RESEARCH ARTICLE 3731

Development 135, 3731-3743 (2008) doi:10.1242/dev.024653

Ovarian development in mice requires the GATA4-FOG2

transcription complex

Nikolay L. Manuylov, Fatima O. Smagulova*, Lyndsay Leach and Sergei G. Tevosian’

We have demonstrated previously that mammalian sexual differentiation requires both the GATA4 and FOG2 transcriptional
regulators to assemble the functioning testis. Here we have determined that the sexual development of female mice is profoundly
affected by the loss of GATA4-FOG2 interaction. We have also identified the Dkk1 gene, which encodes a secreted inhibitor of
canonical B-catenin signaling, as a target of GATA4-FOG2 repression in the developing ovary. The tissue-specific ablation of the -
catenin gene in the gonads disrupts female development. In Gata4*": Dkk 1~ or Fog2~-; Dkk1~"- embryos, the normal ovarian gene
expression pattern is partially restored. Control of ovarian development by the GATA4-FOG2 complex presents a novel insight into
the cross-talk between transcriptional regulation and extracellular signaling that occurs in ovarian development.
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INTRODUCTION

Male sex determination in the majority of mammals is initiated by
Sry, the Y chromosome-linked testis-determining gene (reviewed
by Capel, 2000; Swain and Lovell-Badge, 1999; Wilhelm et al.,
2007). By contrast, genetic mechanisms of development remain
enigmatic for mammalian females. 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 was put forward a number of years ago.
However, sexually dimorphic expression in the developing ovary
was not identified until fairly recently. This new evidence clearly
demonstrates that the female pathway of development engages a
number of dedicated genes. The two alternative sex fates are
thought to emerge through the antagonistic activities of sex-
specific transcription factors in a restricted number of gonadal
cells. This initial cell-fate decision is further expanded by
extracellular non-cell-autonomous signals that promote one
developmental program, while at the same time suppressing the
other (Brennan and Capel, 2004; Capel, 2006; Kim and Capel,
2006; Kim et al., 2006).

We have previously demonstrated an in vivo requirement for the
transcription factor GATA4 and its co-factor FOG2 (ZFPM2 —Mouse
Genome Informatics) in testis differentiation (Tevosian et al., 2002).
Gata4"™% mutants [ki is a V217G mutation in GATA4 that specifically
cripples the interaction between GATA4 and FOG proteins (Crispino
et al., 2001)], as well as Fog2-null embryos (Tevosian et al., 2000),
exhibit a profound early block in testis differentiation. Here, we
demonstrate that a deficiency in GATA4-FOQG?2 interaction leads to a
block in ovarian development coincidental with a drastic alteration in
the female gene expression program.

To avoid referring each time to both FOG2 null and GATA4
mutants we will sometimes refer to them collectively as
‘GATA4/FOG2’ mutants (and to the phenotype as the ‘GATA4-
FOG?2 interaction/complex loss’). This is justified, as the abrogation
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of GATA4-FOG?2 interaction by a Gata4* mutation (Gata4"*') or
Fog?2 loss (Fog2™") results in equivalent defects in mouse gonadal
differentiation in every experiment we have performed so far. It is
formally possible, however, that these mutations have non-
overlapping roles in gonadogenesis (for example, FOG2 could have
a GATA4-independent function; and the ‘ki’ mutation in GATA4
also renders it incapable of interacting with FOG1). Hence, we
performed experiments with both mutants to eliminate this
possibility. Importantly, the Gata4" mutation is not a Gata4 loss of
function; deletion of Gata4 gene in gonads may have a different
outcome that does not necessarily phenocopy Fog?2 gene loss or the
Gata4"" phenotype.

MATERIALS AND METHODS

Animals

The generation and genotyping of Fog2-null and Gata4*-targeted animals
have been described previously (Crispino et al., 2001; Tevosian et al., 2000).
These strains, as well as Wnt4™~ mice (Vainio et al., 1999), were maintained
on the C57BL/6 background. 3-catenin (Ctnnb 1) mutant mice were obtained
from the Jackson Laboratory. The Flk-1-lacZ strain has been genotyped, as
previously described (Shalaby et al., 1997). The DkkI*/~ genotype was
determined using primers dkk1 (5'-CTTCCGACACACAAACACTCCC-
3") and dkklrev (5'-GTAAACCAAACTCTCGTTCAGC-3"). Sf1-Cre mice
were genotyped with Cre-specific primers as previously described (Bingham
etal., 2006). Axin2"*“ mice (Yu et al., 2005) were obtained from the EMMA
repository.

Affymetrix microarray analysis of gene expression
Gonad-mesonephros complexes were dissected from E12.5 XX wild-type
and Gata4"* mutant embryos and Affymetrix oligonucleotide arrays were
used for RNA expression analysis (Chee et al., 1996; Lipshutz et al., 1999).
The array experiment was performed by Dartmouth Genomic and
Microarray Laboratory according to a standard protocol. The microarray
data have been deposited at the GEO database (GSE11314) and were
analyzed using Gene Traftic (Iobion Informatics).

In situ hybridization

In situ hybridization (ISH) analysis was carried out essentially as previously
described (Manuylov et al., 2007a). Sox9, Mis (Amh), Wnt4, Cypl7al,
Hsd3b1 and Cypllal RNA probes have been described (Tevosian et al.,
2002); the Irx3-fragment-containing vector was a gift of Dr Nef (Nef et al.,
2005) and the Gngl3-containing vector was a gift of Dr Arango (Fujino et
al., 2007). Other probes were generated with cDNA obtained from the
embryonic total or gonadal RNA by RT-PCR (Table 1).
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Table 1. PCR primers and hybridization probes

Gene 5’ primer 3’ primer Product size (bp)
Sprr2d* ACTTTGGAGAACCCGATCCT CAGGAAATGAAACCATGCTG 637
Dkk1 TACCCTTGCGCTGAAGATGAGGAG ACATCCTTGGGATTGAGCTG 657
Fst AAAACCTACCGCAACGAATG CCGGCTCATCCGACTTACTGTCA 440
FoxI2 CATGTTCGAGAAGGGCAACTA CTCATACTGGGACCACGACA 423
Sp5 AGCGAGCGGCCTTCAAGCAGTAG TGGGTCATAGGGCACCTGAAGGA 208
Inha ATGCACAGGACCTCTGAACC TATTGAGAGCAGCTCGATGG 592
Stra8 GGAGAAAAAGGCCAGACTCC TGGAAGCAGCCTTTCTCAAT 537
Oct4 (Pou5f1) AGAGGGAACCTCCTCTGAGC TGGGAAAGGTGTCCCTGTAG 592
Rspo1 GCTCCAACTCTCGGAGACAC AAGCGCTTTCCCTCTCTCTC 506
Bmp2 TTTGGCCTGAAGCAGAGACCCA TTGTCGAAGCTCTCCCACTGA 443
Lrp6 GGGTGGGTGCTGGAGATATTTGTA TTTCCTCGTGAAAATTGCTGGATTCC 442

*Kenn Albrecht, personal communication.

Real-time PCR

Individual gonad-mesonephros complexes were dissected from E11.5-14.5
embryos and RNA was isolated using the RNeasy Mini Kit (Qiagen). All
real-time PCR assays were carried out using the SYBR Green I Kit (Applied
Biosystems) as previously described (Manuylov et al., 2007b; Smagulova
et al., 2008). The relative expression level for each sample was determined
in the same run and was expressed as the ratio of the quantity of RNA of
interest to that of a control RNA (Gapdh). Gene-specific primers and probes
were designed using Primer Express (Perkin Elmer); primer sequences are
shown in Table 2 and are also available upon request.

Immunofluorescence

For protein detection, the following antibodies and dilutions were used:
mouse anti-DKK1 (R&D Systems; 1:300); rabbit anti-FOXL2 (a gift of Drs
Fellous and Veitia, Université Denis, Diderot, Paris, France; 1:300); rat anti-
PECAMI (BD Biosciences; 1:500); rabbit anti-yH2AX (Upstate; 1:300);
rabbit anti-B-catenin (Sigma; 1:300); rabbit anti-SYN1 (a gift of Drs Moens
and Spyropoulos, York University, Toronto, Canada; 1:300) and rabbit anti-
Cre (a gift of Dr Ernst, Dartmouth, Hanover, USA; 1:1000). Secondary
antibodies (Invitrogen) were used at 1:500. All antibodies were diluted in
Antibody Diluent Solution (Dako). The slides were mounted in Vectashield
with DAPI (4',6-diamidino-2-phenylindole, Vector Labs) and photographed.
The confocal analysis of anti-PECAM I -stained gonads was performed as
described (Manuylov et al., 2007a).

Germ cell depletion

Germ cell depletion was performed as described (Yao et al., 2003). The
depletion was confirmed by Oct4 ISH and alkaline phosphatase staining. To
generate /W embryos depleted of germ cells, male mice carrying the c-Kit

Table 2. PCR primers for real-time PCR

mutation, dominant white spotting (), were mated to females carrying
viable dominant spotting (/") (Mintz and Russell, 1957). Double
heterozygotes depleted of germ cells were identified by immunostaining one
gonad from each pair with the germ cell marker PECAMI1.

RESULTS

Normal ovarian differentiation requires GATA4-
FOG2 interaction

In order to identify the targets of GATA4-FOG2 during ovarian
development, we performed an Affymetrix microarray analysis of
gene expression, comparing RNA samples from Gata4"* mutant
and wild-type (control) E12.5 ovaries. Two independent probe sets
corresponding to the follistatin (Fis7) gene on the microarray showed
the most dramatic downregulation among all the differentially
expressed genes (~12-fold). The Fst gene encodes a secreted protein
that blocks the function of multiple members of the TGFj
superfamily (Patel, 1998). Although Fst expression in embryonic
gonads had been reported a number of years ago (Feijen et al., 1994),
its sexually dimorphic pattern was not appreciated until recently
(Menke and Page, 2002). Both in situ hybridization (ISH) with an
antisense Fst probe (Fig. 1A,B) and real-time RT-PCR (Fig. 1L)
confirmed the loss of Fst expression in Gata4/Fog2 mutants.

Fist is a downstream component of Wnt4 signaling (Yao et al.,
2004). Wnt4 controls Fst and Bmp2 (bone morphogenetic protein 2)
expression in embryonic ovaries; in Wnt4-null XX E12.5 gonads,
expression of both Fst and Bmp?2 is lost. The Wnt4-Fst pathway

Gene 5’ primer 3’ primer

Sf1 (Nr5af) TCGTGGTGGTAGTCGTCGTA CTCCCTCTGGTCCTCTTGCT

Sprr2d AAGGGAAAAGAAGAGAATCTATCT TTGACACCAAAAGCAGGACAACT
FoxI2 GCAAGGGAGGCGGGACAACAC GAACGGGAACTTGGCTATGATGT
Rspol CAAAGAGACCCGCAAGTGTACCGT TGTGCCCAGGTAGGTCCTACTGATG
Bmp2 GCTAGATCTGTACCGCAGGCACTCA TCCCACTCATCTCTGGAAGTTCCTC
Sp5 GCAGGCCTTCCTCCAGGACCGCAC AGCGCTGGGTCATAGGGCACCTGA
Stra8 GATGCTTTTGACGTGGCAAGTTTCC TCATCATCTGGGGGCTCTGGTTC

Fst GTCTGTGCCAGTGACAATGCC TTCCTCCGTTTCTTCCGAGATG

Scp1 (SycpT)
Dmc1

Irx3*

Wnt4
Gngl13
Gapdh

Dkk1

Fog2

Gata4d
Wnt9a

GGAAGATGTGGAAAAGAATAATGATA
GGCCCAGATGTTGTCACGACTC
CGCCTCAAGAAGGAGAACAAGA
GCGTAGCCTTCTCACAGTCC
GGTAGAGAGCCTCAAGTACCAACTG
GCTCACTGGCATGGCCTTCCGTG
GGAAATTGAGGAAAGCATCATTGAA
CGCCTTTGTGGTGGACTTTGACT
GGCTCCCAGAGATTCTTCCT
GGATTTGCGAGCCCGAGTGGACTT

AATAACATGGATTGAAGAGACTTTCG
TCAGTTCTCCTCTTCCCTTGCG
CGCTCGCTCCCATAAGCAT
ACGTCTTTACCTCGCAGGAG
ACACCTTACAGAGAGTGTGGGTCAG
TGGAAGAGTGGGAGTTGCTGTTGA
CAGATCTTGGACCAGAAGTGTCTTG
GCTTCTCGTTGCCTCCCACTACA
CTCTGCTACGGCCAGTAAGG
GGTAGTGCTGCCCACCTTGAGCGA

*(Jorgensen and Gao, 2005).
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Fig. 1. Normal ovarian differentiation requires GATA4-FOG2 Interaction. (A-K) \Whole-mount in situ hybridization (ISH) was performed with
the indicated RNA probes on XX gonads from wild-type, Gata4*%' and Fog2~~ E12.5-13.5 mouse embryos. In all images, samples are oriented with
anterior towards the right, and a gonad (g) on top of a mesonephros (m) as indicated in A. In images in which gonadal expression is not apparent,
a black dashed line is used to show the gonad-mesonephric border. (L) Real-time PCR analysis of Fst and Bmp2 gene expression in wild-type, Fog2~~

and Gata4" E12.5 XX gonads. The y-axis shows values for both genes normalized to Gapdh RNA copy number.

opposes the formation of the male-specific vasculature in the female
and ensures the survival of meiotic germ cells; this constitutes the
first established signaling pathway important for early development
of the mammalian ovary (Yao et al., 2004). Wnt4 expression was lost
in the gonad of E12.5 XX Fog2-null mutants (Fig. 1D). Importantly,
although E12.5 Gata4/Fog2 mutant XX gonads did not express
Whnt4, weak but detectable Wnt4 expression reappeared in the E13.5
mutant gonads (Fig. 1F). Wnt4 expression is also observed in XY
E13.5-14.5 Fog2 mutant gonads (Tevosian et al., 2002).

Based on the previously established epistatic relationship between
Wnt4 and Bmp2, we expected Bmp2 expression to be similarly
absent from the Gata4/Fog2 mutant gonads. This, however, was not
the case: ISH with a Bmp2 probe and real-time PCR analysis
revealed no change in Bmp2 expression in either the Fog2 (Fig.
1H,K,L) or Gata4*’ (Fig. 11,L) mutant sample and, in agreement,
our microarray analysis showed no difference for the Bmp2 probe
set (data not shown). Interestingly, a recently described XX Rspol~~
mutation demonstrates a similar relationship between Wnt4 and
Bmp?2: Wnt4 expression is temporarily lost in the XX E12.5 gonad
(but not mesonephros), whereas Bmp?2 levels remain unchanged
(Chassot et al., 2008). In summary, loss of GATA4-FOG2
interaction in the XX gonad results in the loss of Fist expression and

E12.5 XX conirol  E12.5 XX Gata4™

E12.5 XX conirol

FoxI2

a failure to activate Wnt4 in the gonad at E12.5; however, residual
Wht4 expression appears to be sufficient for maintaining the normal
level of Bmp2.

GATA4/FOG2 loss affects multiple aspects of early
ovarian differentiation
In addition to affecting Wnt4 and Fist expression, as described above,
loss of the GATA4-FOG2 complex disrupts the expression of
numerous other genes that have been implicated in ovarian
development. Expression of the dimorphically expressed genes,
Sprr2d (small proline-rich 2d) (Beverdam and Koopman, 2006) and
FoxI2 (forkhead box L2), was lost in Gata4/Fog2 mutants (Fig. 2A-
I) and expression of Gngl3 (guanine nucleotide binding protein,
gamma 13) (Beverdam and Koopman, 2006; Fujino et al., 2007) was
strongly downregulated (Fig. 2J,K). By contrast, SfI/ (Nr5al —
Mouse Genome Informatics) expression does not require the
GATA4-FOG2 complex (Fig. 2L,M) (see Tevosian et al., 2002).
The current view of mammalian sex determination emphasizes
the notion that the two alternative fates, female and male, arise as
closely intertwined parities that are determined by antagonistic
activities (Kim and Capel, 2006); hence, suppression of one
developmental program could result in the emergence of the other.

Gng13 SF1

E13.5 XX Fog2”©

E12.5 XX Fog2"

Fig. 2. The GATA4-FOG2 complex is essential for the activation of dimorphically expressed genes. (A-G,J-M) Whole-mount ISH was
performed with Sprr2d (A-D), FoxI2 (E-G), Gng13 (J,K) and Sf7 (Nr5a7; L,M) RNA probes on XX gonads from wild-type, Gata4“’* and Fog2"
E12.5-13.5 mouse embryos as indicated. (H,1) Immunofluorescent staining of frozen gonadal sections from Fog2*~ (control) or Fog2™~ embryos
with an anti-FOXL2 antibody (red). Embryonic germ cells are detected by the anti-PECAM1 antibody (e.g. Yao et al., 2003) (green). Magnification:

200X.
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Fig. 3. GATA4/FOG2 loss
affects multiple aspects of
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(A,B) Whole-mount ISH was
performed on XX E12.5
control or Gata4*" gonads
(A) or XY E13.5 control or
Fog2™ gonads (B) with the
indicated probes. Note that
the expression of Sertoli cell
markers (Sox9, Mis and Dhh)
is not increased in E12.5-13.5

Hsd3p1

Cyp11a1

Hsd-3p E13.5

XY

XX Fog2-/-

XX gonads upon
GATA4/FOG2 loss, whereas
expression of genes encoding
steroidogenic enzymes (e.g.
Hsd3b1) is relaxed. Scale bar:
1 mm. (C) ISH was performed
with an Inha probe on XX
and XY wild-type and Fog2"-
gonads. Expression of Inha is
derepressed in the XX Fog2™
gonad. (D) The coelomic
blood vessel does not form in
Fog2™" gonads. XX and XY
gonads from E12.5 mouse
embryos carrying Flk1-lacZ
with wild-type or
homozygous mutant Fog2
were stained with X-Gal,
which marks the Flk7-lacZ-
positive endothelial cells. The

Inha

Examination of XX gonads with GATA4/FOG2 loss showed no
signs of testis cord formation (see Fig. S1 in the supplementary
material) and markers of Sertoli cell differentiation (Sox9, Mis and
Dhh) were absent (Fig. 3A,B). The GATA4-FOG2 transcription
complex is required for Sox9 activation and testis differentiation
(Manuylov et al., 2007a; Tevosian et al., 2002), so it is not surprising
that the loss of GATA4-FOG2 interaction does not result in the
activation of Sertoli cell differentiation in the XX mutant gonad.
Despite the absence of Sertoli cell differentiation, Gata4/Fog?2
mutants selectively expressed some steroidogenic genes commonly
associated with the embryonic testis (Fig. 3A,B and see Fig. S2 in
the supplementary material). Similarly, expression of inhibin alpha
(Inha) has been associated with embryonic testes rather than ovarian
development in several vertebrate species (e.g. Majdic et al., 1997,
Safi et al., 2001); the regulation of Inha expression by GATA factors

Fik1-LacZ

coelomic blood vessel in the
testis is indicated by arrows.

has been documented in cultured cells (Robert et al., 2006). The
GATA4-FOG2 complex functions to repress Inha expression in the
developing ovary (Fig. 3C). In the control E12.5 gonads, Inha
expression was much stronger in the male sample, whereas both XX
and XY Fog2”~ gonads robustly expressed Inha. In summary,
similar to the recently reported Rspol~~ mutation (Chassot et al.,
2008; Tomizuka et al., 2008), analysis of the Gata4/Fog2 mutants
revealed a complex blend (rather than exclusive dominance) of
female- and male-specific expression in the XX gonads with a
compromised female program.

One of the early signs of the active testis-specific program is the
development of the male-specific vascular pattern. In mouse
mutants with a loss of female-specific genes (Wnt4, Fst and Rspol),
a male-specific coelomic vessel appears in XX gonads (Brennan et
al., 2002; Brennan et al., 2003; Chassot et al., 2008; Jeays-Ward et

DEVELOPMENT
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Fig. 4. Dkk1 is a downstream target of the GATA4-FOG2
transcription complex. (A,B) gRT-PCR analysis of Dkk7 expression was
performed with wild-type (A) or wild-type and Fog2™~ (B) gonad-
mesonephros samples. (C-L) ISH was performed with a Dkk7 RNA probe
on XX and XY gonads from wild-type, Gata4“*' and Fog2 E11.5-13.5
mouse embryos as indicated.

al., 2003; Yao et al., 2004). To examine the vascular development in
Gata4/Fog2 XX mutants, we introduced the FlkI-lacZ allele (Flk is
also known as Kdr — Mouse Genome Informatics) (Shalaby et al.,
1997) into the crosses and used an X-Gal staining assay to ‘develop’
the vasculature as previously described (Tevosian et al., 2000) (Fig.
3D). We noted that the vascular system in both E12.5 XY and XX

mutants developed similarly to the control XX gonad (ovary) and
lacked the coelomic male-specific vessel that is clearly observed in
the normal testis (Fig. 3D, arrows).

Dkk1 is a downstream target of the GATA4-FOG2
transcription complex

One of the microarray probe sets identified Dkk/ as a target for
GATA4-FOG2 regulation in the developing ovary. Gonadal Dkk/
expression has not been previously characterized. Quantitative (q)
RT-PCR analysis demonstrated that DkkI expression is detectable
in both sexes in the developing gonad as early as E11.5, and that the
Dkkl level increases in the developing testis at E12.5. (Fig. 4A).
qRT-PCR also confirmed a strong upregulation of Dkk!I expression
in E12.5 XX Fog2 mutant gonads (Fig. 4B). ISH with a Dkk!/
antisense RNA probe demonstrated that Dkk/ is overexpressed in
the developing gonad but not mesonephros (Fig. 4C-L). In the
control samples, the expression became visible only in the males at
E12.5 and was localized to the central region of the gonad (Fig. 3H).
By contrast, in the Gata4/Fog2 mutants strong Dkkl expression was
already apparent at E11.5 in the posterior region of the gonad (Fig.
4E,F). In summary, this analysis established that Dkk/ is upregulated
in the embryonic gonads as early as E12.5 and that this expression
is dramatically increased upon GATA4-FOG2 complex loss.

Wnt pathway genes in the Gata4/Fog2 mutants

At present, a preponderance of data defines DKK1 function mainly
within the context of the antagonism of canonical Wnt/B-catenin
signaling (Mukhopadhyay et al., 2001) (reviewed by Kikuchi et al.,
2007; Niehrs, 2006). The Axin2'* reporter has proven to be effective
in monitoring the activity of the B-catenin signaling pathway in the
ovary (Chassot et al., 2008); Axin2'%“ animals carry the P-
galactosidase (lacZ) gene in (knocked-in) the Axin2 locus (Yu et al.,
2005). Axin2 is considered to be one of the two (the other being SpJ5,
see below) candidates for a “universal’ Wnt target gene (Clevers,
2006). Although the Axin2 expression level in embryonic gonads is
low (data not shown), a sensitive X-Gal assay in the E13.5 gonads of
Axin2"Z embryos clearly shows activation of this gene in ovaries but
not testes (Fig. 5A,B), as reported previously (Chassot et al., 2008).
To examine the Axin2“# expression upon Fog?2 loss, we generated
XX Fog2-null embryos with an Axin2"? reporter. In the XX Fog2-
null gonads, Axin2'“Z expression was lost (Fig. 5SA-D).

A list of Wnt/B-catenin target genes is available from the Wnt
homepage (http://www.stanford.edu/~rnusse/wntwindow.html). We
compared this list to the list of genes differentially expressed in
Gata4"" mutants. Although transcriptional outputs of the Wnt
pathway are thought to be cell-specific (Clevers, 2006), one of the
best ‘universal’ Wnt/B-catenin target genes is considered to be Sp5
(Clevers, 2006; Weidinger et al., 2005). Microarray analysis
detected the downregulation of Sp5 expression in the Gata4"*
mutant (~3-fold). Likewise, expression of the other Wnt target gene
that encodes a transcription factor, /rx3 (Braun et al., 2003), is
reduced. ISH confirmed that Sp5 and /rx3 are downregulated in XX
E13.5 mutants with GATA4-FOG2 complex loss (Fig. SE-H). This
decrease in the SpJ5 and Irx3 levels in the mutants was confirmed by
gRT-PCR (Fig. SM). Both Sp5 and /rx3 are expressed in an XX-
enriched, sexually dimorphic manner (Bouma et al., 2007a;
Jorgensen and Gao, 2005; Nef et al., 2005).

Recent work has established that Rspo genes, another gene family
that activates the B-catenin pathway, also play a role in female sexual
development (Chassot et al., 2008; Parma et al., 2006; Tomizuka et
al., 2008). Rspol expression is normal in Gata4"* and Fog2
mutants (Fig. 5I-M).
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Fig. 5. Comparative expression of Wnt pathway genes in Gata4/Fog2 and Wnt4 mutants. (A-D) The GATA4-FOG2 complex is essential for
canonical B-catenin signaling. Gonads from E12.5 mouse embryos carrying Axin2”% and either wild-type (A,B) or homozygous mutant (C,D) Fog2
were stained with X-Gal, which labels Axin2“-positive cells. Only the ovary (B) is positive for Axin2" expression. (E-L) ISH was performed with the
indicated probes on XX gonads from wild-type, Gata4“’s' and Fog2~~ E12.5-13.5 embryos. (M) gRT-PCR analysis of Sp5, Irx3 and Rspo gene
expression in wild-type and Gata4*%' E12.5 XX gonads. (N) gRT-PCR analysis of gene expression in wild-type and Wnt47~ E12.5 gonads.

GATA4-FOG2 and WNT4 regulate a partially
overlapping set of genes

Our data suggest that in Gata4/Fog2 mutants, gonadal Wnt4
expression is strongly downregulated during the critical time (E12.5)
for ovarian development, as is the WNT4 target gene Fst. At the
same time, the expression of another WNT4 gonadal target, Bmp?2,
remains unchanged. To examine whether the GATA4-FOG2 and
WNT4 pathways overlap with respect to any other gene targets, we
performed qRT-PCR in the Wnt4 XX mutants (Fig. SN). Both Fist
and Bmp2 were severely downregulated in the absence of Wnt4, as
previously reported (Yao et al., 2004). The targets of canonical -
catenin signaling, Sp5 and /rx3, were also downregulated in the
Wnt4 mutants. However, Irx3 expression was reduced to a greater
extent in the Wnt4-null than in the Gata4/Fog2 XX mutant gonads
(Fig. 5, compare /rx3 in M and N). By contrast, Dkk! was not
upregulated upon Wnt4 loss. Similarly, another target of GATA4-
FOQG?2 regulation, Fox/2, was expressed normally in the Wnt4-null
gonads (Fig. 5N).

DKK1 protein accumulates in Gata4/Fog2 mutant
gonads

So far, our data suggest that canonical B-catenin signaling regulates
the gene expression program in somatic cells and that ectopic Dkk!
activation in Gata4/Fog2 mutants interferes with this signaling (Figs
4 and 5). Although ISH indicated that Dkk! is expressed by the
somatic cells (data not shown), DKK1 is a secreted protein that acts
outside of the cell (Glinka et al., 1998). To investigate the
localization of DKKI1 protein in the developing gonads, we
performed immunofluorescence analysis. In accordance with the

RNA expression data (Fig. 4), DKK1 staining in the E12.5 gonads
was faint and appeared marginally enhanced in the testes (Fig. 6A,
arrowheads) as compared with the ovaries (Fig. 6B). By contrast, we
observed intense DKK 1 staining in both XY and XX mutant gonads,
as predicted from our ISH experiments (Fig. 6C,D). No staining was
observed in the gonads of XY DkkI~~ embryos (Fig. 6E).

DKK1 acts cell-autonomously in the somatic cells
of the developing ovary

Immunofluorescence analysis demonstrated that DKKI
accumulates in the vicinity of germ cells (Fig. 6C,D); the
localization of DKKI1 in other settings, at or near plasma
membranes, has been reported previously (Caneparo et al., 2007;
Mackawa et al., 2005; Mao et al., 2002). This finding was
unexpected, as GATA4 and FOG?2 are not expressed in germ cells
during embryogenesis. Although this expression pattern could be
indicative of germ cell-derived DKK1, DKK1 is a secreted protein
and so its accumulation pattern does not necessarily reflect its
expression origin. To investigate the origin of gonadal Dkk/
expression we used busulfan, an alkylating agent that can be used in
rodents to deplete embryonic gonads of germ cells (Menke and
Page, 2002; Merchant, 1975). Staining for expression of the germ
cell-specific POU transcription factor Oct4 (Pou5f] — Mouse
Genome Informatics) confirmed that most germ cells were
eliminated in the busulfan-treated E12.5 XX gonads (Fig. 6F,G). By
contrast, the expression of Dkkl was not affected by busulfan in
either the control XY sample (Fig. 6H,I) or in XX Gata4/Fog2
mutants (Fig. 6J-M). Therefore, DkkI expression is not dependent
on the presence of germ cells.

DEVELOPMENT
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Fig. 6. Dkk1 acts cell-autonomously in the somatic cells of the developing ovary. (A-E) Immunofluorescent staining of frozen sections with
an anti-DKK1 antibody (red). Embryonic germ cells are detected by the anti-PECAM1 antibody (green). Note the DKK1 staining in the wild-type
testis (A, arrowheads) and mutant gonads (C,D), but not in wild-type ovaries (B) or Dkk7-null testis (E). Magnification: 200X. (F-O) ISH was
performed with Oct4 (FG), Dkk1 (H-M) and Lrp6 (N,0) RNA probes on gonads from wild-type, Gata4“"%i, Fog2~ and W/W* E12.5-13.5 mouse
embryos as indicated. (G,I,K,M) Samples were derived from in vivo busulfan-treated embryos.

DKK1 acts through binding to the LRP receptors (LRP5 or LRP6)
with high affinity (Bafico et al., 2001; Mao et al., 2001; Semenov et
al., 2001). Lrp6 (but not Lrp5, data not shown) is expressed in the
developing gonad at E13.5 (Fig. 6N) and its expression was
unaffected in E13.5 XX W/W" (Kit-mutant) germ cell-deficient
gonads (Fig. 60). In summary, these data suggest that somatic cells
in the ovaries are the primary source of Dkk!I expression as well as
being the recipients of canonical B-catenin signaling.

GATA4/FOG2 loss does not affect the initiation of
germ cell sexual differentiation in XX gonads
DKK1 accumulation in the vicinity of germ cells in Gata4/Fog?2
mutants presented the possibility that germ cell differentiation could
be affected by loss of GATA4-FOG?2 interaction. Germ cell status in
Gata4/Fog?2 mutants has not been analyzed previously. Alkaline
phosphatase staining of E13.5 gonads detected no change in germ
cell number in these mutants. Expression of the germ cell-specific
transcription factor Oct4 also appeared normal (Fig. 7A and data not
shown). In XX Fog2 mutants, germ cells embarked normally on the
female differentiation (meiosis) pathway as defined by the
upregulation of histone YH2AX (Fig. 7B-D). Similarly, qRT-PCR
analysis of Stra8 (Baltus et al., 2006) and Scp! (Sycpl — Mouse
Genome Informatics) (Dobson et al., 1994) expression detected no
difference between the control and XX Gata4/Fog2 mutant samples
(Fig. 7E). Not surprisingly, XY germ cells in the Gata4/Fog2
mutants upregulated Stra8 and Scp 1 expression similarly to their XX
counterparts, as male differentiation is blocked in these embryos
(Tevosian et al., 2002) (Fig. 7E). As Gata4/Fog2 mutants are
embryonic lethal at E13.5-14.5, further development of the XX
germ cells was not analyzed.

140 E
Scpl —
120
100 — Hl Y .
[ XYFog2'
80 [P
] xog?
— Stra8 —] —
60
Q ==
E12.5 XX Fog2-/- 0
Oct4 et
E13.5 E145 E13.5 E14.5

E13.5 y-H2AX PECAM-1

Fig. 7. GATA4/FOG2 loss does not affect the initiation of germ
cell sexual differentiation. (A) ISH was performed with an Oct4
RNA probe on XX gonads from wild-type or Fog2”~ mouse embryos
as indicated. (B-D) Immunofluorescent staining of frozen sections
with an anti-yH2AX antibody (red). Embryonic germ cells are
detected by the anti-PECAM1 antibody. Note the anti-yH2AX
staining in the normal ovaries (C) and mutant gonads (D), but not in
the control testis (B). (E) qRT-PCR analysis of Stra8 and Scp7 gene
expression in wild-type and Fog2~ E13.5-14.5 XX and XY gonads.
The y-axis shows values for both genes normalized to Gapdh RNA
copy number.
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E12.5 XX

Fig. 8. Analysis of sexual differentiation in Dkk1
mutant mice. (A,B)ISH was performed with the
indicated RNA probes on XX gonads from wild-type
and Dkk 17~ (A) or Dkk17~; Fog2™~ (B) E12.5
embryos. (C) gRT-PCR analysis of gene expression in
E12.5 wild-type, Fog2™~, Dkk17~ and Dkk17~;
Fog2™~ XX gonads.
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Analysis of the sexual differentiation phenotype
in doubly homozygous mutant mice

We reasoned that if an abnormally high level of DKKI in
Gata4/Fog2 mutants results in the downregulation of canonical -
catenin pathway targets (Fig. 5), then these same genes could be
activated in XX Dkkl~~ embryonic gonads. Indeed, we observed
that several canonical B-catenin pathway targets (Irx3, Sp5 and
Wnt9a) are upregulated in E12.5 DkkI™~ ovaries (Fig. 8A,C).
Interestingly, in addition to a ‘B-catenin set’, the expression of FoxI2
was also increased,; this gene has not previously been described as a
target for canonical B-catenin signaling (Fig. 8A,C). These data
support the previous assertion, by us and others, that the canonical
B-catenin pathway functions during ovarian development and,
additionally, identify the Fox/2 gene as a novel target of the
canonical B-catenin pathway in the ovary.

Given the importance of canonical B-catenin signaling for the
ovarian developmental fate (Chassot et al., 2008; Maatouk et al.,
2008; Tomizuka et al., 2008), a profound block in female
development observed upon GATA4/FOG?2 loss could be explained
solely by a dramatic increase in its secreted inhibitor, DKK1, in
Gata4/Fog2 mutants. Alternatively, an intact GATA4-FOG2
complex could be independently (i.e. regardless of its role in Dkk!
repression) required for ovarian differentiation and development. To
examine XX gonads that are incapable of activating Dkkl
expression in response to the ablation of the GATA4-FOG2
complex, doubly homozygous DkkI™~; Fog2” and DkkI™;
Gata4"¥ embryos were generated. We isolated RNA/cDNA from
the E12.5 XX control and mutant gonad samples and examined the
expression of genes that we have previously confirmed as targets of
GATA4-FOG?2 regulation in the ovary. As double mutants are no

longer capable of upregulating Dkkl, we predicted that the
expression of a subset of GATA4-FOG2-dependent genes,
previously inhibited through DKK1, would be (at least partially)
restored. The expression of SpJ5, Irx3 and Wnt9a increased in the
double mutants as compared with Fog2 mutants, whereas Inha
expression decreased (Fig. 8C). We conclude that the GATA4-FOG2
complex is required to establish the requisite normal level of
canonical B-catenin signaling in the ovary by repressing DkkI. By
contrast, Fst and Fox[2 expression in the XX Gata4/Fog2 mutants
was not restored by deleting Dkk 1, and neither was Wnt4 expression
at E12.5 (Fig. 8B,C). These data argue that the GATA4-FOG2
complex regulates these genes independently of its role in
maintaining the normal level of canonical B-catenin signaling
through repressing Dkk1.

Analysis of the sexual differentiation phenotype
in mutants with somatic cell loss of B-catenin

The GATA4-FOG2 transcription complex is required for
maintaining a normal level of B-catenin signaling; however, it is also
essential for maintaining ovary-specific Wnt4 expression. Either of
these GATA4-FOG2-dependent genes (B-catenin or Wnt4) could
potentially regulate Fst transcription. Fst levels do not increase in
DkkI7~ XX gonads and Fst expression was not restored in the
DkkI™; Fog2”~ double mutants (Fig. 8C). To independently assess
the contribution of canonical -catenin signaling to ovarian Fs¢
expression, we performed a conditional excision of the B-catenin
gene in the ovary. A Cre line of mice based on the BAC harboring
the Sf7 locus has recently been described (Bingham et al., 2006).
This Sf1-Cre is robustly expressed during early gonadogenesis (see
Fig. S3 in the supplementary material) and hence is ideal to excise
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Fig. 9. Analysis of the sexual differentiation phenotype in mutants with somatic cell-restricted loss of B-catenin. (A,B) Whole-mount ISH
with the indicated RNA probes was performed with XX E12.5 gonads from wild-type and Sf1-Cre/f-cat™fox (where B-cat is Ctnnb1) mouse
embryos (A) or with E13.5 XY gonads from wild-type and XX Sf1-Cre/B-cat’™/fx embryos (B) to examine the status of the female (A) and the male
(B) pathway in XX gonads upon B-catenin loss. (C) gRT-PCR analysis of gene expression in the XX E12.5 wild-type and Sf1-Cre/pB-cat’™?* gonads.
The data are shown as the ratio of normalized expression (gene/Gapdh RNA copy number) in wild-type over mutant samples. The combined *Wnt4
level in the gonad-mesonephros block does not change; see the corresponding panel in A for gonadal Wnt4 expression. (D,E) Double
immunofluorescent staining of E18.5 gonadal sections for either YH2AX (D; red) or SYN/COR (E; red) and PECAM1 (green). The wild-type E18.5
ovary contains numerous germ cells with yH2AX (D, top panel) or SYN1 (synapsin 1) staining (E, top left). In the XX Sf1-Cre/B-cat™/ X XX gonad,
germ cells are largely lost; no SYN1-positive cells are observed in the control or Sf1-Cre/B-cat™?ox testis.

B-catenin. Sf7-Cre excision led to the loss of somatic B-catenin
expression (see Fig. S4 in the supplementary material) and to a ~7-
fold reduction in the Fist expression level in the XX gonads, whereas
Gata4, Fog2 and Dkkl were not affected (Fig. 9A,C). This
experiment demonstrates that B-catenin regulates Fst transcription
without affecting the GATA4-FOG?2 level. In addition to Fist, loss of
gonadal B-catenin affected the expression of many other genes. The
canonical B-catenin target, /rx3, and the essential regulators of
ovarian development, Fox/2 and Wnt4, were severely
downregulated (Fig. 9A and see Fig. S5 in the supplementary
material). Loss of Wnt4 and Fst expression was likely to be
responsible for a dramatic reduction in the survival of female germ
cells in the XX E18.5 B-catenin mutant gonads (Fig. 9D,E) (see
Vainio et al., 1999; Yao et al., 2004).

However, the dimorphic gene expression program was not
completely extinguished in B-catenin mutants. For example,
Sprr2d expression was normal, whereas in Gata4/Fog2 mutants
Sprr2d expression was completely abolished (compare Fig. 9A,
bottom panels, with Fig. 2A-D). Although Dkkl activation through
the canonical B-catenin feedback loop has been reported in some
settings (Chamorro et al., 2005; Gonzalez-Sancho et al., 2005;
Niida et al., 2004), DkkI expression was not affected (Fig. 9C). B-
catenin deletion in the ovary did not result in the activation of the

alternative male pathway (sex reversal), as shown by the lack of
expression of the Sertoli cell-specific genes Sox9, Mis and Dhh at
either E13.5 or E18.5 (Fig. 9B; see Fig. S6 in the supplementary
material; data not shown). Similar to the Gata4/Fog2 mutants, the
expression of some male-specific genes was derepressed in [3-
catenin mutants (e.g. Cypllal and Inha, Fig. 9B,C). However, in
contrast to the Gata4/Fog2 mutants (but similar to the XX Rspo!-
null mutation), XX gonads with B-catenin loss developed a
coelomic vessel (Fig. 10H,K). In summary, B-catenin is required
for normal ovarian development, whereas testis development in
the absence of 3-catenin proceeds apparently as normal (Fig. 10G
and see Fig. S6 in the supplementary material) (see Chang et al.,
2008).

DISCUSSION

Previously, we determined that the GATA4-FOG2 transcription
complex is required for testis differentiation, and visual inspection
of the XX Fog2 mutant gonads at that time suggested that Fog2 was
likely to be needed for female development as well (Tevosian et al.,
2002). In the interim period, work by many laboratories has
uncovered a number of sexually dimorphic genes in the developing
mouse ovary and a functional relationship between them is
beginning to emerge (e.g. Bouma et al., 2007a; Chassot et al., 2008;
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Jorgensen and Gao, 2005; Menke et al., 2003; Menke and Page,
2002; Nef'et al., 2005; Yao et al., 2004). This new body of data has
provided a sufficient foundation to integrate the GATA4-FOG2
complex into the transcriptional cascade orchestrating ovarian
development in mammals.

GATA4, FOG2 and the canonical B-catenin pathway
We demonstrate here that in the absence of GATA4-FOG2
interaction, the expression of both Wnt4 and Fst is lost. Although
several Wnt family members are expressed in the developing
gonads (Cederroth et al., 2007), it is primarily Wnt4 that has been
associated with sexual development in mammals. Wnt4-null
females are masculinized, as demonstrated by the absence of
Miillerian ducts and the retention of Wolffian ducts (Vainio et al.,
1999). Wnt4 is also required to repress steroidogenic and vascular
endothelial cell migration into the developing XX gonad; absence
of Wnt4 leads to both ectopic steroid (e.g. testosterone) production
and formation of a male-specific coelomic blood vessel (Heikkila
et al., 2005; Jeays-Ward et al., 2003). Four known XY human
subjects with duplications of the chromosome 1p35 that includes
the WNT4 locus exhibit symptoms that range from isolated
cryptorchidism to severe genital ambiguity (Jordan et al., 2001;
Jordan et al., 2003). A recent report demonstrates that in the ovary,
Whnt4 partially acts through canonical B-catenin signaling (Chassot
etal., 2008).

Our analysis of Gata4/Fog2 mutant ovaries revealed a dramatic
activation of DkkI expression in the absence of GATA4-FOG2
interaction, concomitant with the downregulation of genes linked
to canonical Wnt/B-catenin signaling. DKK1, the founding
member of the DKK family (Krupnik et al., 1999; Monaghan et
al., 1999), is a secreted protein and a potent Wnt signaling
inhibitor (Glinka et al., 1998). It binds to the LRP receptors (LRP5
or LRP6) and prevents interaction between the Wnt ligand and
the Fz-LRP receptor complex (Bafico et al., 2001; Mao et al.,
2001; Semenov et al., 2001). The mechanism of Dkk! activation
as a result of GATA4/FOG2 loss is not clear. The c-JUN
transcription factor and JNK signaling have been reported to
positively regulate DkkI transcription (Colla et al., 2007;
Grotewold and Ruther, 2002); however, this is an unlikely

XY E12.5 Sf1Cre/s-caf™™

XX E12.5 Sf1Cre/p-cat™™

Fig. 10. Formation of the male-specific coelomic
blood vessel in control and mutant gonads.

(A-H) Confocal microsopy images of whole-mount
anti-PECAM1 immunostaining of E12.5 XY (top row)
and E12.5 XX (bottom row) gonads isolated from
control mouse embryos (A,B) or Dkk17~(C,D), Fog2™~
(E,F) and Sf1-Cre/B-cat™fox (G,H) mutants. The male-
specific coelomic vessel (white arrowheads) normally
develops in the control (A), Dkk 17~ (C) and Sf1-Cre/p-
cat™foX testis (G). An ectopic vessel is visible
(especially in the posterior region) in the XX Sf1-Cre/f3-
cat™/Mx gonad (H). The vessel lacks the branches
normally descending between the testis cords in XY
gonads. No coelomic vessel could be seen in the Fog2-
null samples (E,F; compare with Fig. 3D). (I-K) Light
microscopy images of E12.5 gonads. A clear vesel
(arrowheads) is seen on the coelomic surface of Sf71-
Cre/pB-cat™7fox XY (1) and Sf1-Cre/p-cat™/fox xX
gonads (K and the higher magnification inset), but not
on the Sf1-Cre/B-cat*™* ovary (J). Scale bars: 100 um
in A-H; 200 um in I-K.

explanation because the c-Jun RNA level is unaffected in
Gata4/Fog2 XX mutant gonads, and an active form of JNK is
undetectable (data not shown).

GATA4-FOG2 complex loss affects multiple aspects
of ovarian development

One of the genes requiring the GATA4-FOG2 complex is Fox/2.
FOXL2, a forkhead transcription factor, is essential for reproductive
development in females (reviewed by Uhlenhaut and Treier, 20006).
In mice [as in humans (Cocquet et al., 2002)] FoxI2 is one of the
carliest genes expressed in a female-specific fashion (Loffler et al.,
2003) and FoxI2 homozygous mutants recapitulate female infertility
in humans (Schmidt et al., 2004). Although Fox/2 is required in
granulosa cell function in postnatal ovaries, embryonic ovarian
development initiates and proceeds apparently normally in its
absence (Ottolenghi et al., 2005; Schmidt et al., 2004). Importantly,
in contrast to the loss of Fox/2 expression in Gata4/Fog2 XX
mutants (Fig. 2) and in B-catenin deficiency (Fig. 9 and see Fig. S5
in the supplementary material), Fox/2 expression is normal in the
Whnt4-null (Fig. SN) and RspoI-null (Chassot et al., 2008) mutants,
underscoring the specific requirement for the GATA4-FOG2
complex and B-catenin protein in the control of Fox/2 transcription.

Although GATA4-FOG2 complex loss affects several key
elements of the ovarian gene expression program, some
dimorphically expressed ovarian genes, such as Bmp2, retain their
wild-type levels. Unexpectedly, Bmp2 levels remain unchanged in
the XX E12.5 Gata4/Fog2 mutants despite the loss of gonadal Wnt4
expression; Wnt4 is epistatic to Bmp2 and in the Wnt4-null XX
gonads Bmp?2 expression is dramatically reduced (Fig. SN) (Yao et
al., 2004). The mesonephric expression of Wnt4 that persists in
Gata4/Fog2 mutants (e.g. Fig. 1C-F) could be responsible for
maintaining the wild-type level of gonadal Bmp2. Alternatively, it
is possible that the early (~E11.5) expression of Wnt4 that is
independent of GATA4-FOG2 regulation is sufficient to trigger the
activation of Bmp?2 transcription.

Expression of Rspol is also normal in Gata4/Fog2 mutants (Fig.
5). It was proposed that Rspo!l functions to relieve the DKKI1-
imposed inhibition of the B-catenin pathway by antagonizing
DKK 1-dependent LRP6 receptor internalization (Binnerts et al.,
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2007). Our data suggest that in the XX gonads of the Gata4/Fog?2
mutants, excessive DKK1 is no longer adequately antagonized by
normal concentrations of the RSPO1 protein. This results in an
outcome similar to that of Rspo! deficiency in that a downregulation
of female-specific Wnt4 expression is observed, whereas Bmp2 is
unaffected (Fig. 1) (Chassot et al., 2008).

Fst expression requires multiple regulatory inputs
Gata4/Fog2, Wnt4 and Rspol mutations all converge on the -
catenin signaling pathway and F’st expression is severely reduced or
lost in these mutants. Hence, it was tempting to speculate that Fs¢
expression critically depends on the nuclear 3-catenin pathway in
the ovary. The regulation of an Fst promoter by canonical B-catenin
signaling has been reported in cell culture (Miyanaga and
Shimasaki, 1993). Mutation of the putative TCF binding site
(CTTTGAT) at—223 to —217 relative to the start of Fist transcription
led to the abrogation of the WNT3 A response (Willert et al., 2002).

A conditional knockout of the B-catenin gene in the gonad results
in a drastic reduction in Fst expression, validating the essential
requirement for canonical -catenin signaling in Fst regulation in
vivo. A recent report on the Rspol knockout (Chassot et al., 2008)
also suggests that RSPO1 regulates Fist expression through [3-
catenin; constitutively active B-catenin is sufficient to rescue the
ovarian development of the Rspol-null mice, although Fist
expression was not directly examined in the rescued ovaries. By
contrast, Fist expression is not upregulated in Dkk/™~ gonads and is
not restored in the Fog2 mutant by Dkkl ablation. This
demonstrates that, in addition to its reliance on intact B-catenin
signaling, F’st also requires a functional GATA4-FOG2 complex for
its expression. Whether WNT4 regulates Fst expression via (or
independently of) B-catenin is currently unclear and will require
restoring (or ectopically stabilizing) B-catenin signaling in the
Whnt4-null gonad.

A pivotal role for the GATA4-FOG2 complex in
sexual differentiation

Previous work demonstrated the importance of the GATA4 and
FOG?2 proteins in testis development. Loss of GATA4-FOG2
interaction leads to a block in the male pathway because the
upregulation of Sox9 gene expression, which is necessary for
testicular development, does not occur in mutant XY gonads
(Tevosian et al., 2002). Moreover, a threshold concentration of the
functional GATA4-FOG2 complex is required to mount an adequate
Sox9 expression level that will tip the scale towards testis
differentiation (Bouma et al., 2007b; Manuylov et al., 2007a). We
have now shown that interaction between these protein partners is
also required for the ovarian pathway.

As Gata4 and Fog?2 are expressed in gonads of both sexes, their
involvement in both testicular and ovarian development is not
entirely surprising. The most parsimonious explanation is that
GATA4 and FOG2 control the developmental program or programs
common to both fates. The block in the proliferation or survival of
the pre-Sertoli/pre-granulosa cells could, in principle, account for
the observed loss of gene expression. FOG2-GATA4 function is
required to maintain sufficient numbers of SOX9-positive cells in
the developing testis (Bouma et al., 2007b; Manuylov et al., 2007a).
However, a reduction in cell number is unlikely to play a major role
in the ovarian pathway block; in this respect, the dramatic increase
in coelomic epithelial proliferation in XY E11.5 gonads is not
detected in XX gonads (Schmahl et al., 2000). Correspondingly, we
observed no significant reduction in proliferation, as assessed by
staining for phosphorylated histone H3 and the proliferation-

associated protein Ki67 (MKI167), in the E11.5-12.5 XX gonads of
the Gata4/Fog2 mutants; the TUNEL assay did not register an
increase in apoptosis either. Moreover, whereas Fog2
haploinsufficiency leads to a measurable decrease in the number of
SOX9-positive cells in the testis (Manuylov et al., 2007a), we
observe no decrease in the number of FOXL2-positive cells in
Fog2""~ ovaries (data not shown). Finally, the normal expression of
the early ovarian markers Bmp2 (Fig. 1) and Rspo! (Fig. 5), which
are expressed by the somatic support cells (Bouma et al., 2007a;
Chassot et al., 2008), argues strongly against a generalized block in
the proliferation or survival of a pre-granulosa cell population.

Loss-of-function mutations in male-specific genes such as Sox9
(Chaboissier et al., 2004) or Fgf9 (Colvin et al., 2001; Kim et al.,
2006) result in activation of the ovarian-specific expression pattern.
Similarly, loss-of-function mutations in ovarian-specific genes
(Wnt4, Fst, Rspol and now B-catenin; Figs 9 and 10) launch the
expression of the testis-specific program in the XX gonad (for
example, ectopic formation of a male-specific coelomic blood vessel
is observed in these knockouts). By contrast, a ‘battle of the sexes’
that lacks its GATA4 and FOG?2 pieces results in an earlier tie, as
neither side can win. Loss of Gata4/Fog2 does not, however,
preclude the initiation of female-specific development of germ cells:
in Gata4/Fog2 mutants (XX or XY), germ cells enter meiotic
prophase normally, beginning at around E13.5 (Fig. 7).

Many of the crucial events in gonadal (especially ovarian)
development can only be realized postnatally, and conditional
deletion of Gata4 and Fog2 will be required to analyze the mutants
after the time of birth. This will be informative for gaining further
insight into the function of GATA4-FOG2 in ovarian development,
as only once the mutant XX cells have had to march through the
major competence test of folliculogenesis can the function of the
early ovarian genes be truly exposed.

We thank Heiner Westphal and Mahua Mukhopadhyay for the kind gift of
Dkk1 mutant animals; Keith Parker for the kind gift of the Sf7-Cre strain;
Blanche Capel and Danielle Maatouk for providing the Wnt4-null and W/W*
gonadal samples; and Walter Birchmeier and Boris Jerchow for pointing us to
the EMMA repository. We also thank Serge Nef and Alex Arango for in situ
probe vectors; Mike Cole, Marc Fellous, Reiner Veitia, Patricia Ernst, Peter
Moens and Barbara Spyropoulos for antibodies; and Kenn Albrecht for
communicating his Sprr2d data (Lee et al., 2008) prior to publication. This
work was supported by a grant to S.G.T. from the National Institutes of Health
(ROTHD42751 NICHD).

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/135/22/3731/DC1

References

Bafico, A., Liu, G., Yaniv, A., Gazit, A. and Aaronson, S. A. (2001). Novel
mechanism of Wnt signalling inhibition mediated by Dickkopf-1interaction with
LRP&/Arrow. Nat. Cell Biol. 3, 683-686.

Baltus, A. E., Menke, D. B., Hu, Y. C., Goodheart, M. L., Carpenter, A. E., de
Rooij, D. G. and Page, D. C. (2006). In germ cells of mouse embryonic ovaries,
the decision to enter meiosis precedes premeiotic DNA replication. Nat. Genet.
38, 1430-1434.

Beverdam, A. and Koopman, P. (2006). Expression profiling of purified mouse
gonadal somatic cells during the critical time window of sex determination
reveals novel candidate genes for human sexual dysgenesis syndromes. Hum.
Mol. Genet. 15, 417-431.

Bingham, N. C., Verma-Kurvari, S., Parada, L. F. and Parker, K. L. (2006).
Development of a steroidogenic factor 1/Cre transgenic mouse line. Genesis 44,
419-424.

Binnerts, M. E., Kim, K. A., Bright, J. M., Patel, S. M., Tran, K., Zhou, M.,
Leung, J. M., Liu, Y., Lomas, W. E., 3rd, Dixon, M. et al. (2007). R-Spondin1
regulates Wnt signaling by inhibiting internalization of LRP6. Proc. Natl. Acad.
Sci. USA 104, 14700-14705.

Bouma, G. J., Affourtit, J. P, Bult, C. J. and Eicher, E. M. (2007a).
Transcriptional profile of mouse pre-granulosa and Sertoli cells isolated from
early-differentiated fetal gonads. Gene Expr. Patterns 7, 113-123.



3742 RESEARCH ARTICLE

Development 135 (21)

Bouma, G. J., Washburn, L. L., Albrecht, K. H. and Eicher, E. M. (2007b).
Correct dosage of Fog2 and Gata4 transcription factors is critical for fetal testis
development in mice. Proc. Natl. Acad. Sci. USA 104, 14994-14999.

Braun, M. M., Etheridge, A., Bernard, A., Robertson, C. P. and Roelink, H.
(2003). Wnt signaling is required at distinct stages of development for the
induction of the posterior forebrain. Development 130, 5579-5587.

Brennan, J. and Capel, B. (2004). One tissue, two fates: molecular genetic events
that underlie testis versus ovary development. Nat. Rev. Genet. 5, 509-521.

Brennan, J., Karl, J. and Capel, B. (2002). Divergent vascular mechanisms
downstream of Sry establish the arterial system in the XY gonad. Dev. Biol. 244,
418-428.

Brennan, J., Tilmann, C. and Capel, B. (2003). Pdgfr-o. mediates testis cord
organization and fetal Leydig cell development in the XY gonad. Genes Dev. 17,
800-810.

Caneparo, L., Huang, Y. L., Staudt, N., Tada, M., Ahrendt, R., Kazanskaya,
0., Niehrs, C. and Houart, C. (2007). Dickkopf-1 regulates gastrulation
movements by coordinated modulation of Wnt/B-catenin and Wnt/PCP
activities, through interaction with the Dally-like homolog Knypek. Genes Dev.
21, 465-480.

Capel, B. (2000). The battle of the sexes. Mech. Dev. 92, 89-103.

Capel, B. (2006). R-spondin1 tips the balance in sex determination. Nat. Genet.
38, 1233-1234.

Cederroth, C. R., Pitetti, J. L., Papaioannou, M. D. and Nef, S. (2007). Genetic
programs that regulate testicular and ovarian development. Mol. Cell.
Endocrinol. 265-266, 3-9.

Chaboissier, M. C., Kobayashi, A., Vidal, V. I., Lutzkendorf, S., van de Kant,
H. J., Wegner, M., de Rooij, D. G., Behringer, R. R. and Sched|, A. (2004).
Functional analysis of Sox8 and Sox9 during sex determination in the mouse.
Development 131, 1891-1901.

Chamorro, M. N., Schwartz, D. R., Vonica, A., Brivanlou, A. H., Cho, K. R. and
Varmus, H. E. (2005). FGF-20 and DKK1 are transcriptional targets of B-catenin
and FGF-20 is implicated in cancer and development. EMBO J. 24, 73-84.

Chang, H., Gao, F, Guillou, F, Taketo, M. M., Huff, V. and Behringer, R. R.
(2008). Wt1 negatively regulates B-catenin signaling during testis development.
Development 135, 1875-1885.

Chassot, A. A., Rang, F, Gregoire, E. P., Roepers-Gajadien, H. L., Taketo, M.
M., Camerino, G., de Rooij, D. G., Schedl, A. and Chaboissier, M. C. (2008).
Activation of B-catenin signalling by Rspo1 controls differentiation of the
mammalian ovary. Hum. Mol. Genet. 17, 1264-1277

Chee, M., Yang, R., Hubbell, E., Berno, A., Huang, X. C., Stern, D., Winkler,
J., Lockhart, D. J., Morris, M. S. and Fodor, S. P. (1996). Accessing genetic
information with high-density DNA arrays. Science 274, 610-614.

Clevers, H. (2006). Wnt/B-catenin signaling in development and disease. Cell 127,
469-480.

Cocquet, J., Pailhoux, E., Jaubert, F, Servel, N., Xia, X., Pannetier, M., De
Baere, E., Messiaen, L., Cotinot, C., Fellous, M. et al. (2002). Evolution and
expression of FOXL2. J. Med. Genet. 39, 916-921.

Colla, S., Zhan, F, Xiong, W., Wu, X., Xu, H., Stephens, O., Yaccoby, S.,
Epstein, J., Barlogie, B. and Shaughnessy, J. D., Jr (2007). The oxidative
stress response regulates DKK1 expression through the JNK signaling cascade in
multiple myeloma plasma cells. Blood 109, 4470-4477.

Colvin, J. S., Green, R. P, Schmahl, J., Capel, B. and Ornitz, D. M. (2001).
Male-to-female sex reversal in mice lacking fibroblast growth factor 9. Cell 104,
875-889.

Crispino, J. D., Lodish, M. B., Thurberg, B. L., Litovsky, S. H., Collins, T.,
Molkentin, J. D. and Orkin, S. H. (2001). Proper coronary vascular
development and heart morphogenesis depend on interaction of GATA-4 with
FOG cofactors. Genes Dev. 15, 839-844.

Dobson, M. J., Pearlman, R. E., Karaiskakis, A., Spyropoulos, B. and Moens,
P. B. (1994). Synaptonemal complex proteins: occurrence, epitope mapping and
chromosome disjunction. J. Cell Sci. 107, 2749-2760.

Eicher, E. M. and Washburn, L. L. (1986). Genetic control of primary sex
determination in mice. Annu. Rev. Genet. 20, 327-360.

Feijen, A., Goumans, M. J. and van den Eijnden-van Raaij, A. J. (1994).
Expression of activin subunits, activin receptors and follistatin in
postimplantation mouse embryos suggests specific developmental functions\ for
different activins. Development 120, 3621-3637.

Fujino, A., Pieretti-Vanmarcke, R., Wong, A., Donahoe, P. K. and Arango, N.
A. (2007). Sexual dimorphism of g-protein subunit Gng13 expression in the
cortical region of the developing mouse ovary. Dev. Dyn. 236, 1991-1996

Glinka, A., Wu, W., Delius, H., Monaghan, A. P, Blumenstock, C. and Niehrs,
C. (1998). Dickkopf-1is a member of a new family of secreted proteins and
functions in head induction. Nature 391, 357-362.

Gonzalez-Sancho, J. M., Aguilera, O., Garcia, J. M., Pendas-Franco, N., Pena,
C., Cal, S., Garcia de Herreros, A., Bonilla, F. and Munoz, A. (2005). The
Wnt antagonist DICKKOPF-1 gene is a downstream target of B-catenin/TCF and
is downregulated in human colon cancer. Oncogene 24, 1098-1103.

Grotewold, L. and Ruther, U. (2002). The Wnt antagonist Dickkopf-1 is
regulated by Bmp signaling and c-Jun and\ modulates programmed cell death.
EMBO J. 21, 966-975.

Heikkila, M., Prunskaite, R., Naillat, F,, Itaranta, P, Vuoristo, J., Leppaluoto,
J., Peltoketo, H. and Vainio, S. (2005). The partial female to male sex reversal
in Wnt4-deficient females involves induced expression of testosterone
biosynthetic genes and testosterone production, and depends on androgen
action. Endocrinology 146, 4016-4023.

Jeays-Ward, K., Hoyle, C., Brennan, J., Dandonneau, M., Alldus, G., Capel, B.
and Swain, A. (2003). Endothelial and steroidogenic cell migration are
regulated by WNT4 in the developing mammalian gonad. Development 130,
3663-3670.

Jordan, B. K., Mohammed, M., Ching, S. T., Delot, E., Chen, X. N., Dewing, P,
Swain, A., Rao, P. N., Elejalde, B. R. and Vilain, E. (2001). Up-regulation of
WNT-4 signaling and dosage-sensitive sex reversal in humans. Am. J. Hum.
Genet. 68, 1102-1109.

Jordan, B. K., Shen, J. H., Olaso, R., Ingraham, H. A. and Vilain, E. (2003).
Wht4 overexpression disrupts normal testicular vasculature and inhibits
testosterone synthesis by repressing steroidogenic factor 1/B-catenin synergy.
Proc. Natl. Acad. Sci. USA 100, 10866-10871.

Jorgensen, J. S. and Gao, L. (2005). Irx3 is differentially up-regulated in female
gonads during sex determination. Gene Expr. Patterns 5, 756-762.

Kikuchi, A., Yamamoto, H. and Kishida, S. (2007). Multiplicity of the
interactions of Wnt proteins and their receptors. Cell Signal. 19, 659-671.

Kim, Y. and Capel, B. (2006). Balancing the bipotential gonad between
alternative organ fates: a new perspective on an old problem. Dev. Dyn. 235,
2292-2300.

Kim, Y., Kobayashi, A., Sekido, R., DiNapoli, L., Brennan, J., Chaboissier, M.
C., Poulat, F., Behringer, R. R., Lovell-Badge, R. and Capel, B. (2006). Fgf9
and Wnt4 act as antagonistic signals to regulate mammalian sex determination.
PLoS Biol. 4, e187.

Krupnik, V. E., Sharp, J. D., Jiang, C., Robison, K., Chickering, T. W.,
Amaravadi, L., Brown, D. E., Guyot, D., Mays, G., Leiby, K. et al. (1999).
Functional and structural diversity of the human Dickkopf gene family. Gene
238, 301-313.

Lee, H. J., Pazin, D. E., Kahlon, R. S., Correa, S. M. and Albrecht, K. H. (2008).
Novel markers of early ovarian pre-granulosa cells are expressed in an Sry-like
pattern. Dev. Dyn. (in press).

Lipshutz, R. J., Fodor, S. P, Gingeras, T. R. and Lockhart, D. J. (1999). High
density synthetic oligonucleotide arrays. Nat. Genet. 21, 20-24.

Loffler, K. A., Zarkower, D. and Koopman, P. (2003). Etiology of ovarian failure
in blepharophimosis ptosis epicanthus inversus syndrome: FOXL2 is a conserved,
early-acting gene in vertebrate ovarian development. Endocrinology 144, 3237-
3243.

Maatouk, D. M., Dinapoli, L., Alvers, A., Parker, K. L., Taketo, M. M. and
Capel, B. (2008). Stabilization of B-catenin in XY gonads causes male-to-female
sex-reversal. Hum. Mol. Genet. 17, 2949-2955.

Maekawa, M., Yamamoto, T., Tanoue, T., Yuasa, Y., Chisaka, O. and Nishida,
E. (2005). Requirement of the MAP kinase signaling pathways for mouse
preimplantation/development. Development 132, 1773-1783.

Majdic, G., McNeilly, A. S., Sharpe, R. M., Evans, L. R., Groome, N. P. and
Saunders, P. T. (1997). Testicular expression of inhibin and activin subunits and
follistatin in the rat and human fetus and neonate and during postnatal
development in the rat. Endocrinology 138, 2136-2147.

Manuylov, N. L., Fujiwara, Y., Adameyko, Il, Poulat, F. and Tevosian, S. G.
(2007a). The regulation of Sox9 gene expression by the GATA4/FOG2
transcriptional complex in dominant XX sex reversal mouse models. Dev. Biol.
307, 356-367.

Manuylov, N. L., Smagulova, F. O. and Tevosian, S. G. (2007b). Fog2 excision
in mice leads to premature mammary gland involution and reduced Esr7 gene
expression. Oncogene 26, 5204-5213.

Mao, B., Wu, W.,, Li, Y., Hoppe, D., Stannek, P, Glinka, A. and Niehrs, C.
(2001). LDL-receptor-related protein 6 is a receptor for Dickkopf proteins. Nature
411, 321-325.

Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M., Mechler, B. M., Delius, H.,
Hoppe, D., Stannek, P, Walter, C. et al. (2002). Kremen proteins are Dickkopf
receptors that regulate Wnt/B-catenin signalling. Nature 417, 664-667.

McElreavey, K., Vilain, E., Abbas, N., Herskowitz, I. and Fellous, M. (1993). A
regulatory cascade hypothesis for mammalian sex determination: SRY represses
a negative regulator of male development. Proc. Natl. Acad. Sci. USA 90, 3368-
3372.

Menke, D. B. and Page, D. C. (2002). Sexually dimorphic gene expression in the
developing mouse gonad. Gene Expr. Patterns 2, 359-367.

Menke, D. B., Koubova, J. and Page, D. C. (2003). Sexual differentiation of
germ cells in XX mouse gonads occurs in an anterior-to-posterior wave. Dev.
Biol. 262, 303-312.

Merchant, H. (1975). Rat gonadal and ovarioan organogenesis with and without
germ cells. An ultrastructural study. Dev. Biol. 44, 1-21.

Mintz, B. and Russell, E. S. (1957). Gene-induced embryological modifications of
primordial germ cells in the mouse. J. Exp. Zool. 134, 207-237.

Miyanaga, K. and Shimasaki, S. (1993). Structural and functional
characterization of the rat follistatin (activin-binding protein) gene promoter.
Mol. Cell. Endocrinol. 92, 99-109.



GATA4-FOG2 complex in ovarian development

RESEARCH ARTICLE 3743

Monaghan, A. P, Kioschis, P, Wu, W., Zuniga, A., Bock, D., Poustka, A.,
Delius, H. and Niehrs, C. (1999). Dickkopf genes are co-ordinately expressed in
mesodermal lineages. Mech. Dev. 87, 45-56.

Mukhopadhyay, M., Shtrom, S., Rodriguez-Esteban, C., Chen, L., Tsukui, T.,
Gomer, L., Dorward, D. W., Glinka, A., Grinberg, A., Huang, S. P. et al.
(2001). Dickkopf1 is required for embryonic head induction and limb
morphogenesis in the mouse. Dev. Cell 1, 423-434.

Nef, S., Schaad, 0., Stallings, N. R., Cederroth, C. R., Pitetti, J. L., Schaer,
G., Malki, S., Dubois-Dauphin, M., Boizet-Bonhoure, B., Descombes, P.
et al. (2005). Gene expression during sex determination reveals a robust
female genetic program at the onset of ovarian development. Dev. Biol. 287,
361-377.

Niehrs, C. (2006). Function and biological roles of the Dickkopf family of Wnt
modulators. Oncogene 25, 7469-7481.

Niida, A., Hiroko, T., Kasai, M., Furukawa, Y., Nakamura, Y., Suzuki, Y.,
Sugano, S. and Akiyama, T. (2004). DKK1, a negative regulator of Wnt
signaling, is a target of the B-catenin/TCF pathway. Oncogene 23, 8520-
8526.

Ottolenghi, C., Omari, S., Garcia-Ortiz, J. E., Uda, M., Crisponi, L., Forabosco,
A., Pilia, G. and Schlessinger, D. (2005). Fox/2 is required for commitment to
ovary differentiation. Hum. Mol. Genet. 14, 2053-2062.

Parma, P, Radi, O., Vidal, V., Chaboissier, M. C., Dellambra, E., Valentini, S.,
Guerra, L., Schedl, A. and Camerino, G. (2006). R-spondin1 is essential in
sex determination, skin differentiation and malignancy. Nat. Genet. 38, 1304-
1309.

Patel, K. (1998). Follistatin. Int. J. Biochem. Cell Biol. 30, 1087-1093.

Robert, N. M., Miyamoto, Y., Taniguchi, H. and Viger, R. S. (2006). LRH-1/
NR5A2 cooperates with GATA factors to regulate inhibin a-subunit promoter
activity. Mol. Cell. Endocrinol. 257-258, 65-74.

Safi, M., Onagbesan, O. M., Volckaert, G., Vanmontfort, D., Bruggeman, V.
and Decuypere, E. (2001). Developmental expression of activin/inhibin - and
B(A)-subunit genes in the gonads of male and female chick embryos. Gen.
Comp. Endocrinol. 122, 304-311.

Schmahl, J., Eicher, E. M., Washburn, L. L. and Capel, B. (2000). Sry induces
cell proliferation in the mouse gonad. Development 127, 65-73.

Schmidt, D., Ovitt, C. E., Anlag, K., Fehsenfeld, S., Gredsted, L., Treier, A. C.
and Treier, M. (2004). The murine winged-helix transcription factor Fox/2 is
required for granulosa cell differentiation and ovary maintenance. Development
131, 933-942.

Semenov, M. V., Tamai, K., Brott, B. K., Kuhl, M., Sokol, S. and He, X. (2001).
Head inducer Dickkopf-1 is a ligand for Wnt coreceptor LRP6. Curr. Biol. 11,
951-961.

Shalaby, F, Ho, J., Stanford, W. L., Fischer, K. D., Schuh, A. C., Schwartz, L.,
Bernstein, A. and Rossant, J. (1997). A requirement for FIk7 in primitive and
definitive hematopoiesis and vasculogenesis. Cell 89, 981-990.

Smagulova, F. 0., Manuyloy, N. L., Leach, L. L. and Tevosian, S. G. (2008).
GATA4/FOG2 transcriptional complex regulates Lhx9 gene expression in murine
heart development. BMC Dev. Biol. 8, 67.

Swain, A. and Lovell-Badge, R. (1999). Mammalian sex determination: a
molecular drama. Genes Dev. 13, 755-767.

Tevosian, S. G., Deconinck, A. E., Tanaka, M., Schinke, M., Litovsky, S. H.,
Izumo, S., Fujiwara, Y. and Orkin, S. H. (2000). FOG-2, a cofactor for GATA
transcription factors, is essential for heart morphogenesis and development of
coronary vessels from epicardium. Cell 101, 729-739.

Tevosian, S. G., Albrecht, K. H., Crispino, J. D., Fujiwara, Y., Eicher, E. M. and
Orkin, S. H. (2002). Gonadal differentiation, sex determination and normal Sry
expression in mice require direct interaction between transcription partners
GATA4 and FOG2. Development 129, 4627-4634.

Tomizuka, K., Horikoshi, K., Kitada, R., Sugawara, Y., Iba, Y., Kojima, A.,
Yoshitome, A., Yamawaki, K., Amagai, M., Inoue, A. et al. (2008). R-
spondin1 plays an essential role in ovarian development through positively
regulating Wnt-4 signaling. Hum. Mol. Genet. 17, 1278-1291.

Uhlenhaut, N. H. and Treier, M. (2006). Fox/2 function in ovarian development.
Mol. Genet. Metab. 88, 225-234.

Vainio, S., Heikkila, M., Kispert, A., Chin, N. and McMahon, A. P. (1999). Female
development in mammals is regulated by Wnt-4 signalling. Nature 397, 405-409.

Weidinger, G., Thorpe, C. J., Wuennenberg-Stapleton, K., Ngai, J. and
Moon, R. T. (2005). The Sp1-related transcription factors sp5 and sp5-like act
downstream of Wnt/B-catenin signaling in mesoderm and neuroectoderm
patterning. Curr. Biol. 15, 489-500.

Wilhelm, D., Palmer, S. and Koopman, P. (2007). Sex determination and
gonadal development in mammals. Physiol. Rev. 87, 1-28.

Willert, J., Epping, M., Pollack, J. R., Brown, P. O. and Nusse, R. (2002). A
transcriptional response to Wnt protein in human embryonic carcinoma cells.
BMC Dev. Biol. 2, 8.

Yao, H. H., DiNapoli, L. and Capel, B. (2003). Meiotic germ cells antagonize
mesonephric cell migration and testis cord formation in mouse gonads.
Development 130, 5895-5902.

Yao, H. H., Matzuk, M. M., Jorgez, C. J., Menke, D. B., Page, D. C., Swain, A.
and Capel, B. (2004). Follistatin operates downstream of Wnt4 in mammalian
ovary organogenesis. Dev. Dyn. 230, 210-215.

Yu, H. M., Jerchow, B., Sheu, T. J,, Liu, B., Costantini, F, Puzas, J. E.,
Birchmeier, W. and Hsu, W. (2005). The role of Axin2 in calvarial
morphogenesis and craniosynostosis. Development 132, 1995-2005.



