wht4 mutants only had the epididymis
developed from the Wolffian duct because of the steroidogenic hormones production
in the male part (Heikkila et al., 2005; Vainio et al., 1999). XX Wnt4 mutants also
showed ectopic migration of endothelial cells from the mesonephros to form the
celomic vessel around E12.5, similar to the situation in XY wild-type (Jeays-Ward,
2003). The microarray analysis of E12.5 gonads showed that Fst is hugely
down-regulated in the XX Whnt4 mutants compared to XX wild-type (Coveney et al.,
2008). The additional knockout of Fst can rescue the ectopic formation of a celomic
vessel in the XX Wnt4 mutants (Yao et al., 2004). Mechanistically, high levels of FST
can repress vasculature formation promoted by Activin B secreted from granulosa
cells in ovaries and Sertoli cells in testes (Liu et al., 2010). In human, 46, XX patients
of WNT4 mutation had similar gonadal phenotypes (Biason-Lauber et al., 2004;
Philibert et al., 2011).

- RPSO1 function in ovarian development

Rspo1 knockout mouse mutants exhibit partial female-to-male sex reversal
phenotypes similar to those observed in Wnt4 mutants (Chassot et al., 2008a;
Tomizuka et al., 2008). In the XX Rspo? mutants, WNT/R-Catenin signaling pathway
is down-regulated, as shown by the decrease of Axin2, Lef1, and Wnt4 expression
(Chassot et al., 2008a). Conversely, additional stabilization of R-Catenin is able to
rescue the female-to-male sex reversal in XX Rspo? mutants, indicating the role of
Rspo1 in activating the WNT/R-catenin signaling (Chassot et al., 2008a). In addition,
XX Rspo1 mutants develop “double ducts”, which means that Wolffian duct and
Mullerian duct develop into epididymis and oviduct respectively (Chassot et al.,
2008a). Moreover, in Rspo1 mutants, germ cell proliferation was impaired from E12.5
to E14.5 compared to XX control (Chassot et al., 2011). Some of the germ cells that

survived in the anterior part behaved like male germ cells, they did not enter meiosis
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and had up-regulated Nanos2 (Chassot et al., 2011). Interestingly, testosterone was
detected in the gonads of newborn XX Rspo1 mutants (not detectable in XX wildtype),
and was found to be responsible for the development of male reproductive tract
(Tomizuka et al., 2008). Flutamide treatment also inhibit the formation of epididymis in
XX Rspo1 mutants (Tomizuka et al., 2008). Unlike WNT4 mutations, 46, XX human
patients, who had mutations on RSPO1, had a complete sex reversal to male (Parma

et al., 2006).

- B-Catenin function in ovarian development

The constitutive Ctnnb1 knockout leads to embryonic lethality around E8.5,
before the gonads start to form (Huelsken et al., 2000). XX gonads with somatic
deletion of Ctnnb1 by means of the Sf7-Cre transgene, develop an ectopic celomic
vessel accompanied by decreased expression of Fst, exhibit ectopic expression of
steroidogenic enzymes followed by development of “double ducts” and show germ
cells loss by apoptosis (Liu et al., 2009, 2010; Manuylov et al., 2008). The double duct
phenotype in Ctnnb1 mutants can be rescued by flutamide treatment (100 mg/kg/daily)
(Liu et al., 2010). It was initially reported that Ctnnb1 mutant gonads did not contain
transdifferentiated Sertoli-like cells (AMH or SOX9 positive) by E18.5 (Liu et al., 2009,
2010; Manuylov et al., 2008). However, it was later found that AMH and DMRT1 are
expressed in XX gonads of the same Ctnnb1 conditional mouse model (Nicol and Yao,
2015), indicating some variability in the appearance of the granulosa cell

pre-maturation and trans-differentiation phenotypes in this mouse model.

- Gain of function studies for the RSPO1/WNT4/B-Catenin pathway

Gain-of-function of R-Catenin in XY mice is sufficient to induce female
development (Maatouk et al., 2008). In human, the overexpression of WNT4 and
RSPO1 by the duplication of chromosome 1p31-p35 led to a male-to-female sex
reversal phenotype in 46, XY patients (Jordan et al., 2001). Either ectopically
expressing Wht4 or Rspo1 by means of the Sf1-Cre transgene in XY mice does not

induce female development (De Cian et al., 2017; Jeays-Ward, 2003; Jeays-Ward et
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al., 2004). Instead, Rspo1 overexpression in XX induced tumorigenesis of the

granulosa cells (De Cian et al., 2017).

- LGR4/5 function in ovarian development

LGR4/5 are the receptors of RSPO1 in the ovary. Both genes are expressed in
the coelomic epithelial cells that respond to RSPO1 signal to migrate into the gonad
and form the medulla fetal pre-granulosa cell (Rastetter et al., 2014). However, once
this pre-granulosa cell lineage was established and entered into mitotic arrest,
expressions of LGR4/5 in the coelomic epithelial cells decreased (Gustin et al., 2016;
Koizumi et al., 2015). At adult stages, LGRS expression can only be found in the
ovarian surface epithelial stem cells where it contributes to the repair of ovarian
surface after ovulation (Ng et al., 2014). Deletion of Lgr5 does not lead to sex reversal.
In Lgr4 XX mutants, the WNT/R-Catenin signaling pathway is inhibited and the
gonads develop as ovotestes, indicating that LGR4 and LGRS have specific roles in

the gonads (Koizumi et al., 2015).

- FOXL2 function in ovarian development

FOXL2, a transcription factor, is specifically expressed in the ovarian granulosa
cells. In goats, an 11.7 kb deletion at chromosome 1943, which is a transcription
regulatory region of FOXL2 led to polled intersex syndrome (PIS) in XX. The loss of
FOXL2 resulted in a complete testis development in XX goat (Boulanger et al., 2014;
Pailhoux et al., 2001, 2002; Pannetier et al., 2005). In human, heterozygous mutation
of FOXL2 leads to a defect of ovarian premature failure without any sex reversal
phenotype (Crisponi et al., 2001; Harris, 2002). Total knockout XX Fox/2 mouse
mutant gonads developed as normal female during the embryonic stages, but the
granulosa cells trans-differentiated to Sertoli-like cells after birth (Ottolenghi et al.,
2005; Schmidt, 2004; Uda et al., 2004; Uhlenhaut et al., 2009). Thus, in XX mice
FOXL2 is important for adult ovarian maintenance. The deletion of estrogen receptor
Esr1 and Esr2 in mice results in the same phenotype as Fox/2 mutations, and further

experiments proved that ESR1/2 receptors could form a transcription factor complex
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with FOXL2 and bind to the promoter of Sox9 to repress its transcription and maintain
the granulosa cell identity (Uhlenhaut et al., 2009). These studies suggested that
similar to the Sertoli cell, after the establishment of its identity, granulosa cells also

need to be maintained by the pro-ovarian signaling during adult life.

Even though FOXL2 is not necessary for the fetal pre-granulosa cell identity, it
contributes to maintain this identity in the Wnt4 or Rspo1 XX mutants (Auguste et al.,
2012; Ottolenghi et al., 2007). Indeed, double knockout of Wnt4,;FoxI2 or Rspo1;FoxI2
XX mutants had much more transdifferentiated Sertoli-like cells from pre-granulosa
cell compared to the Wnt4 or Rspo1 single knockout mutants. On the other hand,
gain-of-function of Fox/2 by means of the Sf1-Cre transgene in XY mice did induce
granulosa cell differentiation and a partial male-to-female sex reversal in developing
testes. The XY FOXL2 overexpressing mutant still had testis cords and epididymis

development, together with female-like external genitalia (Nicol et al., 2018).

2.3 Interstitial cell differentiation and development in XX and XY
2.3.1 Interstitial cell differentiation and function

Besides producing gametes for reproduction, another important function for
testes and ovaries is to produce the sex steroid hormones testosterone and estrogen,
respectively. Leydig cells in the testis and theca cells in the ovary are steroidogenic
cells. Despite producing different sex hormones, Leydig cells and theca cells are
derived from a common source of interstitial progenitors (Stévant et al., 2018a)

sharing similar transcriptional profiles before sex determination.

- Leydig cells differentiation and function

In testes, interstitial cells can derive from the coelomic epithelial progenitor cells
during the sex determination period (Karl and Capel, 1998). After their ingression,
they become active for NOTCH signaling and decrease WT1 expression (Liu et al.,
2016; Tang et al., 2008). Interstitial cells can differentiate into the fetal Leydig cells

around E12.5 after the decrease of LHX9 in mouse (DeFalco et al., 2011). This
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differentiation process is driven by Desert Hedgehog (DHH) secreted from Sertoli
cells under the regulatory control of SOX9 and SRY (Bitgood et al., 1996; Li et al.,
2014b; Yao et al., 2002). Another source of interstitial cell is the mesonephros (Cool et
al., 2008; DeFalco et al.,, 2011; Jeays-Ward, 2003; Kumar and DeFalco, 2018;
Martineau et al., 1997; Merchant-Larios et al., 1993). These interstitial cells migrate
with endothelial cells from the gonad/mesonephric border around E12.5, and
contribute to both fetal and adult Leydig cells population (Cool et al., 2008; DeFalco et
al., 2011; Kumar and DeFalco, 2018; Merchant-Larios et al., 1993).

In mouse, two kind of populations of Leydig cells exist at different stages. Fetal
Leydig cells are formed after male sex determination and acquire high levels of Sf1
expression and of the genes encoding the steroidogenic enzymes (Jameson et al.,
2012a; Mamsen et al., 2017; del Valle et al., 2017). The testosterone produced by
fetal Leydig cell can promote the development of internal and external genitalia. In
human, the fetal Leydig cell differentiation occurs around the weeks 7 to 8 of gestation
and androgen reaches its highest level around weeks 12 to 14 of gestation. In mouse
and human, fetal Leydig cells not only produce androgens but also insulin-like 3,
which is important for testis descent during the fetal stages (Canto et al., 2003; Marin
et al., 2001; Nef and Parada, 1999; Tomboc et al., 2000; Zimmermann et al., 2014).
The second population of Leydig cells in mouse is the adult Leydig cells, which
emerges after birth. Adult Leydig cells are responsible for androgen production for the
whole adult life, because most of the fetal Leydig cells involute after birth. The
persisting fetal Leydig cells will gradually change their expression profiles to behave
like adult Leydig cells and only represent around 10 present of all Leydig cells in the
adult testis (Miyabayashi et al., 2017; Shima et al., 2015). This expression prolife

change could be caused by endocrine environment changes after birth.
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- Theca cells differentiation and function

In XX gonads, theca cells are the ovarian counterparts of Leydig cells in the testis.
Theca cell differentiation starts after birth, when the first wave of follicles starts to
assemble. Fully differentiated theca cell surround the developing follicle with several
layers. The main function of theca cell is to produce androstenedione, which could be
converted into estrogen in granulosa cells by the enzyme CYP19 (Richards and
Pangas, 2010). Theca cell also helps to establish the vascular system and provide the
nutrients for the development of follicles. Physically, it can also provide the structural

support to the follicle as it develops.

The progenitors of the theca cells are the interstitial cells during embryonic
development (Liu et al., 2015a). Similar to the situation in the testis, the ovarian
interstitial cells also have two different origins: the coelomic epithelium and the
gonad/mesonephros border. Most of the interstitial cells derive from the coelomic
epithelium, and ingress into the gonad from the sex determination stages until birth
(Liu et al., 2015a). Only a small fraction of interstitial cells come from the
gonad/mesonephros border and migrate around birth. The progenitors of theca cells
in the gonad/mesonephros border, express GLI1 and respond to the DHH and Indian
Hedgehog (IHH) signals secreted from granulosa cells, and then migrate into the
gonad (Liu et al., 2015a; Yao et al., 2002). At the same time, DHH, IHH and PDGF
signals recruit and induce the first theca cell differentiation from the coelomic
epithelia-originated interstitial progenitors (Liu et al., 2015a; Schmahl et al., 2008). It
has been reported that the mesonephros-originated theca cell has a stronger capacity
for steroidogenesis than the ones derived from the coelomic epithelium (Liu et al.,
2015a). Whether this difference between the two populations of theca cells results in

significantly different functions is unclear.

The majority of interstitial progenitors of theca cells share a common origin with
granulosa cells, as both populations derive from gonadal somatic precursors (Fig. 3).

Interstitial cells and granulosa cells share similar expression profiles with only few
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differentially expressed genes (Jameson et al., 2012b) such as Fox/2 for granulosa
cells and Arx, Nr2f2 and Mafb (DeFalco et al., 2011; Rastetter et al., 2014) for
interstitial cells. In XY gonads, the Sertoli cell lineage starts to separate from the
interstitial cell lineage with the initiation of Sry expression and the activation of its
target Sox9. However, in XX gonads, even though after sex determination
pre-granulosa cells acquire FOXL2 expression, this specific gene expression is not
necessary to establish the granulosa cell identity during the embryonic stages. Hence
the mechanisms driving the separation of granulosa and interstitial cells in XX gonads

is still largely unknown.

2.3.2 Leydig cell regulatory pathway

Interstitial cells are non-steroidogenic, with low expression levels of SF1 and of
enzymes for steroidogenesis but high expression levels of progenitor makers such as
chicken ovalbumin upstream promoter-transcription factor [ (COUP-TFII; also known
as NR2F2) and aristaless-related homeobox (ARX) (van den Driesche et al., 2012;
Kilcoyne et al., 2014; McClelland et al., 2015). The hedgehog receptor Patched 1
(Ptch1)is also highly expressed in interstitial cells, which can differentiate in response
to DHH (Wijgerde et al., 2005). The deletion of Nr2f2 in adult mouse testes resulted in
impaired differentiation of adult Leydig cells and the failure of spermatogenesis due to
insufficient androgen population (Qin et al., 2008). ARX mutations also impair Leydig
cell differentiation and testosterone production, in turn affecting the development of
secondary reproductive organs in human (Kitamura et al., 2002; Miyabayashi et al.,
2013; Sirisena et al., 2014). During the differentiation to Leydig cell, the interstitial
progenitors gradually loose the expression of NR2F2 and ARX and up-regulate SF1
to initiate the expression of steroidogenic enzymes (DeFalco et al., 2011; Liu et al.,
2016; Miyabayashi et al., 2013). Keeping low expression levels of SF1 is essential to
maintain the pool of interstitial cells. TCF21 is involved in the suppression of Sf1
transcription and its mutants exhibit more steroidogenic cells differentiated in both XX
and XY gonads (Cui, 2004). The size of the interstitial progenitors pool determines

whether enough differentiated fetal Leydig cells will be formed to support male
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development during fetal stages (Rotgers et al., 2018).

In mouse, NOTCH signaling is well known to balance the differentiation between
interstitial progenitor cells and fetal Leydig cells. The loss of Notch receptors Notch2/3
in the gonadal somatic cells before sex determination led to a loss of interstitial
progenitor cells and increased numbers of fetal Leydig cells (Liu et al., 2016; Tang et
al., 2008). In contrast, over-activated NOTCH signaling resulted in more progenitor
cell and less differentiated fetal Leydig cells (Liu et al., 2016; Tang et al., 2008). A
transcription cofactor named mastermind-like domain—containing protein 1 (MAMLD1)
is an activator of the NOTCH pathway. A complete 46, XY gonadal dysgenesis patient
was found to have a mutation on MAMLD1 (Ruiz-Arana et al., 2015), indicating
NOTCH signaling has similar functions in human. The microdeletions of MAMLD1
also had other under-virilization phenotypes in human including hypospadias,
cryptorchidism, micropenis and decreased anogenital distance (Fukami et al., 2006)
caused by reduced androgen production following impaired fetal Leydig cell
differentiation. Mamld1 mutants in mouse do not show any defect on the development
of male characteristics expect a slight decrease of the expression of genes encoding

steroidogenic enzymes (Miyado et al., 2012, 2017).

(a) K/

Leydig

Figure 6. Male steroidogenic cell regulation pathway. Sertoli cell secrete PDGFa
and DHH to promote the differentiation and expansion of fetal Leydig cells, whereas
AMH, also secreted by Sertoli cells limits the steroidogenic cell population. In testis,
germ cells do not have a contribution to the steroidogenic cell differentiation. (Rotgers
etal., 2018)

31



Besides the NOTCH pathway, fetal Leydig cell specification also depends on
other paracrine regulations from PDGF and DHH secreted by Sertoli cells (Fig. 6).
PDGFs promote the expansion of interstitial progenitor cells, the mutation of its
receptor Pdgfra leads to the loss of fetal Leydig cells and abnormal testis morphology
(Brennan et al., 2003; Karl and Capel, 1998). DHH binds to its receptor PTCH1 on the
interstitial progenitor cells to activate the down-steam target GLI transcription factor 1
(GLI1) around E12.5 (Liu et al., 2016). GLI1 in turn promotes the transcription of Sf1
and Cyp11a1 (encoding P450 side chain cleavage enzyme) to establish the
steroidogenic fate of fetal Leydig cell (Park et al., 2007; Yao et al., 2002). In human,
there is an increased expression of GL/1 before the differentiation of fetal Leydig cells
(Mamsen et al., 2017). Mouse Dhh mutants still show some degree of steroidogenic
cell differentiation, indicating that other pathways are involved in this process (Liu et
al., 2016; Yao et al., 2002). In human, the mutations of members of the DHH pathway
were identified in several 46, XY gonadal dysgenesis patients (Canto et al., 2004,
2005; Das et al., 2011; Umehara et al., 2000; Werner et al., 2015). One of them is
hedgehog acyltransferase (HHAT), which can post-transcriptionally modify the DHH
palmitoylation. This patient had gonadal dysgenesis and chondrodysplasia syndrome
(Callier et al., 2014). Hhat mutants in mice had similar phenotypes and no fetal Leydig
cell was differentiated (Callier et al., 2014). Finally, AMH secreted from Sertoli cells
seems to have a role in limiting the size of fetal Leydig cell population as the Amh
mutation in mouse causes a hyperplasia phenotype of fetal Leydig cells (Behringer et

al., 1994).

In mouse, fetal Leydig cell mainly products androstenedione, which can be used
to promote the development of internal and external genitalia. It needs to be
converted into testosterone by the enzyme hydroxysteroid 17b dehydrogenase 3
(HSD17B3), which is expressed in Sertoli cells (Shima et al., 2012a). HSD17B3
mutations in human leads to female external genitalia development in the 46, XY
patients with high levels of androstenedione tested in the blood (Geissler et al., 1994;

Lindqgvist et al., 2001; Rosler et al., 1996). In adult mice, LH hormone could promote
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the androgen production in the adult Leydig cells, but its action is not necessary for
fetal Leydig cells (Cattanach et al., 1977; Ma et al., 2004; Zhang et al., 2014). Human
patients with luteinizing hormone/choriogonadotropin receptor (LHCGR) mutations
showed a lack of androgen production and developed 46, XY DSD (Themmen and
Huhtaniemi, 2000). This finding suggests that the human fetal Leydig cell has the
ability to respond to LH hormone, and that it is necessary to have placental chorionic
gonadotropin during the early gestation and LH from the fetal pituitary until the end of

gestation to stimulate the production of androgens (Themmen and Huhtaniemi, 2000).

Even though the progenitor of adult Leydig cell migrated from
gonad/mesonephros border around E12.5 have the ability to respond to DHH signal,
they still stay in a non-steroidogenic state and only start to differentiate after birth
through an unknown mechanism. (Kilcoyne et al., 2014; Liu et al., 2016; Yao et al.,
2002). The maturation of adult Leydig cells requires an autocrine androgen action for
the acquisition of the full steroidogenic capacity, but the differentiation of fetal and

adult Leydig cells are independent from this action (O’Hara et al., 2015).

2.2.3 Theca cell regulatory pathway

(b)

Oocyte

Granulosa
cells

Theca
cells

Figure 7. Female steroidogenic cells regulation pathway. Theca cell
differentiation occurs after birth. PDGFa, secreted by granulosa cells, promotes the
recruitment of theca cells. Furthermore, oocytes secret GDF9, which in turn induces
the expression of hedgehog ligands DHH and IHH in granulosa cells and the
recruitment of theca cells. (Rotgers et al., 2018)
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Similar to its testicular counterpart, the interstitial progenitor of theca cells in
mouse also expresses low levels of WT1 and SF1 and high levels of MAFB, ARX and
NR2F2 (DeFalco et al., 2011; van den Driesche et al., 2012; Miyabayashi et al., 2013).
Around the sex determination stage, ARX expression is found in the coelomic
epithelial cells, gonad/mesonephric border and other unknown cell types in the
gonadal mesenchyme of the XX gonad. ARX positive cells can be recruited to the
medulla part of the ovary, when the first wave of follicle starts to assemble during the
perinatal stage (Miyabayashi et al., 2013). NR2F2 is co-expressed with ARX in the
interstitial progenitors (Rotgers et al., 2018) but does not co-localize with granulosa
cell markers (Rastetter et al., 2014). Haploinsufficiency of NR2F2 expression leads to
a reduction of progesterone and a delay of puberty, indicating that NR2F2 is important

for steroidogenesis in the postnatal ovary (Takamoto et al., 2005).

Theca cells and Leydig cells differentiate from the same common interstitial
progenitor (Fig. 3). Their progenitors show low expressions of WT1 and SF1 and the
expression of non-steroidogenic state markers (Stévant et al., 2018a). In addition,
when they start to differentiate into theca or Leydig cells, the same enhancer is used
to up-regulate Sf1 transcription (Miyabayashi et al., 2015; Shima et al., 2012b). In
mice with a GFP reporter driven by a Sf1 enhancer, the steroidogenic cells in between
the follicles and some theca cells are GFP positive after birth in the ovary, Leydig cells
are GFP positive in testes. This observation indicates the existence of a similar set of
transcription factors and regulatory elements for the expression of SF1 in theca and
Leydig cells. A small subpopulation of theca and Leydig cells were not GFP positive,

which might be recruited to differentiate at later stages (Miyabayashi et al., 2015).

In mice, the regulation of theca cell differentiation also depends on DHH/IHH and
PDGF mediated paracrine regulation from granulosa cells (Fig. 7). The difference in
this regulatory mechanism between male and female is that the secretion of DHH and
IHH in granulosa cell only starts around neonatal stages (Liu et al., 2015a; Wijgerde et

al., 2005) compared to E12.5, right after the specification of Sertoli cells. Female
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interstitial progenitor cells express the receptor PTCH1 around the time of birth, then
the expression of GLI1 is initiated after the activation of DHH pathway in the
differentiating interstitial progenitor cells (Liu et al., 2015a). Any disruption of DHH and
IHH pathway causes the failure of theca cell recruitment and differentiation, impaired
steroidogenesis and finally the arrest of follicle growth (Liu et al., 2015a). In addition,
oocytes stimulate the surrounding granulosa cells to produce DHH and IHH via the
action of growth differentiation factor 9 (GDF9) (Dong et al., 1996; Liu et al., 2015a).
Interstitial progenitors failed to differentiate into theca cells in the absence of GDF9,
and granulosa cells can try to compensate by activating their own steroidogenesis
(Dong et al., 1996). Another paracrine signal that can control the differentiation of
theca cells is PDGF. Deletion of Pdgfra in somatic cells before sex determination

leads to a failure of theca cell development (Schmahl et al., 2008).

Mouse embryonic granulosa cells do not express DHH until birth, which results in
the absence of theca cell differentiation in the fetal ovary. It turns out that silencing of
Hedgehog signaling is necessary for the normal differentiation of theca cell (Ren et al.,
2012; Schmahl et al., 2008). Ectopic activation of Hedgehog signaling in somatic
progenitors by Sf1-Cre from the sex determination stage resulted in the appearance
of differentiated steroidogenic cells in the embryonic ovary. Part of these
steroidogenic cells were more like Leydig cells (Barsoum et al., 2009). However, when
activation was induced at later stages and only in the granulosa cells by Amhr2-Cre,
no steroidogenic cell was formed from granulosa cells (Ren et al., 2012). Taken
together, the effects of Hedgehog signal on the plasticity of gonadal somatic cells is
dependent on the cell type where it is overexpressed. Up to now, the defects of the
components in the DHH pathway are not linked to any ovarian disease or infertility
problem in human patients. In contrast, over-activated DHH leads to ovarian

carcinoma (Li et al., 2016).

Even though there is no theca cell differentiation in the fetal ovary, the granulosa

cells and oocytes express steroidogenic enzymes, such as HSD3b and CYP19, to
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produce a small amount of estradiol and progesterone (Dutta et al., 2014; Fowler et
al., 2011; Wilson and Joe Jawad, 1979). However, the start of the first wave of
folliculogenesis was not affected by the ablation of endogenous estradiol through the
mutation of aromatase or by blocking the responsiveness to estrogen (Conte et al.,
1994; Couse et al., 1999; Fisher et al., 1998; Krege et al., 2002; Lubahn et al., 1993;
Morishima et al., 1995; Shozu et al., 1991). This indicates that even with the low level
of steroidogenesis in the fetal ovary, the prenatal ovarian development does not need
the presence of steroid hormones. Steroidogenic capacity in the ovaries reaches the
maximal peak level on postnatal day 5 in mouse and near birth in human. This occurs
after the recruitment and differentiation of theca cells, the follicle development into
antral stages, and the gain of responsiveness to gonadotropins (Mannan and

O’Shaughnessy, 1991; O’Shaughnessy et al., 1996; Rosenfield and Ehrmann, 2016).

In vitro, isolated mouse ovarian postnatal stromal progenitors can be maintained
and induced to differentiate into theca cells depending on added factors in the culture
media (Honda et al., 2007). Those theca-like cells can be transplanted into the ovary

and integrated into the endogenous theca cell layer.
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2.4 Germ cell specification, migration and licensing
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Figure 8. Primordial germ cells (PGCs) specification and migration in developing
mouse embryos. (A) Sagittal section view of PGCs specification and migration.
Embryos prospective anterior is towards the left. The expressions of key factors
(BLIMP1, PRDM14 and Stella) and alkaline-phosphastase activity are depicted. (B)
Signaling activities for PGC specification in the early mouse embryo (C) A 3D view of
PGC migration tracts. Green circles represent PGC precursors and PGCs, and the
green arrows indicate the migration direction of PGCs. (Saitou et al., 2011)

Germ cells are central components of the gonad, giving rise to the sperm in testis
and oocytes in ovary. Before gonad formation, both XX and XY germ cells go through
the same process: specification to form primordial germ cells (PGCs) and migration
into the gonad. During the sex determination period, XX and XY PGCs start the sex

specific licensing to become gametogenesis-competent cells (GCCs).
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- PGCs specification and migration

In mice, PGCs specification happens around E6.0, at least 3 days earlier than the
formation of gonad. The specification occurs in the most proximal epiblast, induced by
bone morphogenetic protein (BMP) signals secreted from the extra-embryonic
ectoderm (Lawson et al., 1999). In response to BMP signals, the most proximal
epiblast cells start to express the transcriptional regulators PR domain zinc finger
protein 1 (PRDM1) and PR domain zinc finger protein 14 (PRDM14) around E6.25
and E6.5, respectively. Around E7.25, those PRDM1 and PRDM14 positive cells form
the PGCs pool, which comprises 40 cells expressing alkaline phosphatase (AP) and
located at the basement of the incipient allantois (Ginsburg et al., 1990; Ohinata et al.,
2005, 2009; Vincent, 2005; Yamaiji et al., 2008). Starting from E7.5, PGCs move to
the hindgut, then the hindgut elongates along with the PGCs, so that the PGCs find
themselves in the embryonic region close to genital ridge. Around E9.5-10.0, PGCs
migrate away from the hindgut into the genital ridge through the mesentery (Fig. 8)
(Dzementsei and Pieler, 2014). It has been shown that several chemotaxis and
survival signals such as WNT5a-ROR2 (Chawengsaksophak et al., 2011; Laird et al.,
2011), SCF (secreted KitL)-ckit (Gu et al., 2009; Runyan et al., 2006) and
SDF1-CXCR4 (Ara et al., 2003; Molyneaux, 2003) can regulate the autonomous

migration of PGCs away from the hindgut to the genital ridge region.

- PGCs licensing into gametogenesis competent cells

At E10.5, all the PGCs are settled in the gonad and start the sex specific
licensing (Kurimoto et al., 2008; Saitou et al., 2002; Seki et al., 2005). Before licensing,
the PGCs exhibit a pluripotent genetic program and express the main pluripotency
genes such as Oct3/4, Nanog and Sox2. Indeed, injecting PGCs into the mouse
postnatal testis leads to the formation of teratomas (Chuma, 2004; Saitou, 2009;
Saitou and Yamaiji, 2012). Right after PGCs have reached the genital ridge, their gene
expression profiles go through a global change (Molyneaux et al., 2004; Rolland et al.,
2011; Seisenberger et al., 2012). PGCs gradually turn off the genes involved in

pluripotency maintenance and gain expression of a set of genes, which will allow
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them to transit into a state ready for gametogenesis. Once the transition is finished,
these germ cells, which are capable of responding to the surrounding environmental
signals to enter into meiosis together with male or female differentiation, are referred
to as gametogenesis-competent cells (GCCs) (Adams and McLaren, 2002; Gill et al.,
2011; McLaren and Southee, 1997). The transformation of PGCs into GCCs is named
germ cell licensing, which is a critical step for the transition of germ cells into a
sexually competent state. Depending on the result of gonadal sex determination,
testis or ovary, GCCs will commit either to spermatogenic or oogenic development
based on the signals produced by the supporting cells (Koubova et al., 2006; Suzuki
and Saga, 2008).

- Somatic environment dictates germ cell development

After sex determination, it is the sex-specific behavior of somatic cells,
specifically the supporting cells, that decides the fate of germ cells along the male or
female pathway (Schmahl et al., 2000), not the sex chromosome constitution of the
germ cells. Chimera experiments have shown that no matter what the sex
chromosome constitution is, XX or XY, the fate of germ cells is determined by the
gonadal environment: XX germ cells could differentiate into the male pathway if
surrounded by a testis environment, and XY germ cells could enter the female fate
induced by an ovarian environment (Adams and McLaren, 2002). This has also been
proven by genetic mouse models. XY Sox9 mutant gonads develop into ovaries,
which are able to produce X oocytes and Y oocytes (Lavery et al., 2011b). Conversely,
XX germ cells in XX transgenic animals where Sox9 is overexpressed in the gonad
did not enter into meiosis, unlike the XX control germ cells after sex determination

(Gregoire et al., 2011).

Germ cell differentiation depends on proper gonadal formation, but the gonad
can be formed in the absence of germ cells, even though testes formation without
germ cells is delayed (Merchant, 1975). Fetal ovary without germ cells develop

normally until birth (Maatouk et al., 2012). However, folliculogenesis and maintenance
39



of the ovary require signals from germ cells after birth. Loss of germ cells after birth in
ovaries will cause the degeneration of the ovary (Guigon and Magre, 2005; Guigon et

al., 2005).

- Female and Male germ cell differentiation

Before E12.5, germ cells proliferate rapidly and are aggregated in clusters,
outlined by E-Cadherin expression (Mork et al., 2012b). During ovarian and testicular
development, both XX and XY mesonephros can secret retinoic acid (RA). In the
ovary, the presence of RA up-regulates the expression of Stra8 in germ cells around
E13.5, which marks the entry of meiosis (Bowles et al., 2006; Koubova et al., 2006).
Besides, the initiation of meiosis in XX gonads starts from the anterior and then
extends to the posterior part (Yao, 2003). In Rspo1 total knockout mutants, germ cells
proliferation is down-regulated and entry into meiosis of germ cells in the anterior
region is impaired, indicating the WNT signaling has an impact on germ cells
proliferation and meiotic initiation. However, the detailed mechanism of its action and
whether it involves a direct effects or not are still unknown. Around birth, primary
oocytes are halted at diplotene stage of meiotic prophase |. After puberty upon
stimulation by gonadotropins, they resume meiosis to become secondary oocytes
during the ovulation and arrest again at the metaphase of meiosis Il until fertilization

(Picton et al., 1998).

In contrast, in the testis the RA catabolic enzyme CYP26B1 expressed by Sertoli
cells blocks the meiosis-inducing effect of RA (Bowles et al., 2006; Koubova et al.,
2006). Therefore, the XY germ cells enter in mitotic arrest from around E15.5 until
birth (McLaren, 1984). In testis, FGF9 is important for germ cell survival. Fgf9 mutants
showed a significant reduction of germ cells number, which can be rescued by
addition of exogenous FGF9 before E11.5. The mechanism behind this is not well
known, but FGF9 is able to induce the expression of Nanos2 and inhibit meiosis
(Bowles et al., 2010). After puberty, germ cells start meiosis to produce gametes

sequentially under the regulation of follicle-stimulating hormone, testosterone and
40



retinoic acid, this process is also called spermatogenesis (Hogarth and Griswold,
2010). A lot of RNA-binding proteins are involved in spermatogenesis, such as those
encoded by Nanos2, Dazl, Vasa, and their mutations lead the failure of
spermatogenesis initiation or spermatogenic arrest (Saga, 2010; Schrans-Stassen et
al., 2001; Tanaka et al., 2000). Lin28a and Dnd1 mutations cause significant germ cell

number decrease in both XX and XY (Shinoda et al.; Youngren et al., 2005).

3. Sex determination regulation

The molecular mechanisms of sex determination in mammals are mostly still
unclear. In XY human, impaired SRY expression is the most common cause of 46, XY
gonadal dysgenesis, but only 20% of those cases had mutations in the SRY coding
region (Koopman, 2016). There are still half of 46, XY gonadal dysgenesis cases that
cannot be explained at the molecular level (Délot and Vilain, 2018; Rotgers et al.,
2018). Compared to XY sex determination, it has long been considered that ovary
development is a pre-programed process in the absence of SRY/Sry in XX or when
SRY/Sry is mutated in XY. Since the discovery of female-to-male sex reversal in XX
human patients and XX mouse with mutations of WNT4/Wnt4 (Jordan et al., 2001;
Maatouk et al., 2013; Mandel et al., 2008; Vainio et al., 1999) and RSPO1/Rspo1
(Chassot et al., 2008a; Parma et al., 2006; Tomizuka et al., 2008) and the
development of next generation sequencing technique, a more complicated sex
determination network has been built up. The determination of sex is regulated by an
antagonistic mechanism such that promoting the development of male (testis) or
female (ovary) fate, requires the repression of the alternative pathway during the
embryonic and adult stages (Kim et al., 2006b; Matson et al., 2011; McElreavey et al.,
1993; Munger et al., 2009, 2013; Uhlenhaut et al., 2009). Interestingly, in this network
sexual hormones are not involved in the early sex determination, but they do play
roles in the maintenance of sex during the adult stages, at least in female mice

(Uhlenhaut et al., 2009).
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3.1 Genome-wide analyses provides evidence for mutual antagonism between

testis and ovary fate
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Figure 9. Clustering dendrogram of the transcriptional profiles of E11.5-E13.5 XX
and XY FACS-sorted gonadal cells by microarray assays. Dashed bars represent XX
samples, and solid bars are the XY samples. Short, intermediate and long bars show
the different stages from E11.5. E12.5 and E13.5, orderly. (Jameson et al., 2012b)

During the bipotential stages, both XX and XY gonads have the ability to develop
into either testis or ovary depending on the pathway activated in the supporting cells
around the time of sex determination. The microarray transcriptional analysis of
FACS-sorted germ cells, endothelial cells, supporting cells and Interstitium/stroma
cells at E11.5 showed the XX and XY supporting cell are similar and biased towards a
female fate (Fig. 9) (Jameson et al., 2012b). The single-cell transcriptomic analysis of
gonadal SF1-GFP positive cell before and after sex determination also showed that
around E11.5, XX and XY supporting cells had similar gene expression profile,
despite the presence of Sry in XY (Stévant and Nef, 2018). From the epigenetic point
of view, cis-regulatory element studies in mouse XX and XY supporting cells before
and after the sex determination revealed that the XX and XY supporting cell exhibit

similar open chromatin regions before the onset of sex determination as shown by
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Assay for Transposase-Accessible Chromatin, ATAC-seq, but develop their own open
sex-specific chromatin region after they differentiated as shown by ChIP-seq for
H3K27ac (Garcia-Moreno et al., 2019a). Taken together, XX and XY supporting cells
have similar transcriptomes and chromatin accessibility before sex determination, and
then acquire sex-specific gene expression and open chromatin. Interestingly, in E13.5
Sertoli cells the granulosa-promoting genes chromatin region is open but does not
contain active enhancers (Garcia-Moreno et al., 2019a). In E15.5 Sertoli cells,
DNasel-seq showed that the promoters of female specific genes are also accessible,
but only the promoters of male specific genes contain active enhancers (H3K27ac
ChIP) (Maatouk et al., 2017). These observations indicate that in differentiated Sertoli
cells the open chromatin sites on the female specific gene promoters are accessible

but silenced probably by transcriptional repressors.

3.2 Genetic evidence for mutual antagonism between testis and ovary fate
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Figure 10. Mutual antagonistic network between female and male pathways in
mice. Sry, Sox9, Fgf9/Fgfr2, Cbx2, Znrf3, Dmrt1 and Sox8 help to establish male
pathway, while Rspo1, Wnt4, Ctnnb1 and Fox/2 promote or maintain the female
development.

43



In XY, Sry in the Y chromosome triggers male development by directly
up-regulating its main autosomal target gene Sox9. Both Sry and Sox9 are necessary
and sufficient for testis development (Eicher et al., 1995; Gregoire et al., 2011; Lavery
et al., 2011b; Vidal et al., 2001). Further, Sox9 activates the expression of fibroblast
growth factor 9 (FGF9), which is a secreted protein. FGF9 can activate Sox9 to help
the quick expansion of Sertoli cell differentiation from the center to the pole regions.
The receptor of FGF9 in the gonad is FGFR2, and more specifically the isoform
FGFR2c. The loss of Fgf9 or Fgfr2/Fgfr2c leads to partial male-to-female sex reversal
at the two poles region (Bagheri-Fam et al., 2008, 2017; Colvin et al., 2001; Kim et al.,
2007) with the failed activation of Sox9. Ex vivo experiments have showed that FGF9
protein is sufficient to inhibit the expression of Wnt4 in XX gonads (Kim et al., 2006b).
Simultaneous deletion of Wnt4 and Fgf9 or Fgfr2 in XY mice can revert the
male-to-female sex reversal phenotypes (Jameson et al., 2012a), indicating that
FGF9 signaling pathway represses the WNT pro-female pathway in XY (Fig. 10).
FoxI2 deletion in addition to Fgfr2 in XY mutants also rescues the male-to-female sex

reversal in some individuals but not all (Bagheri-Fam et al., 2017).

Additionally deleting Wnt4 also can rescue the male-to-female sex reversal in XY
Cbx2 mutants (Garcia-Moreno et al., 2019b), indicating Cbx2 is necessary for testis
development to inhibit the WNT pro-female pathway in XY. ZNRF3 is a negative
regulator of RSPO1/WNT4/R-Catenin female signaling pathway. The mutation of
Znrf3 results in the reduction of Sox9 expression and in turn male-to-female sex
reversal in XY mice (Harris et al., 2018). This finding also highlights that it is

necessary to inhibit the female pathway during the male sex determination time.

SOX9 is not necessary for establishing the male pathway after sex determination,
since XY mutants with deletion of Sox9 in differentiated Sertoli cells by Amh-cre
developed normal testes (Barrionuevo et al., 2009). However, Sox9 and Sox8
together are needed in embryonic and adult testis to stop the Sertoli cell

trans-differentiation into Fox/2 positive granulosa-like cells (Barrionuevo et al., 2016;
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Georg et al.,, 2012). Dmrt1 is another important Sertoli cell marker whose ectopic
expression in XX mice leads to the development of testis and secondary male
characteristics, although the ectopic testis cords were not well formed compared to
Sox9-expressing transgenic XX testes (Gregoire et al., 2011; Zhao et al., 2015). In the
postnatal testis, Dmrt1 is more important than Sox9 or Sox8 in the maintenance of
testis fate. The loss of Dmrt1 leads to massive Sertoli cell trans-differentiation into
granulosa-like cells from P14 (Matson et al., 2011). Therefore, in order to develop and

maintain the testis fate, the female pathway has to be repressed at the same time.

In XX, RSPO1/WNT4/R-Catenin is the main signaling pathway promoting ovarian
development. Rspo?1 and Wnt4 are two activators of canonical WNT/R-Catenin
signaling in the gonad, while R-Catenin executes the activation or repression of the
down-stream targets in the nucleus. The loss of the any one of them in the XX gonad
during sex determination results in the development of XX ovotestes (Chassot et al.,
2008a; Liu et al., 2009; Tomizuka et al., 2008) because of the failed activation of
canonical WNT/R-Catenin signaling pathway. As a granulosa cell marker, Fox/2 is
dispensable for the establishment of the female pathway (Ottolenghi et al., 2005;
Schmidt, 2004), but it is necessary to maintain the ovarian fate after birth (Ottolenghi
et al., 2005; Uhlenhaut et al., 2009). Total knockout of Fox/2 in XX mice, results in
granulosa cells trans-differentiation into Sertoli-like cells around P7 (Ottolenghi et al.,
2005), and conditional knockout of Fox/2 at the adult stage also leads to Sox9 positive
Sertoli-like cell trans-differentiation (Uhlenhaut et al., 2009). Notably, in these adult
granulosa cells, estrogen receptor 1/2 (ESR1/2) cooperates with FOXL2 to repress
the expression of Sox9 (Uhlenhaut et al., 2009), indicating that the sexual hormone
estrogen possibly plays a role in maintaining the ovarian fate, and that it is necessary

to repress the male pathway even in the well-established adult stages.

Male development is triggered by SRY/SOX9 pathway, while
RSPO1/WNT4/R}-Catenin pathway is indispensable for female development. Since

these two pathways are mutually antagonistic to each other in testis and ovary, it was
45



important to investigate gonad development when both pathways were shut down
around the sex determination time. Both XX Sox9;Rspo1 and Sox9;Ctnnb1 double
knockout mutant gonads developed into ovotestis as the XX Rpso? or Ctnnb1
mutants, indicating that Sox9 is not necessary for the induction of female-to-male sex
reversal (Lavery et al., 2012; Nicol and Yao, 2015). Surprisingly, XY Sox9;Rspo1
double knockout mutants developed hypoplastic testis (Lavery et al., 2012), whereas
the XY Sox9;Ctnnb1 double knockout mutants developed ovotestis but were more
masculinized than XX Ctnnb1 mutants (Nicol and Yao, 2015). When comparing
double knockout XY to XX mutants in both cases, XY double knockout mutant gonads
always had more masculinized phenotypes, suggesting that in addition to Sox9 other
pro-male genes can act in the XY background, probably the other targets of Sry. For
instance, Sox8 and Sox70 are expressed at relatively higher levels in XY than in XX

double mutants (Lavery et al., 2012; Nicol and Yao, 2015).

4. Human disorders of sex development

Appropriate sex development has a very important role in deciding the human
physical attributes, brain structure, the tendency of behavior and self-concept. Our
understanding of sex differential development has been improved by the molecular
studies on the pathways associated with the disorders of sex development. Disorders
of sex development (DSD), is a broad definition for the atypical development of
chromosomal, gonadal and anatomical sex in human. It includes all the patients with
gonadal dysgenesis and exhibiting the development of ambiguous genitalia but
without dysgenetic gonad. Genetically, DSD can be categorized into sex

chromosomes DSD, 46, XY DSD and 46, XX DSD.

4.1 Sex chromosomes DSD
Sex chromosomes DSD, such as the Turner syndrome and Klinefelter syndrome,
are caused by sex chromosomes aneuploidies or polyploidies, respectively. For the

Turner syndrome, most of which exhibit a 45, X karyotype, it is most likely caused by
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the maternal failure of meiotic disjunction in meiosis |. Short stature is the universal
feature for almost all the patients, because a short stature controlling genetic locus is
located at X chromosome (Reynaud et al., 2004; Stochholm et al., 2006). The gonads
of patients are called streak gonads without primary follicles but with primitive
connective tissue. The lack of estrogen secretion from the follicular granulosa cells
leads to a delayed puberty (Weiss, 1971). In contrast, 47, XXY Klinefelter syndrome
patients have hypergonadotropic hypogonadism, and this disorder of polyploidy is
caused equally by maternal and paternal errors (Hassold et al., 2007; Thomas and
Hassold, 2003). The fetal testes of XXY patients develop normally with germ cells,
however the deficient communication between Sertoli cells and germ cells during
childhood leads to the degeneration of germ cells and further infertility (Lue et al.,

2001).

4.2 46, XY DSD

46, XY DSD includes disorders of gonadal development and disorders in
androgen synthesis and action. Among the 46, XY disorders of gonadal development,
SRY (Arboleda et al., 2014; Assumpgéo et al., 2002; McElreavy et al., 1992; Uehara
et al., 1999, 2002), SF1, GATA4 and GATAZ2 (Ozisik et al., 2002; Tremblay and Viger,
2003) mutations can cause complete gonadal dysgenesis (GD), in which streak
gonads develop instead of testis, with no secretion of testosterone. As a consequence,
the XY develop into females but with abnormal development of the Mullerian duct.
Only 30 percent of XY GD are caused by the deletions or mutations of SRY (85%) and
SF1 (15%), suggesting that other genes regulating male development exist and need
to be found out. On the other hand, the mutations of MAP3K1, SOX9, WT1, DHH,
DMRT1 and the duplication of WNT4 and DAX1 lead to XY partial GD, in which the
developed dysgenetic testis represents an intermediate state between testis and

streak gonads (Domenice et al., 2004; Saylam and Simon, 2003; Vilain, 2008).

Androgen is essential for the male reproductive tract development, so any

disruption from the synthesis and action of androgen in XY would lead to the
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abnormal development of external genitalia. During embryonic stages XX and XY
have the same two sets of male and female reproductive ducts, therefore the ectopic
presence of androgen leads to the retention of the male reproductive duct. Atypical
external genitalia is a type of sex development disease and is always used as the first
sign of DSDs. 46, XY disorders of androgen synthesis and action belong to disorders
of sex development. The 46, XY DSD patients show different degrees of undervirilized
male development or typical female development, since testosterone is required for

secondary sex characteristics development in XY individuals.

The mutations of STAR and CYP11A1 can cause global gonadal and adrenal
steroidogenesis defects, as these proteins are involved in the initiation of
steroidogenesis (Katsumata et al., 2002; Tajima et al., 2001). 3B-hydroxysteroid
dehydrogenase (HSD3B2) mutation blocks the synthesis of cortisol, aldosterone and
testosterone in adrenal glands, which further results in ambiguous genital
development in XY. CYP17A1 and CYB5A mutations lead to the 17,20-lyase
deficiency, which in turn blocks the synthesis of sex steroid and glucocorticoids
(Idkowiak et al., 2012; Kok et al., 2010). Since Cytochrome P450 Oxidoreductase
(POR) is required by multiple enzyme activities, the POR deficiency results in a global
loss of enzyme activity in the steroidogenesis (Peterson et al., 1985; Scott and Miller,
2008; Shackleton et al., 2004) in XX and XY. The mutations of HSD77B3 block the
testosterone conversion from A 4A in testis. SRD5A2 could irreversibly convert
testosterone into DHT, which is needed for the development of male external genitalia.
Undervirilized external genitalia form in the XY males with SRD5A2 mutations.
Mutations leading to a decreased transactivating activity of MAMLD1, lead to a
reduced expression of CYP17A1 and decreased testosterone which will cause

hypospadias (Chen et al., 2010; Kalfa et al., 2012; Nakamura et al., 2011) (Fig. 11).

In vertebrates, androgen includes generally testosterone, Dihydrotestosterone
(DHT) Dehydroepiandrosterone (DHEA), Androstenedione (A4) and Androstenediol

(A5) (Bandyopadhyay and Muthuirulan, 2017). Testosterone can be converted into
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DHT and estrogen by steroid 5-Alpha-Reductase 1/2 (SRD5A1/2) and aromatase
(CYP19A1), respectively (Marcoccia et al., 2017). DHT is the final product of
androgen biosynthesis and is not aromatisable to estrogen (Burger, 2002). Partial and
complete androgen insensitivity syndrome is caused by the mutations of androgen
receptor (AR). In the androgen signalling pathway, androgen signals are passed by
the nuclear Androgen Receptor (Lee et al., 2016) to regulate the development of male
reproductive tracts, male pubertal changes and libido; the anabolism of bone tissues
and skeletal muscles and the distribution of subcutaneous fat (Li et al., 2017;
Marcoccia et al., 2017). AR mutations block all the effects of androgens on the
development of internal and external genitalia and result in the unambiguous XY
female (Galli-Tsinopoulou et al., 2003; Tut et al., 1997). AR/Ar is located on the sexual
chromosome X in human and mice (Davey and Grossmann, 2016). Without the
binding by androgen, cytoplasmic AR is degraded by the Heat Shock Protein (HSP)
90 chaperone complex-mediated ubiquitination (Marcoccia et al., 2017), while in the
presence of androgens, ARs dissociate from HSP, become hyperphosphorylated and
are translocated into the nucleus. Dimerized ARs recognise the androgen response
element (ARE) of the target genes and initiate transcription with other co-regulatory

factors (Banuelos et al., 2014).

Luteinizing hormone/chorionic gonadotropin receptor (LHCGR) mutations lead to
Leydig cell hypoplasia and reduction of testosterone during the prenatal stages
(Richter-Unruh et al., 2002; Wu and Chan, 1999). The external genitalia of XY
patients can be complete female or undervirilized (Martens et al., 2014). Additionally,
persistent Mullerian duct syndrome can be cause by the mutations in AMH and its
receptor AMHR?2, which is responsible for the regression of Millerian ducts during
fetal development. Patients with this syndrome had normal external male genitalia but
male and female internal genitalia, which could lead to infertility. Altogether mutations
on the genes involved in the synthesis and action of testosterone and AMH could lead
to incomplete masculinization and the retention of the female duct in XY male, even

though the development of the testis is normal.
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Figure 11. The steroidogenesis pathways in gonads. CYP11A1, CYP17A1,
HSD17B3 (expressed in fetal Sertoli cells and Leydig cells) and HSD3B1/6 (specific in
Leydig cells) are used to produce the testosterone in the testes, while CYP19 and
HSD17B1 (only found in granulosa cells) are responsible for catalyzing the
transformation from androgen to estrogen in ovaries. FLC: Fetal Leydig Cell, ALC:
Adult Leydig Cell. (Inoue et al., 2018)

4.3 46, XX DSD

46, XX DSD includes the disorders of sex determination, which have testicular,
ovotesticular phenotypes, and the disorders of sex development with gonadal
dysgenesis or excess of androgen during the fetal development. Abnormal activation
of the male sex-determining genes, such as SRY, SOX9 and SOX3 in 46 XX, leads to
the testicular development with phenotypic male and genital ambiguity phenotypes
(Délot and Vilain, 1993). The loss of female sex-determining genes WNT4 or RSPO1
results in ovotestis development with the presence of testicular seminiferous tubules
and ovarian follicles in the same gonad (Parma et al., 2006; Tomaselli et al., 2008).
The most common 46, XX gonadal dysgenesis is caused by the loss of X

chromosomes in the Turner syndrome.
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Genes causing 46, XX GD were identified by exome sequencing and include the
receptors of LH, FSH and estrogens, transcription factors for oocyte development
(NOBOX, SF1, FOXL2, FIGLA), growth factors for folliculogenesis (GDF9, BMP15,
INHA) and also the genes (HFM1, STAG3, MCM8/9) involved in meiosis, DNA
replication and repair and chromosome stability (Chapman et al., 2015). Patients with
mutations in those genes had normal female development but ovarian development
failure after birth with delayed puberty and infertility in adulthood. High level of
androgen exposure of the XX fetus promotes the development of Wolffian duct and
varying degrees of masculinized external genitalia (Chassot et al., 2008a; Liu et al.,
2009; Shan et al, 2010). Excessive androgen levels can be caused by
steroidogenesis deficiencies of the fetus, of the fetal-placental barrier or by high levels

of maternal androgen.

CYP21A2 mutations block the synthesis of aldosterone and cortisol and causes a
shift to the androgen production in the presence of 17a-hydroxyprogesterone (Clayton
et al., 2002; Merke et al., 2002; New, 2003). CYP11B1 mutations causes increased
cortisol precursors for androgen synthesis (New, 2003; Peter, 2002). CYP19A1 is the
responsible for the production of estrogen by catalyzing androgen conversion.
Mutations of CYP19A1 lead to spermatogenesis failure in male and defects in female
secondary sex characteristics development. The androgen in the progestin-containing
oral contraceptives taken by the pregnant mother and hormone-activated tumors like
luteomas in the mother also can cause an excessive androgen to the XX baby
(Coenen et al., 1995; Joshi and Dunaif, 2018; Nelson and Goldenberg, 1977; Ziaei et
al., 2002) (Fig. 11).

Whether the patients have disorders of sexual differentiation or disorders of sex
determination, the level of steroidogenic sex hormones is unbalanced compared to
the normally developed men or women. Even though there is no effective cure for
DSD, hormonal therapy can be used to some degree to correct the development of

the internal genital tract during pregnancy and the external genitalia after birth.
51



Depending on how the DSD patient will be raised as male or female (Dreger et al.,
2005), male patients can be treated with testosterone to help the growth of penile
tissue and the induction of puberty (Kihnert et al., 2005), while female patients can be
treated with estrogens to help the development of their secondary sexual
characteristics and to induce the puberty (Délot and Vilain, 2018). In addition,
glucocorticoids and mineralocorticoids can be administered to the patients with
congenital adrenal hyperplasia as a life-saving replacement therapy, because the
patients usually show a fatal salt-wasting adrenal crisis at birth (Délot and Vilain,
2018). The development of assisted reproductive technologies brings hope for DSD
patients to have their own biological children. Depending on the presence of germ
cells, competent sperm or oocytes taken from the gonads are fertilized in vitro by
intra-cytoplasmic sperm injection. Female patients can cryopreserve their oocytes for
future use before the depletion of the oocytes during the premature ovarian failure

(Délot and Vilain, 2018).

5. The RSPO protein family

5.1 The structure of RSPO proteins

hRSPO1 Sig. Seq. EllligERl. ElLIRER2 AR <R
hRSPO2 Sig-Sea. __ 45% . 5% . 43% . 19%
hRSPO3 Sig.Seq il il EENN SRt
hRSPO4 Sig: Seq; uuilibums il IR «21%

Figure 12. The human RSPO proteins. The four human RSPO proteins are
RSPO1-4, which have 263, 243, 292 and 234 amino acids, respectively. Sig, Seq:
signal sequence; FU-like CR1/2: two cysteine-rich furin-like repeats; TSR:
thrombospondin type1 repeat domain; BR: basic amino-acid-rich domain with variable
lengths. The percentages of identical amino acids show relative protein sequence
conservation. (Jin and Yoon, 2012)
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The R-spondin proteins belong to the thrombospondin type 1 repeat (TSR-1)
superfamily (de Lau et al., 2012) and were named as Rspo (roof plate-specific
spondin) after the finding that Rspo1 was specifically expressed at the roof plate of
neural tube in mice (Kamata et al., 2004). In mammals, there are four RSPO proteins:
RSPO1, RSPO2, RSPO3 and RSPO4, which are around 35 kDa secreted proteins.
The amino acid sequence identity of human and mouse RSPO members is
approximately 40-60% (Kazanskaya et al., 2004; Kim et al., 2006a; Nam et al., 2006).
RSPO proteins are composed of 4 main domains: N-terminus signal peptide
sequence, two amino-terminal furin-like repeats (FU1/2CR) domains, one
thrombospondin domain (TSP) and a C-terminus basic amino acid-rich (BR) domain
with variable length (Fig. 12). The signal peptide sequence at the N-terminus helps
RSPO proteins to be processed and secreted though the canonical secretory pathway
by endoplasmic reticulum and Golgi apparatus (Nam et al., 2006). The CR domain is
primarily in charge of interacting with RSPO receptors and later the activation of the
canonical WNT signaling pathway. In vitro, deletions or mutations of the CR domain
resulted in reduced activity of WNT signaling (Jin and Yoon, 2012; Kim et al., 2008; Li
et al., 2009). The TSR domain of RSPO protein engages in binding to
glycosaminoglycans and/or proteoglycans matrix (Kim et al., 2008; Ohkawara et al.,
2011) and is also able to strengthen the activity of RSPO proteins on canonical WNT
signaling along with the BR domain. The deletion of TSR and BR domains resulted

into less effective activation of canonical WNT signaling (Kim et al., 2008).
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5.2 RSPO and canonical WNT/B-Catenin signaling
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Figure 13. The various components involved in canonical RSPO/WNT/R-Catenin
signaling pathway. RSPO proteins promote the WNT/R-Catenin signaling pathway by
inhibiting the ubiquitination of FZD receptors (Li et al., 2015).

In the WNT/R-Catenin canonic signaling pathway, 3-Catenin is the mayor player
in the cascade to turn on the transcription of down-stream targets (Yu and Virshup,
2014). In the absence of WNT proteins, a destruction complex, which is mainly
composed of the scaffold proteins APC/AXIN and phosphorylase: glycogen synthase
kinase 3B (GSK3p), targets the cytoplasmic R-Catenin to the proteasome via
ubiquitination (Niehrs, 2012). As a consequence, only low levels of 3-Catenin are kept
in the cytoplasm. In the presence of WNT signaling, WNT proteins interacting with
Frizzled (FZD) receptors and co-receptors LRP5/6 can phosphorylate and activate the
cytoplasmic protein disheveled (DVL), which further dissociates the “destruction
complex” (Bili¢ et al., 2007; Zeng et al., 2007). Therefore, the accumulation of
stabilized R-Catenin in the cytoplasm leads to more 3-Catenin being translocated into

the nucleus (Janssen et al., 2006; Obrador-Hevia et al., 2010; Phelps et al., 2009).
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3-Catenin replaces Groucho to bind TCF and/or other tissue-specific activators,
acting as transcriptional activator to turn on the common or tissue specific target gene

expression (Cadigan and Waterman, 2012; Mosimann et al., 2009).

In order to avoid over-activating WNT/R-Catenin signaling, the abundance of FZD
on the membrane is controlled by the ubiquitination process. Ubiquitinated FZD could
be degraded by endocytosis, so that less receptor is available to react with WNT
ligands leading to less activity of WNT/R-Catenin signaling in the cell (Hao et al., 2012;
Koo et al.,, 2012). The ubiquitination is mediated by transmembrane RING
domain-containing E3 ubiquitin ligases ZNFR3 and RNF43, which are up-regulated by
WNT signaling as a negative feedback mechanism (Jimenez et al., 1996; Koo et al.,
2012). On the other hand, the ubiquitination of FZD is also negatively regulated by
RSPO proteins to sensitize cells to WNT signaling. RSPO bridges its receptors
LGR4/5/6 with ZNFR3/RNF43 though the two amino-terminal furin-like repeats
domains (FU1/2) to decrease the activity of ubiquitination to FZD and hence more
FZD receptor are available to receive the WNT signaling (Carmon et al., 2011; Glinka
et al., 2011; Hao et al., 2012; Xie et al., 2013). Recently, Rspo2/3, but not Rspo1/4,
have been shown to be able to activate WNT signaling pathway independently from
LGR receptors. Instead, their TSP/BR domains binding to the heparan sulfate
proteoglycans (HSPGs) together with FU1-ZNFR3/RNF43 interactions mediate the
endocytosis and clearance of the ZNRF3/RNF43 ligases from the cell surface

(Lebensohn and Rohatgi, 2017, 2018) (Fig. 13).

5.3 RSPO function
5.3.1 Rspo1

Rspo1 is not only essential for the embryonic female development (see
“Granulosa cells function and regulatory pathway” chapter) but also important for the
maintenance of epithelial stem cells and tissue homeostasis or repair in adults. Rspo1
and Lgr5 are highly expressed in the ovarian surface epithelial cells. Overexpression

of Rspo1 mediated by the Sf71-Cre transgene in the mouse ovary resulted in
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granulosa cell tumors indicating Rspo1 could act as an oncogene when its expression
was elevated ectopically (De Cian et al., 2017). Even though the loss of Rspo7 leads
to female-to-male sex reversal, some of these XX mutant mice remain sub-fertile and
give birth. However, the mutant mothers cannot feed their pups, because Rspo1
mutations also impair mammary gland development affecting duct side-branching and
further alveolar formation (Chadi et al., 2009). Overexpression of human RSPO1
driven by an immunoglobulin k promoter in mouse led to abdominal distention around
8 weeks of age, which is caused by the increase of the small intestine diameter,
length, and weight. Ectopic hRSPO1 induced hyper-proliferation of crypt cells caused
by stabilization of 3-Catenin and activation of the canonical WNT signaling pathway
(Kim et al., 2005). Just one damage-induced Lgr5 positive mouse liver cell (healthy
adult liver do not express Lgrb) is able to expand and colonize to form organoid in the
presence of RSPO1-based culture medium (Huch et al., 2013). Intravenous injection
of adenovirus expressing human RSPO1 (AdRSPO1) could increase the survival rate
of irradiated mice. The reactivated WNT/R-Catenin pathway by AARSPO1 treatment
can be observed in the irradiated lung (Guha and Saha, 2016). Transcriptomic
analyses showed that RSPO1 is among the most differentially expressed genes when

comparing the lung adenocarcinoma tumor to the normal tissues (Hsu et al., 2015).

Rspo1 is also expressed in the murine pancreatic islets and B-cell lines MING. In
vitro, adding RSPO1 in the culture media promoted the proliferation of MING cell line,
and induced the transcription of Insulin mRNA (Wong et al., 2010). In human, the level
of hRSPO1 in the blood is also significantly associated with obesity and insulin
resistance as patients in an obese group and an insulin-resistant group both have
significantly higher levels of circulating hRSPO1 in their blood compared to a lean
group and an insulin-sensitive group, respectively (Kang et al., 2019). The neurons of
the ventromedial nucleus of the hypothalamus (VMH) in rat express also Rspof.
Insulin is able to up-regulate the transcription of Rspo1. Ectopic expression of Rspo1

by injection into the third brain ventricle repressed food intake of rats (Li et al., 2014a).
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In the C2C12 myoblasts or primary satellite cells, overexpression of Rspo1
enhanced the expression of myogenic determination factor Myf5 (Han et al., 2011).
The overexpression of adult muscle stem cells marker Pax7 in the primary myoblasts
also strongly induces the transcription of Rspo? (Soleimani et al., 2012). Later, it was
proved that Rspo7 is an important mediator of skeletal muscle repair. The Rpso1
knock out muscle progenitor cells had less differentiation potential after acute injury.
The newly generated myotubes tend to fuse together and form larger myotubes with
supernumerary nuclei because of the affected canonical WNT/R-Catenin pathway

(Lacour et al., 2017).

5.3.2 Rspo2

Rspo2 is important for embryonic limbs development (Nam et al., 2007a). During
the development of the embryonic limbs, RspoZ2 is specifically expressed in the apical
ectodermal ridge (AER) (Nam et al., 2007b, 2007a). The Rspo2 knockout by targeted
inactivation in mice led to the absence of the claws in the forelimbs and hindlimbs.
The formation of fibula, metatarsals and phalanges in the distal hindlimb was severely
affected. In the AER, the canonical WNT/R-Catenin pathway target gene expression
and Sonic Hedgehog (SHH) signaling were significantly decreased. The expression of
AER-specific genes fibroblast growth factor 8 (FGF8) and FGF4 was not maintained
(Nam et al., 2007a). During the embryonic lung development, the Lgr6 and Rspo2
mediated acceleration of canonical WNT pathway is necessary for the branching of
the respiratory tract. Single knockout of Rspo2 or double knockout of Rspo2 and Lgr6
mice all had reduced branching in the lung and limb defects, but double knockout
mice showed more severe defects (Bell et al., 2008). RSPO2 together with FGF5, and
KRT71 are also found to control the coat color, growth pattern, length and curl of

purebred dog in the United States (Cadieu et al., 2009).
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5.3.3 Rspo3

Rspo3 is very important for the vasculature. The loss of Rspo3 is lethal around
E10.0 in mice because of severe defects of vasculature in the placenta (Aoki et al.,
2007). Rspo3 deficiency led to a decrease of VEGF signaling, mediated by the
canonical WNT/R-Catenin pathway (Kazanskaya et al., 2008). Nkx2-5 is specifically
required for second heart field (SHF) development, and its role in cardiogenesis is
achieved by strengthening the WNT signaling through up-regulating Rspo3
expression. Transgenic overexpression of Rspo3 can rescue the cardiac growth and
proliferation defects in Nkx2-5 mutants (Cambier et al., 2014). Specific Rspo3
expression in the endothelial cells of central vein during the perinatal and adult stages
is necessary for the onset and maintenance of the liver zonation. Rspo3 is
responsible for activation of the canonical WNT/R-Catenin pathway in the surrounding
areas of the central veins (Rocha et al., 2015). In the adrenal glands, Rspo3
expression is restricted to the capsule, which is important to the onset of adrenal
gland zonation during embryonic development. In the adult stage, Rspo3 is also
necessary to induce R-Catenin signaling to maintain the zona glomerulosa and for the
replenishment of lost cells (Vidal et al., 2016). The expression of Rspo3 in angiogenic
regions of embryonic heart coronary arteries is essential to promote the
arterial-specific proliferation to form the proper arterial tree through the regulation of

WNT/R-Catenin signaling (Da Silva et al., 2017).

5.3.4 Rspo4

In 2006, RSPO4 homozygous or heterozygous mutations were found in the
patients with anonychia and hyponychia congenita, which had no or severely
hypoplastic nails developed. In mouse, Rspo4 is specifically expressed in the
mesenchyme beneath the digit tip epithelium from E14.5 (Ishii et al., 2008), indicating
the key role of Rspo4 and associated WNT/R-Catenin signaling in the nalil
morphogenesis (Blaydon et al., 2006; Ishii et al., 2008). For the moment mouse

Rspo4 mutant phenotype has not been studied yet.

58



6. Thesis project
6.1 Rspo1 function in female sex determination

During sex determination, female development has often been considered as a
pre-programed developmental process in absence of the male sex determination
gene Sry. The discovery of XX ovotestes harboring Rspo1/Wnt4/Ctnnb1 mutations
challenged this view and built up the idea that female development during sex
determination is an active and autonomous process. R-spondin (Rspo) genes encode
one kind of secreted proteins that activate the canonical WNT/3-Catenin pathway by
inhibiting the degradation of WNT receptors. Rspo71 is a major regulator of ovary
development across species. Rspo?1 XX mutant gonads undergo female-to-male sex
reversal and develop into ovotestis, gonads with both male and female characteristics.
However, the molecular and cellular mechanisms behind this partial sex reversal

remain unclear.

Rspo1 has already been expressed in the lateral plate and intermediate
mesodermal cells (where gonads arise from) at E8.5, which is quite earlier than the
gonad formation ("E9.5) and sex determination ("E11.5). Although the constitutive
Rspo1 deletion proved Rspo1 is necessary for female sex determination, the exact
spatio-temporal requirement of Rspo1 is still unknown. In this study, we developed a
new mouse model allowing a conditional mutation of Rspo? (Rspo1™™¥) By taking
advantage of Sf1-Cre, Wt1°7"® and Wt1°°5R"2 transgenic lines, we can conditionally
knock out Rspo? at different time points in the somatic cells and determine when

Rspo1 function is required for the normal female development.

XX Rspo1/Wnt4/Ctnnb1 mutant gonads develop as ovotestes. XX ovotestis
developmental process involves the celomic vessel formation at E12.5; the ectopic
steroidogenic enzyme expression; the germ cell loss in the gonadal anterior part; the
pre-maturation and trans-differentiation of pre-granulosa cells. How these events
correlate with the final Sertoli-like cells differentiation is not clear yet. It has been

established that ectopic steroidogenic enzyme expression leads to a high level of
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testosterone, which in turn promotes the development of epididymis, and also that the
coelomic vessel formation is independent from ectopic testosterone action (Heikkila et
al., 2005). However, whether this high level of testosterone plays a role in the germ
cell loss, the pre-maturation and trans-differentiation of pre-granulosa cells has not
been reported yet. Therefore, by taking advantage of Rspo? constitutive mouse
model and a pharmaceutical inhibition method, we reevaluate the function of ectopic

testosterone action in the testicular development of XX Rspo71-deficient ovotestes.

6.2 Mutual antagonism between SRY/SOX9 and RSPO1/WNT4/R-Catenin

pathway

Sex determination is a highly sophisticated and ordered process where both male
and female gonads develop from a common bipotential gonad depending on different
activated signaling pathways. XY gonads develop into testes promoted by the
SRY/SOX9 pathway, whereas XX gonads develop into an ovary through the action of
the RSPO1/WNT4/R}-Catenin pathway. Notably, SRY/SOX9 pathway is essential and
sufficient to promote male development, whereas RSPO1/WNT4/3-Catenin pathway
is necessary to activate female development. These two pathways antagonize each

other in order to initiate and maintain male or female development.

Previous studies have reported that XY Sox9;Rspo? and Sox9;Ctnnb1 double
mutant gonads all had testicular differentiation even in the absence of Sox9, and XY
double mutants were more masculinized then the XX mutants. This could be due to
the fact that in the XY other targets of Sry promote the masculinization. However, we
can still observe granulosa cell marker Fox/2 expression and even follicles in both XY
Sox9;Rspo1 and Sox9;Ctnnb1 double mutant gonads. Do those cells represent a
female differentiation in XY Sox9;Rspo? and Sox9;Ctnnb1 double mutant gonads?
How those granulosa cell were differentiated and why they still persist after testicular
differentiation started? Here in our study, we took advantage of Wnht4;Sox9 double
knockout mouse model to study the gonadal sex determination and formation, in order
to answer those questions and to understand how Sox9 and Wnt4 interact with each

other in the male-female mutual antagonistic network.
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Abstract

Sex determination is a highly sophisticated and ordered process where both male
and female gonads develop from a common bipotential gonad depending on different
activated signaling pathways. XY gonad develops into a testis promoted by the
SRY/SOX9 pathway, whereas XX gonad develops into an ovary through the action of
the RSPO1/WNT4/B-Catenin pathway. R-spondin (RSPO) genes encode one kind of
secreted proteins that promote WNT/B-Catenin signaling by inhibiting the degradation
of WNT receptors. RSPO1 is a major regulator of ovary development across species,
and Rspo?1 XX mutant gonads undergo female-to-male sex reversal by developing
into ovotestes, gonads with both male and female characteristics. The molecular and
cellular mechanisms behind this partial sex reversal remain unclear. In this study, we
have developed a new mouse model allowing a conditional mutation of Rspo1. We
have shown that the critical window for RSPO1 requirement in the developing XX
mouse gonad is around E11.5, and that RSPO1 function is dispensable for ovarian
differentiation after this time point. We also found that ectopic expressions of
steroidogenic enzymes and androgen receptor are early events before the
emergence of trans-differentiated Sertoli-like cells. Through pharmacological
inhibition of androgen receptor, we have identified androgen signaling pathway as a
major actor promoting granulosa cells premature differentiation and
trans-differentiation into Sertoli-like cells in the female-to-male sex reversed XX
Rspo1 mutant gonads. This study brings new thoughts on the mechanisms of primary

sex determination in mammals evolving to avoid the effects from sex hormones.

Key words: Ovary development, sex determination, RSPO1, WNT signaling,
androgen
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Introduction

Primary sex determination or gonadal sex determination is the process by which
the bipotential gonad makes the developmental decision to become a testis or an
ovary. In mammals, XY heteromorphic sex chromosomes provide a system where XX
individuals develop as females, whereas XY individuals develop as males. This
system mainly depends on the presence of the male sex determining gene Sry on the
Y chromosome to launch testis development from the bipotential gonad (Koopman et
al., 1991; Sinclair et al., 1990). Sex hormones secreted by testis or ovary promote the
development of secondary sexual characteristics to maintain the sexual identity and
fertility in a process known as secondary sex determination (Nef et al., 2019). In
mouse and human, XX and XY individuals have initially two sets of reproductive duct
systems: Wolffian duct for male and Mullerian duct for female. Once the male pathway
is established, the androgens produced by Leydig cells promote Wolffian duct
development into male genital tract, while anti-Mullerian hormone (AMH) secreted by
Sertoli cells induces the regression of Mullerian ducts. Without the inhibition by AMH,
Mullerian ducts develop into female genital tract, while degradation of Wolffian ducts

in the absence of testosterone requires NR2F2 function (Zhao et al., 2017a).

In mice, Sry is expressed in XY gonads from embryonic day 10.5 to 12.5 (E10.5
to E12.5) (Harikae et al., 2013a). SRY directly binds to the distal and TESCO
enhancers to promote the expression of Sox9 (Gonen et al.,, 2018; Sekido and
Lovell-Badge, 2008) thus establishing the Sertoli cell lineage that will further
orchestrate testis development. As the top two hierarchical transcription factors, SRY
and SOX9 are both necessary and sufficient for testis development in human and
mice (Berta et al., 1990; Gregoire et al., 2011; Gubbay et al., 1990; Koopman et al.,
1991; Lavery et al., 2011b; Lovell-Badge and Robertson, 1990; Vidal et al., 2001;
Vilain et al., 1992). During the same period, XX gonadal supporting cells differentiate
into FOXL2 positive pre-granulosa cells and enter into mitotic arrest marked by the
expression of cyclin-dependent kinase inhibitor CDKN1B/P27 and the
down-regulation of CCNA1/CyclinA1 (Gustin et al., 2016; Nef et al., 2005). Ovarian
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development is driven by RSPO1/WNT4/R-Catenin signaling in mouse and human
(Biason-Lauber et al., 2004; Chassot et al., 2008a; Liu et al., 2009; Mandel et al.,
2008; Parma et al., 2006; Tomizuka et al., 2008; Vainio et al., 1999). Mouse XX
gonads harboring mutations in Wnt4, Rspo1 or Ctnnb1 (encoding [3-Catenin) develop
into ovotestes (Chassot et al., 2008a; Maatouk et al., 2013; Tomizuka et al., 2008;
Vainio et al., 1999), whereas ectopic activation of WNT/R-Catenin signaling in XY
gonads disrupts testicular development (Garcia-Moreno et al., 2019a; Harris et al.,

2018; Jordan et al., 2001; Maatouk et al., 2008).

The secreted protein RSPO1 acts at the top of this signaling cascade. In Rspo1
mutants, Wht4 expression and R-Catenin signaling are impaired, and stabilization of
R-Catenin is able to rescue the female-to-male sex reversal in XX Rspo1 mutants
(Chassot et al., 2008a). In contrast Rspo1 expression is not modified in Wnt4 or
Ctnnb1 mutants (Chassot et al., 2008a; Liu et al., 2009). RSPO1 binds to its receptors
LGR4/5, and inhibits the action of the transmembrane E3 ubiquitin ligases ZNRF3 and
RNF43. These two molecules are involved in targeting the WNT Frizzled receptor for
degradation by ubiquitination. Therefore, RSPO1, promotes WNT signaling by

decreasing the turnover of Frizzled receptor (Nusse and Clevers, 2017).

In the absence of RSPO1/WNT4/R}-Catenin signaling in XX mice, pre-granulosa
cells in the anterior part of the gonad (also called male part) exit mitotic arrest and
prematurely differentiate (Maatouk et al., 2013). These pre-matured granulosa cells
loose P27 expression and co-express FOXL2 and AMH at E17.5, similar to the
granulosa cells during folliculogenesis stages after birth (Maatouk et al., 2013; Nicol
and Yao, 2015). Subsequently, pre-matured granulosa cells loose FOXL2 expression
and trans-differentiate into SOX9/AMH double positive Sertoli-like cells, forming testis
cord-like structures around birth (Chassot et al., 2008a; Maatouk et al., 2013; Nicol
and Yao, 2015), that will become seminiferous tubules in the adult stages (Chassot et
al., 2008a). In addition to the supporting cell lineage defects visible near birth, sex
reversal and ovotestis formation in RSPO1/WNT4/R-Catenin signaling-deficient XX

gonads are characterized by additional phenotypes during embryonic development.
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Whnt4, Rspo1 and Ctnnb1 XX mutant gonads exhibit a male-like vasculature with the
formation of a celomic vessel at E12.5 by ectopic migration of endothelial cells from
the adjacent mesonephros (Chassot et al., 2008a; Jeays-Ward, 2003; Liu et al., 2009;
Tomizuka et al., 2008). In addition, Wnt4, Rspo1 and Ctnnb1 XX mutant gonads
contain ectopic steroidogenic cells that produce testosterone and masculinize the XX
genital tracts (Chassot et al., 2008a; Heikkila et al., 2002, 2005; Liu et al., 2009, 2010;
Tomizuka et al., 2008; Vainio et al., 1999). Finally, germ cells are lost through
apoptosis from E16.5 in Wnt4 and Ctnnb1 XX mutants (Liu et al., 2010; Tomizuka et
al., 2008; Vainio et al., 1999; Yao et al., 2004) or reduced proliferation from E12.5 in
Rspo1 XX mutants (Chassot et al., 2008a).

Despite the prominent role of RSPO1/WNT4/R-Catenin pathway in gonadal
development to promote ovarian development, little is known about the molecular and
cellular mechanisms underlying this process. In particular, it is currently unknown
whether RSPO1/WNT4/R-Catenin signaling is only required at the time of sex
determination to launch the ovarian program or whether it functions during the entire
gonadal development for the induction and maintenance of ovarian fate. In addition,
how the distinct sequential defects arising in Wnt4, Rspo1 and Ctnnb1 XX mutant
gonads relate to each other and contribute to the sex reversal phenotype in the

supporting cell lineage is currently unclear (Liu et al., 2010; Maatouk et al., 2013).

In this work, we have generated and validated a new genetic model for
conditional deletion of Rspo1. We demonstrate that RSPO1 function is required
around E11.5, and is dispensable at later stages for ovarian differentiation. We have
also addressed for the first time the impact of ectopic steroidogenesis on the
development of the supporting cell lineage in Rspo1 mutants. Our results indicate that
androgen signaling acts in the mutant pre-granulosa cells to promote their premature
differentiation and trans-differentiation into Sertoli-like cells. This observation provides
a link between an early consequence of Rspo? mutation, the formation of ectopic
steroidogenic cells, and the outcome of sex reversal and ovotestis formation near

birth.
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Results
Rspo1 expression and WNT/B-Catenin activity are dynamically regulated in the
early mouse gonad

Rspo1 is expressed in the lateral and intermediate mesoderm from E8.5, before
the formation of the genital ridge (Nam et al., 2007b). Rspo1 is then expressed in XY
and XX early gonads, and is specifically down-regulated in the developing testis
(Chassot et al., 2012, 2011; Jameson et al., 2012b; Munger et al., 2013; Stévant et al.,
2018a; Zhao et al., 2018). In order to compare the dynamics of Rspo1 expression and
WNT/R-Catenin pathway activity in developing gonads, we have performed
RNAscope® in situ hybridization with Rspo7 and Axin2 probes. Axin2, encodes a
negative regulator of WNT/R-Catenin signaling, directly regulated by R-Catenin in a
negative feedback loop, and whose expression can be used as a readout of the

pathway activity (Lustig et al., 2002).

We have found that at the 18 tail somites stage (18 ts, E11.5), Rspo? is
expressed in the developing gonad, including the celomic epithelium, of both XY and
XX individuals (Fig. 1A, D, (Chassot et al., 2012). Axin2 is expressed in XY and XX
gonads and in the adjacent mesonephros, indicating that WNT/R-Catenin signaling is
active in both sexes at this stage (Fig. 1G, J). Around 6 hours later, at the 21ts stage,
Rspo1 is still highly expressed in XX gonads (Fig. 1E). Rspo1 transcripts are detected
in the celomic epithelium and inside the gonad, but seem to be excluded from large
cells resembling germ cells. At this time, Rspo? expression is dramatically
down-regulated in XY gonads, although some transcripts are still present, specially in
the celomic epithelium (Fig. 1B). Accordingly, Axin2 expression is mostly restricted to
the celomic epithelium of 21 ts XY gonads (Fig. 1H), whereas it is detected in the
entire XX gonads at this stage (Fig. 1K). At E12.5, Rspo1 and Axin2 transcripts are
detected in the outer layer of the testis (Fig. 1C, I). Inside the gonad, testis
morphogenesis is ongoing and NR2F2 positive interstitial cells surround the forming
testis cords. Rspo1 is expressed in scattered NR2F2 negative cells, possibly Sertoli

cells (Fig. 1C), whereas Axin2 transcripts are more widely detected in the NR2F2
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positive interstitial cells and inside the forming testis cord structures (Fig. 11). In E12.5
females, Rspo1 is strongly expressed in the entire ovary (Fig. 1F). Rspo1 transcripts
are very abundant in NR2F2 negative cells that surround cells with large nuclei.
These Rspo1 positive cells are most likely pre-granulosa cells (Chen et al., 2012).
Axin2 is highly expressed in the E12.5 ovaries, both in NR2F2 positive and negative
populations (Fig. 1L), indicating widespread WNT/R-Catenin signaling in the ovary at

this stage.

Together, our results demonstrate that Rspo? expression and WNT/R-Catenin
activity are common features of the XX and XY early gonads, but are specifically
maintained in the developing ovary. Moreover, our observations indicate that while
Rspo1 is mainly expressed in pre-granulosa cells, WNT/[3-Catenin signaling is active

in all ovarian cell types.

Generation and validation of a new conditional allele of Rspo1

In order to investigate the spatiotemporal dynamics of Rspo7 requirement in the
developing mouse gonad, we have generated a new conditional mutant allele for
Rspo1, Rspo1™.  Exon2 is flanked by LoxP sites and upon CRE-induced
recombination both the start codon and the sequences coding for the secretion signal

will be deleted giving rise to the mutated Rspo125*? allele (Fig. 2A).

We first validated that deletion of Exon2 leads to a loss of function of RSPO1.
Rspo1™* male mice were crossed with Sox2-Cre transgenic females, where CRE is
constitutively active in the oocytes (Hayashi et al., 2003), to generate Rspo128x%*
animals (Fig. 2A). Rspo18?* males and females were normal and fertile (data not
shown), and when inter-crossed gave rise to Rspo7°5?28x2 individuals bearing a
constitutive deletion of Rspo? Exon2. Quantitative RT-PCR analysis of E11.5

Rspo1258?2Ex2 gonads revealed the presence of a mutated Rspo? mRNA lacking

Exon2 sequences (Fig. 2B).
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Histological analysis of the genital system of XX Rspo1*5#2£x2 P30 mice revealed
male and female structures in 100% of the animals examined (n=3). Oviduct and
uterus were present along with epididymis and vas deferens (Fig. 2C-E). This result
demonstrates that Wolffian duct derivatives were abnormally preserved and that the
genital tract of XX Rspo128?2Ex2 gnimals was masculinized. In addition, XX

1AEx2/AEx2

Rspo gonads developed as ovotestes containing ovarian follicles as well as
tubular structures resembling seminiferous tubules with Sertoli-like cells (Fig. 2 F-H).
XX Rspo1°5*22Ex2 gnimals display a pseudo-hermaphroditism phenotype similar to the
one previously described in other Rspo7 loss-of-function mouse models (Chassot et

al., 2008a; Tomizuka et al., 2008).

Immunofluorescence analysis confirmed that PO and E17.5 XX Rspo125x#AEx2
gonads developed as ovotestes (Fig. 2I-T and data not shown). The expression of the
granulosa cell marker FOXL2 was reduced when compared to XX control ovaries (Fig.
21-K). Moreover, in the anterior part of the gonad, FOXL2 was co-expressed with the
differentiated granulosa marker AMH (Fig. 2K), and the expression of the quiescence
marker P27 was lost (Fig. 2L-N). These observations are consistent with a hallmark
process in Rspo1 mutant gonads where disruption of mitotic arrest and precocious
differentiation of granulosa cells, precedes their trans-differentiation into Sertoli-like
cells (Maatouk et al., 2013). XX Rspo 128?22 gonads exhibited tubular structures
(similar to the XY control testis cords) containing cells expressing SOX9 and AMH,
1AEX2/AEX2

indicating that Sertoli-like cells develop in the anterior region of XX Rspo

gonads (Fig. 20-Q) (Maatouk et al., 2013).

Reduced proliferation leads to a depletion of germ cells in the anterior region of
XX Rspo1 mutant ovaries (Chassot et al., 2011). A strong reduction of the germ cell

population was also observed in the anterior part of XX Rspo14Ex2AEx2

gonads (Fig.
2L-N). Previous work has demonstrated that RSPO1 loss-of-function also results in
the ectopic formation of steroidogenic cells leading to the production of testosterone

by the new-born mutant ovotestis and the abnormal maintenance of Wolffian duct
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derivatives (Chassot et al., 2008a; Tomizuka et al., 2008). The anterior region of XX
Rspo1°E8?2Ex2 gonads contained cells expressing the steroidogenic enzyme HSD3R
that were never observed in control ovaries at this stage (Fig. 2R-T). This indicates
that XX Rspo 128?252 gonads contain "male-like" testosterone producing cells at the
origin of the observed masculinization of the genital tract. Finally, similar to other

Rspo1 loss-of-function models, XX Rspo12Bx#AEx2

gonads show the presence of a
celomic vessel normally found exclusively in XY control gonads (Chassot et al., 2008a;

Tomizuka et al., 2008, data not shown).

Together these observations demonstrate XX Rspo 1°5#26x2 mutants recapitulate
all aspects of the Rspo? mutant phenotype previously described and strongly indicate

the Rspo 1252 allele is a loss-of-function allele.

Rspo1 deletion in the early gonad leads to XX ovotestis formation

In order to investigate whether RSPO1 is specifically required in the gonad for
ovarian formation, we used two constitutive CRE lines previously employed to target
somatic gonadal tissue in mice, Sf7-Cre and Wt1-GFP-Cre (Bingham et al., 2006;
Nicol and Yao, 2015; Zhou et al., 2008). Histological analysis of W16,
Rspo1™1ex XX individuals revealed the presence of an epididymis as well as tubular
structures resembling testis cords in the gonad at PO (n=8/8, Fig. 3A-C). Wt1C6FP-crer;
Rspo1™Mx XX gonads displayed all the characteristics of RSPO1-loss of function
induced sex reversal in the anterior part of the gonad: reduced FOXL2 and P27
expression (Fig. 3G-l, 3J-L), presence of Sertoli-like cells expressing SOX9, AMH and
DMRT1 (Fig. 3D-F, 3G-), reduced germ cell numbers, ectopic steroidogenic cells and
ectopic celomic vessel formation (data not shown). In contrast, Sf1-Cre'?’; Rspo 170x/ox
XX individuals did not show any morphological or molecular sign of sex reversal at PO
(n=0/3 Fig. 3A'-C', 3D-L"). Similar results were obtained at P30: all Wit1CF-cres;
Rspo1™¥1ox XX gonads were ovotestes with follicles and seminiferous tubules (n=9/9,
Fig. 3M-O and Fig. S1-L), whereas only a small fraction of Sf1-Cre'?’; Rspo 1™/

showed evidence of masculinization (n=4/16, Fig. 3M'-O' and Fig. S1-K).
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By using a fluorescent reporter line we have observed that, as previously
described, the Sf71-Cre transgenic line does not target efficiently the celomic
epithelium of the early E11.5 gonad, a tissue with high Rspo71 expression (Manuylov
et al., 2008, 2011, Fig. S1 A-F). Quantitative RT-PCR analysis of Sf1-Cre'’;
Rspo1™1x gonads recovered at E11.5 and PO confirmed the incomplete deletion of
Exon2 sequences by Sf1-Cre at both stages (Fig. S1 G-J). These results indicate that
XX female-to-male sex reversal is only induced when Rspo1 is efficiently deleted in

the early gonad.

RSPO1 function is required at the time of sex determination but is dispensable
at later stages of ovarian differentiation

CRE expression driven from the Wt1 locus is sufficient to efficiently delete Rspo1
and induce XX sex reversal (Fig. 3). To further investigate the temporal window of
RSPO1 function requirement in the developing gonad we made use of the inducible
Wt1°°ERT2 line (Zhou et al., 2008). Rspo 1™/ females were crossed with Wt1CeERT2*
Rspo1™fx males. Pregnant females were treated with tamoxifen by oral gavage at
9.5, 10.5, 11.5 or 12.5 days of gestation and litters were dissected at E17.5 (Fig. 4A).
Quantitative RT-PCR analysis of Wt15¢ER™*: Rspo1™¥iox XX gonads treated with
tamoxifen at E10.5 and dissected at E11.5, or treated with tamoxifen at E11.5 and
dissected at E12.5, revealed that irrespective of the initial time of tamoxifen treatment,
Rspo1 Exon2 was completely deleted 24 hours after induction of CRE activity (Fig.
4B-C).

CRE activity induced at E9.5 and E10.5 (early deletion) resulted in sex reversal of
Wi1CreERT2 - Rgpo 17¥iox XX individuals similar to the one observed in Rspo75*#AEx2
XX gonads at E17.5 (Fig. 4 and data not shown). FOXL2 expression was reduced and
prematurely differentiated granulosa cells co-expressing FOXL2 and AMH were
observed after CRE induction at E10.5 (Fig. 4G). Trans-differentiated Sertoli-like cells

1CreERT2/+.

co-expressing SOX9 and AMH were found in the anterior region of Wt ;

Rspo1™Mx XX gonads treated with tamoxifen at E10.5 (Fig. 4L). Moreover, early
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deletion of Rspo1 also resulted in germ cell depletion (Fig. 4Q) and ectopic presence
of steroidogenic cells (Fig. 4V). In contrast, CRE activity induced at E11.5 or E12.5
(late deletion) did not interfere with ovarian development of Wit1eERT2*: Rgpo1mox/iox
XX individuals (Fig. 4H, M, R, W and data not shown). These observations were
confirmed when P10 gonads were examined. Early deletion of Rspo17 resulted in the
formation of ovotestis with testis cords containing SOX9 expressing cells (Fig. 4 Z),
whereas late deletion of Rspo1 did not interfere with the formation of normal ovarian

structures (data not shown).

These results demonstrate that deletion of Rspo? from E11.5 (tamoxifen
induction at E10.5) leads to XX sex reversal, whereas loss-of-function of Rspo1 after
E12.5 (tamoxifen induction at E11.5) does not impair ovarian development. We
conclude that RSPO1 function is required for ovarian development at the time of
gonadal sex determination around E11.5, but is dispensable after this stage for

ovarian differentiation.

Ectopic steroidogenesis and Androgen Receptor expression precede granulosa
to Sertoli-like cell trans-differentiation in XX Rspo7 mutants

We next investigated the early phenotypic changes caused by Rspo? loss of
function. WNT/R-Catenin pathway activity revealed by the expression of the targets
Whnt4, Lefl and Axin2 was already significantly down-regulated at the 22-23 tail
somite stage in E11.5 XX Rspo7 mutant gonads (Fig. 5A-C). The expression of the
granulosa cell marker FoxI2 is regulated at least in part by WNT/R-Catenin signaling
(Auguste et al., 2012; Nicol and Yao, 2015; Ottolenghi et al., 2007). Accordingly, we
found that Fox/2 expression levels were reduced from E11.5 in XX Rspo7 mutant
gonads (Fig. 5D). The secreted Activin inhibitor Follistatin (FST) is required in XX
gonads to prevent the migration of mesonephros derived endothelial cells that form
the celomic vessel in XY gonads (Jeays-Ward, 2003; Yao et al., 2004). Fst expression
is dependent on WNT/R-Catenin and FOXL2 in mouse gonads (Chassot et al., 2008a;

Nicol et al., 2018; Yao et al., 2004). We found a strong down-regulation of Fstin E11.5
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XX Rspo1 mutant gonads (Fig. 5E). The Sertoli markers Sox9, Sox8 and Amh were
not up-regulated in XX Rspo? mutants at this stage when compared to XX control
littermates (Fig. 5F-H). Instead, we found a strong up-regulation of the expression of
genes involved in the steroidogenic pathway at E11.5. Genes encoding enzymes
involved in sterol biosynthesis from cholesterol such as Star, Cyp11a1, Cyp17a1 and
Hsd17b3 were up-regulated in XX Rspo1 mutant gonads (Fig. 5J-M). In addition, the
expression of androgen receptor (Ar) involved in androgen binding and signaling was

strongly up-regulated in XX Rspo1 mutant gonads (Fig. 5I).

Despite the up-regulation of steroidogenic enzymes and androgen receptor at the
MRNA level in XX E11.5 Rspo71 mutant gonads, we could only observe ectopic
expression of the corresponding proteins from E14.5 onwards (Fig. 6 and data not
shown). This discrepancy might be due to the Ilower sensitivity of the
immunofluorescence technique or to post-transcriptional regulation events that delay

the appearance of the corresponding proteins.

Steroidogenic cells marked by the expression of HSD3R and CYP11A1 were first
observed in XX Rspo? mutant gonads at E14.5 (Fig. 6 C), and were very abundant in
E17.5 mutant gonads (Fig. 6L). The anterior region of XX Rspo1 mutant gonads at
E14.5 contained AR positive cells that were never observed in the control XX gonads
at this stage (Fig. 6F). Interestingly, some AR positive cells also expressed FOXL2,
indicating that pre-granulosa cells are competent to respond to androgen signaling in
Rspo1 mutants from E14.5 (inset in Fig. 6F). AR expression extended to a large part
of the mutant gonad at E17.5. AR was co-expressed with NR2F2 in interstitial cells
that were very abundant in the mutant gonad, resembling the situation in XY testis
(Fig. 6M, O). AR was also co-expressed with FOXL2 in granulosa cells (Fig. 6R). At
E14.5, the Sertoli cell marker SOX9 was not expressed in Rspo? mutants and the
germ cell population marked by TRA98 appeared unchanged when compared to
control littermates (Fig. 61). In contrast at E17.5, SOX9 expressing cells were readily

observed in the anterior region of Rspo? mutants and the reduced germ cell
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population was confined to the posterior region (Fig. 4K, 4P).

Together these results demonstrate that ectopic steroidogenesis and ectopic
androgen receptor expression are early phenotypic features in the sex reversal
process triggered by Rspo? loss of function that precede germ cell loss and

Sertoli-like cell differentiation.

Inhibition of androgen signaling rescues sex reversal in Rspo7 mutant gonads
In order to determine the role of androgen signaling in the sex reversal phenotype
of Rspo1 mutants we made use of the non-steroidal anti-androgen flutamide.
Flutamide exerts its action through competitive inhibition of the binding of testosterone
and its metabolite 5-a dihydrotestosterone (5-a-DHT) to the androgen receptor
(Welsh et al., 2006). Rspo1“5?* females crossed with Rspo1*E?“£2 males were
injected with flutamide (200mg/kg body weight) or oil once daily from E10.5 to E18.5.
Flutamide treated fetuses recovered at E18.5 appeared morphologically normal and
showed similar body weight to those treated with the oil vehicle, indicating that the
selected flutamide dose was not toxic for embryonic development (Fig. 7A).
Anogenital distance (AD) is a read-out of prenatal androgen signaling with male
fetuses displaying a higher AD than their female littermates (Schwartz et al., 2019)
(Fig. 7B). We observed a significant reduction of AD in flutamide treated XY fetuses
recovered at E18.5, demonstrating that androgen signaling is efficiently inhibited in
developing fetuses upon flutamide treatment of pregnant females (Fig. 7B). XX Rspo1
mutants show a masculinization of the genital tract evidenced by the presence of an
epididymis and vas deferens in addition to the oviduct and uterus (Fig. 7E). In
flutamide treated XX Rspo7 mutants, these Wolffian duct derived structures were
absent and the genital tract was similar to the one of XX controls (Fig. 7F). These
observations are in agreement with a previous report (Tomizuka et al., 2008) and
demonstrate that flutamide treatment can efficiently inhibit androgen signaling in XX

Rspo1 mutant fetuses and rescue the masculinization of their genital tract.
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We next sought to determine the impact of androgen signaling inhibition on the
development of the Rspo?1 mutant gonad by quantitative RT-PCR analysis (n=4 to 6).
The expression of the granulosa cell marker Fox/2 and of the quiescence marker P27
were significantly up-regulated in flutamide treated XX Rspo?1 mutants, reaching
levels comparable to those of XX control gonads (Fig. 71, J). In addition the
expression of the Sertoli or mature granulosa cell marker Amh and of the Sertoli
marker Sox9, were reduced in the gonads of XX Rspo1 mutants treated with flutamide,
when compared to oil treated XX mutants (Fig. 7G, H). These results indicate that
inhibition of androgen signaling in XX Rspo? mutants inhibits Sertoli-like cell
differentiation and restores female supporting cells gene expression. The expression
of the germ cell marker Ddx4, was also significantly increased in flutamide treated XX
Rspo1 gonads, indicating that inhibition of androgen signaling rescues germ cell loss
in Rspo1 mutants (Fig. 7N). The expression of the interstitial marker Nr2f2, of the
steroidogenic enzyme coding gene Cyp771a, and of Ar were also down-regulated in
flutamide treated XX Rspo1 gonads compared to oil treated mutants (Fig. 7K, L, M)..
These observations indicate that androgen receptor expression and ectopic
steroidogenesis are positively regulated by androgen signaling in Rspo? mutant

ovaries.

In order to confirm the rescue of Rspo1 mutant phenotypic features by androgen
signaling inhibition, we performed a comparative quantitative immunofluorescence
analysis on E18.5 XX Rspo1 mutant gonads treated with oil or flutamide between
E10.5 and E18.5 (Fig. 8). Flutamide treatment reduced the number of cells
co-expressing SOX9 and AMH in XX Rspo? mutants when compared to oil treated
mutants (Fig. 8C-D, M), indicating that Sertoli-like cell differentiation in Rspo?1 mutant
ovotestes was dependent on androgen signaling. In addition, the number of cells
expressing FOXL2 and P27 was significantly increased in XX Rspo7 mutant gonads
treated with flutamide (Fig. 8C-D, G-H, N). These results confirmed that the granulosa
to Sertoli-like cell trans-differentiation was impaired by androgen signaling inhibition in

XX Rspo1 mutant gonads. Immunofluorescence analysis of TRA98 distribution
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revealed that germ cell numbers were increased in XX Rspo7 mutants treated with
flutamide compared to oil treated mutants (Fig. 8G-H, N) strongly suggesting that
ectopic androgen signaling is deleterious to germ cell development in XX Rspo1
mutant gonads. The number of interstitial cells co-expressing NR2F2 and AR, and of
steroidogenic cells expressing HSD3R was also significantly reduced by flutamide
treatment in XX Rspo? mutant gonads (Fig. 8K-L, O). This observation indicates that
inhibition of androgen signaling can partially recue the ectopic interstitial and

steroidogenic cells phenotypes of XX Rspo1 mutants.

We have shown that inhibition of androgen signaling during fetal life can rescue
the gonadal phenotype of sex reversal in Rspo7 mutants. These observations indicate
that androgen signaling has a positive role in promoting the female-to-male sex

reversal of Rspo1 mutants.

Androgen signaling contributes to granulosa cell premature differentiation in
Rspo1 mutants

In order to investigate the early effects of ectopic androgen signaling in Rspo1
mutants we used a shorter flutamide treatment, from E10.5 to E15.5. At E15.5,
untreated Rspo1 mutants exhibit ectopic steroidogenesis as shown by the increased
expression of Cyp11al and Cyp17ai1 as well as increased Ar expression when
compared to XX controls (Fig. 9A-C). At this stage, the expression of the germ cell
marker Ddx4 is similar to that of XX controls indicating that germ cell proliferation and
survival defects become apparent after E15.5 in XX Rspo? mutants (Fig. 9D).
Concerning the supporting cell gene expression, oil treated Rspo7 mutant XX gonads
show down-regulation of Fox/2 but do not exhibit up-regulation of Sox9 (Fig. 9E, G).
Nevertheless, high levels of Amh transcripts can already be detected in oil treated XX
Rspo1 mutants at this stage (Fig. 9H). These observations confirm that premature
granulosa differentiation has started in Rspo? mutants at E15.5 whereas the
granulosa to Sertoli-like cell tans-differentiation process will only start around E17.5

(Maatouk et al., 2013). Flutamide treatment reduced the expression of Cyp7171af,
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Cypi17a1 and Ar in XX Rspo1 mutants at E15.5 further confirming that androgen
signaling sustains ectopic steroidogenesis in Rspo1 mutants (Fig. 9A-C). Importantly,
we found that the expression of Amh was significantly reduced in flutamide treated XX
Rspo1 mutants at E15.5 (Fig. 9H). This result indicates that inhibition of androgen
signaling can rescue the premature differentiation process of granulosa cells in XX
Rspo1 mutants, the first step in the process of female-to-male sex reversal of the

supporting cell population in Rspo? mutants.
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Discussion

Female sex determination is an active and autonomous process; whose
progression needs the action of RSPO1/WNT4/R-Catenin signaling. By taking
advantage of a new conditional knockout mouse model, we have identified the critical
window of requirement for RSPO1 in mouse ovarian development around E11.5.
RSPO1 dependent signaling is dispensable for later development of the ovary. We
have established that ectopic steroidogenesis is an early defect of Rspo1 mutants
preceding germ cell loss and granulosa to Sertoli-like cell trans-differentiation. We
have demonstrated that ectopic androgen signaling not only contributes to the
masculinization of the genital tract in XX Rspo? mutants, but also promotes the
progression of the female-to-male sex reversal process in the supporting cells of the

mutant gonads.

Rspo1 regulation in the early gonad

In agreement with previous reports, we have shown that Rspo? expression and
WNT/R-Catenin signaling are present in early XX and XY gonads (Munger et al., 2013;
Stévant et al., 2017, 2018a; Zhao et al., 2018). This observation is consistent with the
finding that the gonad is initially a bipotential organ containing undifferentiated
precursors with similar expression profiles in both sexes (Stévant and Nef, 2019).
SRY expression starting at E10.5 in the XY gonad activates Sox9 expression and
initiates the genetic cascade leading to Sertoli cell specification and testis
development (Gonen et al., 2018; Harikae et al., 2013a; Sekido and Lovell-Badge, 2008).
Rspo1 expression and WNT/R-Catenin signaling are down-regulated as testis
development proceeds, except in the celomic epithelium where WNT/R-Catenin
signaling is required for proliferation of epithelial progenitors (Chassot et al., 2012).
Down-regulation of WNT/R-Catenin signaling is essential for testis development as
over-activation of this pathway in XY gonads leads to male-to-female sex reversal
(Garcia-Moreno et al., 2019a; Harris et al., 2018; Maatouk et al., 2008), however the
precise mechanisms driving down-regulation and maintenance of Rspo? in the XY

and XX gonads respectively are currently unknown. Rspo? expression is up-regulated
78



in E11.75 XY Fgf9 mutants, despite the presence of SOX9 protein (Jameson et al.,
2012a), indicating that Sox9 activation might not be the only event involved in Rspo1

down-regulation in the developing testis (Lavery et al., 2011b).

Transcriptomic analyses on isolated gonadal cells have indicated that Rspo1 is
expressed in supporting cells and to a lesser extent in interstitial cells of developing
ovaries (Jameson et al., 2012b; Stévant et al., 2018a). Our expression analysis
demonstrates that, in the intact whole gonad, Rspo? is mainly expressed in the
pre-granulosa supporting cell lineage, although Rspo7 transcripts can also be

observed in NR2F2 positive interstitial cells at E12.5.

RSPO1 is not required after E12.5 to maintain granulosa cell identity

Rspo1 is expressed in pre-granulosa cells of the developing ovary and is
down-regulated after birth (De Cian et al, 2017; Stévant et al.,, 2018a).
Gain-of-function of RSPO1 in the post-natal ovary leads to tumor formation, and
suggests that RSPO1 regulates important aspects for the maintenance of epithelial
cell characteristics in pre-granulosa cells (De Cian et al., 2017). We have shown that
deletion of Rspo1 after E12.5 (tamoxifen induction at E11.5) does not impair ovarian
development. This observation indicates that after the critical window of requirement
of RSPO1, once ovarian development has been launched, Rspo? is dispensable to
maintain pre-granulosa cell identity. FOXL2 might co-operate with WNT/[3-Catenin
signaling for the maintenance of pre-granulosa cells in XX gonads (Auguste et al.,
2012; Ottolenghi et al., 2007). However, we cannot exclude that Rspo1 deletion after
E12.5 impacts adult ovarian physiology, as we did not analyze these mutant ovaries

after P10.

RSPO1 is required in the early gonad for ovarian development
We have established that Rspo? deletion before E11.5 (tamoxifen induction at
E9.5 or E10.5) leads to XX ovotestis formation and that WNT/R-Catenin signaling is

severely reduced in XX Rspo1 mutants from E11.5. The phenotype of Rspo?1 mutants
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can be rescued by overexpression of active B-Catenin (Chassot et al., 2008a),
demonstrating that RSPO1 functions through the activation of the WNT/R-Catenin
signaling in the ovary. Therefore, with our Rspo1 conditional deletion mouse model,
we have established the critical window of requirement for WNT/3-Catenin signaling
in ovarian development around E11.5. The full development of ovotestes with
trans-differentiated Sertoli-like cells only occurs around perinatal stages in Rspo7,
Whnt4 and Ctnnb1 mutants (Chassot et al., 2008a; Liu et al., 2009; Maatouk et al.,
2013; Nicol and Yao, 2015; Vainio et al., 1999). Ovotestis formation appears to be a
sequential process with different phenotypic features controlled by distinct genetic
cascades. How do the events leading to full ovotestis development relate to each

other and to the early requirement of RSPO1 function?

One important aspect of the masculinization of XX gonads in Rspo1, Wnt4 and
Ctnnb1 mutants is the presence of a male-like vasculature with the formation of a
celomic vessel at E12.5 (Chassot et al., 2008b; Jeays-Ward, 2003; Liu et al., 2009;
Tomizuka et al., 2008). Ectopic vasculature formation in Wnt4 mutants is caused by
ectopic endothelial migration from the mesonephros in response to enhanced Activin
B signaling occurring upon up-regulation of the Activin B subunit Inhibin beta B
(Inhbb), and the down-regulation of Fst expression (Jeays-Ward, 2003; Yao et al.,
2006, 2004). Fst expression is regulated by WNT/R-Catenin signaling and FOXL2
(Kashimada et al., 2011; Liu et al., 2009; Nicol et al., 2018; Yao et al., 2006, 2004).
We show here that Wnt4, the WNT/3-Catenin targets Axin2 and Lef1, FoxI2 and Fst
are down-regulated as early as E11.5 in Rspo?1 mutants, providing a link between
RSPO1 function in the early gonad and the formation of the celomic vessel around
E12.5. Nevertheless, abnormal male-like vasculature formation is independent from
the appearance of other ovotestis phenotypic features, as Fst mutants exhibit XX
celomic vessel but do not show ectopic steroidogenesis or Sertoli-like cells formation
(Yao et al., 2004), and rescue of celomic vessel formation does not rescue ectopic

steroidogenesis in Wnt4,;Inhbb double mutants (Yao et al., 2006).
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Another common feature of XX gonads lacking Rspo1, Wht4 or Ctnnb1 is the
presence of ectopic steroidogenic cells (Chassot et al., 2008a; Liu et al., 2009;
Tomizuka et al., 2008; Vainio et al., 1999). In this work we have shown that ectopic
expression of components of the steroidogenic biosynthetic pathway and of the
Androgen Receptor are early phenotypic features of XX Rspo7 mutants that precede
the premature differentiation of granulosa cells and their trans-differentiation into
Sertoli-like cells. Furthermore, we have demonstrated that inhibition of androgen
signaling from E10.5 rescues first the premature differentiation of pre-granulosa cells
at E15.5 and then the trans-differentiation into Sertoli-like cells at E18.5. Previous
work had demonstrated that testosterone is present in Wnt4 and Rspo? mutant
ovotestes at birth, and that inhibition of androgen signaling with flutamide rescued the
masculinization of the genital tract in Wnt4, Rspo1 and Ctnnb1 mutants (Heikkila et al.,
2005; Liu et al., 2010; Tomizuka et al., 2008). However, our report is the first to
establish a link between the early appearance of ectopic steroidogenic cells, and the
progression of female-to-male sex reversal in the supporting lineage of XX Rspo1

mutant ovotestes.

Origin of ectopic steroidogenic cells in Rspo7 mutants

In XY gonads, fetal Leydig cells differentiate and produce androgens as early as
E12.5, whereas in XX gonads, steroidogenic theca cells appear only after birth.
Single-cell RNA-seq studies, indicate that male and female gonadal steroidogenic
cells differentiate from a common interstitial progenitor cell, marked by NR2F2
(Stévant et al., 2017, 2018a). We observed abundant NR2F2 positive interstitial cells
surrounding the testis cord-like structures in Rspo7 mutant ovotestes, and these cells
might contain the precursors of the ectopic steroidogenic cells. Hedgehog signaling
pathway promotes steroidogenic cell differentiation from interstitial cells. Desert
Hedgehog (DHH) secreted from Sertoli cells promotes fetal Leydig cell formation in
embryonic testes (Yao et al., 2002), whereas DHH and Indian Hedgehog (IHH)
produced by mature granulosa cells promote the differentiation of theca cells in the

post-natal ovary (Liu et al., 2015a). Despite these temporal differences, embryonic
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ovarian interstitial precursors are competent to differentiate into steroidogenic cells.
Ectopic activation of Hedgehog signaling in the developing ovary leads to ectopic
formation of fetal Leydig cells (Barsoum et al., 2009). Dhh expression is up-regulated
in XX Rspo1 mutants (Tomizuka et al.,, 2008) and data not shown) and might
contribute to the ectopic differentiation of steroidogenic cells from interstitial

precursors.

NR2F2 positive interstitial precursors are derived from two sources: the celomic
epithelium where they share a common origin with supporting cells, and the
gonadal-mesonephric border (Rotgers et al., 2018). Ectopic steroidogenic cells in
Wnt4 and Ctnnb1 arise at least in part from the aberrant migration of adrenal
precursors from the mesonephros (Heikkila et al., 2002; Jeays-Ward, 2003; Liu et al.,
2009). However, steroidogenic cells in XX Rspo1 mutants do not express adrenal
markers (Chassot et al., 2008a). Further work will be required to determine the origin

of interstitial precursors and steroidogenic cells in Rspo1 mutants.

Androgen signaling promotes Sertoli-like cell differentiation in Rspo7 mutants.

In Rspo?1 mutants, Sertoli-like cells arise through trans-differentiation of
pre-matured granulosa cells, but the mechanisms of this trans-differentiation process
are poorly understood. Single-cell RNA-seq analyses have provided evidence that
Sertoli cells and granulosa cells share a common bipotential supporting cell precursor.
Even after their differentiation, Sertoli cells and granulosa cells still share common
transcriptional profiles despite the presence of sex specific genes, which makes the
trans-differentiation between these two cell types much more likely (Stévant et al.,
2017, 2018a). FOXL2 is required to maintain the identity of granulosa cells in the adult
ovary but not during fetal stages (Ottolenghi et al., 2005). However, FOXL2
overexpression in somatic cells of the embryonic testis represses Sertoli cell
differentiation (Nicol et al., 2018). Moreover, XX Fox/2;Wnt4 and FoxI2;Rspo1 double
mutant gonads show enhanced Sertoli-like cell differentiation compared to the

corresponding Wht4 or Rspo1 single mutants (Auguste et al., 2012; Ottolenghi et al.,
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2007). Decreased FOXL2 expression in Rspo? mutants might therefore contribute to

the trans-differentiation of granulosa cells into Sertoli-like cells.

In this work we have shown that inhibition of androgen signaling in Rspo1
mutants reduces the premature differentiation of granulosa cells in E15.5 gonads
(marked by Ar and Amh expression) and their trans-differentiation into Sertoli-like
cells at E18.5, strongly suggesting that androgens can promote Sertoli-like cell
differentiation in Rspo? mutant ovotestes. Testosterone has also been shown to
promote the progressive appearance of Sertoli-like cells in E13.5 wild-type ovaries
grafted into male mice (Harikae et al., 2013b; Miura et al., 2019). Similar to the
situation in XX Rspo? mutant gonads, Sertoli-like cell differentiation in the ovarian
graft only occurs following the up-regulation of AR and AMH expression in granulosa
cells (Miura et al., 2019). AR expression is a key event in the process of androgen
dependent granulosa to Sertoli-like cell trans-differentiation process. Control XX
embryonic gonads show very low AR expression and might not be able to respond to
ectopic androgens. Along this line, ovaries containing Leydig cells after
over-activation of the Hedgehog pathway or dihydrotestosterone treated control
ovaries do not show ectopic Sertoli-like cell formation (Barsoum et al., 2009); Fig. S2).
We have found that flutamide treatment inhibits Ar expression in E15.5 and E18.5
Rspo1 mutant gonads, indicating that Ar expression is somehow dependent on
androgen signaling. Future work will aim at elucidating the molecular mechanisms

involved in the initial up-regulation of Ar expression in Rspo1 mutants.

Role of androgens in germ cell survival

Androgen pathway inhibition by flutamide treatment can also rescue the germ
cells loss in XX Rspo1 mutants at E18.5. This might be an indirect result of the rescue
of pre-granulosa cells and the decrease in Sertoli-like cell differentiation (Hunt et al.,
1998), or might be linked to a rescue of the proliferation defects observed in XX
Rspo1 mutant germ cells (Chassot et al., 2008a). Flutamide treatment did not rescue

germ cell loss in Ctnnb1 mutants (Liu et al., 2010). The different outcomes of
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flutamide treatment might be explained by the lower dose of flutamide used in the
Ctnnb1 mutant study. Alternatively, germ cell loss might be caused by different
mechanisms in Ctnnb1 and Rspo1 mutants. Indeed, in Wnt4 and Ctnnb1 mutants,
germ cells undergo massive apoptosis from E16.5 and only 10% of germ cells survive
at birth (Liu et al., 2010; Vainio et al., 1999; Yao et al., 2004), a phenotype that has not

been not observed in Rspo?1 mutants (Chassot et al., 2011).

Evolutionary perspective and Implications for disease

In mammals, it is generally assumed that sex hormones do not have major
effects on the primary sex determination, since testis development of the XY fetus is
not affected by maternal estrogen and ovary development of XX fetus could not be
masculinized by ectopic androgens (Capel, 2017). However, in some case like the
freemartin syndrome in cattle, circulating factors from a male embryo can reach its
female twin through the shared blood supply and cause masculinization of the genital
organs including the formation of SOX9 positive Sertoli-like cells (Padula, 2005). In
our study, we found the androgen signaling pathway promotes female-to-male sex
reversal in the Rspo? deficient ovotestes, a process that requires both ectopic
steroidogenesis and ectopic AR expression. These findings suggest that a strategy
established in mammals to avoid in-utero effects of the outside sex hormone rich
environment is the suppression of AR expression and signaling in the XX gonad

during embryonic development by canonical WNT signaling.

In our study, we found that it is possible to prevent the process of female-to-male
sex reversal in Rspo71 mutants during embryonic stages by inhibiting androgen
signaling pathway, which brings new thoughts and hopes for hormonal treatments in
patients with Disorders of Sex Development induced by mutations in RSPO1, WNT4
or CTNNBH1.
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Materials and Methods
Mouse strains and genotyping

The experiments described herein were carried out in compliance with the
relevant institutional and European animal welfare laws, guidelines and policies. All
the experiments were approved by the French Ministére de I'Education Nationale, de
'Enseignement Supérieur et de la Recherche (APAFIS# 12879-2017120711347631,
2017121515109323, 2018061816265103). All mouse lines were kept on a mixed
129/C57BI6/J background. The Rspo1™’* mouse line where Rspo? Exon2
sequences are flanked by LoxP sites was produced by the Institut Clinique de la
Souris (Strasbourg, France). Rspo15?* mouse line was obtained by crossing
Rpso1™”* males with Sox2:Cre'° females (Hayashi et al., 2003). Deletion by CRE
occurred at the one-cell stage, thus generating Rspo1°5?* animals. Rspo18?* or
Rspo1°8?2Ex2 males were then crossed with Rspo7°?* females to generate XX

1°EX2AEx2 individuals used for the mouse line validation, flutamide treatment and

Rspo
gqRT-PCR analyses. Sf1:Cre?; Rspo1™™* mutants were obtained by crossing
Sf1:Cre"?; Rspo1™* with Rspo1™/™* (Bingham et al., 2006). The CRE was
transmitted either from the mother or the father. Sf1:Cre'?’; Rosa26™™%* embryos
were obtained by crossing Sf1:Cre'?’ with Rosa26™™%* (Muzumdar et al., 2007).
Wt1CFP-Crer*. Rspo1™¥1ox mutants were obtained by crossing Wit16FP-Cre: Rgpo 17ox/flox
males with Rspo1™/™ females (Zhou et al., 2008). Wt1°°ERT?*: Rspo 171X mutants
were obtained by crossing Wt1¢ERT2*: Rspo1™¥1x males with Rspo 1% females
(Zhou et al., 2008). The day when a vaginal plug was found was designated as
embryonic day E0.5. The genotype of mice and embryos were determined using
genotyping PCR assays on lysates from ear biopsies or tail tips with genotyping
primers shown in supplementary table 1. E10.5-E12.5 embryos were staged by

counting the number of tail somites (ts) with 8 ts corresponding to E10.5, 18 ts to

E11.5 and 30 ts to E12.5 (Hacker et al., 1995).
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Tamoxifen treatment

For CreERT2 recombinase activation, tamoxifen (T5648-5G, Sigma-Aldrich) was
diluted in corn oil at 55 °C (40mg/m) and administered to pregnant mice by force
feeding at E9.5, E10.5, E11.5 or E12.5 in a single dose of 200mg/kg body weight.
Pregnant mice and embryos were sacrificed at E17.5. In order to obtain P10
Wi1CeERTZ* Rspo1™/fox individuals induced with tamoxifen, the tamoxifen treated
dam was sacrificed at E18.5 and the pups were put up for adoption by foster mothers

until they were sacrificed at P10.

Histological analysis

Gonads were dissected in Phosphate Buffered Saline (PBS), fixed in Bouin’s
solution (HT10132, Sigma-Aldrich), Antigen fix (P10016, Diapath) or 4% (w/v)
Paraformaldehyde (PFA, 15710-S, EMS) overnight at 4 °C, then dehydrated and
embedded in paraffin with a Leica TP1020 tissue processor. Five-micrometer-thick
sections were processed for Hematoxylin and Eosin staining using standard
procedures. Images were taken on a MZ9.5 microscope (Leica) with a DFC490
camera (Leica) driven by the Application suite software (Leica), and treated with

Image Composite Editor and Adobe Photoshop.

Immunofluorescence staining

Five-micrometer-thick sections of samples fixed in Bouin’s solution (HT10132,
Sigma-Aldrich), Antigen fix (P10016, Diapath) or 4% PFA (15710-S, EMS) were
processed for immunofluorescence staining. Paraffin was removed in Xylene baths (2
times, 10min each). Sections were rehydrated in 100%, 90%, 70%, 40% Ethanol
(EtOH) and H20 baths orderly, 5 min each. Antigen retrieval procedure was obtained
by pressure cooking in 10 mM Sodium Citrate pH6, 0.05% Tween-20 for 10 min.
Sections were blocked with 3% Bovine serum Albumin (BSA, A2153 Sigma-Aldrich)
and 10% inactivated Normal Donkey Serum (NDS) in PBS/0.1% Tween-20 for 1 hour
at room temperature. Primary antibodies diluted in 3% BSA, 3% NDS, PBS/0.1%

Tween-20 were incubated at 4 °C overnight. After 3 washes in PBS/0.1% Tween-20,
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secondary antibodies diluted in PBS were incubated for 1 hour in darkness at room
temperature. After 3 washes in PBS/0.1% Tween-20, slides were mounted with
Vectashield Hardset solution containing DAPI (H-1500, Vector Laboratories). Images
were obtained on a motorized Axio ImagerZ1 microscope (Zeiss) coupled with an
Axiocam Mrm camera (Zeiss) and processed with ZEN Blue 2.5 (Zeiss), Fiji and
Adobe Photoshop. The dilutions of primary and secondary antibodies are shown in

supplementary table 2.

Quantification of Immunofluorescence staining

Quantification was performed using a Fiji Macro on 6 to 8 sections taken 40 ym
apart and covering the entire gonads of flutamide-treated (n=3) or oil-treated (n=3)
E18.5 XX Rspo1 mutants. For each section and each marker, the area of the gonad
showing fluorescent signal was determined using Fiji. The area was used as a proxy
for the number of cells expressing a given marker in a gonadal section. The ratio of
the area of a given marker to the area of the DAPI signal in the same gonadal section
was calculated. Student's t-test was used to compare the ratio values of 6-8 sections

per gonad from 3 flutamide-treated gonads to the ones from 3 oil-treated gonads.

RNAscope® in situ hybridization

Gonads were dissected, fixed in 4% (w/v) PFA (15710-S, EMS) overnight at room
temperature and embedded in paraffin. 7 ym sections were hybridized with Rspo1,
Whnt4 and Axin2 probes purchased from Advanced Cell Diagnostics. The RNAscope®
assays combined with immunofluorescence were performed according to the

manufacturer’s instructions.

Quantitative PCR analysis

Individuals gonads without mesonephros were dissected in PBS, snap-frozen in
liquid nitrogen and kept in -80 °C. Total RNAs were extracted by RNeasy Micro Kit
(74004, Qiagen) and reverse transcribed by M-MLV reverse transcriptase (M170A,

Promega). Q-PCR reactions were prepared in 10 pyL with LightCycler® 480 SYBR
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Green | Master (04887352001, Roche) and run in the LightCycler® 480 System
(05015278001, Roche). gRT-PCR primers are shown in the supplementary table 3. All
biological replicates of different genotypes and treatments were run in the same plate
and repeated at least twice. The number of replicates are indicated in the
corresponding figures. Relative gene expression of each gonad was calculated based
on a standard curve from each run and normalized to the expression of the
housekeeping gene Shda for the comparison between different gonads. For each
genotype or treatment, the mean of the normalized expression levels was calculated
and graphs show mean fold-change +SEM. Student's t-test (P < 0.05) or ANOVA
analysis were performed with JMP9 to compare the normalized gene expression
values among samples. For post hoc comparisons, Tukey’s honestly significant
difference (HSD) procedure was used. Values with the same letter are not significantly

different from each other (Tukey’s HSD, P < 0.05).

Flutamide treatment

100mg/mL flutamide (F9397, Sigma-Aldrich) was prepared in corn oil containing
15% ethanol at 60 °C. Pregnant mice were injected subcutaneously at the dose of
200 mg/kg body weight of flutamide or the equivalent volume of oil once daily from
E10.5 to E15.5 or from E10.5 to E18.5. Pregnant mice were sacrificed at E15.5 or
E18.5. The anogenital distance (from the base of the genital tubercle to the ventral
edge of the anus) of E18.5 embryos was measured using a 4” pocket digital caliper

under the dissecting microscope.
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Figure and figure legends
Figure 1. Rspo1 expression and WNT/R-catenin activity in the early mouse
gonad

(A-F) Rspo1 mRNA expression (red) in XY and XX wild-type gonads at 18 ts (A
and D), 21 ts (B and E) and E12.5 (with immunofluorescence staining for the
interstitial marker NR2F2 in green, C and F). (G-L) Expression of the WNT/CTNNB1
down-stream target Aixn2 mRNA (red) in XY and XX wild-type gonads at 18 ts (G and
J), 21 ts (H and K) and E12.5 (with immunofluorescence staining for NR2F2 in green,

I and L). Nuclei labeled with DAPI are shown in blue. Scale bar = 100 ym.
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Figure 2. Generation and validation of a new conditional allele of Rspo1

(A) Generation of Rspo1°5*#2Ex2 mice by germ-line deletion of the Rspo1™* allele
using the Sox2-Cre transgenic line. (B) Quantitative PCR analysis of Rspo1 mRNA
expression in XY Rspo152* XX Rspo128?* and XX Rspo 1°82Ex2 gonads at E11.5.
Primers Rspo1 E2/3 amplify a fragment spanning Exon 2 and Exon 3 allowing the
assessment of the deletion efficiency of Rspo7 Exon 2 in the mutants. Primers Rspo1
E3/4 amplify a fragment spanning Exon 3 and Exon 4 and allow the detection of
wild-type or AEx2 Rspo? mRNA levels. Results are shown as mean +/- SEM.
Asterisks represent statistical significance of P < 0.05 by using Student's f-test (n = 3
embryos for each genotype). (C-E) Histological sections of the genital tracts in XY
Rspo1**, XX Rspo1** and XX Rspo1*5#2Ex2 gt postnatal day 30 (P30). E, epidydimis;
S, seminiferous tubules; U, uterus; Ovi, oviducts. Scale bar = 500 ym. (F-H)
Histological sections of the gonads in XY Rspo1**, XX Rspo1** and XX Rspo12Ex/AEx2
at P30. Inset in H shows a seminiferous tubule formed in the XX Rspo748#AEx2
ovotestis. F, follicles. Scale bar = 100 ym. (I-T) Immunofluorescence staining on new
born (P0) XY Rspo1**, XX Rspo1** and XX Rspo12E?2Ex2 gonads. (I-K) Expression
of pre-granulosa cell marker FOXL2 (green) and pre-matured granulosa cell or Sertoli
cell marker AMH (red). Inset in K shows pre-matured granulosa cells co-expressing
FOXL2 and AMH in XX Rspo12Ex?2Ex2 gonad. (L-N) Expression of the mitotic arrest
marker P27 (green), germ cell marker TRA98 (red) and AMH (grey). Inset in N shows
pre-matured granulosa cells expressing AMH and negative for P27 in XX
Rspo12822Ex2 gonad. (0-Q) Expression of the Sertoli cell marker SOX9 (green) and
AMH (red). Inset in Q shows Sertoli-like cells co-expressing SOX9 and AMH in XX

1AEx2/AEx2

Rspo gonad. (R-T) Expression of the steroidogenic enzyme HSD3B (green).
Inset in T shows ectopic steroidogenic cells expressing HSD3R in XX Rspo 14Ex2/AEx2

gonad. Nuclei labeled with DAPI are shown in blue. Scale bar = 100 ym.
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Figure 3. Rspo1 deletion in the early gonad leads to XX ovotestis formation
(A-O) Phenotype of XY Control, XX control and XX Wt16FF-Cre. Rgpo1oxiox
gonads at postnatal 2 days (P2, A-L) and P30 (M-0). (A-C) Histological sections at P2.
E, epidydimis; Dashed lines in C outline the testis cords in XX Wt1C6FP-Cre’* - Rgpo 17oxiox
ovotestis. Scale bar = 100 ym. (D-L) Immunofluorescence staining at P2. (D-F)
Expression of SOX9 (green) and AMH (red). Inset in F shows Sertoli-like cells
co-expressing SOX9 and AMH in XX Wt1FP-Ce*; Rspo 1™ gonad. (G-l) Expression
of FOXL2 (green) and the Sertoli cell marker DMRT1 (red). Inset in | shows a testis
cord-like structure containing Sertoli-like cells expressing DMRT1 and granulosa cells
expressing FOXL2 in XX Wt16FPCre™: Rspo1™fex gonad. (J-L) Expression of P27
(green) and AMH (grey). Nuclei labeled with DAPI are shown in blue. Scale bar = 100
um. (M-O) Histological sections at P30 showing ovotestis formation in XX Wt16-Cre/;
Rspo1™x gonad (O). S, seminiferous tubules, F, follicles. Scale bar = 100 um.
(A'-0'") Phenotype of XY Control, XX control and XX Sf1-Cre'¥°; Rspo1™*"x gonads at
PO (A'-L") and P30 (M'-0"). (A'-C') Histological sections at PO. Scale bar = 100 ym.
(D'-L") Immunofluorescence staining at PO show normal ovarian development in XX
Sf1-Cre'9’; Rspo1™¥x gonads. (D'-F') Expression of SOX9 (green) and AMH (red).
(G'I') Expression of FOXL2 (green) and AMH (red). (J'-L') Expression of P27 (green),
TRA98 (red) and AMH (grey). Nuclei labeled with DAPI are shown in blue. Scale bar =
100 um. (M'-O") Histological sections at P30 showing ovarian follicles in XX Sf1-Cre'??;

Rspo1™x gonads, F, follicles. Scale bar = 200 pym.
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Figure 4. Rspo1 function is required at the time of sex determination but is
dispensable at later stages of ovarian differentiation

(A) Cre mediated deletion of Rspo? exon2 in XX Wt1CeERTZ* . Rgpo1fioxfiox
embryos by tamoxifen administration to pregnant mothers at different time points.
“Early” induction including E9.5 and E10.5 leads to ovotestes development. “Late”
induction at E11.5 and E12.5 does not affect ovarian development. (B, C) Quantitative
PCR analysis of Rspo1 mRNA expression in XY Rspo1™/x XX Rspo1™¥1x and XX
Wit1CeERTZ*: Rspo1™X™X gonads. (B) Rspo? mRNA containing Exon 2 sequences is
absent in XX Wt1C¢ERT2* - Rgpo 17X gonads dissected at E11.5, 24 hours after
tamoxifen administration at E10.5. (C) Rspo1 mRNA containing Exon 2 sequences is
absent in XX Wt1SeERT2*- Rgpo 17X gonads dissected at E12.5, 24 hours after
tamoxifen administration at E11.5. A truncated Rspo7 mRNA detected with Primers
Rspo1 E3/4 is expressed after Cre mediated deletion of Exon 2 sequences. Results
are shown as mean +/- SEM. Asterisks represent statistical significance of P < 0.05 by
using Student's ttest (n = 3-5 embryos for each genotype). (D-W)
Immunofluorescence staining of E17.5 gonads from XY Control, XX Control, XX
Rspo1ABXZ8Ex2 XX Wit1C*ERTZ* - Rspo 1™°¥1°X induced with tamoxifen at E10.5 and XX
Wit1CeERTZ* Rspo 17X induced with tamoxifen at E11.5. (D-H) Expression of FOXL2
(green) and AMH (red). Insets show pre-matured granulosa cells co-expressing
FOXL2 and AMH in XX Rspo1*5*2Ex2 (F) and XX Wt1¢ERT2*: Rgpo1™¥x induced at
E10.5 (G). (I-M) Expression of SOX9 (green) and AMH (red). Insets show Sertoli-like
cells co-expressing SOX9 and AMH in XX Rspo128?2Ex2 (K) and XX Wi1CreERT*,
Rspo1™/™ induced at E10.5 (L). (N-R) Expression of AMH (green) and TRA98 (red).
Insets show AMH positive cells in XX Rspo?1*5#2Ex2 (P) and XX Wt1CreERT2";
Rspo1™/™x induced at E10.5 (Q). (S-W) Expression of HSD3R (green) and NR2F2
(red). Insets show ectopic steroidogenic cells expressing HSD3R in XX Rspo 12Ex2/AEx2
(U) and XX Wit1CeERT2* - Rgpo 1™/fex induced at E10.5 (V). (X-Z) Immunofluorescence
staining of P10 gonads from XY Control, XX Control, and XX Wit1CERT2* - Rgpo 17ox/fox
induced with tamoxifen at E10.5. Seminiferous tubules with SOX9 positive Sertoli-like
cells and few FOXL2 positive granulosa cells are observed in P10 XX Wt1CeERT2,
Rspo1™ X induced at E10.5. Nuclei labeled with DAPI are shown in blue. Scale bar =

100 um.
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1 AEx2/AEx2

Figure 5. Early gene expression changes in E11.5 XX Rspo gonads.
Quantitative PCR analysis of mRNA expression in XY Rspo 128%* XX Rspo12x%*
and XX Rspo12E?“Ex2 gonads at E11.5. (A-C and E) The mRNA expression levels of
RSPO1/WNT/R-catenin signalling targets: Wht4, Axin2, Lef1 and Fst are significantly
down-regulated in E11.5 XX Rspo128?2Ex2 gonads, similar the levels of XY
Rspo18?* (D) Pre-granulosa cell marker Fox/2 mRNA expression is down-regulated
in XX Rspo148?2Ex2 (F.H) The mRNA expression levels of Sertoli cell or pre-matured
granulosa cell markers Sox8, Sox9 and Amh is not up-regulated in XX Rspo12Ex2/AEx2,
(1) Androgen receptor (Ar) mRNA expression is up-regulated in XX Rspo12Ex2AEx2
(J-M) The expression of the mRNAs for the steroidogenic pathway components Star,
Cyp11a1, Cyp17a1 and Hsd17b3 is up-regulated in E11.5 XX Rspo 125?262 Results

are shown as mean +/- SEM. Asterisks represent statistical significance of P < 0.05 by

using Student's t-test (n = 3 embryos for each genotype).
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Figure 6. Steroidogenic enzymes and Androgen Receptor expression pattern in
XX Rspo1:52:Ex2 gonads

Immunofluorescence staining of E14.5 (A-l) and E17.5 (J-R) gonads from XY
Control, XX Control and XX Rspo1*8?2Ex2 genotypes. (A-C) Expression of
steroidogenic enzymes CYP11A1 (green) and HSD3R (red). Inset in C shows a cell
co-expressing both enzymes in the XX Rspo1:8?2Ex2 gonad. (D-F) Expression of
Androgen receptor (AR, green) and FOXL2 (red). Inset in F shows cells expressing
AR and co-expressing AR and FOXL2 in the XX Rspo?1*5?82 gonad. (G-l)
Expression of SOX9 (green) and TRA98 (red). SOX9 cells are not detected in the XX
Rspo12Ex22Ex2 gonad. (J-L) Expression of HSD3R (green). Ectopic steroidogenic cells
are present in the XX Rspo1*5#28x2 gonad. (M-0) Expression of NR2F2 (green) and
AR (red). Inset in O shows interstitial cells co-expressing NR2F2 and AR in the XX
Rspo1:822Ex2 gonad. (P-R) Expression of FOXL2 (green) and AR (red). Inset in R
shows pre-matured granulosa cells co-expressing FOXL2 and AR in the XX
Rspo12822Ex2 gonad. Nuclei labeled with DAPI are shown in blue. Scale bar = 100

um.
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Figure 7. Flutamide treatment from E10.5-18.5 rescue masculinized genital tract
and ovarian gene expression in E18.5 Rspo71 mutants.

(A) Total body weights of E18.5 XX and XY, Control and Rspo 1°5*#2E2 individuals
are not changed by flutamide treatment (red). (B) Anogenital distance of E18.5 XX
and XY, Control and Rspo 15?5 individuals treated with flutamide (red) or oil (white).
Results are shown as mean + SEM. Asterisks represent statistical significance of P <
0.05 by using Student's t-test (n = 4-10 embryos for each group). Anogenital distance
is significantly reduced in XY embryos after treatment with flutamide. (C-F)
Macroscopic views of the genital tract of E18.5 XX and XY, Control and Rspo 12ExAEx2

individuals treated with flutamide or oil. Epididymis development is inhibited in the

1AEx2/AEx2 ( 1AEx2/AEx2

flutamide treated XX Rspo F) compared to the oil treated XX Rspo
(E). (G-N) Quantitative PCR analysis of mMRNA expression in E18.5 XX and XY,
Control and Rspo128?“Ex2 individuals treated with flutamide (red) or oil (white).
Results are shown as mean + SEM. Relative expression levels among XX samples
were compared by means of ANOVA analysis followed by Tukey’s HSD test. Values

with the same letter are not significantly different from each other (Tukey’s HSD, P <

0.05). n = 4-10 embryos for each group).
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Figure 8. Flutamide treatments from E10.5-18.5 rescue gonadal sex reversal in
E18.5 Rspo1 mutants.

(A-L) Immunofluorescence staining of E18.5 gonads from oil treated XY control,
oil treated XX control, oil treated XX Rspo125?252 gnd flutamide treated XX
Rspo12E822Ex2 gonads. (A-D) Expression of FOXL2 (green), SOX9 (red) and AMH
(white). Insets in C and D show Sertoli-like cells co-expressing SOX9 and AMH.
These cells are less abundant in flutamide treated XX Rspo1°##*8<2 gonads (D). (E-F)
Expression of TRA98 (green), P27 (red) and AMH (white). Insets show AMH positive
cells in oil treated XX Rspo1°5?252 gonad (G) and pre-granulosa cells expressing
P27 and surrounding germ cells in flutamide treated XX Rspo 1°5?252 gonad (H). P27
and TRA98 expression are observed in the entire flutamide treated XX Rspo12EX#AEx2
gonad (H), whereas they are confined to the posterior ovarian part in the oil treated
XX Rspo1Bx2AEx2 gyotestis (G). (I-L) Expression of HSD3R (green), AR (red) and
NR2F2 (white). Inset in K shows ectopic steroidogenic cells in oil treated XX
Rspo12E8?2Ex2 gonad. These cells are less abundant in flutamide treated XX

1AEX2MEx2 gonad (L). Inset in L shows interstitial cells. Nuclei labeled with DAPI

Rspo
are shown in blue. Scale bar = 100 um. (M-N) Quantification of protein distribution in
immunofluorescence stainings of E18.5 gonads from oil treated XX Rspo1*5#2£x2 gand

1AEx2/AEx2

flutamide treated XX Rspo gonads. For each marker, the area of detected
fluorescence was measured as a proxy for the number of cells expressing the
corresponding protein. The fluorescent area measurements were normalized against
the area of DAPI staining. Results are shown as mean + SEM. Asterisks represent

statistical significance of P < 0.05 by using Student's t-test (6-8 sections per gonad

from 3 flutamide treated gonads and 3 oil treated gonads).
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Figure 9. Flutamide treatments from E10.5-15.5 inhibits granulosa cell
premature differentiation in Rspo?1 mutants

Quantitative PCR analysis of mMRNA expression in E15.5 XX and XY, Control and
Rspo1:822Ex2 individuals treated with flutamide (red) or oil (white). Results are shown
as mean + SEM. Relative expression levels among XX samples were compared by
means of ANOVA analysis followed by Tukey’s HSD test. Values with the same letter
are not significantly different from each other (Tukey’s HSD, P < 0.05). n = 4-6

embryos for each group).
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Figure S1. Deletion efficiency of Rspo7 by Sf1-Cre and sex reversal rates in XX
Sf1-Cre'?’; Rspo1™°¥x and XX Wt16FF-¢re*: Rspo1™o/flox mutants.

(A-F) Immunofluorescence staining of E10.5 (10 ts), E11.5 (22 ts) and E12.5 XX
and XY Sf1-Cre'9°; Rosa26™™%* gonads. Expression of SF1 (red) marks the
developing adrenal gland and the developing gonad. GFP expression (green) is

90 was active. Few cells express GFP in E10.5 XX

detected in cells where Sf1-Cre
and XY gonads (A, D). Almost all the gonadal somatic cells express GFP except the
coelomic epithelial cells of XX and XY gonads at E11.5 (B, E). At E12.5, most of the
coelomic epithelial cells for XX and tunica albuginea for XY are still negative for GFP
(C, F). Nuclei labeled with DAPI are shown in blue. Scale bar = 100 ym. (G-J)
Quantitative PCR analysis of mRNA expression in XX control, XY Rspo1™x XX
Sf1-Cre'¥’; Rspo1™* and XX Sf1-Cre'?’; Rspo 1™/ gonads at PO (G, H) and E11.5
(I, J). Primers Rspo1 E2/3 amplify a fragment spanning Exon 2 and Exon 3 allowing
the assessment of the deletion efficiency of Rspo?1 Exon 2 in the mutants. Primers
Rspo1 E3/4 amplify a fragment spanning Exon 3 and Exon 4 and allow the detection
of wild-type or AEx2 Rspo1 mRNA levels. Results are shown as mean +/- SEM.
Asterisks represent statistical significance of P < 0.05 by using Student's f-test (n = 3
embryos for each genotype). The deletion efficiency of Rspo? Exon 2 in XX Sf1-Cre'?;
Rspo1™x is 79% at PO (G). The deletion efficiency of Rspo? Exon 2 in XX
Sf1-Cre'9°; Rspo1™/™* is 81% at E11.5 (I). (K, L) Percentage of female to male sex
reversal in XX Sf1-Cre'9’; Rspo 1™/ at P30 (K) and XX Wt1FCre” - Rspo 1™ % from
E17.5 to P30 (L) based on the observation of “double ducts”, in which Wolffian duct

derivatives (epidydimis and vas deferens) develops along with Mullerian ducts

(oviduct and uterus).
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Figure S2. Dihydrotestosterone (DHT) treatment from E10.5-18.5 results in
masculinized genital tract of XX embryos and has no significant effect on
gonadal gene expression in XX Rspo71 mutants.

(A) Total body weights of E18.5 XX and XY, Control and Rspo 1°5*#2E2 individuals
are not changed by DHT treatment (blue). (B) Anogenital distance of E18.5 XX and
XY, Control and Rspo1*5#2Ex2 individuals treated with DHT (blue) or oil (white).
Results are shown as mean + SEM. Asterisks represent statistical significance of P <
0.05 by using Student's t-test (n = 5-10 embryos for each group). Anogenital distance
is significantly increased in XX embryos after treatment with DHT. (C- F) Macroscopic
views of the genital tract of E18.5 XX and XY, Control and Rspo7*5?*52 individuals
treated with DHT or oil. Epididymis development is induced by DHT treatment in XX
controls (D). (G-N) Quantitative PCR analysis of mRNA expression in E18.5 XX and
XY, Control and Rspo 128?252 individuals treated with DHT (red) or oil (white). The
expressions of Sox9 (Sertoli cell marker, G) Amh (Sertoli cell or pre-matured
granulosa cell marker, H), Fox/2 (granulosa cell marker, 1), Ar (androgen receptor, K),
Nr2f2 (intersitial cell marker, L) and Ddx4 (germ cell marker, N) show no significant
difference between oil- and DHT-treated XX Rspo15?2Ex2 gonads. The mitotic arrest
marker P27 (J) is slightly up-regulated. Asterisks represent statistical significance of P

< 0.05 by using Student's t-test (n = 5-10 embryos for each group).
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Supplementary Material

Supplementary table 1: Genotyping primer list

Allele Primer name Forward 5' - 3' Primer name Reverse 5' - 3' Amplicon
genotyping size
Rspo1WT Ef GCTGTGTCAGAGTTTCTGTGGCTGG Er GCTATCCTGGTCCTGACTAATATTGGC 303bp
Rspo1Flox Ef GCTGTGTCAGAGTTTCTGTGGCTGG Er GCTATCCTGGTCCTGACTAATATTGGC 519bp
Rspo1Flox Ef GCTGTGTCAGAGTTTCTGTGGCTGG Lxr ACTGATGGCGAGCTCAGACCATAAC 1304bp
Rspo1k® Ef GCTGTGTCAGAGTTTCTGTGGCTGG Lxr ACTGATGGCGAGCTCAGACCATAAC 325bp
Wt1CFP-Cre WT1GFP_CRE_Fw CACTACCAGCAGAACACCCCCATC WT1GFP_CRE_Rv TTGCGAACCTCATCACTCGTTGC 300bp
Wt1Cre-ERT2 WCE_FW CCAAGTCCAGCGCCGAGAAT WCE_RV TGTCCATCAGGTTCTTGCGA 150bp
Sf1-Cre'9 Sf1b GTGTGCACAGACCAGGGCAA TNAPCre_R CAAACGGACAGAAGCATTTTCCAG 300bp
mTmGWT OIMR_4349 CTCTGCTGCCTCCTGGCTTCT OIMR_4350 CGAGGCGGATCACAAGCAATA 330bp
mTmGHK OIMR_4349 CTCTGCTGCCTCCTGGCTTCT OIMR_4351 TCAATGGGCGGGGGTCGTT 250bp
Sox8 Sox8 15 GTCCTGCGTGGCAACCTTGG Sox8 16 GCCCACACCATGAAGGCATTC 431bp

WT: wildtype allele; F'ox: Floxed allele; K°: deleted allele; '9: transgenic allele; ¥': knock-in allele.

Sox8 was used as internal control.
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Supplementary table 2: Antibody list for Immunofluorescence staining and Whole

mount immunostaining

Antibody Species Supplier Reference Dilution
TRA98 Rat Abcam 82527 200X
GFP Chicken Abcam ab13970 400X
AMH Mouse Bio-Rad Laboratories MCA2246 30X
FOXL2 Goat Novus Biologicals NB100-1277SS 200X
NR2F2 Mouse R&D Systems PP-H7147-00 200X
SOX9 Rabbit Merck KGaA HPA001758 250X
P27 Rabbit Santa Cruz Biotechnology sc-52 200X
AR Rabbit Santa Cruz Biotechnology sc-816 200X
DMRT1 Mouse Santa Cruz Biotechnology SC-377167 200X
AMH Goat Santa Cruz Biotechnology sc6886 200X
HSD3B Goat Santa Cruz Biotechnology sc-30820 200X
CYP11A1 Rabbit Dagmar Wilhelm's Lab 200X
FOXL2 Rabbit Dagmar Wilhelm's Lab 200X
CYP17A1 Rabbit Antoine Martinez's Lab 200X
DaChickenCy3 Donkey Jackson ImmunoResearch 703-165-155 400X
DaChickenCy5 Donkey Jackson ImmunoResearch 703-175-155 200X
DaGoat488 Donkey Thermo Fisher A11055 500X 200X"WM
DaGoat555 Donkey Thermo Fisher A21432 400X 100XWM
DaGoat647 Donkey Thermo Fisher A21447 200X 50X"WM
DaMouse488 Donkey Thermo Fisher A21202 500X
DaMouse594 Donkey Thermo Fisher A21203 400X
DaMouse647 Donkey Thermo Fisher A31571 200X
DaRabbit488 Donkey Thermo Fisher A21206 500X
DaRabbit555 Donkey Thermo Fisher A31572 400X 100XWM
DaRabbit647 Donkey Thermo Fisher A31573 200X 50X"WM
DaRat488 Donkey Thermo Fisher A21208 400X 200XWM

WM. Concentration for whole mount immunostaining, which is different from the one for

Immunofluorescence staining
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Supplementary table 3: gRT-PCR primer list

Gene Forward 5' - 3' Reverse 5' - 3' Annealing Exon Amplicon
temperature  amplification size
Axin2 GCAAGTCCAAGCCCCATA CGGCTGACTCGTTCTCCT 58°C E7/8 88bp
FoxI2 ATCGGGGTTCCTCAACAAC CATCTGGCAGGAGGCGTA 58°C E1 73bp
Fst GCCTATGAGGGAAAGTGTATCAA TGGAATCCCATAGGCATTTT 58°C E4/5 82bp
Sox9 GCGGAGCTCAGCAAGACTCTG ATCGGGGTGGTCTTTCTTGTG 58°C E1/2 117bp
Sox8 GACCCTAGGCAAGCTGTGG CTGCACACGGAGCCTCTC 58°C E1/2 82bp
Dhh GGACCTCGTACCCAACTACAA CGATGGCTAGAGCGTTCACC 58°C E1/2 113bp
Amh GGGGAGACTGGAGAACAGC AGAGCTCGGGCTCCCATA 58°C E1/2 67bp
Ar GGATTCTGTGCAGCCTATTGC TCAGGAAAGTCCACGCTCAC 58°C E7/8 90bp
Nr2f2 AGGCCATAGTCCTGTTCACC GGCTCCTAACGTACTCTTCCAA 58°C E2/3 108bp
Ddx4 GACTCGAAGCAGAGGGTTTTC TGCTTCTGAATCGTTTCCATC 58°C E6/7 61bp
P27 GTTAGCGGAGCAGTGTCCA TCTGTTCTGTTGGCCCTTTT 58°C E1/2 84bp
Lef1 CCGTCAGATGTCAACTCCAA GGGTAGAAGGTGGGGATTTC 58°C E4/5 71bp
Wnt4 GTCTTTGGGAAGGTGGTGAC TGCCCTTGTCACTGCAAA 58°C E2/3 93bp
Rspo1 CGACATGAACAAATGCATCA CCTCCTGACACTTGGTGCAGA 58°C E3/4 83bp
Rspo1 CAGTGACTATGCGGCTTGG AGAGCTCACAGCCCTTGG 58°C E2/3 147bp
Sdha TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTG 58°C E7/8 66bp
Hsd17b3 AATATGTCACGATCGGAGCTG GAAGGGATCCGGTTCAGAAT 58°C E10/11 79bp
Cyp11al TGGCCCCATTTACAGGGAGAA GGCATCTGAACTCTTAAACAGGA 58°C E1/2 184bp
Cyp17a1l CAGAGAAGTGCTCGTGAAGAAG AGGAGCTACTACTATCCGCAAA 58°C E1/2 116bp
Ptch1 AAAGAACTGCGGCAAGTTTTTG CTTCTCCTATCTTCTGACGGGT 58°C E2/3 164bp
Star TTGGGCATACTCAACAACCA ACTTCGTCCCCGTTCTCC 58°C E3/4 65bp
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CHAPTER Illl: MUTUAL ANTAGONISM BETWEEN SRY/SOX9

AND RSPO1/WNT4/B-Catenin PATHWAY
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Abstract

Primary sex determination in mammals involves two antagonistic genetic
cascades that drive the differentiation of a testis or an ovary from a common
undifferentiated bipotential gonad. The male pathway is controlled by the action of the
transcription factors SRY and SOX9, whereas female development requires the
activation of RSPO1/WNT4/R}-Catenin signaling. In this work we took advantage of a
double knockout mouse model to study gonadal sex determination when the pro-male
factor Sox9 and pro-female factor Wnt4 are both mutated. We showed that
phenotypic changes in XX Wnt4 mutants are independent of SOX9 function, since the
additional deletion of Sox9 did not rescue the female-to-male sex reversal caused by
Whnt4 mutation in XX Wht4;Sox9 mutants. Furthermore we found that Wnt4 deletion
could not rescue testis development in XY Wht4;Sox9 mutants. Instead, XY double
mutant gonads experienced a transient female-like phase before developing into
ovotestes. Together, our results reveal independent functions for SOX9 and WNT4.
SOX9 is required for early determination of the XY supporting cell identity and this
function goes beyond the inhibition of RSPO1/WNT4/R-Catenin signaling. In the XX
gonad, RSPO1/WNT4/}-Catenin pathway is dispensable for the initial female
supporting cell specification but is required to maintain granulosa cell identity right

after the specification.

Key words: Gonad development, sex determination, Sox9, Wnt signaling, ovotestis
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Introduction

In mammals, primary sex determination is a highly controlled developmental
process leading to the formation of an ovary or a testis from a common bipotential
gonad present in both sexes at embryonic stages reviewed by (Nef et al., 2019). Sex
hormones subsequently secreted by the testis or the ovary, promote the development
of secondary sexual characteristics to maintain the sexual identity and fertility in a

process known as secondary sex determination (Nef et al., 2019).

The male sex determining gene Sry on the Y chromosome is expressed in mouse
XY gonads from embryonic day 10.5 to 12.5 (E10.5 to E12.5, (Bullejos and Koopman,
2001; Gubbay et al., 1990; Hacker et al., 1995; Koopman et al., 1991; Sinclair et al.,
1990)). SRY activates the expression of another HMG box-containing transcription
factor, SOX9, which in turn up-regulates numerous targets involved in establishing the
Sertoli cell lineage that will further orchestrate testis development (Gonen et al., 2018;
Li et al., 2014b; Rahmoun et al., 2017; Sekido and Lovell-Badge, 2008). XY Sox9
mutant mice exhibit complete sex reversal and develop ovaries capable of producing

fertile X/Y oocytes (Barrionuevo et al., 2005; Chaboissier, 2004; Lavery et al., 2011b).

In the absence of Y chromosome, XX gonadal supporting cells differentiate into
FOXL2 positive pre-granulosa cells and enter into mitotic arrest marked by the
expression of cyclin-dependent kinase inhibitor CDKN1B/P27 (Gustin et al., 2016; Nef
et al., 2005). FOXL2 is required to maintain granulosa cell identity in post-natal
ovaries but is dispensable in the ovary during embryonic stages (Ottolenghi et al.,
2005; Uhlenhaut et al., 2009) in mice. In contrast, RSPO1/WNT4/R}-Catenin signaling
is required for embryonic ovarian development in mouse and human (Biason-Lauber
et al., 2004; Chassot et al., 2008a; Liu et al., 2009; Mandel et al., 2008; Parma et al.,
2006; Tomizuka et al., 2008; Vainio et al., 1999). Mouse XX gonads harboring
mutations in Wht4, Rspo1 or Ctnnb1 (encoding R-Catenin) progressively develop into
ovotestes, with characteristics of testis and ovaries (Chassot et al., 2008a; Maatouk et

al., 2013; Tomizuka et al., 2008; Vainio et al., 1999). Pre-granulosa cells in the
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masculinized part of the mutant gonads exit mitotic arrest and prematurely
differentiate (Maatouk et al., 2013; Nicol and Yao, 2015). Subsequently, pre-matured
granulosa cells loose FOXL2 expression and trans-differentiate into SOX9/AMH
double positive Sertoli-like cells, forming testis cord-like structures around birth
(Chassot et al., 2008a; Maatouk et al., 2013; Nicol and Yao, 2015) that will become
seminiferous tubules in the adult stages (Chassot et al., 2008a). Partial sex reversal in
RSPO1/WNT4/R-Catenin deficient XX gonads is characterized by additional
phenotypes during embryonic development. Wht4, Rspo1 and Ctnnb1 XX mutant
gonads exhibit a male-like vasculature with the formation of a celomic vessel at E12.5
by ectopic migration of endothelial cells from the adjacent mesonephros (Chassot et
al., 2008a; Jeays-Ward, 2003; Liu et al., 2009; Tomizuka et al., 2008). In addition,
Whnt4, Rspo1 and Ctnnb1 XX mutant gonads contain ectopic steroidogenic cells that
produce testosterone and masculinize the XX genital tracts (Chassot et al., 2008a;
Heikkila et al., 2002, 2005; Liu et al., 2009, 2010; Tomizuka et al., 2008; Vainio et al.,
1999). Finally, germ cells are lost through apoptosis from E16.5 in Wnt4 and Ctnnb1
XX mutants (Liu et al., 2010; Tomizuka et al., 2008; Vainio et al., 1999; Yao et al.,

2004) or reduced proliferation from E12.5 in Rspo1 XX mutants (Chassot et al., 2011).

Single cell RNA-seq analyses of developing gonads have identified an initial
supporting cell precursor with similar transcriptional profiles in XX and XY mouse
embryos (Stévant et al., 2018a). Differentiation of testicular Sertoli cells and ovarian
granulosa cells from this bipotential supporting cell requires the activation of the
relevant male or female pathway while repressing the alternate genetic cascade.
Ectopic activation of WNT/R3-Catenin signaling or FOXL2 in XY gonads is sufficient to
induce ovarian development (Garcia-Moreno et al., 2019a; Harris et al.,, 2018;
Maatouk et al., 2008; Nicol et al., 2018). Conversely, XX supporting cells are able to
respond to the ectopic expression of SRY by activating SOX9, and both SRY and
SOX9 can drive testicular development in XX embryos (Gregoire et al., 2011;

Hiramatsu et al., 2009b; Vidal et al., 2001).
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The antagonistic relationship between the male and female pathways in gonadal
specification and differentiation has been addressed by the study of double mutants.
Fibroblast growth factor 9 (FGF9), is a SOX9 target, which binds FGFR2c and in turn
activates Sox9 expression to promote the quick expansion of Sertoli cell
differentiation across the developing testis (Kim et al., 2006b). Mutations in Fgf9 or
Fgfr2/Fgfr2c lead to reduced SOX9 expression and partial male-to-female sex
reversal (Bagheri-Fam et al., 2008, 2017; Colvin et al., 2001; Kim et al., 2006b, 2007).
In XY Fgfo,Wnt4, Fgfr2;Wnt4 and Fgfr2c;FoxI2 double mutants, SOX9 expression and
testicular development are rescued indicating that FGF9 also functions to antagonize
WNT4- and FOXL2-mediated repression of Sox9 (Bagheri-Fam et al., 2017; Jameson
et al.,, 2012a). The outcome of mutating Sox9 together with the female pathway
components Rspo1 or Ctnnb1 has also been studied (Lavery et al., 2012; Nicol and
Yao, 2015). The gonads of both XX Sox9;Rspo? and XX Sox9;Ctnnb1 double
mutants develop as ovotestes, demonstrating that other factors besides SRY and
SOX9 can drive Sertoli-like cell trans-differentiation in Rspo1 and Ctnnb1 mutants
(Lavery et al., 2012; Nicol and Yao, 2015). In contrast, conflicting phenotypes have
been reported for XY gonads in these two sets of double mutants. XY Sox9;Rspo1
double mutant gonads were described as hypo-plastic testes after birth, indicating
that RSPO1 can rescue testicular development in Sox9 mutants (Lavery et al., 2012).
However, XY Sox9;Ctnnb1 double mutant gonads develop as ovotestes, suggesting
that complete testicular development cannot occur without SOX9 even in the absence

of WNT/R-Catenin signaling (Nicol and Yao, 2015).

In this study, we report the generation of double mutants for Sox9 and Wnt4,
another component of the ovarian WNT/R-Catenin pathway. In order to analyze the
dynamics of the antagonistic or independent actions of Sox9 and Wnt4, we have
compared the phenotype of XX and XY, single and double mutants at different time
points of gonadal development. We show here that, similar to the situation in XX
Sox9;Rspo1 and Sox9;Ctnnb1 mutants, SOX9 function is not required for the

masculinization of XX Whnt4 mutant gonads. In addition, we demonstrate that XY
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Sox9;Wnt4 double-mutated pathological gonads develop as ovotestes in a process
involving two sequential sex-reversal events. Loss of Wnt4 is not sufficient to rescue
the initial granulosa cell specification in XY Sox9 mutant gonads. However, Wnt4 is
required to maintain granulosa cell identity right after, and prevent XY granulosa cells

trans-differentiate into Sertoli-like cells.
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Results
Generation of Wnt4;Sox9 double mutants

SOX9 is transiently up-regulated in XX Wnt4 mutants between E11.5 and E12.0
(Kim et al., 2006b). Conversely, Wnt4 expression is up-regulated in XY Sox9 mutants
at E13.5 (Lavery et al.,, 2011b). In order to investigate the contribution of SOX9
function to the XX Whnt4 mutant phenotype and of WNT4 function to the Sox9 mutant
phenotype, we generated Wnt4;Sox9 double mutant animals. We made use of a
constitutive Wnt4 mutant line (Wnt4X°, Vainio et al., 1999), and a conditional Sox9
mutant line, where Sox9 deletion occurs in cells expressing the Sf7-Cre transgene
(Sox9°©, Bingham et al., 2006; Lavery et al., 2011b). Previous work has established
the efficiency of Sf1-Cre for inactivation of Sox9 in the somatic gonad (Lavery et al.,
2011b). Quantitative PCR analysis at E12.5 confirmed that Sox9 was also efficiently
deleted in the gonad of single and double mutant embryos generated for this study

(Fig. 2D; Fig. 4C).

Early phenotypic changes in XX Wnt4 mutants are independent of SOX9
function

The phenotype of single and double mutants was first examined at E12.5 (the
first stage where morphological differences are obvious between XX and XY gonads)

and E14.5 (a stage where testis and ovary cellular organization are clearly distinct).

We started our analysis on XX embryos. At E12.5 and E14.5, Sox9 single mutant
XX gonads were indistinguishable from control ovaries (Figs. 1B, 1F, 1J and 3B, 3F,
3J, Lavery et al., 2011b). In XX Wnt4 single mutants, WNT/R-Catenin pathway activity
was already significantly decreased at E12.5 and E14.5 as shown by the reduced
expression of the WNT/R-Catenin pathway direct target Axin2 (Figs. 2A and 4A). At
both stages, the morphology of Wnt4 single mutant XX gonads was similar to the one
of control ovaries but some phenotypic features of the Wnt4 mutation were already
apparent. XX Whnt4 mutant gonads harbored a celomic vessel (Fig. 1G, 1K), a

characteristic feature of testis vasculature (Fig. 1A’, Jeays-Ward, 2003). The
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development of ectopic vasculature in Wht4 mutant XX gonads is caused by migration
of endothelial cells from the mesonephros, an event normally occurring in control
testis and repressed by the action of Follistatin (Fst) in control ovaries (Jeays-Ward,
2003; Yao et al.,, 2004). Accordingly, we found that Fst expression was severely
down-regulated in Wht4 XX mutant gonads at E12.5 (Fig. 2B). Another characteristic
phenotype in Wnt4 mutants is the presence of ectopic steroidogenic cells as revealed
by the presence of HSD3R positive cells (Figs. 1K and 3K, (Vainio et al., 1999). XX
Whnt4 mutants expressed FOXL2, indicating the presence of supporting granulosa
cells (Figs. 1C and 3C), however Fox/2 expression levels were reduced when
compared to control ovaries (Figs. 2C and 4B). This observation is consistent with
FoxI2 expression being regulated in part by WNT/R-Catenin signaling (Auguste et al.,
2012; Nicol and Yao, 2015; Ottolenghi et al., 2007). We did not find any up-regulation
of the male supporting cell markers Sox9, Sox8 and Fgf9 in XX Wnt4 when compared
to control XX gonads at E12.5 and E14.5 (Figs. 2D-F and 4C-D). Indeed, male
supporting cells differentiate in XX Wht4 mutant gonads only around E16.5 (Maatouk
et al., 2013). However, we could detect an increased expression of two genes
encoding proteins normally secreted by Sertoli cells, Dhh and Amh (Figs. 2G-H and
4E-F). This observation suggests that the expression of Dhh and Amh might be
negatively regulated by WNT/-Catenin signaling pathway in the developing ovary.
Nevertheless, AMH protein could not be detected by immunofluorescence at E12.5 or
E14.5 (Figs. 1G and 3G) in XX Wnt4 mutants, possibly owing to the lower sensitivity

of the immunofluorescence technique when compared to quantitative PCR.

After an initial proliferative phase, XX germ cells in developing ovaries initiate
meiosis between E13.5 and E14.5, whereas XY germ cells in developing testes are
arrested in the GO/G1 phase of the cell cycle until spermatogenesis begins after birth.
WNT4 regulates XX germ-line development, by controlling meiosis initiation from
E14.5 (Naillat et al., 2010) and germ cell survival from E16.5 (Vainio et al., 1999; Yao

et al., 2004). We found that XX Wnt4 mutants exhibit a decreased expression of the
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meiosis initiation marker Stra8 (Baltus et al., 2006) and up-regulation of the male

gonocyte marker Nanos2 (Suzuki and Saga, 2008) (Fig. 5 I-J).

In XX Wht4;Sox9 double mutant gonads, Axin2 expression was down-regulated
similar to what was observed in Wnt4 single mutants (Figs. 2A and 4A). The XX
double mutant gonads had a very similar phenotype to XX Whnt4 single mutants: a
celomic vessel was present at E12.5 (Fig. 1 and data not shown) and Fst expression
was reduced (Fig. 2B), ectopic steroidogenic cells were observed from E12.5 (Figs.
1L and 3L), supporting cells expressed Fox/2 at reduced levels when compared to
control ovaries (Figs. 1D, 2C, 3D and 4B), the expression of Dhh and Amh was
up-regulated in a similar way to XX Wht4 single mutants (Figs. 2G-H and 4E-F), and
the meiosis initiation marker Stra8 was down-regulated (Fig. 51). The only difference
detected between XX single and double mutants was a transient up-regulation of
Sox8 at E12.5 and a specific down-regulation of Fgf9 in the Wnt4;Sox9 double mutant

gonads when compared to XX controls and XX Wnt4 mutants (Fig. 2E,F).

Together our observations demonstrate that SOX9 function is not required for the
appearance of the first phenotypic changes in Wnt4 XX mutants and suggest that the
transient expression of Sox9 in Wnt4 mutants is not indispensable for the

establishment and progression of the defects associated to WNT4 loss-of-function.

WNT4 loss-of-function partially restores testicular development in XY Sox9
mutants

We next analyzed XY single and double mutants at E12.5 and E14.5. XY Wht4
mutants exhibit an initial delay in Sertoli cell differentiation leading to transient defects
in testis cords organization and size that are restored near birth (Chassot et al., 2012;
Jeays-Ward et al., 2004; Vainio et al.,, 1999). Accordingly, we observed that the
supporting cell markers Sox8, Dhh and Amh were down-regulated in XY Whnt4
mutants at E12.5 but reached levels close to those of XY controls at E14.5 (Figs. 2E,

2G, 2H and 4D-F).
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Conditional deletion of Sox9 in the XY somatic gonad leads to complete
male-to-female sex reversal (Chaboissier, 2004; Lavery et al., 2011b). XY Sox9
mutants had the morphological appearance of ovaries, with no signs of testis cords
formation and absence of celomic vessel and steroidogenic cells at E12.5 and E14.5
(Figs. 1B', 1F', 1J', 3B', 3F', 3J' and data not shown). XY Sox9 mutants expressed
FoxI2/FOXL2, indicating that supporting cells had acquired a granulosa identity (Figs.
1B’, 2C, 3B’ and 4B). Q-PCR analysis revealed that in addition to Fox/2, the
Whnt/R-Catenin pathway target genes Axin2 and Fst were also up-regulated in XY
Sox9 mutants (Figs. 2A-B and 4A). In contrast, the expression of male supporting
markers such as Sox8, Fgf9, Dhh and Amh/AMH was down-regulated compared to
control testes (Figs. 1F’, 2E-H, 3F’, 4D-F,).

In XY gonads, SRY is expressed from E10.5 in pre-Sertoli cells, but is then
quickly down-regulated by E12.5 (Fig. 1E', (Bullejos and Koopman, 2001; Wilhelm et
al., 2005). SRY was still expressed in XY Sox9 mutants at E12.5 but was
down-regulated by E14.5 (Figs. 1F’ and 3B’). This observation suggests that SOX9
might be required for Sry down-regulation in the XY developing gonad (Chaboissier,

2004).

Previous work has indicated that unlike the situation in control XY gonads, XY
germ cells undergo meiosis in the fetal XY Sox9 mutant gonads (Chaboissier, 2004;
Lavery et al., 2011b). At E14.5, control female germ cells had down-regulated the
pluripotency marker OCT3/4 and expressed the meiotic marker SYCP3 (Fig. 5A, 5E).
In control testes, OCT3/4 expression was maintained in male germ cells arrested in
GO0/G1 phase of the cell cycle (Fig. 5B). In E14.5 XY Sox9 mutant gonads, germ cells
had lost OCT3/4 expression and had up-regulated SYCP3 expression (Fig. 5C, 5G).
In addition, the male gonocyte marker Nanos2 was down-regulated whereas the

meiosis initiation marker Stra8 was expressed at levels comparable to those observed
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in control ovaries (Fig. 51, 5J). These results confirm that XY germ cells initiate

meiosis in XY Sox9 fetal gonads, similar to XX germ cells in control fetal ovaries.

XY Wht4;Sox9 double mutants had the morphology of an ovary without any signs
of testis cord formation at E12.5 and E14.5 (Figs. 1D', 1H', 1L' and 3D', 3H', 3L"),
indicating that Whnt4 deletion cannot rescue testicular development in XY Sox9
mutants. However, unlike XY Sox9 mutants, XY Wht4;Sox9 double exhibited a
celomic vessel and steroidogenic cells (Figs. 1L’ and 3L’ and data not shown).
Celomic vessel formation in XY double mutants could be related to the complete
absence of Fst expression (Fig. 2B, (Yao et al., 2004). The expression of Axin2,
another target of the Wnt/3-Catenin pathway was also reduced to levels comparable
to those of the control XY gonads at E12.5 and E14.5 in the double mutants (Figs. 2A
and 4A). These observations indicate that at least two male specific processes,
celomic vessel formation and steroidogenic cells differentiation can be rescued by
loss of WNT4 function and down-regulation of WNT/R-catenin pathway activity in XY
double mutants compared to Sox9 single mutants. We conclude that abnormal
activation of the WNT/R-catenin pathway is responsible for the absence of celomic

vessel formation and steroidogenic cell differentiation in XY Sox9 mutants.

Despite the presence of some male characteristics, XY Whnt4;Sox9 double
mutants expressed FOXL2, indicating that granulosa cell identity was specified in
these gonads (Figs. 1D’ and 3D’). However, the levels of Fox/2 transcripts were
reduced when compared to XY Sox9 mutants (Figs. 2C and 4B). In addition, XY
Whnt4;Sox9 double mutants showed increased expression of the male supporting
markers Sox8, Fgf9, Dhh and Amh, when compared to XY Sox9 single mutants (Figs.
2E-H and 4D-F). In particular, AMH protein could be detected from E12.5 in XY
double mutants (Figs. 1 H and 3H’). Similar to XY Sox9 single mutants, SRY
expression was not down-regulated in XY Whnt4;Sox9 double mutants at E12.5 (Fig.

1H’). SRY expression was even maintained at E14.5, where it was co-expressed with
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FOXL2 (Fig. 3D’) further demonstrating that XY supporting cells have acquired a

granulosa cell fate in XY double mutants.

Unlike Sox9 single mutants, germ cells in XY Wht4,Sox9 mutants maintained
OCT3/4 expression (Fig. 5D) and did not show up-regulation of SYCP3 (Fig. 5H), thus
resembling male germ cells. Nevertheless, we found that Stra8 expression was
up-regulated, albeit at lower levels when compared to Sox9 single mutants (Fig. 5I).
This observation suggests that a fraction of germ cells in XY double-mutants might
initiate meiosis around E14.5. Thus, Wnt4 loss-of-function in XY double mutants only
partially rescues male germ cell development when compared to XY Sox9 single

mutants.

Together these results demonstrate that similar to XY Sox9 mutant, XY
Whnt4;Sox9 mutant gonads display female characteristics such as the presence of a
granulosa cell population revealed by FOXL2 expression, and up-regulation of Stra8
expression. However, loss of Wnt4 function in the double mutants rescues specific
aspects of the XY Sox9 mutant male-to-female sex reversal. Celomic vessel
formation and steroid cell differentiation are completely rescued, whereas male
supporting gene expression and germ cell differentiation are only partially rescued.
We conclude that up-regulation of Whnt4 is only partially responsible for the

appearance of ovarian characteristics in XY Sox9 mutant gonads.

XX Wnt4;Sox9 double mutant gonads develop as ovotestes

We next examined XX single and double mutant gonads near the end of fetal
development, at E17.5. XX Wnt4 gonads are masculinized (Vainio et al., 1999) and
develop as ovotestes with a posterior part containing ovarian structures and an
anterior part displaying testicular features (Maatouk et al., 2013). One characteristic of
XX Wnt4 mutants is the premature differentiation of pre-granulosa cells in the anterior
part of the gonad. It has been suggested that precocious exit from mitotic arrest and

the onset of differentiation of granulosa cells precedes their trans-differentiation into
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Sertoli-like cells (Maatouk et al., 2013). We observed the presence of cells
co-expressing FOXL2 and AMH (Fig. 6 A-C) and FOXL2 and Androgen Receptor (AR,
Fig. 6D-F) in the anterior part of XX Whnt4 mutant gonads and XX double mutant
gonads. AMH and AR are only expressed in granulosa cells during folliculogenesis in
the control post-natal ovary (Durlinger et al., 2002; Yang et al., 2015). In addition, the
quiescent cells marker P27 (encoded by Cdkn1b, (Maatouk et al., 2013) was
down-regulated in the anterior region of XX Wnt4 and Wnt4;Sox9 mutant gonads (Fig.
6. G-1). These observations indicate that granulosa cells in the anterior region of both
mutants have exited mitotic arrest and have started to differentiate. We conclude that
SOX9 function is dispensable for premature granulosa cell differentiation in XX Wnt4

mutants.

In order to assess the trans-differentiation of granulosa into Sertoli-like cells, we
analyzed the expression of the Sertoli marker DMRT1 (Lei et al., 2007b). Surprisingly,
we could not detect any DMRT1 signal in XX Wht4 single mutant at E17.5 or PO (data
not shown), indicating that granulosa to Sertoli-like cell trans-differentiation did not
occur efficiently in the XX Wnt4 mutant gonads generated for this study. DMRT1
expression was also absent in XX Wnt4,;Sox9 mutant gonads, and therefore we could

not conclude on the role of SOX9 in Sertoli-like cell formation in XX Wnt4 mutants.

Another characteristic phenotype of the XX Wht4 mutant gonad is the strong
reduction of germ cell numbers in the anterior region, following apoptosis (Yao et al.,
2004). Accordingly, a reduction in the germ cells marked by the TRA98 antigen was
observed both in XX Wnt4 single and Wnt4;Sox9 double mutants (Fig. 6H, 61). Finally,
the testicular region of the XX Whnt4 mutant ovotestis contained abundant interstitial
cells expressing AR and NR2F2 (Fig. 6E, 6K), as well as ectopic steroidogenic cells
marked by the expression of HSD3R (Fig. 6K). This phenotype was identical in the XX
Whnt4,;Sox9 double mutants (Fig. 6F, 6L). Together our results demonstrate that

ovotestis formation in XX Wnt4 mutant gonads occurs in absence of SOX9 function.
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XY Wnt4;Sox9 double mutant gonads develop as ovotestes

At E17.5 XY Sox9 mutant gonads had all the characteristics of an ovary: FOXL2
and P27 were expressed in the quiescent pre-granulosa cells across the entire gonad
(Fig. 7B ,7E, 7H), meiotic germ cells were found in the cortical region of the ovary
surrounded by pre-granulosa cells (Fig. 7H, 7N), and steroidogenic cells were absent

(Fig. 7K).

By contrast, two distinct regions could be clearly identified in the XY Wht4;Sox9
double mutant gonads that resembled ovotestes. The “ovary-like” region exhibited
abundant FOXL2 expressing cells (Fig. 7C, 7F) and less NR2F2 expressing interstitial
cells (Fig. 7L). In this region, germ cells expressed the meiotic marker yH2AX (Fig. 70)
and were surrounded by quiescent granulosa cells expressing P27 (Fig. 71). This
observation demonstrates that XY Wnt4,Sox9 germ cells initiate meiosis in the
ovarian region of the double mutant ovotestis. In contrast, in the masculinized region
of XY double mutant gonads, cells co-expressing FOXL2 and AMH or FOXL2 and AR
(Fig. 7C, 7F) were organized in tubular structures surrounded by abundant interstitial
cells expressing NR2F2 and AR and by steroidogenic cells (Fig. 7F, 7L). P27
expression was down-regulated (Fig. 71) and germ cells were negative for the meiotic
marker yH2AX (Fig. 70). These observations suggest that, in the masculinized region
of XY Wnt4;Sox9 ovotestes, FOXL2 expressing granulosa cells initially formed by the
process of male-to-female sex reversal caused by Sox9 mutation, undergo premature
differentiation upon Wht4 deletion. We next investigated Sertoli cell formation in XY
double mutants. DMRT1 was expressed in germ cells present inside the testis cords
and co-expressed with AMH in Sertoli cells of control testes at PO (Fig. 7P, (Lei et al.,
2007b). XY Sox9 mutant gonads were devoid of DMRT1 and AMH expression, but
expressed FOXL2 (Fig. 7Q). In XY double mutants, cells co-expressing DMRT1 and
AMH were observed, indicating that Sertoli-like cell differentiation had occurred (Fig.
7R). The fact that some tubular structures contained FOXL2 positive cells adjacent to
cells co-expressing AMH and DMRT1 strongly suggests that Sertoli-like cells

transdifferentiate from granulosa cells in XY double mutants (Fig. 7R).
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Together our results strongly indicate that XY double mutant gonads develop
through a sequence of two phenotypic sex-reversal processes. Initially Sox9 deletion
causes a male-to-female sex reversal revealed by the presence of female supporting
cells expressing FOXL2 in XY double mutant gonads. However, these gonads also
exhibit a celomic vessel and steroidogenic cells, two male structures normally
inhibited by WNT4 function. As development proceeds, a sub-population of granulosa
cells in the sex-reversed double mutant gonad prematurely differentiate and
eventually trans-differentiate into Sertoli-like cells, thus transitioning from a female to

a male fate as they do in XX Wnt4 mutant gonads.
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Discussion
We have shown that deletion of the pro-testis factor Sox9 and of the pro-ovarian
factor Wnt4 in the mouse gonad leads to formation of ovotestes both in XX and XY

individuals.

SOX9 function is not required for ovotestes development in Wnt4 mutants

In absence of Wnt4, SOX9 is transiently up-regulated at E11.5, raising the
question of its role during the initial steps of female to male sex reversal in XX Wnt4
mutants (Kim et al., 2006b). We show here that XX Sox9;Wnt4 mutants ovotestes are
similar to those formed in XX Wht4 single mutants, indicating that SOX9 function is
not required for the different aspects of partial sex reversal observed in the absence of
WNT4 function. In particular, ectopic celomic vessel formation, ectopic steroidogenic
cell differentiation and pre-mature granulosa cell differentiation are SOX9
independent processes. This finding is in agreement with previous reports describing
ovotestes development in Sox9;Rspo1 and Sox9;Ctnnb1 double mutants (Lavery et
al., 2012; Nicol and Yao, 2015). We did not detect DMRT1 expression in XX Wnt4 or
XX Sox9;Wnt4 mutants, and therefore we could not conclude on the presence of
trans-differentiated Sertoli-like cells in the XX single and double mutants. It has been
previously noted that Sertoli-like cells expressing SOX9 but not DMRT1 appear only
sporadically in newborn XX Wnt4 mutants, and Wht4 gonads cannot be analyzed at
later stages owing to the perinatal lethality caused by Whnt4 deficiency in the kidney
(Maatouk et al., 2013; Stark et al., 1994). The less efficient granulosa to Sertoli-like
cell trans-differentiation in XX Whnt4 mutant gonads compared to Rspo1 or Ctnnb1
mutants might be explained by the compensatory action of other WNT proteins
(Chassot et al., 2008b; Maatouk et al., 2013; Nicol and Yao, 2015). Alternatively,
WNT4 function might be specifically involved in some aspects of Sertoli cell

differentiation (Jeays-Ward et al., 2004).
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WNT4 function is not required for initial granulosa cell specification in
Sox9-mutated pathological gonads

XY Sox9;Wnt4 mutant gonads also develop as ovotestes demonstrating that
Whnt4 deletion cannot completely rescue testicular development in XY Sox9 mutants.
We have shown that XY double mutant gonads express FOXL2 from E12.5, although
at reduced levels compared to XY Sox9 single mutants. Moreover, we have observed
that FOXL2 is up-regulated in SRY expressing cells. Our results demonstrate that in
the absence of SOX9, and despite the presence of SRY and reduced R-Catenin
signaling, bipotential supporting cell precursors initially adopt a female pre-granulosa
fate, possibly through the action of FOXL2. Activation of [3-Catenin signaling or
FOXL2 in XY gonads can trigger ovarian development, indicating that both pathways
can drive granulosa cell differentiation (Maatouk et al., 2008; Nicol et al., 2018).
Although, pre-granulosa cell specification occurs in XX Rspo1/Wht4/Ctnnb1 and XX
FoxlI2 single mutants (Chassot et al., 2008a; Liu et al., 2009; Maatouk et al., 2013;
Nicol and Yao, 2015; Tomizuka et al., 2008; Vainio et al., 1999), Rspo1;Fox/2 and
Wht4,FoxI2 double mutants exhibit enhanced Sertoli-like cell formation (Auguste et al.,
2012; Ottolenghi et al., 2007), indicating that RSPO1/WNT/R-Catenin and FOXL2 can
compensate for each other but also co-operate in granulosa cell specification and

maintenance.

We show here that FOXL2 is expressed in XY Sox9;Wnt4 demonstrating that
Whnt4 up-regulation is not the only event involved in Fox/2 induction in XY Sox9
mutants. Similar results were obtained in Sox9;Ctnnb1 mutants, indicating that Fox/2
induction is independent from R-Catenin signaling activation in XY Sox9 mutants. One
possibility is that SOX9 is involved in the repression of Fox/2 expression in
differentiating XY supporting cells either directly, or through the action of its target
FGF9 (Gustin et al., 2016; Wilhelm et al., 2009). Interestingly, ChlP-seq experiments
have identified FOXL2 binding peaks in a region containing an enhancer involved in

Sox9 repression in granulosa cells (Nicol et al., 2018). Thus FOXL2 and SOX9 might
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repress each other expression to ensure the appropriate differentiation of bipotential

supporting precursors along the male or female pathway.

SRY regulation in XY Sox9;Wnt4 double mutants

We have observed that SRY expression is maintained in E12.5 XY Sox9 and
Sox9;Wnt4 mutants, indicating that without the downstream activation of SOX9, SRY
cannot antagonize granulosa cell formation to initiate Sertoli cell differentiation. SRY
expression is down-regulated in control testes around E12.5 (Bullejos and Koopman,
2001; Wilhelm et al., 2005). We found that SRY was widely detected in XY Sox9
mutants at E12.5 and was further maintained in E14.5 Sox9;Wnt4 mutants. It has
been previously suggested that SOX9 might be involved in Sry down-regulation in the
XY developing gonad (Chaboissier, 2004). However, additional factors are at play as
demonstrated by the correct down-regulation of SRY expression at the poles of
B6-XYF°S ovotestes devoid of SOX9 expression (Wilhelm et al., 2009). Interestingly,
SRY expression is recued in XY Cbx2;Wnt4 mutant gonads (Garcia-Moreno et al.,
2019b), indicating that WNT4 function, possibly through the activation of R-catenin
signaling, might contribute to the down-regulation of SRY in differentiating supporting

cells.

Vasculature formation and steroidogenic cell differentiation are
WNT-dependent processes that do not require SOX9 function

Despite the initial specification of pre-granulosa cells, XY Sox9;Wnt4 double
mutant gonads exhibit some male specific traits that are not present in XY Sox9
mutants. In particular, deletion of Wnt4 rescues the male vasculature in XY Sox9
mutants. Celomic vessel forms in developing testes through the migration of
endothelial cells of mesonephric origin (Jeays-Ward, 2003). This process is
stimulated by Activin B, whose subunit Inhbb is expressed in Sertoli and granulosa
cells (Yao et al., 2006). In XX gonads, RSPO1/WNT/3-Catenin and FOXL2 promote
the expression of the Activin antagonist FST, thus inhibiting endothelial cell migration

(Chassot et al., 2008a; Kashimada et al., 2011; Liu et al., 2009, 2010; Nicol et al.,
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2018; Tomizuka et al., 2008; Yao et al., 2004). Reduced Fst expression in the
absence of Wnt4 in XY Sox9;Wnt4 double mutants is the most likely cause of the

celomic vessel rescue in these gonads.

In addition, XY Sox9;Wht4 double mutant gonads exhibit steroidogenic cell
differentiation, similar to the XY control gonads. Deletion of Rspo1, Wnt4 or Ctnnb1
induces ectopic steroidogenic cell formation in XX gonads before the overt
differentiation of Sertoli-like cells (Chassot et al., 2008a; Liu et al., 2009; Tomizuka et
al., 2008; Vainio et al., 1999). Hedgehog signaling, and in particular Desert Hedgehog,
is required for Fetal Leydig cell differentiation from undifferentiated interstitial
precursors in developing testes (Yao et al., 2002). Dhh expression is rescued in XY
Sox9;Wnt4 double mutants, suggesting that Hedgehog signaling might be involved in

steroidogenic cell formation in these gonads.

Altogether our observations indicate that at least two male specific processes,
celomic vasculature and fetal steroidogenic cell formation, do not depend on SOX9

itself but require the inhibition of the ovarian WNT signaling.

Premature granulosa cell differentiation and Sertoli-like trans-differentiation in
XY Sox9;Wnt4 double mutants

We have shown that at E17.5 a fraction of the pre-granulosa cells in XY
Sox9;Wnt4 double mutants have exited mitotic arrest and have started to express
AMH and AR, suggesting that they have prematurely differentiated. Therefore,
maintenance of pre-granulosa cell identity in XY Sox9 mutant ovaries requires WNT4
function. Premature granulosa cell differentiation is a common feature of XX gonads
harboring mutations in Rspo1, Wnt4 or Ctnnb1 (Maatouk et al., 2013; Nicol and Yao,
2015). This process is independent of Sox9 function as shown here in XX Sox9;Wnt4
double mutants, but also in Sox9;Rspo1 and Sox9;Ctnnb1 double mutant XX gonads
(Lavery et al., 2012; Nicol and Yao, 2015). It is currently unknown whether premature

granulosa cell differentiation in absence of Rspo1/Whnt4/Ctnnb1 is a cell autonomous
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process triggered by the decrease of 3-Catenin signaling in pre-granulosa cells or is
linked to other phenotypic features such as the presence of ectopic steroidogenic

cells.

We have shown that Sertoli-like cells marked by the expression of DMRT1 and
AMH are formed in newborn XY Sox9;Wnt4 mutant gonads. These cells can be found
in tubular structures that also contain FOXL2 positive cells, suggesting that Sertoli-like
cell differentiation in XY Sox9;,Wnt4 mutants is the result of a trans-differentiation
process from prematurely differentiated granulosa cells. Thus in XY Sox9;Wnt4
mutants, supporting cells go through a sequence of two sex reversal processes: first
they differentiate as XY pre-granulosa cells in absence of SOX9, then they
trans-differentiate into Sertoli-like cells owing to the lack of WNT4 function. We did not
observe Sertoli-like cells expressing DMRT1 in XX double mutants, indicating that the
Y chromosome, and possibly the target genes of SRY (Nicol and Yao, 2015), favor

Sertoli-like cell development in XY Sox9;Wht4 ovotestes.

Antagonism of male and female pathways in gonadal development

SOX9 function is required for the initial choice that drives Sertoli cell specification
from a bipotential supporting cell precursor. This function cannot be rescued by
mutations in Wnt4 or Ctnnb1 (this work and (Nicol and Yao, 2015). It was previously
reported that testicular development is rescued in XY Sox9;Rspo1 double mutants
(Lavery et al., 2012). These gonads develop as hypoplastic testes at post-natal
stages. However, the embryonic XY Sox9;Rspo?1 double mutant gonads have an
ovarian morphology and express the meiosis initiation marker Stra8 at E14.5.
Moreover, the authors noted some rare FOXL2 expressing follicles at P21. These
observations are compatible with the interpretation that similar to XY Sox9;Wnt4 and
Sox9,Ctnnb1 mutants, XY Sox9;,Rspo1 double mutant gonads develop as ovotestes,

with an ovarian part that fails to be maintained at late post-natal stages.
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Together these studies suggest that SOX9 and WNT/R-Catenin signaling act at
different levels in the mutual antagonistic network that drives normal supporting cell
differentiation and gonadal development. SOX9 function is essential for the initial
decision in the supporting cell lineage to drive Sertoli cell differentiation.
WNT/R-Catenin co-operates with FOXL2 for the initial granulosa cell specification,
inhibits male vascular and steroidogenic development and is essential to maintain
pre-granulosa cells in an undifferentiated quiescent state during embryonic ovarian

development.

140



Materials and Methods
Mouse strains and genotyping

The experiments described herein were carried out in compliance with the
relevant institutional and European animal welfare laws, guidelines and policies. All
the experiments were approved by the French Ministére de I'Education Nationale, de
'Enseignement Supérieur et de la Recherche. All mouse lines were kept on a mixed
129/C57BI6/J background. Sf1:Cre'??; Sox9™"x: Wnt4** females were crossed with
Sf1:Cre"”; Sox9™"*; Wnt4*" males to obtain mutant embryos at different stages.
Sf1-Cre', Sox9™ and Whnt4 knockout mouse lines were genotyped as previously
described (Bingham et al., 2006; Chaboissier, 2004; Lavery et al., 2011b; Vainio et al.,
1999). The day when a vaginal plug was found was designated as embryonic day
EQ.5. The genotype of mice and embryos were determined using genotyping PCR
assays on lysates from ear biopsies or tail tips with genotyping primers shown in
supplementary table 1. E10.5-E12.5 embryos were staged by counting the number of
tail somites (ts) with 8 ts corresponding to E10.5, 18 ts to E11.5 and 30 ts to E12.5
(Hacker et al., 1995).

Histological analysis

Gonads were dissected in Phosphate Buffered Saline (PBS), fixed in Bouin’s
solution (HT10132, Sigma-Aldrich) then dehydrated and embedded in paraffin with a
Leica TP1020 tissue processor. Five-micrometer-thick sections were processed for
Hematoxylin and Eosin staining using standard procedures. Images were taken on a
MZ9.5 microscope (Leica) with a DFC490 camera (Leica) driven by the Application
suite software (Leica), and treated with Image Composite Editor and Adobe

Photoshop.

Immunofluorescence staining
Five-micrometer-thick sections of samples fixed in Bouin’s solution (HT10132,
Sigma-Aldrich), Antigen fix (P10016, Diapath) or 4% PFA (15710-S, EMS) were

processed for immunofluorescence staining. Paraffin was removed in Xylene baths (2
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times, 10min each). Sections were rehydrated in 100%, 90%, 70%, 40% Ethanol
(EtOH) and H20 baths orderly, 5min each. Antigen retrieval procedure was obtained
by pressure cooking in 10 mM Sodium Citrate pH6, 0.05% Tween-20 for 10min.
Sections were blocked with 3% Bovine serum Albumin (BSA, A2153 Sigma-Aldrich)
and 10% inactivated Normal Donkey Serum (NDS) in PBS/0.1% Tween-20 for 1 hour
at room temperature. Primary antibodies diluted in 3% BSA, 3% NDS, PBS/0.1%
Tween-20 were incubated at 4 °C overnight. After 3 washes in PBS/0.1% Tween-20,
secondary antibodies diluted in PBS were incubated for 1 hour in darkness at room
temperature. After 3 washes in PBS/0.1% Tween-20, slides were mounted with
Vectashield Hardset solution containing DAPI (H-1500, Vector Laboratories). Images
were obtained on a motorized Axio ImagerZ1 microscope (Zeiss) coupled with an
Axiocam Mrm camera (Zeiss) and processed with ZEN Blue 2.5 (Zeiss), Fiji and
Adobe Photoshop. The dilutions of primary and secondary antibodies are shown in

supplementary table 2.

Quantitative PCR analysis

Individuals gonads without mesonephros were dissected in PBS, snap-frozen in
liquid nitrogen and kept in -80 °C. Total RNAs were extracted by RNeasy Micro Kit
(74004, Qiagen) and reverse transcribed by M-MLV reverse transcriptase (M170A,
Promega). Q-PCR reactions were prepared in 10 uL with LightCycler® 480 SYBR
Green | Master (04887352001, Roche) and run in the LightCycler® 480 System
(05015278001, Roche). gRT-PCR primers are shown in the supplementary table 3.
All biological replicates of different genotypes were run in the same plate and
repeated at least twice. The number of replicates are indicated in the corresponding
figures. Relative gene expression of each gonad was calculated based on a standard
curve from each run and normalized to the expression of the housekeeping gene
Shda for the comparison between different gonads. For each genotype, the mean of
the normalized expression levels was calculated and graphs show mean fold-change
+SEM. Unpaired Student t-test (p < 0.05) was performed to compare the normalized

gene expression values among samples.
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Figure and figure legends
Figure 1. Consequences of inactivation of Sox9 and Wnt4 in XX and XY gonads
at E12.5.

Immunofluorescence staining on E12.5 XX (A-L) and XY (A'-L") gonads of Control,
Sox9%C, Wnt4X°, Sox9°°Wnt4X° genotypes. (A-D and A'-D') Expression of the
granulosa cell marker FOXL2 (green) and of the germ cell marker TRA98 (red). (E-H
and E’-H’) Expression of the mature granulosa cell or Sertoli cell marker AMH (green),
of the male sex determination protein SRY (red) and TRA98 (white). XY Sox9°° and
XY Sox9°°Wnit4*° gonads maintain high levels of SRY expression in the entire gonad.
Inset in H' is a higher magnification of the XY Sox9°°Wnt4*° double mutant gonad
showing a cell expressing SRY and AMH. (I-L and P’-L’) Expression of the
steroidogenic enzyme HSD3B (red). Insets show HSD3R positive cells in XX Wnt4X°
mutant (K), XX Sox9““°Wnt4*° double mutant (L), XY Wnt4*® mutant (K'), and XY
Sox9°°Wnt4X° double mutant (L'). Nuclei labeled with DAPI are shown in blue. Scale
bar = 100 um. Red arrows in G, K and A' indicate the coelomic vessel. Bright yellow

spots are auto-fluorescent blood cells.
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Figure 2. Quantitative PCR analysis at E12.5

Quantitative PCR analysis of mRNA expression in E12.5 XX or XY gonads of
Control, Sox9°°, Wnt4*°, Sox9°*°Wnt4*° genotypes. Results are shown as mean +
SEM. Asterisks represent statistical significance of P < 0.05 by using Student's t-test

(n = 4 embryos for each genotype). ns: no significant difference (P>0.05).
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Figure 3. Consequences of inactivation of Sox9 and Wnt4 in XX and XY gonads
at E14.5.

Immunofluorescence staining on E14.5 XX (A-L) and XY (A'-L") gonads of Control,
Sox9C, Wnt4K°, Sox9°*°Wnit4"° genotypes. (A-D and A'-D') Expression of FOXL2
(green) and SRY (red, A-D'). FOXL2 expression is abundant in XY Sox9°° (B')and in
XY Sox9°“°Wnit4*° (D’). Inset in D' is a higher magnification of the XY Sox9°“°Wnt4"©
double mutant gonad showing cells co-expressing SRY and FOXL2. (E-H and E'-H’)
Expression of AMH (green) and TRA98 (red, E-H). Inset in H' is a higher magnification
of the XY Sox9°“°Wnt4*° double mutant gonad showing AMH positive cells in the
anterior region. (I-L and I'-L') Expression of HSD3B (red). Insets show HSD3R
positive cells in XX Wnt44° mutant (K), XX Sox9°“°Wnt4*° double mutant (L), XY
Wnt4° mutant (K'), and XY Sox9°“°Wnt4*° double mutant (L’). Nuclei labeled with
DAPI are shown in blue. Scale bar = 100 um. Bright yellow spots are auto-fluorescent

blood cells.
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Figure 4. Quantitative PCR analysis at E14.5

Quantitative PCR analysis of mRNA expression in E14.5 XX or XY gonads of
Control, Sox9°°, Wnt4*°, Sox9°*°Wnt4*° genotypes. Results are shown as mean +
SEM. Asterisks represent statistical significance of P < 0.05 by using Student's t-test

(n = 4 embryos for each genotype). ns: no significant difference (P>0.05).
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Figure 5. Germ cells of XY Sox9°°Wnt4° double mutants maintain
pluripotency but have ectopic Stra8 mRNA expression.

(A-H) Immunofluorescence staining on E14.5 XX control gonads (A, E) and
E14.5 XY (B-D, F-H) gonads of Control, Sox9°°, Sox9°°Wnt4*° genotypes. (A-D)
Expression of the germ cell marker DDX4 (green) and of the pluripotency marker
OCT3/4 (red). Inset in C shows germ cells that have lost pluripotency in XY Sox9°<°.
Inset in D shows pluripotent germ cells expressing OCT3/4 in Sox9°°Wnt4*°. (E-H)
Expression of DDX4 (green) and of the meiotic marker SCP3 (red). Inset in G shows
meiotic germ cells in XY Sox9°¢°. Inset in H shows germ cells negative for SCP3 in
Sox9°“°Wnt4X°. Nuclei labeled with DAPI are shown in blue. Scale bar = 100 ym. (I-J)
Quantitative PCR analysis of Stra8 and Nanos2 mRNA expression in E14.5 XX or XY
gonads of Control, Sox9°°, Wnt4*°, Sox9°“°Wnt4"° genotypes. Results are shown
as mean + SEM. Asterisks represent statistical significance of P < 0.05 by using
Student's t-test (n = 4 embryos for each genotype). ns: no significant difference

(P>0.05).
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Figure 6. XX Sox9°“°Wnt4X° double mutants develop ovotestes as XX Wnt4%°
mutants.

Immunofluorescence staining on E17.5 XX gonads of Control, Wnt4*° and
Sox9°°Wnt4X° genotypes. (A-C) Expression of AMH (green) and FOXL2 (red). Insets
show AMH and FOXL2 double positive pre-matured granulosa observed in the
anterior region of XX Wnt4X° (B) and XX Sox9°°Wnt4*° (C) mutant gonads. (D-F)
Expression of androgen receptor (AR, green) and FOXL2 (red). Insets show
pre-matured granulosa cells co-expressing AR and FOXL2 in the anterior region of
XX Wnt4%° (E) and XX Sox9°°Wnt4X° (F) mutant gonads. (G-l) Expression of the
mitotic arrest marker P27 (green) and TRA98 (red). Germ cells and P27 expression
are reduced in the anterior region in the XX Wnt4*® and XX Sox9°°Wnt4° mutant
gonads. (J-L) Expression of HSD3B (green) and of the interstitial cell marker NR2F2
(red). Ectopic steroidogenic cells (insets in K and L) and interstitial cells are abundant
in XX Wnt4X° and XX Sox9°“°Wnt4"° mutant gonads. Nuclei labeled with DAPI are

shown in blue. Scale bar = 100 um.
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Figure 7. XY Sox9°“°Wnt4*° double mutants develop ovotestes
Immunofluorescence staining on E17.5 (A-O) and PO (P-R) XY gonads of Control,
Sox9X° and Sox9°*°Wnt4*° genotypes. (A-C) Expression of AMH (green) and FOXL2
(red). Inset shows AMH and FOXL2 double positive pre-matured granulosa observed
in the anterior region of XY Sox9°“°Wnt4*° mutant gonads (C). (D-F) Expression of
androgen receptor (AR, green) and FOXL2 (red). Inset shows pre-matured granulosa
cells co-expressing AR and FOXL2 in XY Sox9°Wnt4%° mutant gonads (F). (G-l)
Expression of the mitotic arrest marker P27 (red), AMH (green) and TRA98 (white).
Germ cells and P27 expression are reduced in the AMH positive region of XY
Sox9°°Wnt4X° mutant gonads. (J-L) Expression of HSD3B (green) and NR2F2 (red).
Inset in L shows steroidogenic cells in XY Sox9°“°Wnt4X° mutant gonads. (M-O)
Expression of the germ cell marker DDX4 (green) and the DNA double strands break
marker or meiotic marker yH2AX (red). The germ cell close to posterior region of
E17.5 XY Sox9°Wnt4X° (O) enter meiosis (DDX4 and yH2AX double positive),
whereas germ cells close to the anterior region do not show yH2AX expression as the
XY Control (M). (P-R) Expression of AMH (red), FOXL2 (green) and of the Sertoli cell
maker DMRT1 (white). The insets in R show trans-differentiated Sertoli-like cells
(DMRT1 and AMH double positive) and pre-matured granulosa cells (AMH and
FOXL2 double positive) observed in the PO XY Sox9°“°Wnt4X° (R). Nuclei labeled

with DAPI are shown in blue. Scale bar = 100 uym.
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Supplementary Material

Supplementary table 1: Genotyping primer list

Allele Primer Forward 5' - 3' Primer Reverse 5' - 3' Amplicon
genotyping name name size
Sox8 Sox8 15 GTCCTGCGTGGCAACCTTGG sox816  GCCCACACCATGAAGGCATTC 431bp
Sry SRY 5' GAGAGCATGGAGGGCCATG SRY 3' CTGTGTAGGATCTTCAATC 203bp
Sox9\"T Sox9 R3'158_ AACTAGGAGTAGTTAAGCTG Sox9 F2135  GGGGCTTGTCTCTCCTTCAGAG 250bp
Sox9Flox Sox9 R3'158_ AACTAGGAGTAGTTAAGCTG Sox9 F034 NEO2 ACACAGCATAGGCTACCTG 250bp
Sf1-Cre'? Sfib GTGTGCACAGACCAGGGCAA TNAPCre_ R CAAACGGACAGAAGCATTTTCCAG 300bp
Wnt4"VT WNT4_Exon3 TTCACAACAACGAGGCTGGCAGG WNT4_4exdR ACCCGCATGTGTGTCAAGATGG 700bp
Wnt4¥%© WNT4PgkNeo GCATTGTCTGAGTAGGTGTCATTC WNT4_4exdR  ACCCGCATGTGTGTCAAGATGG 400bp

WT: wildtype allele; F'o*: Floxed allele; %©: deleted allele; Te: transgenic allele;

Sox8 was used as internal control.
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Supplementary table 2: Antibody list for Immunofluorescence staining.

Antibody Species Supplier Reference Dilution
DDX4 Rabbit Abcam ab13840 200X
TRA98 Rat Abcam 82527 200X
AMH Mouse Bio-Rad Laboratories MCA2246 30X
OCT3/4 Mouse 8D Transdu.ction 611202 200X

Laboratories

FOXL2 Goat Novus Biologicals NB100-1277SS 200X
NR2F2 Mouse R&D Systems PP-H7147-00 200X
yH2AX Mouse Merck KGaA 16-193 400X
SOX9 Rabbit Merck KGaA HPA001758 250X
P27 Rabbit Santa Cruz Biotechnology sc-52 200X
AR Rabbit Santa Cruz Biotechnology sc-816 200X
DMRT1 Mouse Santa Cruz Biotechnology SC-377167 200X
AMH Goat Santa Cruz Biotechnology sSc6886 200X
HSD3B Goat Santa Cruz Biotechnology sc-30820 200X
SCP3 Mouse Santa Cruz Biotechnology Sc-74569 200X
SRY Rabbit Dagmar Wilhelm's Lab 200X
SDMG1 Rabbit lan Adams's Lab 600X
DaGoat488 Donkey Thermo Fisher A11055 500X
DaGoat555 Donkey Thermo Fisher A21432 200X
DaGoat647 Donkey Thermo Fisher A21447 200X
DaMouse488 Donkey Thermo Fisher A21202 500X
DaMouse594 Donkey Thermo Fisher A21203 500X
DaMouse647 Donkey Thermo Fisher A31571 200X
DaRabbit488 Donkey Thermo Fisher A21206 500X
DaRabbit555 Donkey Thermo Fisher A31572 200X
DaRabbit647 Donkey Thermo Fisher A31573 200X
DaRat488 old Donkey Thermo Fisher A21208 400X
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Supplementary table 3: gRT-PCR primer list

Annealing Exon Amplicon

Gene Forward 5' - 3' Reverse 5' - 3'
temperature amplification size
Axin2 GCAAGTCCAAGCCCCATA CGGCTGACTCGTTCTCCT 58°C E7/8 88bp
Foxl2 ATCGGGGTTCCTCAACAAC CATCTGGCAGGAGGCGTA 58°C E1 73bp
Fst GCCTATGAGGGAAAGTGTATCAA TGGAATCCCATAGGCATTTT 58°C E4/5 82bp
Sox9 GCGGAGCTCAGCAAGACTCTG ATCGGGGTGGTCTTTCTTGTG 58°C E1/2 117bp
Sox8 GACCCTAGGCAAGCTGTGG CTGCACACGGAGCCTCTC 58°C E1/2 82bp
Fgf9 TGCAGGACTGGATTTCATTTAG CCAGGCCCACTGCTATACTG 58°C E1/2 112bp
Dhh GGACCTCGTACCCAACTACAA CGATGGCTAGAGCGTTCACC 58°C E1/2 113bp
Amh GGGGAGACTGGAGAACAGC AGAGCTCGGGCTCCCATA 58°C E1/2 67bp
Nanos2 AGGTCCCCCGATCTCAAC CAGCATTTCCCAGTGTTTCAG 58°C E1 60bp
Stra8 TGACGTGGCAAGTTTCCTG GTTGCAGGTGGCAAACATAG 58°C E7/8 76bp
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CHAPTER IV: CONCLUSIONS AND PERSPECTIVES

Conclusions

Female sex determination in XX is an active and autonomous process, whose
progression needs the activation of canonical RSPO1/WNT4/R-Catenin signaling. In
this study, by taking advantage of a new conditional knockout mouse model, we
determined that RSPO1/WNT4/R}-Catenin signaling is specifically critical for female
development during the sex determination window. After female development is
established around E11.5, Rspo1 is not necessary for the later development of the
ovary. During ovotestes development in Rspo? mutants, up-regulation of the
expression of Androgen receptor and of components of the steroidogenic pathway
precede the pre-maturation of pre-granulosa cells. Furthermore, we discovered that
androgen signaling supports ovotestis development in XX Rspo7 mutants by
promoting the pre-maturation of pre-granulosa cells and their trans-differentiation into

Sertoli-like cells.

Our findings highlight the spatio-temporal requirement of the pro-female
RSPO1/WNT4/R-Catenin pathway during the time of sex determination in XX and
provide the first direct evidence of how sex hormones affect the primary gonadal
development in the ovotestis context. Our findings suggest that mammals evolved to
avoid the effects from a sex hormone rich environment in the uterus in part through
the inhibition of AR expression in the XX embryonic gonad by canonical WNT
signaling. Our findings also prove that it is possible to prevent the process of
female-to-male sex reversal in mouse Rspo? mutants during the embryonic stages by
inhibiting the androgen signaling pathway, which brings new thoughts and hopes to

fight RSPO1/WNT4/CTNNB1 mutations-leaded DSD.

Mutual antagonistic mechanisms between male and female development start
from the sex determination and last the whole lifetime (Bagheri-Fam et al., 2017; Kim

et al., 2006b; Matson et al., 2011; Uhlenhaut et al., 2009). Along with the stage
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progression, the main factors in pro-male and pre-female pathway used for this
antagonism also change. Here in our studies, we identified that Sox9 is dispensable
for the XX Whnt4 deficient ovotestes development at the early stages, since both XX
single Wnt4 and Wnt4,Sox9 mutants had similar female-to-male sex reversal
phenotypes: coelomic vessel, ectopic expression of steroidogenic enzymes,
pre-maturation of pre-granulosa cells. Furthermore, we discovered that even though
the additional deletion of Wht4 rescues the coelomic vessel and steroidogenic cells of
XY Sox9 mutants, the XY double mutant gonads develop through a sequence of two
phenotypic sex-reversal processes. Initially Sox9 deficiency leads to male-to-female
sex reversal shown by the supporting cells gaining granulose cell identity and the
presence of meiotic germ cells in the posterior region of the gonad; later the granulosa
cells in the anterior region experience pre-maturation and trans-differentiation to
become Sertoli-like cells, similar to the female-to-male sex reversal of XX Wht4

mutants.

By using Wnt4,Sox9 double knockout mouse model and rethinking on the studies
of Sox9;,Rspo1 and Sox9;Ctnnb1 double mutants, we conclude that
Rpso1/Wnt4/Ctnnb1 and Sox9 functions are relatively independent in the mutual
antagonistic network: Sox9 is able to directly determine the specification of supporting
cells (the presence of Sox9 determines Sertoli cell identity and the absence of Sox9
determines granulosa cell identity); Rpso1/Wnt4/Ctnnb1 are partially responsible for
the expression of Fox/2 but not the main regulators to determine the granulosa cell
identity, instead they act through an indirect way to maintain the granulosa cell identity.
This finding helps to depict the independent interaction relationship between Sox9
and Rpso1/Wnt4/Ctnnb1 in the mutual antagonistic network and also urges to find out
the up-stream regulators of Fox/2, which will allow us to understand more deeply
female sex determination and mutual antagonism between male and female during

sex determination.
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Perspectives

Search for the direct targets of RSPO1/WNT4/B-Catenin pathway
Down-regulation of the well-known direct target of RSPO1/WNT4/R}-Catenin
pathway Fst is responsible for the coelomic vessel formation and germ cell apoptosis,
but not for testis cord formation and differentiated Sertoli-like cells (Yao et al., 2004).
Along with the development of sequencing technology, sequencing data in the
developing gonads around sex determination have been gathered (Stévant and Nef,
2019). Even though the microarray analysis of E12.0, E12.5 and E14.5 XX Whnt4
mutants and E14.5 XX Ctnnb1 mutants helped to identify some differentially
expressed genes between mutants and control (Coveney et al., 2008; Naillat et al.,
2015; Nicol and Yao, 2015), the down-stream effectors of RSPO1/WNT4/R}-Catenin
pathway for female sex determination are largely unknown. This could be due to the
fact that female-to-male sex reversal is a complicated sequential process, which
includes multiple steps to achieve the final Sertoli-like cell differentiation. Therefore, it
is very important to find a stage when the direct down-stream target changes can be
distinguished from the later defects caused by them. We have confirmed that Rspo1 is
required for the female sex determination around E11.5, suggesting that the defect
caused by Rspo1 deletion resulting into female-to-male sex reversal occurs right at
this stage. We have chosen to perform RNA-seq analyses on XX E11.5 Rpso1
mutants to try to find out the direct targets of RSPO1/WNT4/R-Catenin pathway. High
quality sequencing data has been obtained for 4 biological replicates of E11.5 XX and
XY gonads of control and Rspo7 mutant genotypes. The bio-informatics analysis is

currently ongoing.

Confirm the role of androgens in XX Ar;Rspo1 double mutants

In our study, we have revealed a major role of androgen signaling pathway in the
XX Rspo1 ovotestis development by pharmacological inhibition of androgen receptor.
However, few SOX9/AMH double positive Sertoli-like cells are still observed in the

flutamide-treated XX mutants, although the flutamide treatments indeed inhibit the
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pre-maturation of granulosa cells and their further trans-differentiation. This could be
due to incomplete inhibition by the pharmacological treatment. Indeed, flutamide and
more generally the non-steroidal anti-androgens, have a very high specificity for AR
but a relatively low affinity (Gauthier, Martel, Labrie 2012; Kolvenbag, Furr, Blackledge,
1998). In order to establish the exact role of androgen signaling in ovotestis
development we will adopt a genetic approach. We will build a Ar;Rspo1 double
knockout mouse model, in which the deletion of Androgen receptor will completely

block androgen signaling in Rspo1 mutants (De Gendt et al., 2004).

Sequence of two phenotypic sex-reversal processes in XY Rspo1;Sox9 mutants

XY Sox9;Rspo1 double mutant gonads develop into testes at postnatal stages
and have well-preserved germ cells entering meiosis in the seminiferous tubules
(Lavery et al., 2012). These double mutants gonads are more masculinized than the
XY Sox9;Ctnnb1 and Whnt4;Sox9 double mutants, however the embryonic XY
Sox9;Rspo1 gonads still look like female gonads morphologically and exhibit Stra8
expression at E14.5 (Nicol and Yao, 2015). This observation indicates that embryonic
XY Sox9;Rspo1 double mutant gonads probably have a female development
interphase. The observation of 1 follicle in rare adult XY Sox9;Rspo1 testes is
consistent with this hypothesis. Therefore, it will be important to confirm whether the
sequence of two phenotypic sex-reversal processes also exist in XY Rspo71;Sox9

double mutants by re-analyzing these double mutants at different embryonic stages.
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