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Molecular interactions in a developing gonad are crucial for an individual since they
determine its phenotypic sex. The process of sex determination is complicated because of the
antagonistic interactions between the male and female pathway. Factors responsible for the
determination of femaleness make the female pathway. This pathway has to inhibit acomplex
network of male-determining factors and also has to induce the expression of genes that drive
differentiation of the ovary. Morphological description of the ovary development suggests
that this process is simple, however, the analysis of the robust gene expression indicates that
genetic control of the ovary differentiation is active and complicated at the molecular level. A
plethora of genes is expresed in developing gonads. Nevertheless, there are only a couple of
genes the role in ovary development of which has been described till now. RSPO! seems the
main gene participating in the establishment of the ovary fate. The loss of functional
R-spondinl causes the complete female-to-male sex reversal in human. The second
important factor is WNT4 which plays an opposite role to R-spondin1 in the gonad but also is
decisive for the ovarian fate. WNT4 and RSPO1 drive the disposition of B-catenin in cells and
thus these factors regulate gene transcription and cell-cell adhesion. Fox/2 is another gene
contributing to the development of the ovary. In females also germ cells seem to play
important role in sex determination.
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Gonadal differentiation is controlled by molecu-
lar processes that act in developing gonads. There
are two molecular pathways participating in sex
determination. The female pathway that induces
the expression of genes controlling development
of'the ovary and antagonizes the genes responsible
for the testis development. While the male path-
way, that is more complicated than the former, in-
hibits ovary development genes as well as
up-regulates the expression of genes driving the
testis differentiation.

Female sex in mammals has been considered the
default (JOST 1947), which would nowadays im-
ply that the basic pattern of gene expression in XX
individuals is realized without a triggering signal.
It is known that R-spondinl and WNT4 signalling
constitutes the main part of the molecular machin-
ery of the female pathway (VAINIO et al. 1999;

MENKE & PAGE 2002; YAO 2005; BERNARD &
HARLEY 2007; CHASSOT ef al. 2008). In contrast,
initiation of the male pathway driving testis devel-
opment requires a triggering signal which is the
SRY factor in almost all mammals (Fig. 1; POL-
ANCO & KOOPMAN 2007). Finally, it has been
shown that ovarian development is also an active
process which requires an inducing signal, simi-
larly as the development of the testis. Recently, R-
spondinl has been suggested as the most suitable
primary female-determining factor diverting the
gonad from the male to the female pathway in hu-
man and other vertebrates (CAPEL 2006; PARMA
etal . 2006; SMITH et al. 2008). It has been revealed
that this gene participates in sex determination in
mammals (XX/XY system), birds (ZZ/ZW) and
turtles with temperature-depending sex determi-
nation, which indicates that molecular basis of sex
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Fig. 1. Interactions between genes participating in mammalian sex determination.
R-spondinl signalling, engaging [3-catenin stabilization, is the main part of the female sex-determining pathway §left). Direct
targets of RSPO1 signalling remain unknown, however, WNT4 is downstream of RSPO1. Other ovary-specific factors, such
as FST and DAX1, are downstream of WNT4. Fox/2 is expressed independently on Rspo! and Wnt4. Both RSPO1 and WNT4
signalling as well as FOXL2 seem to inhibit the male pathway (right). SRY is the decisive factor in mammalian sex

determination; it up-regulates Sox9 and inhibits the female
There are a couﬁle of positive feedback loops in the male pat!

without SRY w

determination is at least similar in animals with
different sex-determining systems.

The female sex-determining pathway antago-
nizes the male pathway which seems more compli-
cated and better-known than the former. In the
male pathway the expression of Sry has to be in-
duced in right place and time. Then SRY directly
up-regulates the expression of Sox9 that induces
Fgf9 expression. There are specific feedback inter-
actions which ensure the male pathway and protect
the gonad against the sex reversal. One of two
sex-determining pathways has to be up-regulated
compatibly with genetic sex. If germ cells are
placed in a sex reversed gonad, their genetic sex
will be opposite to gonadal sex, which will cause
disturbance during spermatogenesis or oogenesis.
This indicates that gonadal sex has to be compati-
ble with genetic sex. A lack of compatibility is the
direct cause of infertility in disorders such as com-
plete sex reversal or hermaphroditism.

The male pathway can be relatively easily dis-
rupted during the gonadogenesis but is very stabile
after the onset of testis differentiation period when
the structure of the testis is established. Such a tes-
tis is not susceptible for sex reversal. However, the
female pathway is not easily impaired during the
sex-determining period, which is proved by the
fact that male-to-female sex reversal is more fre-
quent than female-to-male sex reversal in human.
Nevertheless, the structure of the adult ovary can

athway by direct protein-protein interaction with B-catenin.
way, owing to which the male pathway can up-regulate itself
en the female pathway is impaired. Probably, also SOX9 and FGF9 signalling inhibit the female pathway.

be easily reversed due to trans-differentiation into
the testis. It indicates that the nature of the female
pathway is different than the male pathway and
there are specific molecular interactions in the tes-
tis that prevent against sex reversal.

RSPO1, WNT4 and FOXL2 — factors crucial for
the ovary fate

The culminate event in female sex determination
takes place when Rspol and Wnt4 begin to be up-
regulated in XX gonadal cells, which occurs at
11.5 dpc in mice, however, the significant expres-
sion of ovarian markers is observed at 12.5 dpc
when other factors, such as FOXL2, may contrib-
ute to female sex determination (VAINIO ef al.
1999; PARMA et al. 2006; OTTOLEGHI et al. 2007).

Initial data indicated that the genetic control of
ovarian differentiation is based on Wnt4 pathway
that up-regulates the expression of Dax/, Fst (fol-
listatin), Bmp2 and other ovary-specific genes
(Fig. 1; MIZUSAKI et al. 2003; YAO et al. 2004).
Mutations in Wnt4 do not result in primary sex re-
versal in XX, while masculinization in XX mice
and in a female patient results from an increased
testosterone level due to an increase in number of
steroidogenic cells migrating from adrenal glands
to the gonads (HEIKKILA et al. 2005). Wnt4 is ex-
pressed in both XX and XY bipotential gonads,
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which may be needed to suppress steroidogenic
cells differentiation or rather the mlgratlon of their
precursors inwards the gonad since Wnt4”~ mutants
reveal steroidogenesis already at 11.5 dpc (JEAYS-
-WARD et al. 2004). Moreover, XX Wnt4-null mu-
tants show male-specific mesonephric cell migra-
tion to the gonad and the formation of testis-specific
coelomic vessel. Male-specific migration of meso-
nephric-derived cells inwards the XX gonad has to
be inhibited by the female pathway since these cells
up-regulate the expression of testis markers in XX
gonads (TILMANN & CAPEL 1999). One research
has shown that F g]‘9 and Sox9 are up-regulated in go-
nads of XX Wnt4”" mutants, which indicates that
Wnt4 can be important for female sex determina-
tion because this gene antagonizes the testis path-
way possibly by the inhibition of Figf9 expression
(KIM et al. 2006a). Interestingly, overexpression
of Wnt4 in XY gonads impairs steroidogenesis and
development of testis-specific vasculature (JOR-
DAN et al. 2003). Nevertheless, Wnt4 is needed for
up-regulation of Sox9 in XY and thus for proper
male sex determlnatlon since Sox9 expression is
1mpa1red in Wnt4" XY gonads while Sry expres-
sion is not altered (JEAYS-WARD et al. 2004).

The disruption in Wnt4 expression does not re-
sult in primary sex reversal, which implies that
WNT4 may not be the primary and main compo-
nent of the female pathway and another gene may
encode the primary female-determining factor. It
was thought that this hypothesis had been solved
owing to research into an Italian family. Some males
in this family are XX, displaying a complete sex
reversal, furthermore they have a predisposition to
palmoplantar hyperkeratosis and squamous cell
carcinoma of the skin (PARMA et al. 2006). Genomic
research revealed an insertion of one guanine in
the fourth codon of exon 5 in the gene RSPOI,
linked to chromosome 1. This mutation results in a
frameshift and stop codon, and as a consequence, in
abolition of all normal isoforms of R-spondin1. In an-
other family one XX male patient revealed a dele-
tion of exon 4 and thus also affected all isoforms of
R-spondinl (PARMA et al. 2006). Thus, R-spondinl
has been suggested as the primary female-sex de-
termining factor that stands at the top of the ovary
pathway (CAPEL 2006). There is also described
mutation in human RSPO/ that leads to aberrant
splicing, which causes translation of Rspol
mRNA into a partially functioning protein and as a
result development of both testicular and ovarian
tissue in gonads and XX true hermaphroditism
(partial sex reversal) (TOMASELLI et al. 2008).

R-spondins are a small family of growth factors
that participate, via frizzled (FZD) receptor, in
regulation of development of some structures by
stabilization of B-catenin. Thus, RSPO signalling
leads to an increase of B-catenin in cytosol and nu-
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cleus and enables to the regulation of gene expres-
sion since [B-catenin functions in cooperation with
TCF/LEF as a transcription factor in the nucleus
(KM et al. 2006b; NAM et al. 2006). Furthermore,
R-spondinl enhances WNT action by increasing
LRP6 levels on the cell surface; LRP6 is a corecep-
tor required for WNT signalling (BINNERTS et al.
2007). Interestingly, LRP6 ablation has been asso-
ciated with abnormal ovary development (PINSON
et al. 2000). WNT4 has appeared to relocate -ca-
tenin to the cell membrane where catenins are as-
sociated with cadherins contributing to cell
adhesion (BERNARD et al. 2008a). It indicates that
R-spondins can active WNT signalling, neverthe-
less, WNT4 seems to contribute to a decrease of
-catenin in cytosol and nucleus and thus WNT4
signalling can interfere with the female pathway.
R-spondinl and WNT4 seem to act on the same
cells since these signalling proteins are localized
around both somatic and germ cells in cortical re-
gion of early differentiating goat ovary. At latter
stages these proteins become localized on the germ
cell membranes (KOCER et al. 2008). Rspol is ex-
pressed in both somatic and germ-line cells in the
goat ovary, which can explain the role of germ
cells in development of the ovary. While in mouse
Rspol is expressed in somatic cells and little in
germ cells (SMITH ef al. 2008). Also in mice
RSPOL1 protein is detected in the cytoplasm and at
the cell surface of somatic and germ cells through-
out the XX gonads, not only in cortical region.
B-catenin, as an executive factor in the female
pathway, is detected in the cytoplasm and nuclei of
XX gonadal cells, while in XY this protein is con-
centrated rather close to the cell membrane (CHAS-
SOT et al. 2008).

The lack of properly acting R-spondin! leads to
significant impairment in concentration of B-ca-
tenin in cytosol and nucleus in XX gonad (CHAS-
SOT et al. 2008), which enables the male pathway
to up-regulate itself and as a result diverts the XX
gonad from ovarian to testicular differentiation.
Two researches have shown that the deletion of
murine Rspol results only in partlal sex reversal
similar to the sex reversal in Wnr4”"XX, which is
consistent with the disruption of Wnt4 expression
in Rspol-null mutants (CHASSOT et al. 2008;
TOMIZUKA ef al. 2008). Ovotestes in XX Rspol™
display ectopic synthesis of testosterone, probably
by adrenal-derived cells, and the coelomic vessel
formation at 12.5 dpc by the loss of Wnt4 expres-
sion. Moreover, development of germ cells is im-
paired. And only several testis cords are formed at
18.5 dpc, indicating an insufficient activation of
testis-markers. Importantly, the depletion of [3-ca-
tenin in SF1-positive cells in XX gonads results in
almost identical phenotypes as in Rspol” and
Wnt4”". Moreover, the expression of Rspo! is not
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altered in the lack of B-catenin, however, Wnt4 and
F’st are down-regulated in such XX gonads (H. H.
Y AO, personal communication). Rspo! is normally
expressed in Wnt4-deleted ovaries while Wnt4 ex-
pression is disrupted in Rspo/-null mutants, thus
Rspol is upstream of Wnt4. Among ovary-specific
genes, the expression of Bmp2 and Fox/2 is not al-
tered, however, Fst Wnt4 and Wnt9a are down-
regulated in Rspo] . Activation of 4Axin2, that is a
target of P-catenin, is not detected in XX Rspol™"
at 13.5 dpc while is observed in XX Wnt4™", which
indicates that activation of B-catenin in the ovary
depends on RSPO1 and not on WNT4 (CHASSOT
etal. 2008). Interestingly, ectopicly enhanced acti-
vation of (-catenin prevents sex reversal in XX
Rspol-depleted ovary. Above data imply that
Rspol is a good candidate for the primary sex-
determining gene in mammals and the lack of
complete sex reversal results from the action of
other ovary-determining factors. Additionally, R-
spondinl up- regulates Wnt4 via B-catenin and par-
ticipates in suppression of the male pathway.

Localization of B-catenin overlaps with RSPO1
and WNT4 in germinal and somatic cells in corti-
cal region of goat differentiating ovary (KOCER et al.
2008). RSPO1 and WNT4 are observed on the germ
cell membrane (KOCER et al. 2008). In addition,
meiosis is impaired in Rspol-null mutants as well
as in the XX gonads devoid of B-catenin in somatic
cells (CHASSOT et al. 2008; H. H. YAO, personal
communication). Normally, E-cadherins, associ-
ated with PB-catenin and cell-cell adhesion, are
down-regulated in XX germ cells during entering
into meiosis. Thus, RSPO1 and WNT4 can influ-
ence XX germ cell development, their maintenance
and entering into meiosis. Wnt4 is down-regulated
in the ovary close to 14.5 dpc, which impairs redi-
rection of B-catenin to the cell membrane and thus
alters germ cell adhesion. It is required for entering
into meiosis. An additional anti-testis factor may be
needed during inactivation of WNT4 signalling in
order to prevent activation of the male pathway.

Duplication of a part of the short arm of human
chromosome 1 (duplp31-35), including RSPO1
(1p34.3), did not cause complete sex reversal in an
XY patient (ELEJALDE ef al. 1984). It implies that
there are probably specific regulatory sequences
or another gene at the top of the female-sex deter-
mination cascade since a duplication of a part of
human chromosome 1 (dup1p22.3-32.3), exclud-
ing WNT4 (1p35) and RSPO], results in complete
male-to-female sex reversal in humans (WIEACKER
& VOLLETH 2007).

It has been suggested that FOXL2, which acts as
a forkhead transcription factor, may be an ovary-
determining factor since its mutation is involved in
XX sex reversal in goats and in depletion of ovar-
ian follicles in mice and humans (CRISPONI et al.
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2001; HARRIS et al. 2002; PAILHOUX et al. 2002;
UDA et al. 2004). Fox/2 is expressed in mouse go-
nad from 11.5 dpc and null-mutation in this gene
results in derepression of the male pathway in the
ovary in perinatal period (OTTOLENGHI et al.
2005). However, loss of both Fox/2 and Wnt4
leads to significant activation of the male pathway
in fetal XX gonads (OTTOLENGHI et al. 2007).
Thus, Fox/2, like Wnt4, is an anti-testis but not pri-
mary ovary-determining factor. Fox/2 is up-regulated
in XX gonads in the medullar region of the goat
ovary in sex determination period (40 dpc), how-
ever, FOXL2 is absent in cortical region where R-
spondinl and WNT4 are detected. At later stage
FOXL2 is detected in the medulla as well as the
cortex of the goat gonad (KOCER et al. 2008).
Maybe the spreading expression of Fox/2 prevents
sex reversal when Wnt4 is inactivated during the
onset of the meiosis. Null-mutation in goat Fox/2
does not alter the expression of Rspol and Wnt4
but leads to decrease in RSPO2 level (KOCER etal.
2008). In addition, the expression of Fox/2 is not
disrupted in Rspol”™ mouse (CHASSOT et al.
2008), which indicates the presence of more than
one independent ovary-determining pathways.

RSPO1 and WNTH4 can act as paracrine factors
that promote ovarian cell differentiation. The
mesonephros is the source of a large amount of
WNTs expressed in murine embryonic kidney
from 9.5 dpc onwards (STARK et al. 1994). In addi-
tion, RSPO1 is synthesised in goat mesonephroi
(KOCER et al. 2008). These signalling molecules
can possibly diffuse short distances (a few cell di-
ameters) towards the gonad and change gene ex-
pression. It may explain the increased level of
expression of the ovarian pathway genes, such as
Wnt4 and Dax1, initially observed in the gonadal
region facing the mesonephros (KIM ef al. 2006a).
It would be interesting to determine whether mole-
cules secreted in the mesonephros influence sex
determination and/or gonad development The ob-
servation of gene expression in Wnr4"~ mice carry-
ing the Wnt4 gene driven by the SF1 promoter
(SF1:Wnt4 transgene) confirms this hypothesis.
Such XY mice exhibit Wnt4 expression only in go-
nads and adrenal precursors. The lack of mesoneph-
ric WNT4 causes the impairment of the Sertoli cell
phenotype and an increase in Cypllal expression
(JEAYS-WARD et al. 2004). This suggests that sig-
nalling molecules, such as WNT4 and RSPO1 de-
rived from the mesonephros, may contribute to sex
determination and/or gonadal differentiation.

The antagonism between the male and female
pathway

The main challenge in male sex determination is
the incitement of the testicular pathway to the ex-
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tent that its factors reach a high concentration at
the right time just prior to the onset of the ovarian
pathway up-regulation. The following point of sex
determination constitutes the conflict between the
testicular and ovarian pathways, which is needed
to prevent the opposite sex pathway from taking
control over gonadal development. It may be said
that the female pathway has no impediments in the
control of XX gonad differentiation because the
lack of Sry prevents the up-regulation of Sox9 ex-
pression. Nevertheless, it is not true since vestigial
quantities of SOX9, FGF9 and prostaglandin D, in
XX gonads can result in the release of the male
pathway due to the incitement of a positive feed-
back loop between these testis-specific factors.
Thus, the signal of female sex determination also
needs to be robust in order to prevent the male
pathway from diverting the gonad from ovarian to
testicular differentiation. Moreover, the female
pathway has to be maintained since the male path-
way can release itself and lead to sex reversal even
after birth. Impaired genetic control of ovary dif-
ferentiation enables Sox9 and Figf9 to up-regulate
each other without contribution of SRY, which is
the cause of female-to-male sex reversals. Impor-
tantly, it has been shown that SRY, as well as
SOXO9, reduces the intracellular concentration of
[-catenin in vitro (BERNARD et al. 2008b). Tt indi-
cates that the pivotal factors of the male pathway
can inhibit the female pathway by the direct
protein-protein interactions.

Some specific molecular interactions confirm
the antagonism between the female and male path-
way that is the basis of sex determination. For ex-
ample, ectopic FGF9 blocks expression of Wnt4 in
XX gonads in vitro. Nevertheless, ectopic FGF9 is
able to induce the male pathway in XX gonad
when a level of WNT4 is altered. Null-mutants
Fgf9"" show Wnt4 up-regulation in XY gonads at
12.5 dpc. Additionally, the lack of WNT4 leads to
up-regulation of Sox9 and Fgf9 in XX gonads
(KiM et al. 2006a). Thus, it has been suggested that
the antagonism between FGF9 and WNT4 can be
the main part of sex determination and that SOX9
has a minor contribution in this conflict due to the
observation that FGF9, rather than SOX9, inhibits
Whnt4 expression (KIM & CAPEL 2006). 3-catenin
binds to transcription factors, such as TCF and
LEF, and thus drives changes in the gene expres-
sion. TCF and LEF are rated among the SOX gene
family since they contain the HMG domain and
bind to WACAAW sequences. It implies that the
executive complex of the female sex-determining
pathway can bind to the same sequences that SRY
and SOX9 bind to. Such a competition for targets
may be the main part of sex determination. Inter-
estingly, LefI is up-regulated in the developing
ovary (CHASSOT et al. 2008). Potentially, [3-ca-
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tenin with co-factors may bind the promoter of
FgfY and inhibit its expression. However, the dere-
pression of the expression of Fgf9 is retarded and
observed in 14.5 dpc in XX Rspol”" mice, which is
associated with the absence of the early testis-
specific proliferation (CHASSOT ef al. 2008).
Maybe (-catenin directly influences the expres-
sion of the Sox9 gene since this protein binds to the
regulatory regions of Sox9 during development of
other structures. It is supported by the early up-
regulation of Sox9 expression in XX Rspol” at
12.5 dpc (CHASSOT et al. 2008), which may be
caused by prostaglandin D, secreted by germ cells
since XX germ cell fate is altered in the ablation of
RSPOI1. Moreover, [B-catenin signalling possibly
may lead to degradation of male-specific factors.
In contrast, SOX9 and/or signalling effectors of
the FGF9 pathway may bind to B-catenin and
block its action. This is confirmed by the observed
co-immunoprecipitation of SOX9 and B-catenin
during chondrogenesis, which inhibits WNT/B-ca-
tenin signalling (AKIYAMA et al. 2004; KIM &
CAPEL 2006). The antagonism between -catenin
signalling versus SOX9 and FGF9 pathway acts
during the differentiation of mesenchymal pro-
genitors into osteoblasts or chondrocytes (DAY et
al. 2005; HILL et al. 2005). In this process SOX9 is
co-localized with B-catenin (AKIYAMA et al. 2004).
In addition, SOX and [B-catenin interaction is in-
volved in the molecular control of the develop-
ment of other structures, such as mesoderm and axis
formation (ZORN et al. 1999). Finally, it appeared
that SRY as well as SOX9 reduce the intracellular
concentration of B-catenin in vitro (BERNARD et
al. 2008b). It indicates that the pivotal factors of
the male pathway can inhibit the female pathway
by the direct protein-protein interactions.

Rspol and Wnt4 are expressed in both XX and
XY bipotential gonads and the ovary-specific up-
regulation of these genes takes place between 11.5
and 12.5 dpc in mice (JEAYS-WARD et al. 2003;
NEF et al. 2005; PARMA et al. 2006). This onset of
the femalespecific gene expression should be strictly
controlled, similarly to Sry expression. It has been
shown that WT1-KTS up-regulates Wnt4 (SIM et
al. 2002). In addition, inhibitors of cyclin-
dependent kinase, such as p63 and p73, belonging
to the p53 tumour suppressor gene family, bind to
the Wnt4 promoter and activate expression of this
gene in human embryonic kidney cells (OSADA et
al. 2006). Moreover, genes of this family, such as
p21,p27 and p57, are over-expressed in differenti-
ating ovaries (NEF et al. 2005), probably down-
stream of Wnt4 and/or Rspol. However, p21 binds
and represses the Wnt4 promoter in synergy with
transcription factor E2f1 which may be engaged in
the testis pathway due to the observation that E2f1
up-regulates Fgfi2 expression (TASHIRO et al.
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2003; DEVGAN et al. 2005; BERNARD & HARLEY
2007). Since inhibitors of cycline-dependent ki-
nases are downstream of the female pathway, there
may be a positive feedback loop that enhances the
female pathway. It seems that the time of the onset
of expression of Rspo!l and Wnt4 in the XX gonad
is essential for for female-sex determination since
it makes the release of the male pathway impossible.
However, ovary-specific genes cannot be ex-
pressed too early since it could leads to increase a
level of female factors also in XY, which could im-
pair testis development. The accelerated switch of
the ovary pathway would cause a high concentra-
tion of DAX1 in the XY gonad, which interferes in
the male pathway probably by excessive down-
regulation of Sf7 responsible for Sry up-regulation;
moreover, SRY would not induce Sox9 early
enough, so SOX9 and FGF9 would not reach the
high concentrations required to inhibit expression
and/or action of Wnt4 and Rspol. It is important
that the factors encoded by these genes reach a
high concentration in order to inhibit Sox9 and
Fgf9 expression and/or their action. It can be as-
sumed that the onsets of ovarian and testicular
pathways have to be synchronized so that gonado-
genesis is correct. The acceleration or retardation
in the pathway of one sex would lead to sex rever-
sal, which may be the cause of sexual development
disorders in humans. Such disturbances in timing
may result from a mixing of genetic backgrounds
as in mice, and from mutation in regulatory genes.

The role of germ cells and steroid hormones in
sex determination

Observations on sterile gonads have shown that
there are little-known interactions between the so-
matic and germ cells. Germ cells have appeared
necessary for the maintenance of ovary structure.
Nevertheless, germ cells are unimportant for the
persistence of testis structure. The lack of germ
cells in early ovaries results in the absence of the
formation of ovarian follicles, however, the apop-
tosis of germ cells in older ovaries leads to rapid
degeneration of follicles and to appearance of
testis-specific structures following testis struc-
tures (MCLAREN 1984; BEHRINGER ef al. 1990;
HASHIMOTO et al. 1990; COUSE et al. 1999).

There are some mutations and factors described
that lead to the loss of germ cells. The absence of
germ cells in XX gonads results in the occurrence
of sex reversal symptoms. Null-mutations in
Wnt4, Rspol, FoxI2 and F'st enhance the process of
oocyte degeneration (VAINIO et al. 1999; YAO et
al. 2004). The loss of XX germ cells leads to cord-
like structure formation, causing the XX gonad to
resemble a testis, which may suggest secondary
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sex reversal. The expression of testis markers has
been observed at birth in mice deprived of Wnt4
(VAINIO et al. 1999). Similarly, a depletion of
murine FoxI2 causes the loss of germ cells subse-
quently to the derepression of the male pathway in
the XX gonad soon after birth (OTTOLENGHI et al.
2005). This indicates a direct role for FOXL2 in
the suppression of the male pathway in the female
gonad. Also, depletion of Fig, the gene required
for zona pellucida formation and expressed in
germ cells, results in a lack of ovarian follicle for-
mation, which leads to apoptosis of oocytes after
birth. In such XX gonads cord-like structures are
visible (SOYAL et al. 2000). Similar secondary sex
reversal resulting from the loss of germ cells has
been observed in ovaries cultured with testes or
with AMH, in busulfan-treated rat, in W/Wv mice,
in utero irradiated rats, in mice over-expressing
Ambh and in ovary after long-term culture in a basic
medium alone (reviewed by GUIGON & MAGRE
2006).

Interestingly, the absence of estrogens or the
lack of the capacity to respond to estrogen result-
ing from a loss-of-function mutation in aromatase
encoding gene (ArKO) or double null-mutation in
and estrogen receptors (ERKO), leads to the loss
of germ cells, which causes degeneration of ovar-
ian follicles. The follicular cells do not die but be-
gin to express testis marker genes, such as Sox9,
Ambh, which suggests that these cells trans-differentiate
into Sertoli cells. Moreover, seminiferous tubule-
like structures and Leydig cells appear in such
trans-differentiating XX gonads (COUSE et al.
1999; DUPONT et al. 2000, 2003; BRITT et al.
2002, 2004; BRITT & FINDLAY 2003). Ectopic es-
trogens can suppress trans-differentiation or can
even reverse newly formed Sertoli cells (BRITT ef
al. 2002). This secondary sex reversal of support-
ing cell lineages takes place after puberty, which
indicates that estrogens are required for mainte-
nance of the female pathway but are not essential
for female sex determination nor ovarian differen-
tiation. Interestingly, sex steroid administration as
well as testis transplantation cause Sertoli cell dif-
ferentiation in gonads of XX murine foetuses
(TAKETO et al. 1984; TAKETO-HOSOTANI et al.
1985; HASHIMOTO ef al. 1990). This suggests that
the female pathway is sensitive to sex steroids. On
the other hand, the male pathway, mainly among
placental mammals, is insensitive to estrogens,
which is an adaptation to the uterine environment.
Signs of ovary trans-differentiation into testis are
observed also in female freemartin cattle, aging fe-
male mice and postmenopausal women (CHAPIN
1917; LILLIE 1917; CRUMEYROLLE-ARIAS 1976;
SCULLY 1979; BRITT et al. 2002). Also the low
level of estrogens in postmenopausal women asso-
ciated with the degeneration of follicles in ovaries
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may be the reason of trans-differentiation of fol-
licular cells into Sertoli-like cells.

It can be assumed that the presence of germ cells
is essential for maintenance of follicles and sup-
pression of Sertoli cell fate after ovarian differen-
tiation. Factors such as WNT4, follistatin, and
estrogens are crucial for prevention of apoptosis of
germ cells and thus rescue ovary existence. On the
contrary, the absence of germ cells in the testis
does not alter its differentiation, thus the testis
does not require germ cells to maintain its path-
way. Nevertheless, germ cells in XY gonads pro-
duce prostaglandin D, and thus support the
maintenance of the male pathway, however, the
lack of germ cells only delays testis cord formation
(MERCHANT 1975; ADAMS & MCLAREN 2002;
YAO et al. 2003).

In conclusions it can be assumed that up-
regulation of Rspol and Wnt4 expression is proba-
bly the pivotal part of the female sex-determining
pathway. Null-mutations in these genes result in
symptoms of sex reversal in mouse as well as in
human. In addition, Fox/2 has appeared another
gene participating in sex determination. Studies
have shown that Rspo! is upstream of Wnt4 and
these genes are presumably independent on Fox/2
(Fig. 1). R-spondinl acts as paracrine factor in-
creasing the cytosolic concentration of B-catenin
that regulates transcription of other genes. Proba-
bly, B-catenin induces the expression of genes
driving ovarian differentiation and inhibits the ex-
pression of genes involved in testis development.
It is supposed that there are a couple of controlling
points in sex determination where the female and
male pathways antagonize each other. Probably,
SOX9, FGF9 and [-catenin are important factors
in this antagonism (Fig. 1).

Now it is clear that the testis structure is stabile
and its maintenance is independent on sex hor-
mones nor the presence of germ cells. However,
the structure of the adult ovary can be lost and re-
versed when the male pathway up-regulates after
the sex-determining period in XX gonad. Estro-
gens as well as the presence of female germ cells
are needed to protect against the female-to-male
sex reversal.
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