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Abstract

The mammalian embryonic gonad is a unique organ primordium in that it can adopt two different
developmental fates - namely, differentiate as either a testis or an ovary - with dramatic
consequences for an individual. While a molecular cascade culminating in testis development is
well characterized, the ovarian pathways still remain enigmatic. The canonical Wnt/p-catenin
signaling implements a conserved mechanism of regulating gene expression that is integral to
development of all metazoans. In this review we summarize the recent evidence that suggests a
central role for this signaling pathway in the development of the mammalian female.
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Introduction

In most mammals sex is dictated by the presence of the Y chromosome at fertilization. Sry,
the Y chromosome-linked testis-determining gene, initiates sex determination in males and
leads to the formation of the testes rather than ovaries from a bipotential embryonic gonad.
The genetic program guiding mammalian male development (with mice being the best
understood species) has been the focus of intense investigation for over twenty years and is
the subject of many excellent reviews (e.g., (Swain and Lovell-Badge, 1999; Capel, 2000;
Wilhelm et al., 2007)).

Sry expression at ~10.5-11 days postcoitum (dpc) promptly triggers a number of profound
cellular transformations in mouse embryonic testis; in contrast, the contemporaneous
embryonic ovary does not seem to undergo any major morphological changes and appears
dormant (reviewed in (Brennan and Capel, 2004)). The first cytologically detectable feature
of the ovarian landscape is distinguishable only at 13.5dpc when gonocytes enter meiosis;
however, even this female-specific process was considered to be independent of ovarian
environment. The idea that ovarian differentiation requires its own set of genes and occurs
shortly after (Eicher and Washburn, 1986) or even precedes (McElreavey et al., 1993) that
of the testes had been put forward a number of years ago; however, the genes dedicated to
early ovarian development have been identified only in the beginning of the 21st century.
This limited knowledge of the genetic network operating in the embryonic ovary has
precluded an instructive characterization of ovarian development until recently. Driven in
large part by advances in microarray technology, the work performed by many laboratories
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has now uncovered a number of sexually dimorphic genes in the developing ovary and the
functional relationship between these genes is beginning to emerge (e.g. (Menke and Page,
2002; Menke et al., 2003; Yao et al., 2004; Jorgensen and Gao, 2005; Nef et al., 2005;
Bouma et al., 2007a). At this point the evidence that the ovary activates a complex genetic
program and embarks on female development at about the same time the testis initiates the
male pathway, is incontrovertible.

In both males and females sexual determination and differentiation are thought to be
initiated by the sex-specific transcription factors in a limited number of somatic cells in the
gonadal primordia to be later expanded and reinforced by extracellular signals with the
cascade culminating in the development of the respective organs (Kim and Capel, 2006).
This review attempts to integrate the recent results that identify the canonical -catenin
signaling pathway as a centerpiece of this controlling mechanism in ovarian development in
mammals.

Wnt Signaling Pathways in Vertebrates

The Wnts comprise a large family (19 homologues in vertebrates) of secreted proteins that
play key roles in diverse processes such as embryonic induction, generation of cell polarity
and cell differentiation. The so-called ‘canonical’ or *B-catenin-dependent’ WNT signaling
pathway is understood best (with many excellent reviews available, e.g. (Clevers, 2006;
Gordon and Nusse, 2006; Huang and He, 2008)) (Fig.1). This signaling is initiated by a
WNT ligand binding to Frizzled (Fz) and LRP5/6 co-receptors ultimately leading to
Bcatenin protein stabilization and entry into the nucleus. Nuclear B-catenin binding to T-cell
factor (TCF)/lymphoid enhancer factor (LEF) transcription factors leads to the activation of
target gene expression. Importantly, in the absence of nuclear B-catenin, TCF/LEF proteins
act as transcriptional repressors by recruiting Groucho proteins (reviewed in (Eastman and
Grosschedl, 1999)). This ability to switch between repressor and activator states probably
provides tight control over Wnt target gene expression. A ‘noncanonical’ (B-catenin
independent) Wnt pathway was originally described in flies where Wnt signaling was shown
to be required for the establishment of planar cell polarity (PCP), a way of tissue
organization in which cells demonstrate a defined, clearly identifiable orientation relative to
the plane in which they reside. A similar pathway controls cell migration during vertebrate
development (e.g. body axis extension and neural tube closure) (reviewed in (Karner et al.,
2006)).

Another B-catenin independent Wnt pathway is Wnt/Ca2* signaling, in which WNT-Fz co-
receptors activate heterotrimeric G proteins and phospholipase C and trigger the release of
intracellular calcium (Ca2*). It remains to be established, however, whether these pathways
are overlapping or whether context-specific induction of separate noncanonical WNT
pathways can occur. It was originally proposed that only a subset of WNTSs (e.g. Wnt1 and
Wnt3a) is capable of inducing a canonical cascade, while others (e.g. Wnt5a and Wnt4) act
exclusively in a noncanonical fashion (Wong et al., 1994; Shimizu et al., 1997). The current
thinking favors a different model whereby a WNT family member can act canonically or
noncanonically depending on the available receptors. For example, canonical Wnt3a can
activate Rho kinase and the PCP pathway (Kishida et al., 2004), while Wnt5a was recently
shown to either act canonically in the presence of LRP5/Fz4 receptor complex or suppress
the canonical pathway acting through a different receptor, ROR2 (Mikels and Nusse, 2006).
‘Noncanonical’ Wnt signal transduction and the cross-talk between the canonical and
noncanonical Wnt pathways appear to be very complex; these mechanisms are just
beginning to be understood (Cadigan and Liu, 2006; Kikuchi et al., 2007).
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Wnt Signaling in the Developing Gonads

Although several Wnt family members are expressed in the developing mammalian gonads
(Kimura et al., 2006; Cederroth et al., 2007) it is primarily Wnt4 that has been associated
with sexual development. Initially, both XX and XY gonadal primordia express modest
levels of Wnt4; however, this expression is promptly down-regulated in the male after sexual
determination at 11.5dpc, while it is increased in the female (Vainio et al., 1999; Jeays-Ward
etal., 2003).

The role for Wnt4 in sexual development has been examined both by a knockout and
transgenesis experiments in mice. Wnt4-null females are masculinized as demonstrated by
the absence of Mullerian ducts and the retention of Wolffian ducts; Wnt4 deficiency also
results in a dramatic reduction in the number of developing oocytes. Further studies
established that Wnt4 is required to repress steroidogenic and vascular endothelial cell
migration into the developing XX gonad; absence of Wnt4 leads to both the ectopic steroid
(e.g. testosterone) production and formation of a male-specific coelomic blood vessel
(Jeays-Ward et al., 2003; Heikkila et al., 2005). Markers of early ovarian development,
Follistatin (Fst) and Bmp2, are not expressed in the absence of Wnt4 (Yao et al., 2004).

The affect of the increased Wnt4 dosage in mice is relatively mild and is mostly confined to
the abnormal development of the coelomic blood vessel in the male (Jeays-Ward et al.,
2003; Jordan et al., 2003). In contrast, in four known XY human patients with duplications
of chromosome 1p35 that includes the WNT4 locus the symptoms are much more severe and
range from isolated cryptorchidism to severe genital ambiguity (Jordan et al., 2001; Jordan
et al., 2003). This discrepancy may be accounted for by the fact that human duplication also
encompasses an RSPO1 (see below) gene. In summary, although the mere presence (or
absence) of Wnt4 expression appears to be insufficient by itself to program the
differentiation of the somatic cells, WNT4 signaling controls several critical elements of the
sexual development program. Despite these recent advances in understanding Wnit signaling
in sexual differentiation, the specifics of Wnt4 signaling and its intracellular consequences in
gonadal development remain enigmatic (for a recent review see (Bernard and Harley,
2007)).

Rspol and Ovarian Development

Coincidentally (or not), Rspo, another gene family with a role in female sexual development,
also targets the B-catenin transduction pathway. A recently reported recessive mutation in
the gene encoding R-SPONDIN1 (RSPO1) results in a complete female-to-male sex reversal
associated with palmoplantar hyperkeratosis and a predisposition to skin cancer in human
patients (Parma et al., 2006). The R-spondins (Rspos) have been clearly established as a
novel family of soluble regulators of B-catenin signaling (Kim et al., 2006a). A founding
member, Rspol is expressed in the coelomic epithelium of the bipotential urogenital ridge as
early as 10.5dpc followed by a sex-specific increase in the somatic cells of the 12.5dpc XX
gonad; by 14.5dpc, expression in XX gonads is fivefold higher than in XY gonads (Parma et
al., 2006). The mechanism of the RSPO proteins’ action is currently not well understood.
Some studies indicate that RSPO could interact directly with WNT proteins and/or engage a
Fz/LRP receptor complex (Kazanskaya et al., 2004; Nam et al., 2006), while others argue
that RSPOs may also act independently of WNTSs, through a separate receptor/signaling
pathway that leads to Bcatenin activation without utilizing the Fz/LRP complex (Kim et al.,
2005; Kim et al., 2006a). A conciliatory model of RSPO action proposes that RSPO acts in
the presence of both WNT and DKK ligands and functions to relieve the DKK1-imposed
inhibition of the B-catenin pathway (Binnerts et al., 2007)
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The initial report connecting RSPO1 gene mutation to sex reversal raised the expectations
that RSPOL1 could be a universal female-determining gene in mammals; not surprisingly, the
results of the Rspol knockout in mice (Chassot et al., 2008; Tomizuka et al., 2008) were
awaited with bated breath. Superficially, the result seems somewhat of a setback: the XX
Rspol~/~ mice remain phenotypically female. A more thorough analysis demonstrated that
XX gonads in the Rspol mutants underwent sex reversal, however, it was incomplete, and
embryonic mutant XX gonads resemble ovaries rather than testes and contain oocytes.
Masculinization in the absence of Rspol occurs only postnatally and the adult XX gonad
takes on a testis appearance, with tubules devoid of germ cells.

Although Rspol mutation does not result in sex reversal, these animals were instrumental
for exposing the connection between RSPO proteins and the Wnt/B-catenin cascade in the
ovary. The authors (Chassot et al., 2008) provide critical evidence that supports the role for
the canonical p-catenin pathway in female differentiation; until this work the very existence
of B-catenin signaling in the developing ovary was uncertain ((Bernard and Harley, 2007;
Bernard et al., 2008)). This uncertainty may have, at least partially, arisen from the
observation that the embryos carrying a TOPGAL reporter (the first Wnt/B-catenin reporter
widely used for inspecting the sites of B-catenin signaling in mice; (DasGupta and Fuchs,
1999)) do not show a signal in the ovary (e.g., Manuylov et al., unpublished). Here the
authors (Chassot et al., 2008) used a more sensitive reporter, Axin2-3°Z that clearly
demonstrates the presence of canonical signaling in the somatic cells of developing ovaries
but not the testes ((Chassot et al., 2008) and Fig.2).

Exploring the RSPO1-Wnt4 connection is one of the mechanistically gratifying aspects of
this work. The authors (Chassot et al., 2008) show that Rspol acts upstream of Wnt4 in the
female differentiation cascade: in 12.5dpc XX Rspol~/~ gonads Wnt4 is dramatically down-
regulated while in the XX Wnt4~/~ gonads Rspo1 levels do not change. Interestingly, the
female-specific increase of Wnt4 expression in the Rspol™ ~ gonads is not completely lost
but only delayed and from 14.5dpc onwards Wnt4 expression is normal. Accordingly, in
contrast to Wnt4 gene ablation, in the XX Rspol mutants there is no dramatic loss of germ
cells during embryogenesis - although the two papers differ slightly on this account. Both
groups underscore the lower number gonocytes entering meiosis in Rspol~/~ XX mutants
attributing this to either changes in germ cell adhesion (Chassot et al., 2008) or increased
apoptosis (Tomizuka et al., 2008). As meiotic cells are known to oppose testis
differentiation (Adams and McLaren, 2002; Yao et al., 2003) it is possible that the lower
number of meiotic gonocytes in the Rspol mutant is a contributing factor in the emergence
of the masculinization later in development. The impaired ability of germ cells to enter
meiosis is unlikely, however, to be the sole cause of the masculinization since even a
complete block in meiosis does not lead to sex-reversal (Baltus et al., 2006).

The female gene expression program in XX Rspol~/~ gonads is compromised as manifested
by a dramatic (10-15 times) decrease in the Fst gene expression; it will be interesting to
distinguish whether this results from a transient loss of gonadal Wnt4 expression (that is
upstream of Fst (Yao et al., 2004)) or is Wnt4-unrelated. The other known elements of the
female program appear to be less perturbed: the FoxI2 gene expression is unchanged and the
Bmp2 expression is stated as unaffected (Chassot et al., 2008) or reduced by 50% (Tomizuka
et al., 2008). The authors also show a significant increase in the ectopic expression of
steroidogenic enzymes; however, this, again, most likely results indirectly from a temporary
loss of Wnt4 expression that leads to an influx of the steroidogenic cells from the
mesonephros as has been reported (Vainio et al., 1999; Jeays-Ward et al., 2003).

In summary, although the critical role for Rspol in regulating mammalian female
development is incontrovertible, the genetic underpinning of the Rspol~~ phenotype
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(especially the mechanism of late sex reversal) remains to be understood. Whether Rspol is
normally involved in the suppression of the male program in the XX gonad is also uncertain.
The Rspol knockout does not include an early induction of Sox9 expression and appears to
present the case for a partial suppression of the XX (female) program rather than for a sex
reversal. Sox9 gene transcription and the nuclear import of its protein in the testis are
potentiated by prostaglandin D2, a hormone synthesized by prostaglandin D synthase (Pgds)
(Malki et al., 2005; Wilhelm et al., 2005); similarly, FGF9 is known to activate Sox9
expression (Kim et al., 2006b). Although a moderate increase in Pgds and Fgf9 gene
expression is observed in the Rspol~~ XX gonads by 14.5dpc, Sox9 expression appears to
switch on only by 18.5dpc, hence the connection between these events may be indirect.

B-catenin stabilization leads to a male-to-female sex reversal

The current view of mammalian sex determination emphasizes the notion that the two
alternative fates, female and male, arise as closely intertwined parities determined by
antagonistic activities. For this to hold true one should be able to tip experimentally the
balance in favor of either of the two possible developmental outcomes. While it was known
for quite some time that activating Sry or Sox9 in the female will override the ovarian
pathway and activate the male program in the XX gonad, it was not at all clear whether the
female program, similarly, could be imposed to overpower the male one in the normal XY
environment. In contrast to the Sox9 gene that is both necessary and sufficient for male
differentiation (Vidal et al., 2001; Chaboissier et al., 2004; Sekido and Lovell-Badge, 2008)
- an early activation of Sox9 may, in fact, be quintessential for complete female-to-male sex
reversal - no single “female’ gene seemed to possess both of these qualifications.

A major advancement towards restoring the required symmetry came recently from Blanche
Capel's lab that reported a male-to-female sex reversal upon stabilization of the B-catenin
pathway (Maatouk et al., 2008). These authors reasoned that individually, the loss of Wnt4
or Rspol in mice results only in a partial XX sex-reversal. Similarly, over-expressing Wnt4
has not been successful to sex-reverse XY mice (Jeays-Ward et al., 2003; Jordan et al.,
2003), suggesting that simply increasing the Wnt4 dosage is insufficient to override the male
pathway. However, an XY patient carrying a chromosome duplication which serendipitously
includes the WNT4 and RSPO1 genes exhibited sex-reversal (Jordan et al., 2001) making it
tempting to speculate that the upregulation of both of these ligands in mice may be required
to antagonize male development. Since both WNT4 and RSPO1 signaling converge (at least
partially) on activating the canonical B-catenin pathway, the authors took a more direct
approach: instead of trying to overexpress the ligands, they produced a constitutively active
(undegradable) form of B-catenin (Harada et al., 1999) in the somatic cells of the developing
ovary. In their report the authors convincingly show that the stabilization of B-catenin is
sufficient to block the male pathway in the XY gonads (Maatouk et al., 2008). The
stabilization of B-catenin led to a somatic cell fate switch and a loss of male-specific SOX9
and AMH expression while the genes normally found in the ovarian somatic cells (FoxI2,
Bmp2, Wnt4 and Fst) were increased. Not surprisingly, testis cords did not form in these XY
mutants (Maatouk et al., 2008).

The B-catenin protein could be stabilized (constitutively activated) by removing its N
terminal domain; in their studies the authors relied on the recently developed Sf1Cre strain
of mice (Bingham et al., 2006) to delete the exons that encode this part of the protein.
Although the 'surgically' precise Sf1-Cre gene targeting approach allows one to activate B-
catenin in a defined cell population, it is not a guarantee of a complete excision (and, hence,
a robust gene activation) within the desired developmental window. This presents an
especially pressing problem for a rapidly developing organ where the appearance of a
cellular population with a conspicuous gene expression program is separated from the
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terminal differentiation of these cells only by a narrow 24-hour period. In other words, the
amount of CRE enzyme produced from the Sf1 transgene has to be sufficient for ultimately
generating enough stabilized B-catenin - in time to block the rapid expansion of the male
program in the XY gonad.

Although sex-reversed, the XY females with stabilized B-catenin are not completely devoid
of embryonic male characteristics, with one of the earliest male traits, a coelomic vessel, still
being present. This incomplete block of the male program could be attributable to an early
'burst’ of Sox9 expression that transiently appears in the XY gonads with stabilized p-
catenin. The residual Sox9 expression could be caused by the delayed accumulation of
ectopic B-catenin or could be B-catenin independent. To address this question the authors
complemented their genetic approach with the pharmacological activation of the Wnt/p-
catenin pathway by Lithium Cloride (LiCl) in cultured gonads. LiCl is known to block the
GSK-3p enzyme, a major component of the B-catenin destruction complex (Doble and
Woodgett, 2003).

The pharmacological approach allowed for the complete and early inhibition of the male
program, including Sox9 expression and vessel formation. LiCl-mediated stabilization of -
catenin suppresses both of these 'remnants' of the male program, hence their
interdependence remains unclear. It is of note, though, that the ectopic coelomic vessel
forms in several XX mutants (e.g., Fst, Wnt4 (YYao et al., 2004) and Rspol (Chassot et al.,
2008; Tomizuka et al., 2008) in the absence of any detectable Sox9 expression. Although the
genetic and pharmacological approach appear to be in agreement, one has to keep the
perspective that the pleiotropic nature of LiCl may be a contributing factor in the stronger
block of the male program: lithium ions can target kinases other than GSK-3p (Davies et al.,
2000); similarly, GSK-3p may have targets other than B-catenin (Orme et al., 2003).

So what is the likely mechanism of B-catenin induced sex reversal? The authors (Maatouk et
al., 2008) propose what seems to be a very compelling model: the stabilized p-catenin (if
expressed sufficiently early) effectively preempts the male-promoting action of SOX9 (Fig.
3). The opposing actions of these two proteins are well documented. Sox9 inhibits canonical
Whnt/B-catenin signaling in the ovary (Chassot et al., 2008); SOX proteins are also known to
interfere with B-catenin in other developmental settings (e.g., (Liu et al., 2007)). The
heterodimerization of SOX9 and B-catenin proteins in chondrocyte differentiation leads to
their mutual degradation (Akiyama et al., 2004; Hill et al., 2005). This p-catenin-SOX9
mutual “annihilation” may not necessarily be the only mechanism: for example, the partners
of B-catenin, TCF/LEF, belong to the same HMG-domain superfamily as SOX proteins and
this structural relationship hints that other scenarios (e.g. competing for a common binding
partner or a DNA binding site) are also possible. Whatever the mechanism, this study finally
restores the long anticipated symmetry between the two opposing pathways of sexual
development by demonstrating that constitutive activation of ‘the woman's part', the
canonical p-catenin pathway, can completely shift the balance in favor of female
development.

Analysis of the Sexual Differentiation Phenotype in the Mutants with
Somatic Cell Loss of B-catenin

Mammalian sex determination requires both GATA4 and FOG2 transcriptional regulators
and relies on their direct physical interaction to assemble the functioning testis (Tevosian et
al., 2002; Bouma et al., 2007b; Manuylov et al., 2007). A recent study how demonstrates
that in gonadal development the GATA4/FOG2 transcription complex acts to control gene
expression in the ovaries as well (Manuylov et al., 2008); the control of gonadal
development by GATA4 and FOG2 proteins is reviewed elsewhere.
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The connection between the GATA4-FOG2 transcriptional regulation and the Wnt/B-catenin
pathway was revealed in a microarray experiment that profiled gene expression in Fog2-null
or Gata4k/ki mutant XX gonads at 12.5dpc. GATA4K is a V217G mutation that specifically
cripples the interaction between GATA4 and FOG proteins; the gonadal phenotypes of Fog?2
null and Gata4*’ki mutant embryos are essentially identical. Among others, the analysis of
microarray data identified the Dkk1 gene as a target of GATA4/FOG2 repression in the
developing ovary; the expression of Dkk1 was dramatically increased (~10 fold) in
embryonic gonads with GATA4-FOG?2 interaction loss (Manuylov et al., 2008). At present,
a preponderance of data defines DKK1, a secreted protein, mainly within the context of the
antagonism of canonical Wnt signaling (reviewed in (Niehrs, 2006; Kikuchi et al., 2007).
DKKZ1, the founding member of the DKK family, is a potent Wnt-signaling inhibitor (Glinka
et al., 1998), it binds to the LRP receptors (LRP5 or LRP6) with high affinity (Chen et al.,
2008) and prevents interaction between the WNT ligands and the LRPs (Bafico et al., 2001;
Mao et al., 2001; Semenov et al., 2001; Semenov et al., 2008). Dkks have not been found in
invertebrates, but mice and humans have multiple Dkk genes with four main members
identified in vertebrates (Dkk1-4) (Krupnik et al., 1999; Monaghan et al., 1999). The
sensitivity to DKK1 inhibition overwhelmingly serves as one of the strongest proofs for
canonical Wnt pathway activity in a tissue (e.g., (Liu et al., 2007)) and could be considered a
trademark feature of canonical p-catenin signaling.

The observation of Axin2-3°Z activity in the ovary (Fig.2), its loss in Rspol null genetic
females, and the activation of the Dkk1 gene in the GATA4/FOG2 mutants strongly
implicated a canonical B-catenin pathway in ovarian development; however, it did not
constitute definitive proof. The most straightforward approach for demonstrating the
contribution of canonical B-catenin signaling is a conditional excision of the B-catenin gene
in the ovaries. Conditional deletion was accomplished by crossing Sf1Cre+/B-cateninflox/*
males with p-cateninfoX/flox females to generate experimental animals with the Sf1Cre+/p-
cateninflo¥/flox genotype. Loss of B-catenin has a dramatic effect on the ovarian gene
expression program, with essential regulators of ovarian development - Fst, Wnt4 and FoxI2
- severely down-regulated (Manuylov et al., 2008). Still, the dimorphic gene expression
program is not completely extinguished in B-catenin mutants; for example, a female-specific
gene Sprr2d (Beverdam and Koopman, 2006) is expressed as normal in the B-catenin XX
mutant gonad.

Fst expression is lost in the XX Wnt4 and Rspol null mutants while in the XY gonads with
constitutively active B-catenin, Fst levels are increased. Constitutively active B-catenin is
also sufficient for rescuing ovarian development in the Rspol-null mice (Chassot et al.,
2008); although Fst expression was not directly examined in the -catenin rescued ovaries,
the rescue suggests that the RSPO1 ligand likely engages B-catenin in regulating Fst
expression. Moreover, regulation of a Fst promoter (Miyanaga and Shimasaki, 1993) by
canonical B-catenin signaling has been previously reported in the cell culture model;
mutation of the putative TCF binding site (CTTTGAT) at position —223 to —217 from the
start of Fst transcription led to the abrogation of the WNT3A response (Willert et al., 2002).
A conditional knockout of the B-catenin gene in the gonad results in a drastic reduction of
Fst expression hence validating the essential requirement for canonical B-catenin signaling
in Fst regulation in vivo (Manuylov et al., 2008).

B-catenin deletion in the ovary does not result in the activation of the alternative (male)
pathway defined by the lack of expression of the male regulatory genes, Sox9, Mis/Amh and
Dhh at 13.5dpc and 18.5dpc (Manuylov et al., 2008). Since the balance model (Fig.3)
predicts that removing a weight ‘piece’ from one dish will produce the same effect as piling
more ‘weight’ on the other, it comes somewhat as a surprise. One explanation for the
observed lack of sex reversal stems from two general considerations/concerns for a
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conditional gene deletion experiment: the timing and the completeness of the Cre excision.
In the case of the Sf1Cre-induced deletion of Bcatenin, the excision is, at the very least,
extensive if not complete in the CRE-positive (Manuylov et al., 2008); timing, however, is a
more difficult matter to address experimentally. The window of opportunity to tip the sex
determination scales - all the way ‘down’ to the opposite sex - by removing rather than by
piling up ‘weights’ could be extremely narrow. In the Sox9 gene deletion experiment
(Chaboissier et al., 2004) the expression of female markers was only observed when the
complete (and not conditionally targeted) XY Sox9 knockout gonads were examined by an
organ culture approach that extended the viability of the samples beyond embryonic death at
11.5dpc. Analysis of the XY gonads with CRE-excised Sox9 also suggested that the male
program was not terminated early enough; even when Sox9 expression was reduced to that
of the wild-type ovaries, the expression of Mis and Sox8 was still higher than in the XX
control (Chaboissier et al., 2004). Hence, if the authors (Chaboissier et al., 2004) were to
rely exclusively on their conditional knockout they could have concluded that Sox9 deletion
in the male does not result in the activation of the female program. Although a severe down-
regulation of female-specific genes is observed in the B-catenin knockout (Manuylov et al.,
2008), it is difficult to know whether an earlier excision would have additionally caused a
sex reversal. Unfortunately, a similar organ culture “extension” experiment is not possible
for B-catenin: its knock-out results in a defect in anterior-posterior axis formation and the
mutants do not develop beyond 5.5dpc (Huelsken et al., 2000).

The delayed timing of a B-catenin excision can easily account for the absence of sex
reversal; however, a function for B-catenin that is separate from its serving as a ‘weight’ on a
sex determination “dish’ could be another contributing factor. While Sox9’s major (or only)
gonadal function appears to be limited to the transcriptional control of sexual differentiation,
B-catenin may play another role(s) in developing ovarian cells. A dramatic increase in the
somatic cell death in the ovaries (but not the testis) with deleted -catenin (Manuylov et al.,
2008) undoubtedly decreases the number of progenitor cells that could otherwise have been
available to undergo sex reversal and express male-specific markers.

Finally, our understanding of the interplay between the two opposing pathways is still
incomplete and restricting the battle of the sexes to a duel between SOX9 and f-catenin
(Fig.3) may prove premature. In the past, studies of early gonadal development in
genetically modified mice relied mostly on in situ hybridizations (or immunofluorescence)
to demonstrate absence or presence of expression for a particular gene/protein. Also, the
conclusions with respect to sex reversal (especially in cases of embryonic lethality that
precluded analysis of the adult phenotypes) were often based upon inspecting a limited
number of genes for both programs; after all, our knowledge of female-specific gene
expression in early development is very new. A thorough analysis in recent publications
now incorporates gRT-PCRs and a more extensive marker roster to describe gonadal
phenotypes; this body of work reveals a complex blend (rather than exclusive dominance) of
female-specific and male-specific expression in gonads when the female program is
perturbed. While it is almost certainly true that (early) Sox9 expression is required for the
complete execution of the male program and testis cords formation, some male-specific gene
expression occurs in the gonad in the absence of Sox9, especially if the opposing female
program is compromised. Specifically, male-specific genes are activated in the Wnt4 (Vainio
etal., 1999) and Rspol XX mutants (Chassot et al., 2008; Tomizuka et al., 2008) in the
absence of detectable early Sox9 expression. Hence, it is not entirely surprising that in p-
catenin XX mutants some genes hormally associated with male development are up-
regulated (e.g., Inha and Cyp1lal), while Sox9 is not (Manuylov et al., 2008). Similarly,
some female-specific expression is retained in the B-catenin mutant (e.g., Sprr2d) indicating
that, while severely compromised, the female program is not completely extinguished
(Manuylov et al., 2008). It remains to be established whether these irregularities in gene
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expression reflect diversity in the somatic cell population in the early ovary (Yao et al.,
2004;Kocer et al., 2008).

In summary, B-catenin is required for normal ovarian development. Importantly, testis
differentiation in the absence of B-catenin proceeds apparently as normal (Manuylov et al.,
2008); a recent work also confirms that Sertoli cell expression of B-catenin is dispensable for
normal testis development (Chang et al., 2008).

Future Directions

These new exciting developments incontrovertibly point to a central role for the canonical 8-
catenin pathway in ovarian development; however, new questions understandably arise.
Currently, our knowledge of this intricate pathway in its ovarian "adaptation” remains
rudimentary and the relevant ligands (Wnts) and their receptors remain to be identified.
Wnt4 has been connected to B-catenin function in the ovary (Mizusaki et al., 2003) and
Wnt4 was proved capable to act in the canonical fashion (e.g. (Park et al., 2007)); however,
in the absence of Wnt4, B-catenin signaling is only partially ablated (Chassot et al., 2008).
RSPO1 is certainly essential for active canonical 3-catenin signaling in the ovary;
nevertheless, recent data suggests that RSPO proteins require (rather than replace) Wnt
ligands (Kim et al., 2008). On the receiving side, identifying a relevant Fz receptor will
likely prove itself difficult (given a large number of these receptors and their redundancy);
however, a better characterization of the ovarian phenotype in Lrp6 mouse mutants is
undoubtedly on the way. LRP6 null mutation was originally recovered in a screen for
recessive lethal phenotypes in mice caused by gene trap insertions in cell-surface proteins
(Pinson et al., 2000); the embryos homozygous for the insertion in Lrp6 die at birth with a
variety of severe developmental abnormalities including a truncation of the axial skeleton,
limb defects, microphthalmia and, most pertinently, a malformation of the female urogenital
system.

As described above, -catenin is not a DNA binding protein and normally relies on the TCF/
LEF transcription factors to activate gene expression; some of the prospective gene targets
for this complex in the ovary have been uncovered (see above) and more, undoubtedly, are
on the way. While best understood, TCF/LEF are not the only known DNA binding protein
partners for B-catenin, and other transcription factors (e.g., PITX2 or PROP1 (Kioussi et al.,
2002; Olson et al., 2006; Amen et al., 2008)) can tether it to DNA; although these pathway
require B-catenin they are not, strictly speaking, canonical. Interestingly, no gonadal
abnormalities for TCF/LEF-deficient animals have been reported.

Another area of immediate interest is the input of the canonical -catenin signaling pathway
into the antagonism between the male and female developmental programs. Both Sox9 and
Sry can interfere with B-catenin signaling, although the molecular mechanism of this
inhibition remains to be understood (Bernard et al., 2008). Similarly, constitutively active
ectopic p-catenin can down-regulate SOX9 protein expression in the XY gonad which
makes it tempting to speculate that it may function in this same fashion in the normal female
environment to oppose male development (Maatouk et al., 2008). Ultimately, provided the
regulation of the B-catenin pathway in human ovarian development is conserved, this new
knowledge should aid in understanding and potentially treating diseases such as gonadal
dysgenesis or premature ovarian failure.
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Fig. 1.

The canonical Wnt/B-catenin pathway (modified after (Benchabane and Ahmed, 2008)). (A).
The default “off-state”. In the absence of a Wnt ligand, cytoplasmic p-catenin is
constitutively engaged by a group of proteins termed “the destruction complex” containing
the Axin and Adenomatous Polyposis Coli (APC) proteins. By recruiting the kinases, Casein
Kinase 1a and GSK-3p, the destruction complex facilitates the phosphorylation of B-catenin.
The phosphorylated B-catenin serves as a substrate for the B-Trcp E3 ubiquitin ligase that
targets it for ubiquitination and proteasome-mediated degradation. (B). The “on-state”. The
signaling is initiated by WNT ligand binding to Frizzled (Fz) and LRP5/6 co-receptors
ultimately leading to the inhibition of the destruction complex and Bcatenin protein
stabilization and entry into the nucleus. Nuclear p-catenin binding to T-cell factor (TCF)/
lymphoid enhancer factor (LEF) transcription factors leads to the activation of target gene
expression. The RSPOL1 protein is thought to facilitate Wnt-Fz-LRP complex formation
through fending off a secreted inhibitor, DKK1 (C). The regulated “off-state”. DKK1
binding to the LRP6 co-receptor blocks Wnt signal transduction by preventing formation of
the Wnt-Fz-LRP6 signaling complex.
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Fig. 2.

The canonical Wnt/B- catenin pathway is active in the embryonic ovaries but not the testes.
The gonads from the embryos carrying an Axin2!2Z allele were stained for B-galactosidase
(lacZ) expression. The samples (13.5dpc) are oriented with the anterior end towards the left;
the gonad (g) and the mesonephros (a segmentally organized structure that serves as a base
for the gonad and a duct system, m) are separated by the dotted line. The downstream target
of the canonical B-catenin pathway, Axin2, is expressed in the ovary (B) and not the testis
(A).
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Fig. 3.
Sexual differentiation in mammals is driven by the opposing antagonistic activities of the
transcriptional regulatory proteins: SOX9 in males and p-catenin/TCF/LEF in females.
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